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Abstract: Decreasing oil resources creates the need to search for raw materials in the biosphere,
which can be converted into polyols suitable for obtaining polyurethane foams (PUF). One such
low-cost and reproducible biopolymer is cellulose. There are not many examples of cellulose-derived
polyols due to the sluggish reactivity of cellulose itself. Recently, cellulose and its hydroxypropyl
derivatives were applied as source materials to obtain polyols, further converted into biodegradable
rigid polyurethane foams (PUFs). Those PUFs were flammable. Here, we describe our efforts to
modify such PUFs in order to decrease their flammability. We obtained an ester from diethylene
glycol and phosphoric(Ill) acid and used it as a reactive flame retardant in the synthesis of polyol-
containing hydroxypropyl derivative of cellulose. The cellulose-based polyol was characterized by
infrared spectra (IR) and proton nuclear magnetic resonance (*H-NMR) methods. Its properties,
such as density, viscosity, surface tension, and hydroxyl numbers, were determined. Melamine was
also added to the foamed composition as an additive flame retardant, obtaining PUFs, which were
characterized by apparent density, water uptake, dimension stability, heat conductance, compressive
strength, and heat resistance at 150 and 175 °C. Obtained rigid PUFs were tested for flammability
by determining oxygen index, horizontal flammability test, and calorimetric analysis. Obtained
rigid PUFs showed improved flammability resistance in comparison with non-modified PUFs and
classic PUFs.
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1. Introduction

Polyurethanes as foam materials are used in many areas of industry and daily life [1,2].
These materials are based on petrochemical substrates. The aspects of conscious environ-
mental protection result in the search for solutions aimed at the production of plastics
from natural, environmentally accepted, self-reproducing, and biodegradable sources [3],
like cellulose. Cellulose was used as a filler in the fabrication of PUFs [4-7]. Cellulose
is almost insoluble in water and organic solvents. Therefore, it is not readily convertible
into polyols suitable to obtain PUFs. Recently, we have demonstrated that hydroxypropyl
derivatives of cellulose (HPC) could be used as polyol substrates to obtain biodegradable,
rigid PUFs [8-10]. Specifically, the HPC with three hydroxypropyl groups per glucose mere
was reacted with glycidol (GL) in ethylene glycol (EG) or triethylene glycol (TEG). Obtained
polyols were semi-solid resins, not miscible with isocyanates. In order to liquefy them, they
were subjected to further hydroxyalkylation with ethylene carbonate [3] (Scheme 1).

Another approach to incorporating cellulose into PUFs was also applied; cellulose
was preliminarily degraded by hydrolysis with 64% sulfuric (VI) acid at 45 °C for 2 h.
Shortening of cellulose chains allowed us to use partially soluble oligomeric cellulose to
react with GL and then with EC (Scheme 2) [9].
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The least laborious method to obtain polyols from cellulose was based on preliminary
swelling cellulose in water followed by hydroxyalkylation with GL and then with EC [10].
All three efforts led to polyols suitable for obtaining rigid PUFs with physical proper-
ties analogous to those of classic PUFs, except that they had elevated thermal resistance.
They could withstand long-term thermal exposure at 150 °C; some of them could even
resist 175 °C, while their compressive strength increased upon annealing. The advanta-
geous feature of PUFs and polyols was readily biodegradation. The PUFs were 70-80%
biodegradable within 28 days in laboratory conditions [10]. However, PUFs obtained from
cellulose-based polyurethane foams are flammable.

Generally, flame retarding of PUFs can be achieved by incorporation of some elements
like chlorine, bromine, nitrogen, or silicon into polyol or into PUFs [11,12]. Antipyrenes
can result in a delay in the pyrolysis process, an increase in flame resistance, or even
self-extinguishing of polymeric materials. Antipyrenes can be divided into two groups [13]:
(i) reactive agents, whose atoms or groups are incorporated into the polymer structure
during synthesis or crosslinking; and (ii) additive retardants, which do not react with
polymer and are added in fabrication step. If phosphorus and nitrogen are incorporated
in PUFs, they show synergy as flame retardants [14,15]. Nitrogen-containing melamine is
often used as an effective additive retardant [16].

In the case of phosphorous retardants in PUFs, the mechanism of flame resistance leads
to the formation of a glassy layer of phosphor oxide, which is unable to access oxygen and
stop the formation of flammable and toxic gases [17-19]. The above-mentioned properties
determined the choice of melamine and phosphoric acid ester as an additive and reactive
flame retardant for a foamed composition containing polyol with the hydroxy-alkylated
cellulose units. Here, the novelty is the synthesis of HPC-based polyol with incorporated
phosphorus atoms, which resulted in a decrease in the flammability of obtained rigid
polyurethane foams from the polyol. We obtained self-extinguishing rigid polyurethane
foam with favorable performance properties.

2. Materials and Methods
2.1. Materials

The following materials were used: HPC average Mw~80,000, average Mn~10,000,
powder, 20 mesh particle size, (99% purity, Merck, Darmstadt, Germany); GL (pure 98%,
Sigma-Aldrich, Taufkirchen, Germany); ethylene carbonate (EC, pure > 99%, Fluka, Buchs,
Switzerland); potassium carbonate (anal. grade 100%, POCH, Gliwice, Poland); ethylene
glycol (EG, pure, POCH, Gliwice, Poland); triethylene glycol (TEG, Merck, Darmstadt,
Germany); diethylene glycol (DEG, p.a. Chempur, Piekary Slaskie, Poland); polymeric
diphenylmethane-4,4’-diisocyanate (pMDI, Merck, Darmstadt, Germany; contains both
bifunctional and trifunctional isocyanates); triethylamine (TEA, anal. Grade, Fluka, Buchs,
Switzerland); surfactant Silicon L-6900 (pure, Momentive, Wilton, CT, USA); glycerol
(GLYC, anal. grade 99.5-100%, POCH, Gliwice, Poland).

