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Abstract

The reation to fire of polyurethane foams (PUFs$ baen subject to an increasing
relevance, so in this study the reaction to firsdfggenance of PUFs derived from crude glycerol
(CG) have been improved using expanded graphitg.(E& influence of different loadings of
EG on the physical-mechanical properties of contpdeams has been assessed and the results
obtained show that it has significant impact. Meexo the reaction to fire of the PUF and
EG/PUF composites has been investigated and thésebtained showed that the fire behavior
of composite foams containing as little as 5 wt%E@ are significantly improved. Indeed a
dramatic reduction of the rate of heat release snass rate, effective heat of combustion and
specific extinction area, has been observed everefative low EG amountikewise, the use
of Infrared thermography as a function of time pesven that, when EG is used, the combustion
stops suddenly and the temperature drops sharphpaed with the behavior of the unfilled
PUF sample, which suggest that EG acts like a flantenguisher. The results obtained have
proven the suitability of CG for the productionRiFs and that the addition of EG considerably

improves the reaction to fire of composite foams.
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1. Introduction

Polyurethane foams (PUFs), like other polymersy oal fossil feedstock’s, because its
two main reactants (the polyol and the isocyandge)ve from petroleum feedstock’s. However,
the increasing concern over environmental impadt starcity of petroleum, has motivated the
development of PUFs from bio and renewable raw nads$g1] In fact, extensive research has
been concentrating on developing, bio-based polfyol® renewable sources, such as biomass
residues, vegetable oils or industrial by-prod{2t8] The resulting foams are mainly rigid due
to the small chain length of the polyols, high erdsking density associated with high
functionality and in some cases the presence a ggoups such as aromatic rings. Therefore,
this type of materials is generally used as stmattand thermal insulation materials for
construction.[9]

Rigid PUFs as well as most organic materials bamy easily. Despite of that, for many
years the fire performances of PUFs were suitdilé,nowadays materials have to meet ever
more stringent requirements due to the greatentaite paid to fire safety and improved fire
performances are thus required.

During combustion, PUFs generate highly toxic smadspecially CO and hydrogen
cyanide. The inhalation of these gases causeseséeaith problems or even death. Moreover,
during a fire, there is a dramatic increase of terapre which leads to the decomposition of
PUFs releasing small molecules into the gaseousephiidhe mixture of these small molecules
with air forms a flammable mixture. In other woredjen the concentration of this mixture and
temperature cross the flammaubility limit, the metiestarts to burn.[10]

The behavior of a material with fire, can be clasdiby: () resistance to fire andi)
reaction to fire. The fire resistance provides infation about how well a building element, such
as a wall, floor, door, etc, can maintain its pmips when exposed to a fire. It is only related

with what happens after flashover. The reactiorfir® is related with the instant after the



beginning of a fire, its propensity to ignite oefkea fire. This behavior is assessed on the bésis o
standardized tests and described in a Euroclassifotation.

As mentioned before, as a result of the increasiwgreness of public opinion, the
flammability properties of PUFs need be improved #mns can be achieved by the incorporation
of flame retardants.[10] The flame retardance meisihas are physical and/or chemical thus, the
use of different types of flame retardant can digantly change the flame retardant
mechanisms.

Flame retardants can be used as additives or asive=ain order to interfere with
combustion during different stages such as heatisgpmposition, ignition, or flame spread.
Halogenated paraffins and phosphorus containingpooimds are the most common additive
type flame retardants. The former may not be vempatible with the PUFs and for that reason
may jeopardize the mechanical properties of theeri@d$ besides releasing irritant acids. The
latter, being a reactive type flame retardant eactrwith functional groups of PUFs. They act as
char-forming agents, reducing the generation omfieable gases.[10] Reactive type flame
retardants have the advantages Df iGcreasing compatibility between polymelij) (not
degrading the mechanical properties of the HU, fossessing better compatibility as the flame
retardant group is a part of the binder amjl sing small amount or low concentration for the
enhancement of fire-retardancy.[10]

A very distinct type of flame retardants are inangdillers. These materials produce a
stable organic—inorganic interface, which redutesdoncentration of decomposition gases and
increases the diffusion path barrier of the vadatiproduced during the degradation process.[10]
Nowadays EG is widely used as flame retardant ir2URecently, A. Lorenzetgt. al. [11]
reported the effect of expansion volume and ofraati@nts on the flame retardancy of EG in
PUF and concluded that the expansion volume of &3 diot seem to have a major influence on

the flammability of this type of materials. Yetethature of EG intercalants does affect the fire



retardancy properties of PUFs, being the sulfuetasore efficient than the phosphorous based
counterparts.

