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a b s t r a c t 

Fire is one of the most damaging deterioration agents in a short time of action. It can cause consider- 

able damage, leading to the loss of lives and possessions. Concerning fire safety recommendations, build- 

ings must be protected by an integrated system of passive and active measures. Two passive measures 

widely used in many industries are fire-retardant and fire-resistant coatings. These systems provide a fire- 

protective layer to the surfaces of flammable and non-flammable materials, delaying or preventing their 

ignition, reducing the heat transfer from the source to the substrate and decreasing the flame spread 

and the release of smoke and toxic gases. When exposed to fire, according to the different mechanisms 

of action, fire-protective coatings (FPC) can be classified as non-intumescent and intumescent. Despite 

being widely mentioned in heritage fire safety guidelines, studies on their application in the field are 

still scarce. Namely, research on the safety and efficacy of their application near collections (in support 

materials) and systematic studies comparing different formulations. Therefore, this research assembles 

interdisciplinary studies on the use of FPC to deepen knowledge and theoretically identify the feasibility 

of their application in collection support/storage materials or exhibition furniture (bookshelves, cabinets, 

plinths) in heritage environments. 

© 2024 The Author(s). Published by Elsevier Masson SAS on behalf of Consiglio Nazionale delle Ricerche 

(CNR). 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Fire is one of the most destructive disasters, even in a short 

ime of action. It can cause considerable damage to health and na- 

ure, leading to loss of lives and possessions, and it is no excep- 

ion for cultural heritage. Fire risk awareness is usually only con- 

idered after a tragedy occurs. These moments are crucial for rais- 

ng questions such as “what has caused it?”, “why did it happen?”

nd “how can we avoid it from happening again?”, which can pre- 

ent future disasters, be they human or material. Still, sometimes 

wareness comes too late, and many losses have already happened. 

Several heritage fires have been reported over the years, con- 

rming that heritage remains highly vulnerable despite the enor- 

ous socio-cultural, technological and economic development [ 1 ]. 

otwithstanding the growing awareness of the protection and 
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reservation of cultural heritage, whether historic buildings or col- 

ections, several highly destructive fires have occurred in the previ- 

us years [ 2–5 ]: in September 2018, a fire destroyed the most ex- 

ensive anthropological collection of 20 million artefacts from Rio 

e Janeiro’s 200-year-old National Museum [ 6 , 7 ]; in April 2019, the 

50-year-old landmark Notre Dame Cathedral (Paris, France) was 

artially destroyed [ 8 , 9 ]; in October 2019, the 500-year-old UN- 

SCO World Heritage Site in Okinawa (Japan), the Historic Shuri 

astleburned for the third time [ 10 ]; followed by the fire at the 

NESCO World Heritage Site Tomb of Buganda Kings at Kasubi 

Uganda) on June 2020, which burnt for the second time [ 11 ]. Such

vents can raise concerns about whether heritage professionals are 

oing enough. 

Fire safety guidelines mention that buildings must be defended 

y an integrated system of active (equipment inserted in the build- 

ng) and passive (physical and/ or architectural barriers) fire pre- 

ention and protection measures, and the same must apply to her- 

tage [ 4 , 12 , 13 ]. Active measures will respond to extinguish the fire

requiring either manual or automatic activation), whilst passive 
Nazionale delle Ricerche (CNR). This is an open access article under the CC BY 
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easures will act to contain the fire, preventing it from spreading 

r resisting the initial ignition (do not require activation to func- 

ion) [ 4 , 14–16 ]. Still, according to Rio de Janeiro Declaration on Fire

isk Reduction in Cultural Heritage [ 17 ], most heritage fires could 

ave been prevented or significantly reduced by proper mainte- 

ance and safety procedures, demonstrating that the challenge to 

educe heritage fires goes beyond knowledge or recommendations. 

uidelines for the mitigation of fire hazards in heritage were also 

escribed highlighting the importance of gathering research com- 

aring and compiling alternative fire protection and prevention 

easures that can fulfil the needs of a wide range of heritage fa- 

ilities with diverse resources [ 17 ]. 

A passive measure efficiently implemented in multiple domains 

automotive, electrical and electronics, transportation, aerospace 

ndustry) to reduce fire hazards is the application of fire-retardant 

nd fire-resistant coatings; the latter has significant relevance in 

he construction sector, for structural steel [ 18–23 ], particularly af- 

er the tragic collapse of the World Trade Center towers. Nowadays, 

rchitects, designers, and engineers use them to construct public 

paces and commercial buildings [ 24–26 ]. 

Fire-retardant and fire-resistant coatings are some of the most 

onvenient, economical, and efficient ways to protect materials 

rom fire hazards [ 18 , 21 , 27 , 28 ]. By fire-retardant coatings (or flame-

etardant coatings ), it is understood coatings formulated to pro- 

ect the substrate, delaying their ignition, preventing the spread of 

ames, and not contributing as fuel to the fire. The coating will re- 

uce the heat flow in the substrate, which can inhibit or retard 

he propagation of thermal degradation, ignition or combustion. 

hilst the term fire-resistant coatings (also called fire-resistive and 

reproofing ) defines coatings capable of withstanding a fully devel- 

ped fire - after flashover (the simultaneous ignition of most com- 

ustible materials) - preventing the substrate from collapsing (usu- 

lly applied to structures or structural elements). This coating will 

revent the substrate from catching fire under extreme heat and 

ames, having varying degrees of resistance ranging from minutes 

o hours [ 19–21 , 29 ]. When exposed to fire, according to the dif-

erent fire-protection mechanisms, these coatings can be classified 

s intumescent and non-intumescent [ 18 , 27 , 30 ]. Intumescent coat- 

ngs undergo thermal degradation, resulting in an expanded car- 

onaceous layer on the surface of the substrate, acting as a non- 

ammable physical and thermal barrier [ 21 , 29 , 31–33 ]. Regarding 

on-intumescent coatings, in the gas phase, radicals are released, 

cting as flame inhibitors and catalyse the decomposition of the 

oating to form a non-voluminous insulating layer [ 29 , 34–36 ]. Al- 

hough widely mentioned in heritage fire safety guidelines, only a 

ew rehabilitation and conservation teams are aware of the poten- 

ial of fire-protective coatings (FPC), having already used them in 

eritage environments. Mainly applied directly to heritage, namely 

o structures of historic buildings and items with historical and 

rtistic value associated [ 37–41 ], some studies report its applica- 

ion on support/ storage materials [ 42–45 ]. However, to the au- 

hors’ knowledge, there are no systematic studies evaluating the 

otential benefits and challenges of applying FPC near the wide 

ange of collections nor studies assessing their efficacy and perfor- 

ance by comparing different formulations. 

.1. Research aim 

Following the previously outlined premises, this investigation 

ims to contribute to a deeper knowledge of Fire Protection Coat- 

ngs (FPC), being divided into two distinct parts. The first part fo- 

uses on assembling studies and systematise the extensive data 

n the application of FPC, addressing the main sectors of activ- 

ty incorporating these systems, the substrates to which they are 

pplied, the different mechanisms of action and the main formu- 

ations (for intumescent and non-intumescent). In order to un- 
317
erstand the possibility of safely applying fire-retardant and fire- 

esistant coatings in support/storage materials or exhibition furni- 

ure (such as bookshelves, cabinets, plinths) within museum and 

torage environments, the second part of the study addresses her- 

tage fires. A brief description of fire protection measures, the lead- 

ng causes of fires and contributing factors to the flame spread are 

iven, followed by a brief review of the few existing studies on the 

pplication of FPC in heritage. 