2.2. Synthesis of Polyol Using Phosphoric(I1) Acid Esters
2.2.1. Synthesis 1

EG (31.0 g, 0.50 mole), DEG (53.0 g, 0.50 mole) or TEG (75.0 g, 0.50 mol), and H3PO3
(20.5 g 0.25 mole) were placed in round bottom 250 cm? flask equipped with Dean-Stark
receiver and thermometer. Additionally, 110 cm? of toluene was added in order to further
azeotropic removal of water. The reaction mixture was heated to 112-115 °C. Water was
distilled (9.0 cm?), and further excess of toluene was evaporated. The mixture was then
cooled down, and HPC (13.56 g) and GL (30.7 g, 0.41 mole) were added. The mixture
was heated at 190 °C until total GL was consumed (determined by the epoxide number
of the sample; EN), and heating was continued for the next 15 min. After cooling, EC
(111.8 g, 1.27 mole) and potassium carbonate catalyst (1.2 g) were added, and the mixture
was heated at 170-180 °C for 24 h. The low-viscosity resins were obtained.
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2.2.2. Synthesis 2

Ester obtained from phosphoric(Ill) acid and from EG, DEG, or TEG (0.50 mole),
as described above, was placed in a 250 cm? flask equipped with a reflux condenser,
mechanical stirrer, and thermometer. Then, HPC (11.7 g) was added, and the mixture was
heated at 155 °C until HPC dissolved. Then, the mixture was cooled down to 50 °C, and
GL (37.0 g, 0.50 mole) was added. The mixture was heated at 190 °C and/or cooled in case
an increase in temperature was noticed due to exothermic reaction. Ultimately, the mixture
was heated for an additional 15 min at 190 °C in order to increase the total consumption of
GL (by EN determination). Then, the mixture was cooled down to 80 °C, and EC (130.0 g,
1.48 mole) and 1.0 g K,COj catalyst were added, and the mixture was heated at 180 °C
until total consumption of EC.

2.3. Analytical Methods

The reaction with GL was monitored by epoxide number determination using hy-
drochloric acid in dioxane [20]. Specifically, 25 cm? of hydrochloric acid solution in dioxane
(1.6 cm?® in 100 cm?® dioxane) was added into a 0.5 g mass sample. Excess of HCI was then
titrated with 0.2 M NaOH in methanol in the presence of o-cresol red as an indicator. The
progress of the reaction of hydroksyalkylation with EC was monitored using the barium
hydroxide method described in [21]. In particular, the samples of 0.1-0.5 g mass were
treated with 2.5 cm® 0.15 M Ba(OH); and then titrated with 0.1 M HCl in the presence
of 0.2% thymoloftalein in alcohol. Finally, the hydroxyl number (HN) of polyols was
determined by acylation with acetate anhydride in dimethylformamide. Thus, 1 g sample
(with 0.0001 g precision) was heated with 20 cm® acetylating mixture (acetic anhydride and
dimethylformamide at 23:77 v:v ratio) for 1 h at 100 °C. Excess of anhydride was titrated
with 1.5 M NaOH,q in the presence of phenolphthalein. An acidic number of polyols was
determined by alkalimetric titration described in [22]. Specifically, 0.1-0.2 g of polyol (with
0.0001 g precision) was placed in 20 cm® water, and phenolophtalein (3 drops) was added
and titrated with 0.1 M NaOH(aq) till the pink color of the indicator. The "H-NMR spectra
of reagents were recorded at 500 MHz BrukerUltraShield instrument in DMSO-dg and D,O
with hexamethyldisiloxane as the internal standard. IR was registered on the ALPHA FT-IR
BRUKER spectrometer in KBr pellets or by attenuated total reflectance technique. The
samples were scanned 40 times, in the range from 4000 to 450 cm~ 1 at 2 em ™1 resolution.
Elemental HPC analysis was performed with EA 1108, Carlo Erba analyzer.

2.4. Physical Properties of Polyol

The density, viscosity, and surface tension of polyols were determined with a pyc-
nometer, Hoppler viscometer (type BHZ, prod. Priifgeratewerk, Germany), and by the
detaching ring method, respectively.

2.5. Polyurethane Foams

Foaming of polyol was performed at 500 cm® cups at room temperature. The foams were
prepared from 10 g of polyol, to which 0.26-0.27 g of surfactant (Silicon L-6900) and 0.46-0.89 g
of TEA as catalyst and water (2%) as blowing agent were added. After homogenization,
the pMDI was added in the amount of 18.0 g. The commercial isocyanate containing 30%
of tri-functional isocyanates was used. The mixture was vigorously stirred until creaming
began. The materials were then seasoned at room temperature for 3 days. The samples for
further studies were cut from the obtained foam.