Polyols from renewable resources commonly usedhm production of PUFs are
obtained from different vegetable oils such as sapd oil, castor oil, palm oil or soybean oil
(e.g., BASF castor oil-based Balance™, Cargill saybbased BiOH™, and Dow soybean-
based Renuva™).[12] Most of them are already usaddaistrial level but the production of
these polyols is competing with the productionad. In that sense, crude glycerol (CG) which
is a byproduct of the biodiesel production, haseingm considerable attention.[6,13—15]
Aleksander Hejnat. al[16] reported the reaction to fire of PUFs deriyemim CG, however the
CG was used as polymerization reactant, togethér egstor oil to produce a bio-based polyol
and the synthesized bio-based polyol was used aBalpaubstitution (0—-70 wt.%) of
petrochemical polyol in the production of PUFs. Eento the best of our knowledge, this is the
first report of PUFs derived from the direct useuafefined CG evaluating its reaction to fire

and improving it via the addition of EG.

2. Experimental

2.1.Materials

The foams studied were produced from the reactietwden CG with a polymeric
isocyanate in the presence of a catalyst, a sarfaaeind a blowing agent. CG sample was kindly
supplied by Bioportdiesel and had a water contédt®+ 0.01, an acid valudy) of 23.1 + 0.2
Makor.g- and an hydroxyl numberOHmumse) Of 399.0 + 4.7 mgou.g*. The polymeric
isocyanate Voranate M229 MDI with a NCO contenB&fl1% and a functionality of 2.7 was
kindly supplied by Dow Chemicals. Tegostab B840 odyether-modified polysiloxane was
used as silicone surfactant and was supplied byikv®olycat 34, a tertiary amine was used as
catalyst and supplied by Air Products. As blowiggat, distilled water was used. EG (EG GHL

PX 95) was supplied by LUH and had a thermal cotiditie of 0.290 mW/mK (at room



temperature) and a density of 0.5436 glcindetailed characterization of the EG sample used
has been provided in previous reports [3] includimg evaluation of its reactivity towards the
isocyanate using XPS analysis, Fourier transforfrated (FTIR), FT-Raman spectroscopy, X-

ray diffraction and thermogravimetric analysis (TIGA

2.2.Characterization of CG
The acid value AV), hydroxyl number QH numbe) and the water content of the CG

were determined according to the procedures degtitbappendix.

2.3.Production of PUFs

The polyol component and the corresponding amoahtsatalyst (3 parts per polyol
(w/w)), surfactant (4 parts per polyol (w/w)) anldwing agent (6 parts per polyol (w/w)), were
placed in a polypropylene cup and homogenized wsinigiechanical stirrer faa. 10 seconds at
700 rpm. Note that the amounts of water presetitarpolyols were subtracted to the amounts of
blowing agent added. Next, different amounts of E&Fs were filled with EG up to 20%
(w/w)) were added and the mixture blended agairnBhough EG should not be considered a
nanomaterial as all its dimensions are larger tanm it is still a material of large surface area.
Hence, in the present study, as the main objeotras to achieve good reaction to fire
performance, without jeopardizing the morphology tbe ensuing PUF composites and
subsequently the mechanical properties, the preparaf EG/PUF composite foams followed
the same rational as that associated with theapaéipn of nanocomposites, e.g. explore the
large surface area of EG in terms of reaction r®, fand minimize the amount of filler used in
order to avoid altering the mixture rheology to Isymint that the foaming process could be
compromised as well as the extent of PU crosslmkitn view of this, and considering that
loads between 5 and 10 w/w % relative to the matommnally suffice to enhance the properties

of nanocomposites, 5 w/w% was considered a goatingigpoint to obtain a good reaction to



fire. In turn, as it will be discussed later, as percentage of EG was increased, the morphology
of the ensuing composite foams was rather disrudeed SEM image of PUF-EG20 Figure 2
(e)) which indicated that the use of higher loadsuld compromise the composite foam’s
performance unless the formulation was changedhai@uld limit direct comparison of results.