. Fire-retardant and fire-resistant coatings: an overview 

In the past, the application of materials such as concrete, brick, 

ile and asbestos (already banned for health reasons) [ 46 ] was fre- 

uent to give a fire-proof protection effect to structural elements, 

uch as steel [ 19–21 , 46 ]. Traditional passive fire protection is cat- 

gorised as dense concrete and lightweight cementitious coatings. 

hese traditional methods are based on Portland cement, vermi- 

ulite, magnesium oxychloride cement, gypsum and other materi- 

ls [ 19–21 , 46 , 47 ]. In addition, fillers, binders, density and rheology-

ontrolling additives are mixed with water on the construction 

ites and applied by spraying [ 19 , 20 , 46 ]. Higher thickness increases

he time until the heat reaches the steel [ 46 ]. These non-reactive 

re protection systems avoid direct exposure of the substrate to 

he heat source by thermal insulation (materials with low thermal 

onductivity) and water release from minutes to several hours, in- 

reasing heat transfer time from the source to the structural el- 

ment [ 19 , 20 , 46 ]. This cementitious protection is low cost, easy

o apply, and some may resist weathering [ 19–21 , 47 ]. However, 

hey have some drawbacks related to: the unappealing aesthetics, 

hich limits the design and the architectural project; thickness, 

hich may take up valuable space around structural elements; 

ime-consuming application method and the surface finish is poor, 

hich provides moisture penetration, promoting corrosion; weight, 

andling the materials is difficult and increases the weight of the 

uilding; and durability to fire, the cementitious paste is suscep- 

ible to cracks and displacement, decreasing the fire-proof perfor- 

ance [ 19–21 , 46 ]. 

The industries’ scientific and technological development has fol- 

owed the needs of an increasingly demanding society, which led 

o the growth in the production and the use of flammable materi- 

ls. As a result, fire protection and safety regulations have become 

ore stringent, providing the development of new passive protec- 

ion systems to minimise the risk of fire [ 18 , 20 ]. Currently, there

s an increasing interest in the research and development of fire- 

etardants products which, when suitable, can be crucial to prevent 

oss of life and property in a fire hazard [ 18 , 20 , 21 ]. 

Regarding the protection of substrates with fire-retardants, 

ome authors support that three approaches can be considered 

 20 , 4 8 , 4 9 ]. The first approach is categorised by the additive type of

re-retardants, which are incorporated into the materials mechani- 

ally during the transformation or production process. It is an eco- 

omical and fast blending approach. Nevertheless, fire-retardant 

dditives can migrate to the surface. To be effective, it requires 

 high load of fire-retardant, which can impact the compatibility 

nd mechanical properties of the material [ 22 , 28 , 50 , 51 ]. The sec-

nd method involves the chemical modification of the substrate to 

reate fire-rated materials, which results in higher efficiency and 

ore extended durability, even with relatively low loadings. How- 

ver, it requires specific production processes and may be inap- 

ropriate for some materials, such as fibres and flexible foams, 

s it can lead to changes in physical properties (melting point 

nd glass-transition temperatures) and mechanical behaviour (ten- 

ile strength, recovery) [ 23 , 49–52 ]. The last approach to reduce 

ammability concerns surface modification by applying thin fire- 

etardant or fire-resistant coatings to the surface of materials. They 

re considered an efficient way to provide fire protection with- 
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ut affecting the physical and mechanical properties of materials 

 30 , 53 , 54 ]. A strategy already employed in several commercial and

ndustrial applications as it is the most efficient approach [ 50–

2 , 55 ]. 

Fire-retardant and fire-resistant coatings provide a fire- 

rotective layer to the surfaces of flammable and non-flammable 

aterials without modifying the intrinsic properties of the sub- 

trate [ 19 , 21 , 28 , 56 ] . Regarding flammable materials, sometimes

hese coatings are the only barrier between the fuel and the fire. 

herefore, they must be able to: delay the ignition of the sub- 

trate or prevent it and cause self-extinguishment (fire-retardant 

nd fire-resistant coatings, respectively); reduce the heat transfer 

rom the source to the substrate and the mass transfer from the 

ubstrate to the heat source; decrease the flame spread and the re- 

ease of smoke or toxic gases; present good resistance to abrasion; 

nd be easy to apply [ 18 , 27 , 29 , 57 ] . It also has the advantage of be-

ng low cost and having an attractive aesthetic [ 20 , 25 , 30 , 52 , 55 ].

esides, these protective systems are available in the market as 

olvent-based and water-based transparent varnish or coloured 

aint (pigments, driers, and thinners are included as in con- 

entional paints) [ 19 , 55 , 56 ], making them more versatile for the

pplication to different materials (metals [ 20 , 25 , 53 , 58 ], polymers

 22 , 27 , 49 , 59 ], textiles/ fibres [ 60–63 ] and wood [ 54 , 64–68 ]). When

xposed to fire, they respond differently according to the fire retar- 

ation mechanism as these systems can still be classified between 

ntumescent and non-intumescent [ 18 , 19 , 27 , 28 , 30 , 69 ], described in

ections 3.1 and 3.2. respectively. 

.1. Intumescent coatings 

The intumescent concept is based on the coating’s response 

hen exposed to a heat source. The coating thermal degrada- 

ion results in the formation of an expanded porous carbonaceous 

ayer on the surface of the substrate to which it is applied, act- 

ng as a non-flammable insulating physical and thermal barrier 

 20 , 25 , 30 , 70 ]. This carbonaceous layer reduces the heat and mass

ransfer (oxygen and pyrolysis products) between the source and 

he substrate, thus preserving the underlying material for some 

ime [ 29 , 50 , 56 , 71 ]. This multicellular layer can expand in a con-

rolled way from 2 to 100 times its original thickness [ 31 , 32 , 72 ]. 

Inorganic intumescent water-soluble silicate coatings were 

idely used due to their performance and low cost [ 19–21 ]. How- 

ver, they have some limitations concerning outdoor exposure and 

geing; coatings tend to lose adhesion, become brittle and have 

ow water resistance [ 19 , 20 , 73 , 74 ]. In this way, organic intumes-

ent coatings become more popular [ 20 , 21 ] and typically rely on

he interaction of the following main components: 

(i) an acid source, acting as a dehydrating agent (usually a 

source of phosphoric acid, e.g. ammonium polyphosphate 

(APP), diammonium phosphate); 

(ii) carbon source operating as a char former (a carbon-rich 

polyhydric compound, e.g. pentaerythritol (PER), starch, gly- 

cose); 

(iii) and a blowing/foaming agent (the gas source) responsible 

for the expansion process and the formation of a porous 

multicellular layer (usually nitrogen- or halogen-releasing 

compound, e.g. melamine (MEL), urea, chlorinated paraffins, 

dicyandiamide) [ 21 , 25 , 75 , 76 ] . 