2.6. Properties of Foams

The apparent density [23], water absorption [24], dimensional stability in 150 °C
temperature [25], thermal conductivity coefficient IZOMET 2104, Bratislava, Slovakia),
and compressive strength [26] of PUFs were measured. The apparent density of PUFs
was calculated as the ratio of PUF mass to the measured volume of PUF sample in a
cube of 50 mm edge length. Water volume absorption was measured on cubic samples
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of 30 mm edge lengths by full immersion of PUFs in water and mass measurement after
5 min, 3 h, and 24 h. Dimensional stability was tested on samples of 100 x 100 x 25 mm
in size. The thermal conductivity coefficient was measured at 20 °C after 72 h of PUF
conditioning. The needle was inserted 8 cm deep into a cylindrical PUF sample of 8 cm
in diameter and 9 cm high. Compressive strength was determined using burden causing
10% compression of PUF height related to initial height (in accordance with the PUF
growing direction). The thermal resistance of foams was determined both by static and
dynamic methods. In the static method, the foams were heated at 150 and 175 °C for
30 days with continuous measurement of mass loss and determination of mechanical
properties before and after heat exposure. The 100 x 100 x 100 mm cubic samples were
used to determine the static thermal resistance and compressive strength. In the dynamic
method, thermal analyses of foams were performed in a ceramic crucible at 20-600 °C
temperature, with about 100 mg of sample, under an air atmosphere with 10 °C/min
heating rate, recording time 60 min, DTA amplification 1/10, amplification DTG 1/5 with
a Thermobalance TGA /DSC 1 derivatograph, METLER TOLEDO with STAR® Software.
DSC of PUFs was performed with scanning calorimeter METTLER TOLEDO 822° using
the following registration parameters: temperature range of —30-200 °C; heating rate of
10 deg/min; nitrogen atmosphere; sample mass 5-10 mg. The results were presented as
thermal curves in terms of heat stream [W/g] versus temperature [deg].

Topological pictures of PUFs were recorded for cross-sections of PUF samples. The
morphology of PUFs was investigated by an optical Panthera microscope (prod. Motic,
Wetzlar, Germany) with 4 x 10 lenses and worked up with Motic Multi-Focus Professional
1.0 software, enabling merging and manipulation of images with adjustable lensing planes.

2.7. Flammability of Foams

The flammability of foams was determined by oxygen index and horizontal test
according to norm [27] as follows: the foam samples (150 x 50 x 13 mm) were weighed,
located on horizontal support (a wire net of 200 x 80 mm dimensions), and the line was
marked at the distance of 25 mm from the edge. The sample was set on fire from the
opposite edge using a Bunsen burner with a blue flame of 38 mm height for 60 s. Then, the
burner was removed, and the time of free burning of foam reaching the marked line or
cease of flame was measured by a stopwatch. After that, the samples were weighed again.
The rate of burning was calculated according to the expression

12
v = 1 (1)
ty
if the sample was burned totally or using the equation
U= E (2)
te

if the sample ceased burning, where

L,—the length of the burned fragment, measured as the difference of 150 minus the
length of the unburned fragment (in mm). According to norms, if the burned fragment has
a 125 mm length, the foam is considered flammable.

ty, t—the time of propagations of flame measured at a distance between the starting
mark and the end mark or as the time of flame ceases.

The mass loss Am after burning was calculated from the formula

My — m
Am =

.100% 3
o ®)
where m, and m—mean sample masses before and after burning, respectively.
Combustibility was determined by an oxygen index LOI instrument (Concept Equip-
ment). The LOI value is the limited concentration of oxygen in a mixture of oxygen and
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nitrogen that is sufficient to sustain the combustion of the sample. The cuboidal PUF
samples of 150 x 10 x 10 mm dimensions were placed in the middle of a vertical glass
tube of 10 cm diameter and 70 cm length. Then, the quantitatively defined gaseous mixture
of nitrogen and oxygen was passed through the tube. After 30 s of equilibration of the
atmosphere inside the tube, the temperature was raised with a gas burner locally on top
of the sample, and then the burner flame ceased. The burner was powered with propane,
which gave 1860 °C flame temperature. The sample was considered combusted after the
flame reached the line 8§ cm below the top of the sample. The minimal oxygen concentration
of oxygen in the gas mixture, which resulted in the continued flaming of the sample, was,
thus, determined. The oxygen content in the gas mixture increased with 0.1% aliquot steps.

The flammability of foams was evaluated for samples 100 x 100 x 10 mm in size
using a cone microcalorimeter, a product of FTT Ltd. (East Grinstead, UK), according to
standard [28], by applying the heat flow 25 kW /m? and the distance from ignition source
25 mm. During the tests, the time to ignite (TTI), total time of flaming (TTF), percentage
mass loss (PLM), heat release rate (HRR), effective heat of combustion (EHC), and total
heat release (THR) were recorded.

3. Results and Discussion
3.1. Synthesis of Polyol

We describe our efforts to modify previously obtained cellulose-based polyurethane
foams [8] with flame retardants based on phosphorus and nitrogen derived from melamine.
Due to the high viscosity of polyols (79,000-379,000 mPa s) obtained from HPC [8-10],
an introduction of melamine was impossible. In order to obtain a lower-viscosity polyol
containing phosphorus atoms in its structure, the first step was to esterify phosphoric(III)
acid with ethylene glycol at a molar ratio of 1:2 using toluene as an azeotropic agent. The
end-point of the reaction between acid and EG or TEG was determined by the mass of
water as a side-product. TEG, similarly to EG, was used as a reaction medium during
the preparation of polyols from HPC and GL [8]. The HPC, which was chosen for this
process, had hydroxyl groups substituted with 3 hydroxypropyl residues per unit, as
estimated based on the elemental composition of hydroxypropyl derivatives (Table 1). A
good agreement was obtained between the calculated and determined compositions only
for the tri-derivative, corresponding to HPC. Then, HPC was dissolved in the EG ester, and
the mixture was hydroxyalkylated with GL and EC to obtain low-viscosity polyol with
a high acidic number of 144 mg KOH/g. The use of this polyol to obtain PUFs needed a
relatively substantial amount of catalyst (TEA) during the foaming process. Obtained PUF
contained 2.6 mass% phosphorus and was self-extinguishing.

Table 1. Comparison of the HPC elemental analysis determined with the calculated for subsequent
hydroxypropyl cellulose derivatives.