Finally, the appropriate amount of isocyanate ttawmba Rycoor=1.10 (ratio between
NCO groups of isocyanate and OH groups) was addédre mixture homogenized again. The
Rncoronused in the PUFs production was determined usind.E
Rycojon = (Myso X Yonco/Mnco)/(Mpotyor X (OHpumper + AV)/Mgon + (My,o + Mpa) X Eqy,, )

Eq. (1)

WhereR\coonis defined as the number of moles of NCO groupthefisocyanate per
OH moles of each polyol and watemg, is the mass (g) of isocyana8@NCOis the quantity of
NCO groups in the isocyanate (31.1%) &gtois the molecular weight of NCO groupyoiyol
is the mass (g) of each poly@HnumperandAV are the hydroxyl number and the acid value of
each polyol respectively (mgw.g"). Mkonis the molecular weight of KOHn0is the mass of
water present in each polyol, whihasa is the mass of blowing agent (water) added. Finally
Egq20 is the equivalent of OH groups present in the wate

The foams were obtained by free expansion in tipencald at room temperature and the

formulations are listed in Table 1.

Table 1 - Foam formulations

Isocyanatg Catalyst| Surfactant Blowing Agent| EG
sample codé | CG | S AR T iy ey | i)
PUF-EGO | 100| 160 3 4 4.4 0
PUF-EG5 | 100| 160 3 4 4.4 15
PUF-EGI0 | 100 160 3 4 4.4 32
PUF-EG15 | 100 160 3 4 4.4 50
PUF-EG20 | 100| 160 3 2 44 7

& Sample Code (PUF-EGX): X - wt% of EG

2.4.Characterization of PUFs



Fourier Transform Infrared Spectroscopy (FTIR), i Scanning Electron Microscopy
(SEM), mechanical essays, Dynamic Mechanical Araly®MA) using the material pocket
accessory and Thermogravimetric Analysis (TGA) weetermined according to procedures
described in appendix.

The thermal conductivity measurements were perfdranging the Gustafsson Probe
method (or Hot Disk) with the Thermal Constant Aisak TPS 2500S.[17] This transient
method uses an electrically conducting pattern K&ljcelement acting both as a temperature
sensor and heat source, insulated with two thierapf Kapton (70 um). The TPS element is
assembled between two samples of similar charatiteriwith both faces in contact with the
sensor surface. For isotropic samples, the Hot Digthod allows the determination of the
thermal conductivity, thermal diffusivity and spici heat. The Hot Disk method is an
international standard for measuring thermal conhdig and thermal diffusivity with the
designation ISO 22007-2.

Infrared Thermography was used to map dynamic tneasfer processes in real-time.
The setup consists of a FLIR SC5650 camera withirin§ cycle cooled Indium Antimonide
detector, 25mK sensitivity, 640x512 resolution aras used at a 25 Hz windowed frame-rate.

The fire behavior was analyzed using a cone cakigmapparatus according with 1SO
5660 [18] at the Department of Applied Science @adhnology (DISAT), Alessandria Section
— Politecnico di Torino. The cone calorimeter appas exposes a small square horizontal test
specimen (100x100x20 mm) to a preset heat flugintrials 50 kW/rf), in the presence of an
air flux (24 1/s) as in then ignited by electricask. The fire effluent passes through a duct,
containing a sensor which permits the determinatiathe rate of heat releadeHR (by oxygen
consumption) while CO and G@roduction, expressed as kg of gas developed/kgatérial
combusted, is determined by infrared spectrosctgmbniques. The test stops when the flame
extinguishes. During the test several parametens bea measured, such a&&HR (kW/m?);

effective heat of combustionEHC) (MJ/kg); mass loss (g/s); residual mass (%), @arb



monoxide and dioxide production (kg/kg) and speciixtinction area SEA (mP/kg). The

parameters were recorded during time. After daadarhtion, it is possible to obtain the peak
and the mean value for each parameter duringdgsept for mass loss). Often, the value that is
considered for analyzing fire behavior is the peak, as it represents the worst situation in a

real fire scenario.