These components are further bounded by a solvent- or water- 

ased polymeric binder (e.g. poly(vinyl acetate), acrylic, epoxy) 

 20 , 29 , 72 ]. This essential element, upon heat, promotes cross- 

inking reactions, contributing to the expansion and formation of a 

ardened structured and uniform carbonaceous layer. Overall, ther- 

oplastic binders have better char-forming behaviour compared to 

hermosets [ 31 , 33 , 75 , 76 ]. 
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The intumescent coatings protection mechanism is described by 

he complex physical and chemical phenomenon resulting from ex- 

osure to a heat source. First, the acid source decomposes into a 

ineral acid, acting as a catalyst for dehydration and esterifica- 

ion of the carbon source, producing a carbon char. Then, the blow- 

ng agent decomposes, releasing a large amount of non-flammable 

ases products from which some fraction is trapped in the molten 

iscous matrix, causing the char to swell until the blowing agent is 

xhausted or the solid matrix is insufficiently elastic [ 21 , 29 , 31 , 32 ].

he performance of these fire protective coatings relies on the 

omponents selected for the formulation, considering the synergis- 

ic effects resulting from the mixture of compounds, the optimal 

atio between all components, and the loadings [ 72 , 75 , 76 ]. 

These organic intumescent coatings are known to provide fire 

rotection to structural steel in civil buildings such as airports, 

ospitals, shopping malls, and residence constructions [ 21 , 55 , 58 ]. 

eathering can be a challenge for these coatings, especially for 

ater-based coatings, which can experience leaching, affecting 

heir durability. Nevertheless, organic systems are more weather- 

table and water-resistant than alkali silicate-based coatings, and 

f required for the outdoor environment, a top coat can be applied 

 31 , 77–79 ]. Also, for some materials with a characteristic appear- 

nce and texture, such as wood, it may be necessary to preserve 

heir original aesthetics. In this case, due to the required loads, 

ntumescent coatings may be too viscous, hiding some of those 

haracteristics [ 31 , 55 ]. To overcome some of the limitations of in-

umescent coatings, studies were developed considering the in- 

ended function and performance. Nowadays, it is possible to find 

umerous combinations of formulations for these systems based 

n the traditional and mainly used hydrophilic system of APP-PER- 

EL intumescent coating [ 20 , 31 , 54 , 76 ]. Ammonium polyphosphate

APP) is the mainly used acid source, yet studies reveal some lim- 

tations of this compound, such as water sensitivity (hydrolyses) 

nd low compatibility with the binder [ 77 , 79–83 ]. Laoutid et al. 

 50 ] and Puri & Khanna [ 20 ] state that the chain length (n) of this

olymeric compound is variable and that APP short linear chains 

 n < 100) are more sensitive to water and less thermally stable 

han longer chains ( n > 10 0 0). Other salts, such as melamine phos-

hate and melamine pyrophosphate also found to be used due to 

heir low water solubility [ 20 ]. Techniques such as microencap- 

ulation of coating compounds have been developed to improve 

his issue [ 84 ]. Microencapsulation of APP (MCAPP) with water- 

nsoluble polymers, such as melamine-formaldehyde resin, urea- 

ormaldehyde resin and polyurethane, is commonly used to reduce 

ater absorption, providing a more water-resistant APP and higher 

hermal stability [ 80 , 83–85 ]. Also, polyvinyl alcohol, hydroxyl sili- 

one oil, and epoxy can be used to microencapsulate APP [ 84 , 86 ].

egarding fire protection, Wang et al. [ 87 ] studied the influence of 

he degree of polymerisation (DP) of APP, concluding that fire pro- 

ection increases with the increase in DP ( > 100). 

Starches, sugars, carbohydrates and proteins are often men- 

ioned in carbon source substances lists for the formulations, be- 

ides being low cost, the number of carbons will influence the 

har formation, and the number of hydroxyl ions will regulate 

he degree of char formation [ 19 , 33 , 53 ]. Pentaerythritol (PER) is

he most widely used char forming agent yet, as APP is highly 

usceptible to water [ 19 , 20 , 88 , 89 ]. Andersson et al. [ 89 ] com-

ared formulations containing pentaerythritol, di-pentaerythritol, 

nd tri-pentaerythritol. The study has shown that di- and tri- 

entaerythritol are less soluble, and pentaerythritol is the most ef- 

ective at swelling earlier and keeping the substrate temperature 

ow for longer. Tris(hydroxyethyl) isocyanurate is another well- 

nown and efficient char former agent by the synergistic inter- 

ction with APP, although its low resistance to water [ 19 , 20 , 30 ].

tudies show the use of alkali lignin as a char forming agent for 

ntumescent coatings as an efficient option. Jiao & Wu [ 90 ] com- 
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ared formulations using alkali lignin and PER; it was observed 

hat alkali lignin coating provides better fire-retardant performance 

han the formulation containing PER. Zhang et al. [ 91 ] compared 

ormulations containing alkali lignin and urea modified lignin, 

oncluding that modified lignin provides better fire-retardancy 

nd thermal stability. Puri & Khanna [ 20 ] also refers Poly-hexa 

ethylene terephthalamide and Bi(4–methoxy-1-phospha-2, 6, 7- 

rioxabicyclo[2.2.2]-octane-1-sulfide) phenylphosphate as efficient 

arbon agents to produce a uniform and compact char layer. 

Concerning the blowing/ foaming agent, MEL is the typical 

omponent of intumescent coating formulations; it decomposes 

t high temperatures and releases many efficient fire-retardant 

aseous products, such as ammonia, causing the char to sweel 

 20 , 30 , 33 , 76 ]. Urea, dicyandiamide, glycine, guanidine, chlorinated

araffin, and expandable graphite (EG) are efficient blowing agents 

or intumescent coatings [ 25 , 76 , 92 ]. EG has been extensively stud-

ed because it improves the fire-retardant properties by expand- 

ng to a greater degree than the traditional intumescent coatings, 

roviding better insulation to the underlayer substrate. It is ther- 

ally more stable, less sensitive to water, could be efficient enough 

o provide corrosion resistance to steel and reduce the emission 

f smoke and volatile organic compounds (VOC) or toxic gases of 

hese reactive systems [ 33 , 77 , 93 ]. 

Recent research shows the efficiency of new additives with syn- 

rgistic effects and new formulations. Xu et al. [ 94 ] studied dif- 

erent intumescent phosphorus-boron fire-retardants (BPEAs) suc- 

essfully synthesised by introducing boric acid (BA) into cyclic 

hosphate ester acid (PEA) via esterification to create transpar- 

nt fire-retardant coatings. It was observed that the transparency 

radually decreases with increasing BA loading; however, higher 

oads led to reduced flame spread rating, mass loss, heat release 

ate and smoke production rate. Furthermore, as the decomposi- 

ion of the phosphorous compounds can catalyse a char forma- 

ion (as in intumescent formulations), the authors suggested that 

A contributed to generating dense phosphorus cross-linked and 

romatic structures, such as those in intumescent formulations. In 

he research developed by Yan et al. [ 95 ], a series of novel in-

umescent phosphorus, boron, and zinc-containing fire-retardants 

ZPEAs) that were synthesised by the esterification of cyclic phos- 

hate ester with different contents of zinc borate (ZnB) and then 

ncorporated into amino resin to produce transparent fire-retardant 

oating. It was observed that higher ZnB content: reduces the 

ransparency of the ZPEAs (although exhibiting a high degree of 

ransparency); increases the thermal stability and smoke suppres- 

ion properties; decreases the flame spread rate and the mass loss; 