Hydroxypropyl Derivative of Cellulose %C %H %0
HPC 53.21 8.44 38.35

monosubstituted 49.09 727 43.64
disubstituted 51.80 7.91 40.29
trisubstituted 53.57 8.33 38.10

However, the foam was fragile. When TEG ester was used at the polyol synthetic step
(AN = 51.5 mg KOH/g), the obtained PUF was rigid with small pores. The phosphorus %
was 1.9; namely, it was too low to considerably reduce the flammability of the product.

Finally, we succeeded in using the DEG ester of phosphoric(Ill) acid (Scheme 3).
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Scheme 3. Preparation of DEG ester and phosphoric acid (III).

AN for the polyol obtained with this ester was 60 mg KOH/g. Ultimately, the PUF
obtained from the polyol was self-extinguishing (Table 2).

Table 2. Pre-foaming of polyol H3PO3-DEG-HPC-GL-EC.

Composition [g/100 g of Polyol]

. ; Notes
pMDI Water TEA Silicon L-6900 Melamine
180 3 7.8 3.9 - Slowly self-extinguishing
180 2 7.8 3.9 - Slowly self-extinguishing
180 2 7.8 3.9 20 self-extinguishing

Figure 1 shows the IR spectrum of DEG phosphate(IIl). The stretching and deformation
vibrations of methylene groups were observed at 2868 cm ! and 1456 cm !, respectively.
The O-H stretching and deformation vibration were found at 3395 and 1356 cm !, while
the C-OH stretching vibration was located at 1058 cm ™!, characteristic of the primary
hydroxyl group. They overlapped with stretching vibrations C-O-C. The characteristic
P=0 stretching vibrations were at 1230 and 1125 cm~!, and a strong P-O-C band was
observed at 968 cm !, while a small band at 2435 cm ! was attributed to the P-H bond. The
mentioned P=0 and P-O-C bands were also observed in the IR spectrum of the obtained
polyol (Figure 2). Ether bond bands at 1060 cm ™! were observed both in the spectrum of
ester and in the products of HPC reaction with GL and EC.

=

40 60 80 100

Transmittance [%]

20

(=]

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber ecm-1

Figure 1. IR spectrum of phosphoric acid(IIl) and DEG ester.
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Figure 2. IR spectrum of polyol H3PO3-DEG + HPC-GL-EC.

The stretching and deformation of O-H bands were found at 3450 cm~tand 1353 em !,
respectively. The band centered at 1750 cm ™! was attributed to polyol carbonyl stretching
vibrations. The presence of this band suggested the incorporation of ester groups into
the polyol structure (Scheme 4), while most ethylene carbonate was decomposed with the
formation of hydroxyethyl groups and the elimination of carbon dioxide.

] Q

O 0] [l
-OH+ N\ ——» _0—C—0-CH,~CH,-OH

O
Scheme 4. Formation of an ester bond in reaction with ethylene carbonate.

The 'H-NMR spectrum of ester is simple (Figure 3) and composed of methylene
protons signals within 3.4-3.6 ppm and hydroxyl proton resonances at 4.1 and 6.1 ppm
and within the 7.2-7.6 ppm region, depending on various hydrogen bonds in different
molecular setting. In the "H-NMR spectrum of polyol (Figure 4), the resonances at the
3.4-3.6 ppm region overlap with resonances of methylene protons of hydroxyalkylated
HPC, as well as an ester. The resonances within 1.0-1.2 ppm are obviously from methyl
groups of HPC. The hydroxyl proton resonances were observed at 4.5, 5-6, and 7.4 ppm,
which were identified by selective deuteration with D,O.

The physical properties of polyol obtained from GL and EC with the mixture of HPC
and phosphoric(Ill) acid and DEG ester were determined. Thus, the density and surface
tension of obtained polyol at 20 °C were 1.266 g/cm3 and 32.0 mN/m, respectively, while
viscosity was 292 mPa s. The latter was many times lower in comparison with that of
polyols obtained from HPC, GL, and EC in EG or TEG [8]. Also, the surface tension was
20 units lower than those of previously obtained polyols [8]. Thus, the polyol obtained
here was suitable for further homogenization of foaming composition. Additionally, the
hydroxyl number of this polyol was 400 mg KOH/g, indicating that the polyol was an
appropriate candidate to obtain rigid PUF.
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Figure 3. H-NMR spectrum of phosphoric acid(IIl) ester and DEG.

OH

H:0

DMSO-ds
OH
l CH;
8 6 a4 2 Oppm]

Figure 4. 'H-NMR spectrum of polyol obtained from H3PO3-DEG -HPC-GL-EC.

3.2. Polyurethane Foams

Foaming was performed on a laboratory scale (Table 3). The optimized water content
in the foaming composition was 2% water in reaction to the mass of polyol. At higher
water content (3%), the PUF was fragile, and below 2%, the PUF was under-foamed and
had high apparent density. Surfactant content was optimized at 2.7 g, while the catalyst
was at 7.8 g/100 polyol. At a lower amount of catalyst, the under-crosslinked PUF with a
viscous surface was formed. On the other hand, fast growth and expansion of PUF were
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observed. Due to the low viscosity of polyol, the additive retardant melamine could be
introduced into the foaming composition.

Table 3. The influence of composition on the foaming process of polyol H3PO3-GDE-HPC-GL-EC.

Composition [g/100 g of Polyol]

Foaming Process

No MDI Water TEA Silicon Melamine ISOI;y; ;(ate Cream Rise Tack-Free Notes
P [%] L-6900 Time [s] Time Time [s]
1 180 2 4.6 2.6 20 1.8 20 23 1 Viscous surface
2 180 2 5.8 2.6 20 1.8 15 10 1 Large pores
3 180 2 8.9 27 20 1.8 13 9 1 mea}l pores,
ragile foam
4% 180 2 7.8 27 20 1.8 18 9 1 Small pores,

rigid foam

* Composition subjected to full characterization. Rise time—the time from the start of expansion to the moment
of reaching the sample’s final volume. Tack-free time—the time from reaching the sample’s final volume to the
moment of losing its surface adhesion to powdered substances. Tack-free time—immediately.