3. Resultsand discussion
The use of renewable feedstocks for the produatfadhermal insulation PUFs have been
widely reported.[4,6,14,15,19,20] Nonetheless,rthesiction to fire have not received as much
attention. Hence, in the present work, the readiiofire of CG derived PUFs are improved by

the addition of EG.

3.1.Monitoring of thereaction
FTIR spectrophotometry was used to monitor the &tiom of the urethane linkages, as a
result of the reaction between the NCO groups efisocyanate and OH groups of the CG as
well as to monitor the extent of this reaction. Abbrmalized FTIR spectra are presented in

Figure 1.

PUF-EGO

PUM
PU M\\/W

...................................

3600 3100 2600 2100 1600 1100 600
Wave number (cm™)

Figure 1 - Normalized FTIR spectra of PUF and PW@-domposites



The normalized FTIR spectra of all samples preseny similar profiles. In the two
typical spectral regions of the urethane groupgeak at 1710 cth due to the stretching
vibrations of the C=0 of the urethane and esteuggmf the polyol is present. Since isocyanate
used reacts with water which was used as blowirmtaghe peak at 1650 chtypical of urea
groups is also detected. The following region isoagted with the nearly overlapped bands
between 1540 and 1517 dattributed to the free N-H absorption and to Npidups which are
hydrogen-bonded with carbonyl groups, respectivdlprthy of notice is the fact that with the
increase of the EG amount, the small peak arou® 2&*, typical of the stretching vibration
of residual NCO groups, becomes more evident. Tha/ be attributed to at least two
possibilities:(i) the hydroxyl groups on the surface of EG can dfterisocyanate indeX{co/ou
) defined as the number of moles of NCO groups ofisbeyanate per OH mole of the polyol
(which has been corrected for the presence of waiemot for the presence of fillers) thus
affecting the consumption of NCO groups. In presigaports [3] it was studied in detail the
reaction between the EG and MDI. First, the eleadeabalysis of the EG used revealed the
presence of 25.1% oxygen suggesting the presentgdodxyl groups, which was futher proven
by FTIR analysis. Afterwards, EG was reacted witBIMnd the resulting mixture was repeated
washed and analyzed by different techniques. TH& Bpectra of EG-MDI mixture presented
the 3200—3450 cihregion attributed to the symmetric and asymmaestietching vibrations of
the N-H, as well as the bands between 1540 and &%t &vhich are attributed to the stretching
and bending vibrations of the C-N and N-H of thethane moieties, suggesting that urethane
segments were formed by the reaction of EG with Midbreover, by XPS analyses it was
observed the N 1s peak in EG-MDI mixture which serébbed to the N-H bonds and another
peak at 402.0 eV which is ascribed to the N-C=OdsormThese results had confirmed the
presence of urethane groups on the surface of BB rafacted with MDI. Finally, the EG-MDI

mixture was analyzed by TGA and it was observaslaarhain decompositions steps: one around

10



200 °C, related to the thermal decomposition ofat@matic segments of MDI and a second,
around 470 °C related to the sublimation of theb@arbackbone of EG, similar to the
degradation profile of PUF-EG composites. Nevedbg(ii) the interference of the EGn the

rate of the polymerization namely associated whhnges in the rheological behavior of the
reaction mixture and/or coupling of EG surface g®uwvith either the isocyanate, the polyol

and/or the water used as blowing agent.[21]

3.2.Morphology
SEM analysis is an important and versatile toolngpect the foam structure. During
mixing, air bubbles are usually introduced in thaation mixture and act as nucleation sites for
the blowing gas generated from the reaction betuissyanate and blowing agent. The bubbles
grow resulting in a closely packed network of b@sbresponsible for the typical cellular

structure of PUFs.[2Z]he cell structures of PUF-EG composites are pteddn Figure 2.
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(e) ()
Figure 2 - SEM images of PUF-EGO (a), PUF-EG5 HY)F-EG10 (c), PUF-EG15 (d), PUF-

EG20 (e) and the “worm” like structure of the bu@ (f)

From Figure 2 it is clear that the increase ofE@ content results in poor homogeneity,
especially for higher amounts of EG. The irregtjyadf the cellular structure is related to the
fact that the EG content can affect the foamingess due to interactions between the polymer
matrix and fillers during bubble nucleation, celfogth, and stabilization stages [23].
Furthermore, the aspect ratio of EG is also knawimfiuence the shape of the cells and induce
cell rupture. As the percentage of EG increasea ktcesses and/or irregular foam growth occur
which is clearly observed in Figure 2 (e). Simitases have been reported by others in the
literature [24,25]. As the heterogeneity of thesslze increases it can be seen by the standard
deviation of average cell size listed in Table 2Znc8® the morphology has a paramount

importance on the properties of the foams, theservhtions are expected to have significant
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effect on the properties of the foams. Table 2 sanwas the physical properties of PUF-EG

composites prepared.