nd promotes a more compact char, rich in phosphorus-containing 

ross-linked and aromatic structures. Wang et al. [ 96 ] prepared 

PP-PER-MEL intumescent coating with waterborne epoxy resin as 

 film-forming polymer and a varying amount of Conch shell bio- 

ller (CSBF). The results suggested that the introduction of 3 wt% 

SBF enhanced the coating’s flame-retardancy and smoke sup- 

ression properties. CSBF also contributed to forming more cross- 

inking and aromatic structures during the combustion process, 

xhibiting higher thermal stability and residual weight. Another 

ecent study refers to enhancing the fire safety of poly(methyl 

ethacrylate) (PMMA) by transparent flame-retardant coating. A 

yperbranched poly(urethane-phosphine oxide) (HPUPO) coating 

ynthesised from 4,4′ -diphenylmethane diisocyanate (MDI) and tri- 

ydroxymethylphosphine oxide was prepared to be applied onto 

MMA transparent surface. The results showed that the trans- 

arency of coated PMMA is as high as pure PMMA. HPUPO demon- 

trates excellent transparency, adhesion, flame-retardancy, smoke 

uppression and toxicity reduction properties [ 97 ]. Li et al. [ 98 ]

eveloped a study on eco-friendly fire-retardants to improve vis- 

ose fabrics’ flame-retardancy and antibacterial properties. Am- 

onium phytate and chitosan (CS) demonstrate the enhanced 
319
re behaviours of viscose fabrics; the addition of CS decreased 

he total smoke production. Fire-retardant viscose fabrics release 

ess flammable and volatile substances and more water (indi- 

ating that the flame-retardant fabric can generate ammonia or 

ome substances containing hydrogen bonds), form stable char 

esidues (composed mainly of graphite) and perform well in the 

ntibacterial property for S. aureus and E. coli . Rao et al. [ 99 ]

eported a fire-retardant coating without halogen and formalde- 

yde via a one-pot sol-gel approach derived from ammonium 

olyphosphate (APP), sodium alginate (SA), and tetraethoxysilane 

TEOS). SA (char forming agent) works as a negatively charged 

tabiliser to inhibit APP agglomeration (both acid and blowing 

gent) and further co-gelatinise with TEOS (a silicon source); to- 

ether create a highly transparent P/N/Si-containing hybrid intu- 

escent system. The coating showed highly fire-retardant effi- 

iency for cotton fabric at an ultralow loading of 10 wt%. The anal- 

sis of the coated cotton fabric confirmed that the dense P/N/Si- 

ontaining graphitised char layer decreases the flammability, heat 

elease and total smoke production, while the mechanical prop- 

rty remained almost unchanged. As for plywood substrate, several 

ilicon-containing epoxy/PEPA (caged bicyclic phosphate 1-oxo-4- 

ydroxymethyl-2,6,7-trioxa-l-phosphabicyclo[2.2.2] octane) phos- 

hate flame retardants (EPPSi) have been tested, varying the ratios 

f silicon-containing epoxy 1,1,3,3-tetramethyl-1,3-bis(3-(oxiran-2- 

lmethoxy)propyl)disiloxane (TMSEP) and 1,4-butanediol diglycidyl 

ther (BDE) [ 100 ]. The findings revealed that the ratio of TMSEP/ 

DE influences the coating fire protection. An efficient ratio iden- 

ified was 20/100 (TMESP/BDE), as higher concentrations of TMESP 

ecrease fire protection once excessive silicon produces thin char 

ayers. Nevertheless, in balanced amounts, silicon plays a vital role 

s silicon-containing compounds migrate to the surface of the char 

ayer, protecting the inner char residue and improving the coating 

re protection. In addition, silicon decreases the coating intumes- 

ence ratio and improves the foam structure (the char layers’ com- 

ressive strength is improved). Moreover, it enhances the thermo- 

xidation resistance of coatings. In 2022, Qi et al. [ 101 ], inves- 

igated polydopamine-polyphosphonamide (PDA-PPA) coatings for 

abric and foam materials (such as cotton, polyethylene terephtha- 

ate, poly (lactic acid), polyamide, polypropylene fabrics, and flex- 

ble polyurethane foam). The coating revealed excellent intumes- 

ent charring ability for all substrates except for polypropylene. 

verall, it significantly increased the flame-retardancy of the sub- 

trates and improved the breaking strength of the fabrics and the 

ompression stress of the foam. 

The fire-retardancy of intumescent coatings is highly influ- 

nced by the expansion and compaction degree of the char layer. 

everal authors have been studying the introduction of nano- 

aterials with insulating effects to improve char ability and in- 

rease char compaction [ 102–107 ]. Yan et al. [ 102 ] prepared trans- 

arent silica-modified cyclic polyphosphate (SPEAs) based coatings 

o improve the fire-retardancy of plywood. The coating was ob- 

ained by mixing melamine formaldehyde resin, cyclic phosphate 

ster acid (PEA) and SPEAs (introducing nano-silica into the struc- 

ure of PEA). The results showed that nano-silica significantly de- 

reases weight loss, flame spread, heat release, smoke production, 

nd so on; increases the thermal stability of the coating; and im- 

roves the formation of a compact and intumescent char layer. 

lso, Wang et al. [ 108 ] designed an intumescent nano-coating with 

/N/Si constructed by layer-by-layer assembly from colloidal silica 

nd polyphosphates to reduce the flammability of polyester/cotton 

lends. The nano-coating was successfully deposited on the sur- 

ace of the polyester/cotton blend, it decreased the heat release 

nd produced an intumescent char, endowing the blends with su- 

erior fire-retardancy. Hu & Sun [ 103 ] studied a novel intumescent 

ano-coating prepared by doping inorganic fillers (CaAlCO3 -LDH) 

nto an APP/PER/MEL system in amino and acrylic resins binders 
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o apply on plywood. It was observed a formation of a cellular 

orous honeycomb char layer chelated with metal ions (Ca and Al) 

t high temperatures and higher oxidation resistance. Wang et al. 

 104 ] produced multifunctional phenylboronic acid-decorated zir- 

onium phosphate (ZrP-M) nano-sheets to enhance structural steel 

re-resistance. It was observed that ZrP-M nano-sheets mainly pro- 

ote the formation of highly intumescent and compact chars, in- 

reasing the fire-resistance. In addition, it enhanced the smoke 

uppression, thermal stability, and water/acid/alkali tolerance of in- 

umescent coatings. Xu et al. [ 105 ] investigated the potential of 

sing carbonaceous nano-materials to create an environmentally 

riendly flame-retardant nano-coating for cotton fabrics. The com- 

ination of single-walled carbon nano-horns (SWCNHs) and APP 

as a synergistic effect which improves the fire-retardancy of the 

abric, promotes char formation, and enhances the volatiles sup- 

ression. 

.2. Non-intumescent coatings 

Upon heat exposure, non-intumescent fire-retardant coatings 

xhibit different retardation mechanisms to disrupt the combus- 

ion process. They work mainly in the gas phase, releasing spe- 

ific radicals (scavengers/ trappers, such as Cl• and Br•) that will 

ct as flame inhibitors and react with highly reactive species, such 

s H• and OH•, to form less reactive or inert molecules to inter- 

upt the exothermic processes and consequent decrease in tem- 

erature [ 18 , 23 , 50 ]. They can also act in the condensed phase by

ecomposing the coating surface (chemical transformation of the 

egrading polymer chains) to form a non-voluminous glassy/char 

ayer, which will act as an insulating physical barrier against radi- 

tion from the heat source (thermal shielding effect) [ 34–36 ]. The 

ain compounds of traditional non-intumescent formulations con- 

ain halogens (bromine, chlorine), phosphorous, or inorganic com- 

ounds. Note that combinations of the aforementioned compounds 

an coexist in the same system for synergistic interaction in the 

ormulation [ 18 , 109 , 110 ]. 