The time was measured with a regular stopwatch, resulting in obtaining self-extinguishing
PUFs. In that case, the cream time was 18 s, and rise and tack-free times were 9 s and
1's, respectively. For comparison, the corresponding times in the case of HPC obtained
before [8] were 45-61 and 35-37 s, while the tack-free time was 1 s. The shorter cream and
rise times of the foam modified with flame retardants compared to the foams without flame
retardant are due to the larger amount of catalyst used, which is needed to initiate the
foaming process. We have observed a considerably higher isocyanate coefficient than that
calculated with the assumption that one isocyanate group reacted with one hydroxyl group.
This suggests the possibility of partial trimerization of isocyanates with the formation of
isocyanurate rings in the foam. That process can occur due to the presence of large amounts
of TEA in foaming compositions, which catalyzes trimerization [29]. In fact, the presence of
characteristic bands in the IR spectrum of the PUF, namely, deformation band NH and C=O
at 510 and 770 cm~!, indicates the presence of a perhydro-1,3,5-triazine ring in the product
(Figure 5). The properties of obtained PUFs, together with the reference PUFs obtained
from HPC without flame retardants, are shown in Tables 4 and 5.

AR,

100

80

Transmittance [%]

I

1500
Wavenumber cm-1

=] T T T T T T
4000 3500 3000 2500 2000 1000 500

Figure 5. IR spectrum of unheated foam (mmm) and foam exposed to temperatures 150 °C (mmm) and
175 °C (mmmm).
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Table 4. Comparison of the properties of flame-retardant foam with reference foams without flame

retardants.
Dimensional Stability of Foams [%]
. Density Absorption Of Water [% vol.] At 150 °C Temperature
Foam Obtained from Poyol [kg/m®] Length Change After Width Change After Height Change After
After 5 min After3h After24h 20h 40h 20h 40h 20h 40h
H;3;PO3-DEG-HPC-GL-EC 74.4 1.67 2.50 4.79 —1.15 -1.22 —1.34 —1.76 —0.50 —1.64
HPC-GL-GE-EC 61.6 1.30 1.76 3.62 +3.51 +3.12 +6.72 +6.09 +1.19 +1.01
HPC-GL-TEG-EC 58.1 0.25 0.89 2.12 3.13 +4.56 -5.07 —4.16 —3.53 —2.89

Density was determined with £3.4% accuracy. Standard deviation in case of absorption of water is 0.8%. Standard
deviation in case of dimensional stability does not exceed 1.7%.

Table 5. Comparison of the thermal conductivity coefficient, mass loss, and compressive strength of
flame-retardant foam with reference foams without flame retardants.

Compressive Strength [MPa]

Thermal Mass Loss [%] after Exposure After E
Foam Obtained from Poyol Conductivity to Temperature B er Exposure
Coefficient [W/m-K] efore Exposure to Temperature )
150 °C 175°C 200 °C 150 °C 175°C 200 °C
H3PO3-DEG-HPC-GL-EC 0.0361 19.0 31.7 - 0.237 0.350 0.173 -
HPC-GL-GE-EC 0.0358 12.4 28.9 453 0.475 0.499 0.533 0.606
HPC-GL-TEG-EC 0.0354 9.8 293 445 0.279 0.350 0.549 0.725

Heat conductance coefficient was determined with 42.1% accuracy. Mass loss was determined with £0.5%
accuracy. Compressive strength was determined with £2.8% accuracy.

The obtained PUF shows good dimensional stability during thermal exposure at
150 °C, much better than the reference PUFs. Its maximum shrinkage after 40 h exposure
was 1.76%, while it was 6% for reference PUFs (Table 4). The apparent density was
74 kg/m3, which was larger than reference PUFs, presumably due to the presence of
melamine as flame retardant added into the foaming composition in the former. Water
uptake of obtained PUF after 24 h exposure was 4.8%, probably due to the presence of
melamine in the structure of the material, which enabled it to bind to water stronger than
in reference PUF.

The heat conductance coefficient was 0.0361 W/mK and was slightly higher than
the reference PUFs (Table 5). The thermal resistance of PUF was determined by thermal
exposure of PUF at 150, 175, and 200 °C for 30 days with concomitant measuring mass loss
and compressive strength before and after exposure. The rapid mass loss was observed on
the first day of thermal exposure (Figure 6). PUFs with flame retardants had lower thermal
resistance at 150 °C (higher weight loss) than reference PUFs. This might be due to the
continuous removal of melamine by sublimation. At 200 °C, severe PUF deformation and
mass loss were observed compared with the reference PUFs.

IR spectra of PUF before and after thermal exposure shed some light on the structural
aspects of thermal exposure (Figure 5). In the IR spectrum of PUF that was not annealed,
the band centered at 3350 cm ! from N-H corresponds to the stretching vibrations involved
in hydrogen bonding. The bands at 3000-2800 cm~! were attributed to C-H stretching
vibrations. Some unreacted isocyanate groups were discovered by the band at 2276 cm 1.
Also, the band at 2136 cm ™! originated from carbodiimide groups. These bands disap-
peared upon thermal exposure at 150 °C, presumably due to oxidation and/or the reaction
with free hydroxyl groups, leading to additional crosslinking. The band at 1727 cm ™! in
the IR spectrum of starting PUF belongs to C=0 of amide groups. Its intensity decreased
upon thermal exposure, suggesting that the thermal decomposition of amide bonds took
place. Another structural change in the PUF upon heating was identified by the presence
of a growing band at 1610 cm~!, which corresponded to C=C stretching vibration. Such
changes are related to the observed graphitization of samples upon prolonged heating. The
band at 1250 cm ! attributed to stretching vibration P=O of phosphoric(IIl) esters in PUF
decreases upon heating of PUE.
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Figure 6. Thermal stability of the polyurethane foam as the mass loss after heating at 150 °C (a) and
175 °C (b) obtained from polyols H3PO3-DEG-HPC-GL-EC (1), HPC-GL-EG-EC (2), and HPC-TEG-
GL-EC (3).