Table 2 - Physical properties of PUF/EG composites

PUE | g | size my | motius (kpay| ToUSMESs O | 0 e )
PUF-EGO | 445 = 28 2029 * 8JF 620 =+ 12 15629 =+ &)146 = 4 118.6
PUF-EG5 | 57.8 * 3.1 1957 + 10j{4 1858 + %7 25467 %15 128 = 9 123.1
PUF-EG10| 634 =+ 3.6 1864 =+ 185 2270 * 74 29883 3p10| 140 =+ 13 131.3
PUF-EG15| 695 = 4.0 1788 =+ 285 2581 =+ 60 33857 3678| 149 =+ 11 136.4
PUF-EG20| 739 =+ 43 1526 + 386 2864 =+ ¥2 37283 4818| 163 = 11 143.3

3.3.Density

The density of PUFs depends on the quantity of mgdsased during the blowing
agent/isocyanate reaction and on the quantity atdre of the surfactant used, among others.
However, the incorporation of fillers has a sigrafit effect since addition of a more dense
material to the foam can prevail over the otheea#. Moreover, incorporation of fillers may
also affects foam’s density due (0 the interference of the solid particles with tleaation
between NCO groups with OH groups, afi)l their influence on the foaming process, as
referred above. The results obtained for the diffesamples prepared are summarized in Table
2 and confirm that the increase of EG load is daseat with an increase in density. This is also

in agreement with the results reported in theditere [24,26].

3.4.Mechanical properties
Compressive tests were performed to study the nmézdigoroperties of PUFs and assess
the effect that EG has on the stiffness of the malngure 3 illustrates the compressive stress-

strain plots of the PUFs prepared and in Tablee2slues determined for the Young’s modulus,

toughness and compressive stress are summarized.
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Figure 1 - Compressive stress-strain curves of PUFs

The mechanical properties of PUFs depend primamilythe cells’ morphology with the
strength being higher in the direction of foam exgan. Thus, alterations on the ratio of height
to diameter of cells will have a major impact. Frdfigure 3, it can be seen that all the
compressive stress-strain plots of PUFs are condpdse () a first linear region which
corresponds to the elastic response of the mat@n@l{i) second domain in which the curves
presents a large plateau due to the material detoym due to the plastic deformation and/or
rupture of the cell walls whilst the stress is d¢ans until the cells are crushed. Nevertheless,
some differences can be observed between the samjple addition of EG to PUFs is known to
have variable effects depending on the percentdgeading, on the size of particles and,
whether the fillers are partially incorporated Ine tcell walls, or between them.[26] Furthermore,
as discussed previously, the reaction betweerstieyanate and the functional groups on the EG
surface and lead to a reduction of crosslinkingsdgrof the polymer matrix, which affects the
mechanical properties of the ensuing composites.rébults summarized in Figure 3 and Table
2 (Young's modulus (E), toughness and compressikess 6104)) suggests that the filler-
reinforcing effect of EG may be predominant, insiag the slope of the linear reagion as well
as the maximum stress achived, in other words, remhg the stiffness of the foams.
Nonehtheless, the mechanical properties of the $oara also dependent on their density, to

exclude the effect of density variations, normalix@lues of the compressive Young’s modulus
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(specific modulus), toughness (specific toughnass) compressive stre$s oy, (Specific stress)

were determined and are presented in Table 3.

Table 3 - Young’'s modulus, compressive strédg) and toughness normalized for density

Specific Specific Specific
PUF modulus toughness | compressive
(m?.s?) (m*.s?) stress (is?)
PUF-EGO 13.9 351.2 1.0
PUF-EG5 32.1 440.6 2.2
PUF-EG10 35.8 471.3 2.2
PUF-EG15 37.1 487.2 2.1
PUF-EG20 38.8 504.5 2.2

Considering the data normalized for the densitig dear that the increase of EG content
has a direct effect on the mechanical propertietheffoams, increasing the stiffness of the

foams.