Halogen-based formulations present a very popular fire pro- 

ection system; they are low-cost and highly efficient [ 35 , 111–

13 ]. The retardation mechanism of these compounds has been ex- 

lained by the radical trap theory and/or by forming a glassy pro- 

ective surface (contrary to the voluminous char formed in intu- 

escent coatings) [ 18 , 23 , 29 , 50 ]. Depending on the type of halo-

en used, they can present exceptional efficiency; bromine and 

hlorine are the most used due to their low bonding energy with 

arbon atoms, which can be released in the combustion process 

 29 , 50 , 51 ]. Also, the increase of halogen atoms in the formula-

ion leads to better performance in fire protection [ 50 ]. Synergis- 

ic agents can be incorporated to improve the fire-retardant ac- 

ion of halogen-based formulations. Antimony oxide (Sb2 O3 ) re- 

cts with the hydracids (HCl or HBr) produced by the halogenates 

o form volatile antimony oxyhalide (SbOX) and/or antimony tri- 

alide (SbX3 ) in the condensed phase and transport the halogen 

nto the gas phase. Since they are heavier than native hydracids, 

hey remain longer in the flame [ 29 , 50 , 110 ]. Other known synergis-

ic agents are antimony trioxide (ATO), metal borates, specifically 

inc borates [ 22 , 50 , 114 ]; their synergistic effect has been compared

o the zinc stannate (ZS) and zinc hydroxystannate (ZHS) effect in 

VC coatings by Horrocks et al., exhibiting great potential [ 115 ]. 

Inorganic compounds can be present in a fire-retardant sys- 

em as a synergistic co-additive, enhancing fire performance. These 

ompounds can also be present as the main component in coat- 

ngs (aluminium or magnesium hydroxides are examples) [ 27 , 29 ]. 

herefore, the combustion process is usually inhibited by endother- 

ic/cooling effects on the surface, with the release of water vapour 

r non-flammable gases [ 50 , 116 ]. However, the high loads required 

an affect the physical properties of the coatings adversely. Also, 
320
he inorganic (insoluble) additives increase viscosity, which may 

e incompatible with the required low viscosities of the binder 

sed for most UV-curable coatings, leading to unwanted effects 

 18 , 109 , 117 ]. 

Research concerning the safety of halogen compounds reveals 

hat their use has become more restrictive due to the emission of 

oxic gases and corrosive smoke during combustion (strong acidic 

ases such as HCl and HBr) [ 111 , 112 ]. Halogenated fire-retardant 

FR) coating formulations have been the focus of public health con- 

erns for decades, nowadays, these materials’ production and ap- 

lication are increasingly being restricted in the European Union 

nd the United States of America [ 118 ]. Their bioaccumulative 

roperties and toxicity to the environment, animals and humans 

timulated the development of halogen-free formulations, provid- 

ng the introduction of phosphorus-based FR coatings [ 119–122 ]. 

ike in the halogen-based fire-retardant coating, phosphorus-based 

oatings operate in the gas- and condensed-phase to suppress 

ombustion [ 123 , 124 ]. The phosphorous components are mainly 

resent in the coating formulation as phosphate esters, phospho- 

ates, and phosphinates. Some examples of these elements are 

ributyl phosphate (TBP), triphenyl phosphate (TPP) and triph- 

nylphosphine oxide (TPPO), which have many applications, in- 

luding textile coatings [ 118 , 124 , 125 ]; ammonium polyphosphate 

APP), allyl diphenylphosphine oxide (ADPPO) and 9,10-dihydro-9- 

xa-10-phosphaphenanthrene-10-oxide (DOPO), which are widely 

sed in epoxy resin and polyurethane coating systems [ 123 , 126–

28 ]. Despite the growing interest in phosphorus-based coatings, 

alogens are sometimes added to formulations for synergistic ef- 

ects, as the transition to halogen-free coatings is not yet com- 

lete. In addition, these compounds have the advantage of in- 

reasing the lifetime of the coating [ 23 , 118 , 126 ]. Phosphorus-based

R coatings generally release less smoke and toxic products than 

alogen-based FR coatings, however, studies have shown that also 

hosphorous-based compounds can potentiate environmental and 

ealth concerns. During their lifetime, they can release products 

hat will accumulate in the settled dust in the surrounding envi- 

onment, which can be harmful to human health [ 118 , 129 , 130 ]. 

Other halogen-free formulations developed and with a grow- 

ng trend towards their application contain nitrogen [ 59 , 131 , 132 ]

nd silicone [ 133–136 ]. Nitrogen-based FR coatings formulations 

re known to be more “environment friendly”; they release fewer 

moke particles and toxic gases than the previously referred coat- 

ngs formulations. There are no dioxin and halogen acids by- 

roducts and they have low smoke production during combus- 

ion [ 131 , 132 , 137 ]. Nitrogen-based formulations also act in the 

as- and condensed-phase; they can absorb heat and produce 

on-combustible gases to dilute the concentration of combustible 

ases during the matrix decomposition [ 18 , 35 , 50 ]. Melamine or 

erivatives are the most important and widely used compounds 

n the coatings formulation [ 131 , 137 , 138 ]. However, which con- 

erns FR efficiency, these formulations are not as efficient as 

hosphorus-based FR formulations. To overcome this limitation, ni- 

rogen FR compounds are usually combined with phosphorous FR 

ompounds for a synergistic effect upon heat [ 113 , 137 , 139 ]. The FR

fficacy of the mixture is more significant than the compounds in- 

ividually, providing higher thermal and chemical stability. A re- 

ent research by Zhang et al. [ 132 ] synthesised a novel star-like 

hosphoramidate salt flame-retardant with high P–N content, the 

ris(2-aminoethyl)amine phosphoramidate salt (TAEAPA), to mod- 

fy lyocell fibres. The results showed improvements in thermal sta- 

ility and fire-retardancy of the coated fibres, a decrease in heat 

elease and the production of char residues. 

Silicon-based systems formulations release lower amounts of, 

o none, toxic gases and withstand high temperatures [ 133 , 134 ]. 

ilicon compounds are known for their flexibility, good ther- 

al stability, and versatile reactivity [ 128 ]. The main compounds 
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resent in the formulations are silicones, silicates, organosilanes or 

ilsesquioxanes, and they can be incorporated as fillers and copoly- 

ers or as the main polymeric matrix in the system [ 133 , 135 ].

pon heat, these FR systems can act by the dilution effect of the 

ore combustible organic components and, mainly, through the 

ondensed-phase with the formation of an insulating layer ob- 

tructing the oxygen transmission and the heat and mass transfer 

 35 , 134 , 135 , 140 ]. However, the fire-retardant effect of these com-

ounds alone is also very low, so it is usually used, as in nitrogen-

ased systems, together with phosphorus compounds [ 128 , 141–

43 ]. Cui et al. [ 128 ] synthesised 4- DOPO-((3-hydroxypropyl) 

mino) methyl) phenol (PHID) flame-retardant to be used as a 

opolymeric component for preparing a water-based polyurethane 

WPUR) FR coating with phosphorus (P) and silicon (Si) units. 