The compressive strength of not-annealed PUF is 0.237 MPa and increases after thermal
exposure of PUF to 150 °C, probably due to additional crosslinking of PUF. This supposition
was confirmed by the disappearance of the N=C=0 band at 2276 cm ! in the IR spectrum of
the annealed PUF, formerly present in the IR spectrum of the not-annealed one. At a higher
temperature (175 °C), the compressive strength decreases upon degradation (Table 5). The
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PUF modified with flame retardants has lower compressive strength than reference PUFs.
The presence of melamine in PUF resulted in a decrease in compressive strength, probably
due to melamine sublimation of the sample.

Microscopic examination of PUF and its reference showed the oval pores in the
materials (Figure 7, Table 6). The larger diameters are within 216-284 um, while the smaller
ones fall into the 99-155 um region. The PUFs modified with flame retardants are more
ellipsoid. This may be caused by a higher amount of TEA catalyst and shorter growth of
PUF compared to a reference PUF. This is also responsible for thinner walls of pores in a
modified PUF (Table 6). This explains why modified PUF has higher compressive strength
(0.237 MPa) before thermal exposure than after thermal exposure to 175 °C (0.175 MPa).
This is because thin pores crack easier (Table 5). The thermal resistance of obtained PUF
was also analysed by dynamic method (Figure 8). The mass loss was observed already
at 90 °C, i.e., lower than reference PUFs. We attributed this to the presence of a larger
amount of TEA in the foaming process than in the case of unmodified PUFs. The boiling
point of TEA is 101 °C. Fast decomposition occurs at 285 °C, again at a lower temperature
than in reference foams (295-300 °C). The peak is related to the thermal decomposition of
polyurethane into amine and carbon dioxide [29]. The third peak observed at 380 °C is due
to the decomposition of ether bonds in polyols [30,31]. The DSC analysis allowed us to
determine the glass transition temperature, which was 146 °C (Figure 9), that qualifies the
obtained PUF as rigid PUF. Modified PUFs, as well as the reference PUFs obtained from
HPC without flame retardants, were tested for flammability in the horizontal test (Table 7,
Figure 10). It has been demonstrated that reference PUFs flamed out completely, with a
rate nine times higher than that of modified PUFs.

Figure 7. Optical microscopy images of foam obtained from polyols H3PO3;-DEG-HPC-GL-EC (a),
HPC-GL-EG-EC (b), and HPC-GL-TEG-EC (c).
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Figure 8. Thermal analysis of foams obtained from polyols H3PO3-DEG- HPC-GL-EC (1), HPC-GL-
EG-EC (2), and HPC-TEG-GL-EC (3): mass change as a function of temperature (a); and differential
mass change as a function of temperature (b).
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Figure 9. DSC thermogram of foam obtained from polyol H3PO3;-GDE-HPC-GL-EC.

Figure 10. Photographs of PUF samples obtained from polyol H3PO3-DEG-HPC-GL-EC flamed at

horizontal test.



Polymers 2024, 16, 1438 16 of 19

Table 6. Results of micrograph analyses of foams.

. . . Thickness of

Foam Obtained From Polyol Larger Dia-Meter [pm] Smaller Dia-Meter [um] Cell Wall [um]
H3PO3-DEG-HPC-GL-EC 234 £+ 36 99 £ 20 8§+1
HPC-GL-EG-EC 216 £ 37 111 £ 36 9+2
HPC-GL-TEG-EC 284 + 57 155 + 37 10+ 2

Table 7. The results of the horizontal combustion test and oxygen index determinations of PUFs.

Foam Obtained From Polyol Extent[(r)l;frzlurning Fle{lrrrrll:i1 }:?te Mass Loss I[.g/lzlon Flaming Oxyg;:ol/l ]Index
H;3PO3-DEG-HPC-GL-EC 30-40 0.5 51 21.7
HPC-EG-GL-EC 150 43 68.4 19.0
HPC-TEG-GL-EC 150 44 67.5 19.0

The mass loss of modified PUFs was merely 5%, while it was 68% for reference PUFs.
The oxygen index of PUF modified with phosphorus and melamine was above 21%, which
was 2.7% higher compared with the reference PUFs. Another test related to flammability
was performed using a cone calorimeter (Table 8). This method is considered the most
reliable blazing test on a small scale [32]. The results obtained from the cone calorimeter
enabled us to determine the following: TTI—the time to ignite; TTF—total time of flaming;
PML—percentage mass loss; HRR—heat release rate; EHC—effective heat of combustion;
and THR—total heat release.

Table 8. Flame retardance studies of PUFs measured by cone microcalorimeter.