3.5.Dynamic Mechanical Analysis

DMA measurements were carried out in order to datex the glass transitiormg) of
composites foams. To be sure that Tigeralues were not affected by possible heterogesedtf
the samples, analyses of powdered samples werecatsed out using the material pocket
accessory of the DMA instrument. From Table 2 itlsar that thé'g values of PUFs increase
with the increase of the filler content. Theg values of composites have been widely
investigated and different effects on thg have been reported. [25] As shown in Table 2, the
PUFs filled with EG showed highd&ig than the pristine PUF, due to the rigid filler tgya which

limited the mobility of the polymer chains. Similasults are reported in literature. [27]

3.6.Thermal conductivity and thermal difussivity
Generally, the thermal conductivitk)(is related to the foams density, the ratio of

open/closed cells and the thermal conductivity led gas used as blowing agent. Whilst the

15



whole foam only contains a small fraction of PUd @hek value of the polymer is much higher
than that of the blowing agent, higher density fedmve higher thermal conductivity.[28] Yet,
in the case of PUF/EG composites, as EG itselhagh thermal conductivity so its presence is
expected to increase the PUFs thermal conductivitiact, the thermal conductivity of this type
of composites is governed by the transport of phenghose transport is favored by the larger
grain and crystallite size of bigger graphite flales the interface is reduced [29]. Therefore, as
higher percentages of EG are used, aggregates etaynie larger, facilitating the transport of
phonons and consequently the thermal conductinityeiases.

As regards the role of EG as a fire retardant, vatahally is of interest is its thermal
barrier effect, i.e. the thermal diffusivity. Thieermal diffusivity is defined as the rate of heat
that is transfered from the hot side to the cotte 3f a material and is calculated dividing the
thermal conductivity by density and specific heaparcity.[30] Since the addition of EG
increases the specific heat of the material anddtesity (see Table 2 and 3), the thermal
diffusivity of the composites decreases. Thereftre,heat transfer rate from the hot side to the
cold side drops when higher loadings of EG are wg@dh helps to prevent combustion as will

be discussed next.

Table 4 - Thermal properties of PUFS/EG composites

Thermal Thermal Specific heat
PUF conductivity diffusivity FMJ/mSK)
(W/m.K) (mn¥/s)
PUF-EGO 0.039 0.428 0.097
PUF-EG5 0.047 0.336 0.148
PUF-EG10 0.049 0.321 0.154
PUF-EG15 0.053 0.309 0.171
PUF-EG20 0.081 0.214 0.380

3.7.Thermogravimetric analysis
As mentioned earlier, one of the limitations ofywokric materials is their poor thermal

stability at high temperatures and EG is frequensigd to minimize this and confer fire retardant

16



properties.[31] The thermal degradation of thesenmusites was investigated by TGA under

oxygen atmosphere and compared with the resulsraat for EG and neat PUF.
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Figure 2 - Thermal degradation (a) awl/dt(b) of PUFs.

As expected the decomposition profiles observed tgpgcal of PUFs which are
characterized by two main decompositions steps: amend 180 °C, related to the thermal
decomposition of the hard segments (e.g. urethaoepg) and gases released by EG, and a
second around 460 °C related to the soft segm@2s34] From TGA, it was observed that the
presence of EG reduced the weight loss of PUFkaniritial stage of degradation. At 215 °C,
the weight loss of the neat foam was 13.9%, wihigeweight loss of PUF-EG20 was only 9.8%.
This behavior can be attributed to a barrier effecvided by EG which reduces both the heat
and oxygen fluxes toward the polymer surface, whirchts the weight loss rate. The reduction
of weight loss is in accordance with the increaéghe residual mass results of the cone
calorimetric tests, as will be discussed later. ddwer, Figure 4 (a) reveals small differences in
the second decomposition step associated withaftesesgments. The slight differences detected
regarding the rate of decomposition of the softrsagts for the different loads of EG, can be
ascribed to the poor dispersion of the fillers afthnges of the crosslinking density, as

previously mentioned.[10]
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3.8. Reaction tofire