ompared with pure WPUR, the synergistic mechanisms of P (via 

HID) and Si (via hydroxyl silicone oil, HO-Si) can efficiently de- 

rease the flame spread and produce a denser char, providing a 

ignificant improvement in flame-retardancy and smoke suppres- 

ion. As mentioned in the literature, also in the study it was found 

hat Si-based flame retardants can form a stable thermal insulat- 

ng protective layer and, due to the Si flexibility, the coating can 

lso exhibit tuneable cold resistance and mechanical properties. 

hajharia et al. [ 143 ] focused on chemically modified shellac us- 

ng P- and Si-containing precursors blended with an epoxy resin 

o obtain a thermally stable shellac-epoxy coating for application 

n mild steel panels. The coating with both precursors increased 

he thermal stability and presented better fire-retardant proper- 

ies than unmodified shellac coating. However, the precursors neg- 

tively influenced the film’s mechanical properties, as films turned 

rittle; nevertheless, according to the authors, this drawback may 

e overcome by optimising the precursors’ ratio in the coating. 

Coating formulations are under constant development and due 

o the synergistic effects that the different com ponents can have 

hen combined, it is common to find studies of multi-element for- 

ulations [ 23 , 126 , 142 ], namely the one by Jiao et al. [ 144 ]. A UV-

urable N-P-S-containing flame-retardant was prepared from N-P- 

-containing acrylate and thiol-containing silicone hyper-branched 

olymers by UV-initiated thiol-ene click reaction. The results 

howed that Si aids the production of a fine and dense char (white 

iO2 ), and the N and P the formation of honeycomb char structures 

hat efficiently act as a barrier to heat, oxygen and other flammable 

ases, thus increasing fire-retardancy. 

. Fire protection and safety systems: the cultural heritage 

utlook 

Cultural heritage can be found in World Heritage Sites, monu- 

ents, museums, galleries, theatres, palaces, cathedrals, archives, 

torages, industries, and historic buildings, almost anywhere. 

mong the ten deterioration agents threatening cultural heritage, 

dentified by Michalski (physical forces, criminals, fire, water, pests, 

ontaminants, light and UV radiation, incorrect temperature, and 

ncorrect relative humidity) [ 145 , 146 ] and Waller (custodial ne- 

lect) [ 146 , 147 ] fire is one of the most destructive, even in a short

ime of action [ 148 ]. Both buildings and the incorporated collec- 

ions are highly vulnerable to fire hazards. They are mainly com- 

osed of flammable materials such as wood (floors, stairs, fur- 

iture), textiles (curtains, clothes, tapestries), paper (documents, 

ooks) and plastic (furniture, electronic devices), which can be 

resent as artistic/authored works, support/ storage materials 

r exhibition furniture (bookshelves, cabinets, plinths) [ 146 , 149 ]. 

herefore, the effects of fire can lead to the partial or total destruc- 

ion of several collections. Even small fires can cause irreparable 

amage; the flames, heat, smoke, residue deposition and the re- 

eased gases can indirectly affect heritage. In extreme cases, fire 

an cause the collapse of the building’s structure [ 146 , 148–150 ]. 
321
Fire protection measures in buildings are classified into active 

re protection (AFP) and passive fire protection (PFP) [ 4 , 15 , 16 , 151 ].

FP systems include fire alarms, smoke and heat detectors, fire 

lankets, sand buckets, portable extinguishers and automatic fire 

prinklers. These measures act after the fire has already started, 

ith detection and suppression systems, to extinguish the fire. To 

ork, they require activation, either manual or automatic. Some 

hallenges associated with using AFP are related to failures in the 

ctivation of the system (due to lack of human resources, main- 

enance or incorrect equipment positioning) and accidental dis- 

harges of suppression measures (water, foam or powder-based) 

 1 , 37 , 152 ]. On the other hand, some examples of PFP systems

re: building compartmentation, fire-resistive doors and walls, 

re-retardant materials, ventilation, emergency lighting and signs. 

hese measures operate to contain the fire and its by-products, 

reventing the fire from spreading, minimising the potential dam- 

ge and allowing the occupants time to escape safely. As these 

easures do not need activation, they are less likely to malfunc- 

ion. PFP require less maintenance and less vigilance to ensure 

roper operation. AFP and PFP measures have specific functions 

ontributing to achieving the overall fire safety goal, making them 

qually indispensable - they operate as complementary systems 

nd should not be considered individually [ 37 , 53 , 54 ]. 

Nowadays, despite the knowledge of fire risk assessment, reg- 

lations and integrated fire protection measures, such events still 

appen, and most of them could have been controlled and pre- 

ented [ 17 , 148 , 149 , 153 ]. A 1998 note from the Canadian Conserva-

ion Institute [ 148 ] reports the museum community’s propensity 

o keep the information of a fire hazard to themselves out of fear 

r embarrassment—noting that the dissemination of such events 

ay be essential to prevent it from happening again. Furthermore, 

arrion [ 154 ] stated that studying these disasters provides infor- 

ation about how fires started, how they progressed, what failed 

nd what worked so that better response and mitigation plans can 

e prepared to prevent future fires or limit the extent of the dam- 

ge. 

Over the years, several reports and studies have been published 

xposing the most common causes of fire and contributing factors 

o the spread of fires in heritage [ 37 , 148 , 155 , 156 ]. Regarding the

eading causes of fires, arson (the crime of intentionally starting 

 fire), defective systems or electrical installations, electrical ap- 

liances (wiring, heaters, candles, and lighting fixtures) close to 

ammable materials, unsafe construction and renovation activities 

ausing open flames (welding, soldering, brazing, cutting, etc.) 

nd unsafe practices and use (cooking and smoking types of 

quipment) are the most prevalent causes reported [ 44 , 153–155 ]. 

dditional factors contributing to the spread of fire in heritage 

re delayed discovery and notification to fire brigades, limited 

re safety awareness, knowledge and professional training, lack of 

uilding compartmentation allowing the fire and smoke to spread, 

nd fire protection systems not in place or deactivated (namely, 

utomatic fire detection and automatic suppression systems). In 

act, sometimes the building becomes a major challenge, especially 

hen addressing heritage facilities listed in historic buildings, 

here the integration of fire protection measures is not always 

ossible as it requires structural modifications (compartmen- 

ation and automatic suppression systems are some examples) 

 1 , 44 , 154 , 156 ]. Even so, it is also the thoughts/doubts of heritage

rofessionals that limit the mitigation of fire hazards. The de- 

ctivation of protection measures such as sprinklers to prevent 

alse alarms under renovation, or to avoid accidental sprinkler 

ischarges for fear of water damage, are some examples. This 

ivisive subject has been rooted in many heritage institutions for 

ears, believing that water damage is more significant than fire 

amage [ 149 , 153 , 157 ]. Therefore, just as it is necessary to clear

p misgivings through sharing knowledge, finding alternative fire 



I. Soares, J.L. Ferreira, H. Silva et al. Journal of Cultural Heritage 68 (2024) 316–327

p

n

a

r

r  

[  

a

e

s

d

fi

s

r

p

t

1

a  

p

c

fl

p

w

u

a  

a

r

w

s

t

t

t

m

c

t

a

i

m

r

o

e

b

a

u

i

a

i

a

p

d

i

i

n

u

c

i

a

i

p

p

s

s

f

a

t

t

c

b

t

&

o

s

fi

S

-

b

v

i

w

t

d

t

i

s

b

p

f

E

t

a

w

o

p

t

i

o

c

h

(

t

p

m

w

b

t

w

t

t

r

t  

B

fl

F

t

i

a

a

n

t

l

c  

H

c

l

p

m

t

(

rotection strategies that complement the heritage institutions’ 

eeds and the already integrated measures, is also of utter value. 