Foam Obtained From Polyol ]E;F]I T[:]F P{I:/i[}L [kl-vlvljgz] [RI]I;IIIITZ] [l\]/E[}-}ISg]
H3PO;3-DEG-HPC-GL-EC 5 90 77.5 74.12 5.1 46.30
HPC-GL-EG-EC 8 158 79.5 67.67 7.1 64.29
HPC-GL-TEG-WE 5 149 82.5 74.03 6.2 60.32

One of the parameters characterizing the heat resistance of materials is the time to
ignite (TTI); the longer TTI means the longer time needed to heat up and ignite. The TTI for
non-modified PUF was determined at 5 and 8 s. The flame retardant-modified PUF showed
a TTI of 5 s, which was probably related to the higher apparent density of the foam. Thus,
the values of TTI are short and characteristic of pored materials. Percentage mass loss (PML)
for all samples is similar and does not depend on retardants. Effective heat of combustion
(EHC) and total heat release (THR) of modified PUF are much lower in comparison with
the reference PUF (Figure 11), which is an expected and demanded practical feature. The
curves in Figure 12 illustrate the heat release time profile (HRR). The initial growth of the
curve corresponds to the heating phase. At the ignition point, the maximum on the HRR
curve is visible. Flame retardant-modified PUF (curve 1 in Figure 12) has a similar HRR
to that obtained from HPC-TEG-GL-EC and reaches the maximum after 60 s, while that
obtained from HPC-EG-GL-EC showed a maximum peak after 70 s and a smaller peak,
which correlated with its lower apparent density. After reaching the maximum value on the
HRR = {(t) curve, the heat relation rate decreases as a result of the reduction in the sample
area covered by combustion. It is worth noticing that PUF modified both with phosphorus
and melamine releases heat faster than the reference samples.
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Figure 11. Total heat release vs. time during combustion of polyurethane foams obtained from
polyols H3PO3-DEG-HPC-GL-EC (1), HPC-GL-EG-EC (2), and HPC-TEG-GL-EC (3).
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Figure 12. Heat release rate vs. time during combustion of polyurethane foams obtained from polyols
H3PO3-DEG-HPC-GL-EC (1), HPC-GL-EG-EC (2), and HPC-TEG-GL-EC (3).

4. Summary and Conclusions

1.

In the reaction between phosphoric(Ill) acid and diethylene glycol, the ester with
terminal hydroxyl groups was obtained, which was further dissolved in HPC. It
was hydroxyalkylated with glycidol and ethylene carbonate to give polyol with
phosphorus atoms incorporated into the polyol;

The obtained polyol was reacted with polymeric diphenylmethane diisocyanate and
water to obtain the rigid polyurethane foam. In the foaming process, melamine was
also added as an additive flame retardant. The presence of incorporated phosphorus
and added melamine led to the material of clearly reduced flammability, compared to
foams based on HPC;

Obtained polyurethane foam had considerably higher thermal stability and lower
polymerization shrink than other HPC-based polyurethane foams not modified with
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flame retardants. On the other hand, the obtained PUF had a higher apparent density,
water uptake, and lower thermal resistance;

4. Foam modified with phosphorus atoms and melamine has a similar burning rate to
unmodified foam obtained from HPC-based polyol in a diethylene glycol environment.
Modified foam shows lower total heat release than non-modified one, which is its
advantageous utility feature.

Author Contributions: M.S., investigation, validation, formal analysis, writing—original draft
Preparation, visualization; R.L., investigation, data curation, original draft preparation; J.L., conceptu-
alization, methodology, supervision, writing—review and editing. All authors have read and agreed
to the published version of the manuscript.

Funding: This work has been financed by the Minister of Science and the Higher Education Republic
of Poland under the program “Regional Excellence Initiative”.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in
the article.

Conflicts of Interest: The authors have declared no conflicts of interest.

References

1.  Akindoyo, J.O.; Beg MD, H.; Ghazali, S.; Islam, M.R,; Jeyaratnam, N.; Yuvaraj, A.R. Polyurethane types, synthesis and
applications—A review. RSC Adv. 2016, 6, 114453-114482. [CrossRef]

2. Prociak, A.; Rokicki, G.; Ryszkowska, J. Polyurethane Materials. Paristwowe Wydawnictwo Naukowe:: Warsaw, Poland, 2014.

3. Ryszkowska, J. Polyurethane Materials Manufactured Using Renewable Raw Materials; Publishing House of the Warsaw University of
Technology: Warsaw, Poland, 2019.

4. Macedo, V,; Zimmermann, M.; Koester, L.; Scienza, L.; Zattera, A. Flexible polyurethane foams filled with Pinnus elliotti cellulose.
Polimeros 2017, 27, 27-34. [CrossRef]

5. Prociak, A.; Malewska, E.; Bak, S. Influence of Isocyanate Index on Selected Properties of Flexible Polyurethane Foams Modified
with Various Bio-Components. J. Renew. Mater. 2016, 4, 78-85. [CrossRef]

6. Pan, X Saddler, J. Effect of replacing polyol by organosolv and kraft lignin on the property and structure of rigid polyurethane
foam. Biotechnol. Biofuels 2013, 6, 12. [CrossRef]

7. Kosmela, P; Hejna, A.; Formela, K.; Haponiuk, J.; Piszczyk, L. The Study on Application of Biopolyols Obtained by Cellulose
Biomass Liquefaction Performed with Crude Glycerol for the Synthesis of Rigid Polyurethane Foams. J. Polym. Environ. 2018, 26,
2546-2554. [CrossRef]

8. Szpilyk, M.; Lubczak, R.; Lubczak, J. Polyetherols and polyurethane foams with cellulose subunits. Polym-Plast. Technol. Mater.
2021, 60, 440-452. [CrossRef]

9.  Szpilyk, M.; Lubczak, R.; Walczak, M.; Lubczak, J. Polyol and polyurethane foam from cellulose hydrolysate. J. Chem. Technol.
Biotechnol. 2021, 96, 881-889. [CrossRef]

10. Szpityk, M.; Lubczak, R.; Lubczak, ]. The biodegradable cellulose-derived polyol and polyurethane foam products. Polym. Test.
2021, 100, 107250. [CrossRef]

11.  Goodman, H. Handbook of Thermoset Plastics, 2nd ed.; William Andrew Pulishing/Noyes: Norwich, NY, USA, 1999.

12.  Hilado, C.J. Flammability Handbook for Plastics. Technomic Publishing C. Company, Inc.: Lancaster, PA, USA, 1998.

13.  Zuchowska, D. Construction Polymers; WNT: Warsaw, Poland, 2000.

14. Brzozowski, Z.; Kijeriska, D.; Zatorski, W. Flammability of polymers, part 2.Methods of reducing the flammability of plastics.
Plast. Rev. 2001, 9, 65-67.