The reaction to fire of the foams were evaluatedr®ans of cone calorimeter analysis

and the obtained results are presented in Figared3-igure 6.
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Figure 5 - HRR max (a), EHC (b), mass loss raterggidual mass (d), CO/G@atio (e) and
SEA max (f)
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Figure 6 - HRR curves of PUFs

One of the most important reaction to fire paramseie the heat release ratdRR. It
represents a quantity of heat generated per ugdt and time, and is related with the flashover
phenomena in a real fire situation [35]. From thsults presented in Figure 5 (a) and Figure 6, it
can be seen that this parameter dropped significaiith the presence of the flame retardant. In
fact, theHRRvalue of PUF-EGS5 is 63% lower when compared whth pristine foam. When a
sample is ignited, heat is generatedHi®R is an index of the extent of fire [36] and theules
presented in Figure 5 (a) are in agreement withvitheos presented in supporting information.
From the videos, it can be seen that when EG id,ube flame stops from the moment the
ignition source is removed, preventing the comptetmbustion of the foams. In other words,
even though the exterior of the material is burrtbd,interior remains intact (see Figure A.4).
The same observations were reported by A. Loranzietal.[11] From the study of the effect of
expansion volume and intercalants on the flamedatey of EG in PUFs, it was reported that
the decrease of théRRis associated with the heat shield formed by #paetion of the EG due

to: (i) the gases which are released from the redoxiosa(xplained below) of EG dilute the
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flammable gases, suffocating the flame; ang the decomposition, being an endothermic
process, absorbs the heat released during combustio

The effective heat of combustioBKC), which is the ratio oHRR to mass loss rate,
discloses the degree of burning of volatile gasegas-phase flame during combustion [37].
EHC provides an insight of the mechanism of flamerdgtats and as it can be seen in Figure 5
(b), the presence of EG is associated with a remtucf theEHC value, even though the mass
loss also decreases with the presence of EG (séerd@silts). This means that the presence of
EG prevents the combustion and the release ofviieah the matrix is decomposed into the gas
products. Jarosinslet. al have attributed this to the fact that some prtglueleased by the
flame retardant could quench radicals derived ftbe matrix and prevent the combustion of
original ignitable components.[38]

The char layer produced from the EG, being a thetmaarier as well as an oxygen
barrier, prevents further decomposition of the mal® Therefore, due to this protection effect,
increasing the amount of EG leads to a reductiothefrate of mass loss (Figure 5 (c)), and
subsequently the residual mass of the PUFs aftereduncreased (Figure 5 (d)). These results
are in agreement with the studies by TGA (Figui@)} as well as the thermal diffusivity data
presented in Table 4: lower thermal diffusivity arigher percentage of residues were registered
for higher loads of EG. Nevertheless, the role Gf&s flame retardant is also associated with its
ability to expand forming the so called “worm’kki structure (see Figure 2 (f), Figure A.3 and
videos in supporting information). The expansionttw filler suffocates the flame and the
compact char layer formed limits the heat and nrassfer from the polymer to the heat source.
According to M. Modestet. al [39], this expansion is due to a redox proceswéen BSO,
(present within the graphite layers) and the imgraphite surface that generates gases according
to the reaction:

C + 2H,S0, - CO, + 2H,0 + 250,
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In fact, the gases released can increase the voidirinee materials by about 100 times.
This structure modification was confirmed by FT-Remand XRD analyses (see Figure A.1 and
Figure A.2).

The CO/CQ weight ratio can be taken as an index of combustampleteness, as well
as of smoke toxicity as it is well known that camapds deriving by incomplete combustion are
more toxic than those deriving by complete one .[24]Figure 5 (e) the variation of CO/GO
weight ratio as a function of EG loading indicattest the higher the percentage of EG the higher
the toxicity of the smoke. This is due to the phgkbarrier effect of the char layer formed which
thwarts the oxygen diffusion and favors the develdept of products of incomplete combustion,
like CO. Nevertheless, the CO/@@lues obtained for the neat and PUF-EGO5 foanmasparer
then PUFs produced from petroleum feedstock, tastedr the same conditions.[24]

The specific extinction are&EA is a measure of smoke density and its value shioail
as low as possible so that people can more easilgpe from a fire situation [35]. From the
results presented in the Figure 5 (f), it can bensthat the presence of the flame retardant,
significantly decreased the values of this parameteaning that it has an important role in the
condensed phase.