Most of the guides for good practices for risk management 

nd fire safety in cultural heritage refer to the use of fire- 

etardant, fire-resistant coatings and intumescent fire-rated mate- 

ials [ 37 , 151 , 158 , 159 ], especially when addressing historic buildings

 1 , 38 , 160–162 ]. In these buildings, the areas of greatest concern

re those containing wooden panelling or objects (with many lay- 

rs of paint/varnish) and textiles (usually large). While often con- 

idered structural or decorative, these elements can have tremen- 

ous historical value. It is in this context that fire-retardant and 

re-resistant coatings are addressed in the recommendations, as a 

trategy to provide fire protection to both these and other mate- 

ials, mainly being applied directly to heritage (on ceilings, doors, 

anelling walls, floors, stairs, joints, beams, columns, insulation, in- 

erior and exterior structure, among others) [ 37–39 , 159–161 , 163–

65 ]. 

The fire protection of wooden buildings has been investigated 

nd reported over the years [ 40 , 41 , 166 , 167 ]. Through the study of

otential fire hazards in heritage buildings, Fei et al. [ 166 ] per- 

eived that the materials and surrounding environment could in- 

uence the fire development in a fire event. Therefore, the authors 

roposed using fire-retardant coatings, both on historic building 

ooden panels and heritage textiles - since the latter are rarely 

sed and washed - so that, in a fire event, they do not contribute 

s fuel. In the case study of Du et al. [ 167 ], the local government

nd the people’s building improvement response to multi-hazard 

isk, and the locals’ response difficulties in Dali Dong Village, 

ere investigated. Among the residential buildings, originally con- 

tructed with highly flammable China fir wood, 71% have retained 

he traditional features and original materials (highly vulnerable 

o fire hazards), and 29% have incorporated non-combustible ma- 

erials to enhance the buildings’ fire resistance (bricks, cement 

ortar and ceramic tile). However, these alterations were mainly 

arried out on the ground level, while the upper floors still re- 

ain wooden components. In response to these exterior alterations 

nd the resulting change in the buildings’ architectural character- 

stics and landscape, the local government opted to cover several 

odified houses with wood, effectively reversing the earlier fire- 

esistance enhancements. In this context, and among other rec- 

mmendations, the authors proposed the application of transpar- 

nt fire-resistant coatings to both the interior and exterior of the 

uildings, even for those structures with other materials already 

pplied. Although regulations or technical guidelines also suggest 

sing non-combustible or fire-retardant materials when renovat- 

ng wooden buildings, the action plan for enhancing the over- 

ll fire resistance of the village remains unclear. In addition, lim- 

ted financial resources, restricted access to building technology, 

nd the perception that technical guidance is unnecessary have 

roven to be limitations to building improvement. With a well- 

evised plan, the fire resistance of the village would be signif- 

cantly improved. In a ground-breaking study, Zhang et al. [ 40 ], 

nvestigated the fire risk of Dong wind and rain bridges in Hu- 

an using fire dynamics simulator and modelling software to sim- 

late the fire conditions; the bridge Huilong was selected as the 

ase study. Four fire mitigation strategies were created accord- 

ng to the architectural characteristics, the cultural environment 

nd the combustion patterns of wind and rain bridges. The stud- 

ed measures were automatic fire suppression, intumescent trans- 

arent fire-resistant coatings (organophosphate-based coatings or 

hosphorus-nitrogen), suspended ceiling in fire-proof glass and 

kylights. The fire resistance effectiveness of the proposed mea- 

ures was evaluated, revealing that the coating was the most ef- 

ective measure. Automatic suppression and skylights were also 

ble to reduce the fire risk, but not as the fire-resistant coatings; 

he suspended ceiling ended up increasing the risk of fire. Finally, 
322
he authors made a note recommending the use of fire-resistant 

oatings in wind and rain bridges, highlighting that, in addition to 

eing an effective protection measure, it does not hide the tradi- 

ional features of the structure. A recent research by Pokrovskaya 

 Pakhomov [ 41 ] investigated the influence of flame retardants 

n the thermal decomposition of wood samples collected from 

everal Russian monuments built between 1720 and 1892. Two 

re-retardant coatings were tested: a commercial product from 

enezh and a mixture of phosphonic acid (amino trimethylene 

 30%) and carbon nanotubes (0.1%) – compounds that have 

een used in cultural heritage for conservation treatments, as re- 

iewed by Gomez-Villalba et al. [ 168 ]. The results showed a signif- 

cant reduction in thermal decomposition for all samples treated 

ith either coating despite variations in the thermal decomposi- 

ion rate (possibly associated with the different stages of sample 

egradation) [ 41 ]. 

Despite the wide application of fire protection coatings directly 

o heritage, a study by Kučerová et al. [ 169 ] addresses how coat- 

ng composition influences timber degradation. In this research, 

everely deteriorated roof timber samples from several historical 

uildings in the Czech Republic, were assessed. Ammonium phos- 

hate and ammonium sulphate-based coatings have been applied 

or several years, leading to the accumulation of salts in the timber. 

xamination of the wooden samples revealed that damages are ex- 

ended to the central lamella (predominantly formed by lignin) 

nd the cell walls (mainly composed of cellulose), affecting the 

ood’s stability. Furthermore, wood degradation causes the loss 

f surface information, including traces of tool work. A recently 

ublished Guide on Historic Buildings and Fire in War-affected Coun- 

ries emphasises the application of such coatings directly to her- 

tage, stating that they should not be applied to historical wood or 

bjects [ 170 ]. Mentioning that ammonia-, phosphorus- or silicon- 

ontaining retardants can result, respectively, in the defibring of 

istorical wood, a decrease in wood stability due to efflorescence 

in high humidity conditions) and a significant reduction in the 

imber’s strength. Moreover, wood preparation for the coating ap- 

lication may destroy historical features. Nonetheless, the authors 

ake a distinction between application to historic wood and fresh 

ood, noting that the commercialised products are developed to 

e used on the latter [ 170 ]. 

Regarding using fire-retardant coatings as surface modification 

reatments on textiles, there are reports of their use directly in art- 

orks and on support textiles for restoration practices. According 

o the literature and some fire protection laws in public spaces, 

extiles hung in public buildings must be treated with flame- 

etardants, which encouraged the study of these materials in tex- 

ile artworks [ 171–174 ]. According to Bannerman et al. [ 171 ] and

ergstrand et al. [ 173 ], linen, wool and cotton are adversely in- 

uenced by the flame-retardants applied by spraying or dipping. 

ire-retardant coatings minimally enhanced the flame resistance of 

he fabrics. Yet, it also resulted in an increase in weight and acid- 

ty (decreased in pH). Moreover, a decrease in tensile strength and 

n increase in stiffness was observed, changing the textiles’ shape 

nd, thereby, their aesthetics. The colour of the textiles was sig- 

ificantly altered by the fire-retardant coatings, and in some cases, 

hese coatings caused metal corrosion and salt migration. Nonethe- 

ess, light exposure appeared to contribute to the degradation and 

olour change of treated textiles [ 171 , 173 ]. A review from 1995 by

alvorson [ 174 ] states that spray retardant finishes are very suc- 

essful in polyester and cotton but are highly problematic for ny- 

on, acetate, and acrylic fibres, further warning that its general ap- 

lication in historic textiles and textile art pieces is not recom- 

ended [ 37 , 174 ]. 