15. Gijsman, P; Steenbakkers, R.; Furst, C.; Kersjes, J. Differences in the flame retardant mechanism of melamine cyanurate in
polyamide 6 and polyamide 66. Polym. Degrad. Stab. 2002, 78, 219-224. [CrossRef]

16. Cichy, B.; Luczkowska, D.; Nowak, M.; Wiadyka-Przybylak, M. Polyphosphate Flame Retardants with Increased Heat Resistance.
Ind. Eng. Chem. Res. 2003, 42, 2897-2905. [CrossRef]

17.  Zatorski, W.; Brzozowski, Z.K.; Lebek, K. Production of PUR and PUR-PIR foams with red phosphorus as a flame retardant.
Polimery 2005, 50, 686-689. [CrossRef]

18.  Green, ]J. Mechanisms for Flame Retardancy and Smoke Suppression—A Review. J. Fire Sci. 1996, 14, 426—442. [CrossRef]

19. Prociak, A.; Pielichowski, J.; Modesti, M.; Simoni, F.; Checchin, M. Influence of different phosphorus flame retardants on fire
behaviour of rigid polyurethane foams blown with pentane. Polimery 2002, 10, 692—-696. [CrossRef]

20. Brojer, Z.; Hertz, Z.; Penczek, P. Epoxy Resins. WNT: Warsaw, Poland, 1972.


https://doi.org/10.1039/c6ra14525f
https://doi.org/10.1590/0104-1428.2212
https://doi.org/10.7569/JRM.2015.634129
https://doi.org/10.1186/1754-6834-6-12
https://doi.org/10.1007/s10924-017-1145-8
https://doi.org/10.1080/25740881.2020.1819316
https://doi.org/10.1002/jctb.6596
https://doi.org/10.1016/j.polymertesting.2021.107250
https://doi.org/10.1016/S0141-3910(02)00136-2
https://doi.org/10.1021/ie0208570
https://doi.org/10.14314/polimery.2005.686
https://doi.org/10.1177/073490419601400602
https://doi.org/10.14314/polimery.2001.692

Polymers 2024, 16, 1438 19 of 19

21.

22.
23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

Kijowska, D.; Wotowiec, S.; Lubczak, . Kinetics and mechanism of initial steps of synthesis of polyetherols from melamine and
ethylene carbonate. J. Appl. Polym. Sci. 2004, 93, 294-300. [CrossRef]

Kastierina, T.; Kalinina, L. Chemical Analysis of Plastics; WNT: Warsaw, Poland, 1965.

PN-EN ISO 845-2000; Cellular Plastics and Rubbers. Determination of Apparent (Bulk) Density, Polish (European) Standards Ed.
Polish Committee for Standardization: Warsaw, Poland, 2000.

PN-EN ISO 2896-1986; Cellular Plastics, Rigid. Determination of Water Absorption, Polish (European) Standards Ed. Polish
Committee for Standardization: Warsaw, Poland, 1986.

PN-EN ISO 2796-1986; Cellular Plastics, Rigid. Test of Dimensional Stability, Polish (European) Standards Ed. Polish Committee
for Standardization: Warsaw, Poland, 1986.

PN-EN ISO 844-1978; Cellular Plastics, Compression Test for Rigid Materials, Polish (European) Standards Ed. Polish Committee
for Standardization: Warsaw, Poland, 1978.

PN-EN ISO 3582-2002; Flexible Cellular Polymeric Materials—Laboratory Characteristics of Small Specimens Subject to a Small
Flame, Polish (European) Standards Ed. Polish Committee for Standardization: Warsaw, Poland, 2002.

EN-ISO 13927:2015-05; Plastics—Simple Heat Release Test Using a Conical Radiant Heater and a Thermopile Detector. European
Standards: Geneva, Switzerland, 2015.

Wirpsza, Z. Polyurethanes: Chemistry, Technology, Application; WNT: Warsaw, Poland, 1991.

Jiao, L.; Xiao, H.; Wang, Q.; Sun, J. Thermal degradation characteristics of rigid poly-urethane foam and the volatile products
analysis with TG-FTIR-MS. Polym. Degrad. Stab. 2013, 98, 2687-2696. [CrossRef]

Ketata, N.; Sanglar, C.; Waton, H.; Alamercery, S.; Delolme, E; Raffin, G.; Grenier-Loustalot, M.F. Thermal Degradation of
Polyurethane Bicomponent Systems in Control-led Atmospheres. Polym. Polym. Compos. 2005, 13, 1-26. [CrossRef]

Urbas, J. Effects of retainer frame, irradiance level and specimen thickness on cone calorimeter test results. Fire Mater. 2005, 29,
1-13. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/app.20453
https://doi.org/10.1016/j.polymdegradstab.2013.09.032
https://doi.org/10.1177/096739110501300101
https://doi.org/10.1002/fam.861

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of Polyol Using Phosphoric(III) Acid Esters 
	Synthesis 1 
	Synthesis 2 

	Analytical Methods 
	Physical Properties of Polyol 
	Polyurethane Foams 
	Properties of Foams 
	Flammability of Foams 

	Results and Discussion 
	Synthesis of Polyol 
	Polyurethane Foams 

	Summary and Conclusions 
	References