Finally, from Figure 6, it can the HRR curves hawvere than one peak, which is due the
combustion process of intermediary decompositiadpcts, intermediary char or even due to
the release and combustion of volatiles.[11,40]

Considering the distinct effect that EG loadingyvenan the different reaction to fire
parameters, within the range studied, 5 wit% wassidened the best compromise. This
percentage of filler ensures a significant reductid the maxium heat released and of mass loss
when compared to the unfilled PUF and the lowesttity of smoke when compared to higher
loading tested. Moreover, the use of 5 wt% EG dlydaas a good impact on the mechanical

properties of the ensuing composite PUF and minimphct on the cellular structure.
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3.9.Thermographic analysis of combustion

The combustion of all samples was monitored usirigated thermography as a function
of time. Samples used were cut as cubes with 1 dge epproximately. The samples were
ignited from the bottom. Representative snapshbtie combustion of samples PUF-EGO (a)
and PUF-EG5 (b) are presented in Figures 7 anch&.cblor palette in the vertical scale spans
the temperature range from 500 up to 1000°C.

The combustion of sample PUF-EGO (a) proceedssteady way, from bottom to top,
and the temperature of the burning front (regidmsva 500°C) is typically in the range 600°C,
with rare regions attaining maximum temperaturalwdut 750°C. The temperature of the sample
decreases steadily over more than 10 s, whicteisitie of the complete combustion of the PU.

The combustion of the composite samples (in tlyeirei represented by sample PUF-
EG5 (b)) proceeds in a much more inhomogeneous wamaximum temperature of about
1000°C is quickly attained and concentrated in“therm” like structure that is developed at
the surface of the sample (described before). Themrombustion is seen to stop very suddenly
at about 4.0 s. Within about 0.5 s no points olerexceed 450°C. The behavior of the other
filed samples is similar, forming the worm likewtture, burning at about the same temperature

(1000°C) and stopping suddenly after a few seconds.
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Figure 7 - Thermographic images during the combuosti PUF-EGO (a) and PUF-EG5 (b)

Figure 8 presents the time variation of the maximi@mperature points of all the
samples during combustion. The higher temperatur@ @me-limited combustion of the
composite PUFs is clearly demonstrated. The shemp sf combustion is also similar, the
maximum temperature dropping from about 1000 ta A@8°C within 0.5s for all EG fillerd
samples, in clear contrast with the slow decay eskein the neat PUF. These results suggest

that EG is not only a fire retardant but can als®éen as a flame extinguisher.
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Figure 8 - Time dependence of the maximum temperatiiall the samples during combustion.

Conclusion

In the present study, CG was used to produce ecafly PUFs and their reaction to fire
were improved by the addition of EG. The preseride®, proved to have a significant effect on
the cellular structure and on the properties of fib@ms. Whilst it can disrupte the foam
structure, increase its density and its thermabaootivity and it can also increase its stiffness,
acting as mechanical reinforcement. Furthermoeeptiesence of EG, has an important effect on
the reaction to fire of the materials: increasesl @O/CQ ratio of the smoke released and the
residual mass of the foams after burned. Due thysical barrier effect of EG, tH¢RR the
EHC, the mass loss ratio and tBEAdecreased. Nevertheless, the presence of 5 wtRG pflid
not present a significant disruption of the celusdructure nor did it affect adversely the
properties of PUFs, whilst having a significanteetfon the heat and smoke released, and more

importantly acted like a flame extinguisher.

Appendix
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More details regarding the the effect of the bugrpnocess on the structure of EG, EG and PUF-
EG5 which were burned and characterized by FT-RaamghX-ray diffraction (XRD) can be

found in the supporting information.
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Crude glycerol was successfully used to produce ecofriendly PUFs

The fire response of composite PUFs derived from crude glycerol and the effect of
using expanded graphite as flame retardant was eval uated;

Addition of EG to crude glycerol PUFs enhanced the mechanical properties of the
ensuing composites,

The fire response of composite PUFs using as little as 5 wt% of EG was
significantly improved;

Infrared thermography has proven that when EG is used the combustion stops
suddenly suggesting that EG acts like a flame extinguisher;