Concerning the use of fire-retardants in support fabrics, At- 

ia et al. [ 42 ] studied a paste composed of silica nano-particles 

from waste agriculture products such as rice husk (RH-SNP)) 
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Table 1 

Summary of the results from the application of fire protection coatings in the heritage context. 

WOOD TEXTILE OTHER MATERIALS 

Directly on heritage Directly on heritage In support materials In support materials 

Successful application Fir [ 40 , 166 ], pine and 

camphor [ 166 ] 

Polyester and cotton [ 174 ] Linen [ 42 ] Paper [ 45 ] 

Unsuccessful application Timber [ 168 , 170 ] Linen, wool and cotton 

[ 171 , 173 ]; and nylon, acetate 

and acrylic fibres [ 174 ] 

_ Polyethylene [ 43 ] 
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mpregnated with organic borate and mixed with a binder in dif- 

erent compositions; a paste intended to be spread on the back 

urface of linen fabrics to be used as inner support to histori- 

al textiles. The results have shown a significant decrease in the 

urning rate for the back-coated samples and an improvement in 

he tensile strength and elongation of the treated samples com- 

ared to blank linen. As for the flame-retardancy properties after 

hermal ageing, there were no changes [ 42 ]. Leikach [ 43 ] also ap-

roached fire-retardants in support materials in heritage environ- 

ents. In this case, polybrominated diphenyl ethers (PBDEs) were 

tudied as a fire-retardant additive for polyethylene (PE) sheets to 

rotect copper collections. Although the use of PBDEs is controver- 

ial, it is mentioned that in a fire event, fire-retardant plastics may 

low the flame spread, which can be the difference between a mi- 

or fire and a catastrophe, giving the example of the National Air 

nd Space Museum. To assess the metal corrosion, electrochemical 

easurements were performed. ZnBr2 was used to represent the 

rominated fire-retardant plastics, keeping in mind that bromine 

ons are more easily released than when extracted from the plas- 

ic (after boiling and exposure to heat and humidity, bromine was 

ot easily released from the plastic). Comparisons were made be- 

ween known damaging materials, such as wood/ plywood and cel- 

ulose acetate, and a trusted material as PE. Results revealed that 

he fire-retardant plastics were found to be slightly more corrosive 

han pure PE, but not as corrosive as plywood or cellulose acetate –

howing some of these materials’ potential. In 2022, Grkman et al. 

 45 ] developed a multicomponent fibre box with improved fire re- 

istance and barrier properties to protect objects from mechanical 

amage (during transportation, storage and handling), moisture, 

nd possible fire hazards. The base material of this box consists of 

 pH-neutral acid-free paper (for the outer layers) coated with var- 

ous combinations of water barrier agents and fire-retardant coat- 

ngs (on the inside). After assessing these combinations, four have 

tood out for the lower water vapour transmission rate (WVTR) 

nd reliable fire retardancy. The best performance was achieved 

sing an aqueous dispersion of styrene-acrylic copolymer (for 

oisture barrier) and a coating of sodium silicate and aluminium 

ydroxide mixture (for fire-retardant protection). This combination 

esulted in a fourfold reduction in the WVTR compared to un- 

oated samples, and the fire-retardant efficiency was confirmed by 

he minimal burn area (without penetrating the material). These 

ndings demonstrate the packaging’s potential for storing museum 

bjects [ 45 ]. 

Table 1 compiles the main findings from the reviewed articles 

n the successful/ unsuccessful application of fire protection coat- 

ngs on different cultural heritage and storage support materials 

including studies simulating the application). As it is possible 

o see, these coatings have been applied mainly directly to her- 

tage assets, rather than to support materials. To the authors’ 

nowledge, there are no reports evaluating the potential bene- 

ts and challenges of applying fire-retardant and fire-resistant 

oatings to support/storage materials or exhibition furniture for 

 wide range of museum and storage environments, nor studies 

ssessing their efficacy and performance by comparing different 

ormulations. 
323
. Discussion and conclusion 

Several heritage fires have been reported over the years, con- 

rming that heritage remains highly vulnerable. Although sporadic, 

he occurrence of such events can be enough to cause the total loss 

f collections. According to fire protection standards, heritage must 

e protected by an integrated system of active and passive protec- 

ion measures. 

The application of fire-retardant and fire-resistant coatings as 

 passive measure has shown great potential in several domains. 

ccording to the literature, some rehabilitation and conservation 

eams have already applied these coatings to protect heritage, be- 

ng aware of some of the benefits and drawbacks of its use. How- 

ver, most of the research carried out in this context mentions 

sing fire-retardants as additives in materials and as coatings ap- 

lied directly to heritage. Hence, this investigation aimed to iden- 

ify, through the literature, whether fire-retardant and fire-resistant 

oatings can also be a valuable tool to mitigate heritage fire haz- 

rds, assessing the potential of its application in collection sup- 

ort/storage materials or exhibition furniture (bookshelves, cabi- 

ets, plinths). In this way, the ethical issues associated with re- 

ersibility and compatibility between the coating and artefacts 

ould be minimised, as the coatings would not be applied to her- 

tage items, so in a less invasive way. 

The main benefit of using these fire-protective coatings (FPC) 

omes from being a passive fire protection measure, so they are 

ess prone to malfunction, are less invasive and can be tailored to 

he facility’s needs. In a fire event, fire-retardant coatings may slow 

own the ignition of coated materials, resulting in more time to 

ct. In contrast, fire-resistant coatings may prevent ignition or even 

ause fire self-extinguishment. In addition, FPC can be a comple- 

entary strategy for historic buildings where sometimes, the inte- 

ration of protection measures is limited or even not possible for 

equiring changes in the building structure. 

Within the numerous studies with different halogen- and 

hosphorus-free formulations and the openness to developing new 

nvironmentally friendly coatings, the main commercialised and 

ommonly used formulations are still halogen and phosphorous- 

ased compounds. The safety of these compounds has been ques- 

ioned due to the harmful effects they can induce on the user and 

he environment. Since many heritage institutions do not have the 

esources to acquire new fire-rated support materials and exhibi- 

ion furniture, FPC could be a valuable addition to protecting col- 

ections in fire-prone locations or for institutions more suscepti- 

le to fire-related events. Furthermore, it is an alternative avail- 

ble on the market, is low-cost and encourages the reuse and 

pgrade of existing materials. Therefore, it would be essential to 

onduct more research on their application in heritage facilities 

n support materials, including formulations comparison, explor- 

ng the safety near collections and assessing their long-term ef- 

ectiveness and safety. Furthermore, continuing research on user- 

nd environment-friendly formulations is essencial so they may be 

vailable on the market in the near future. 

To further this investigation, a questionnaire named “Fire pre- 

ention and protection systems in museums and storage environ- 
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ents” was carried out to explore the fire safety strategies cur- 

ently integrated into the wide variety of heritage institutions. The 

nquiry findings will be subsequently disseminated. 
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