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The utilization of sustainable forestry waste resources in the production of polyurethane (PU) foam is
a promising green alternative to the use of un-sustainable resources. In this work, we report the
liquefaction of waste pine wood at different reaction temperatures and its application in synthesizing
a melamine phosphate modified wood type polyurethane foam (designated as MWPU). Our strategy was
to obtain liquefied pine-based polyol at an optimum reaction temperature and apply the polyol in
synthesizing a flame retardant (MWPU) foam via the incorporation of a melamine phosphate (MP) filler.
Spectroscopic and microscopic analyses were conducted to investigate the structure characteristics and
the morphology of the liquefied waste pine wood polyol and the synthesized (MWPU) foam. An optimum
liguefaction temperature of 160 °C was obtained and the glass transition temperature (T,) for 10 wt%
incorporated MP foam was 43.8 °C. The as-prepared (MWPU) foam showed higher glass transition

temperature and storage modulus than pine wood based PU foam without MP. The MWPU foam
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Accepted 2nd June 2017 withstood heating at 300 °C without significant degradation and also exhibited a higher thermal stability

and limited oxygen index (LOI) value than pine wood based PU foam. These results provided an insight
into the physical and structural properties of the as-prepared bio-based foam and paved the way toward
preparing bio-based PU foam, which could further expand its potential applications.
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Introduction

Polyurethanes are a broad class of polymeric materials with
urethane moieties as the main linkage and polyurethane (PU)
foam represents one of its most important three dimensional
products with regard to versatile applications. It is widely used
in various applications such as home furnishings (i.e. bedding
and carpet underlay), insulating material in building
construction, thermal insulation systems in refrigerators and
freezers, packaging and fitting cushioning for the trans-
portation of goods.' Presently, the synthesis of conventional
PU foam is heavily petroleum dependent because the two main
raw materials, isocyanates and polyols, are largely petroleum
derived and the flammability issue associated with PU foam can
result in fire related casualties and loss of property.>** However,
with the global depletion of oil production in oil fields,
increasing rise in oil prices and environmental concerns such as
global warming, the production of PU foam from renewable
resource (bio-based polyols) has generated much interest

“College of Chemistry, Chemical Engineering and Materials Science, Soochow
University, Suzhou 215123, Jiangsu, P. R. China. E-mail: qgpan@suda.edu.cn
*Department of Chemical Engineering, University of Waterloo, Waterloo, Ontario, N2L
3G1, Canada

T Electronic  supplementary
10.1039/c7ra03546b

information  (ESI) available. See DOL

30334 | RSC Adv., 2017, 7, 30334-30344

and the need for fire retardant properties in PU foam is
imperative.®®

Lignocellulosic biomass also referred to as plant dry matter
(i.e. waste wood) is an important renewable resource for the
production of fine chemical such as bio-based polyol. It is
composed of three major constituents namely cellulose,
hemicelluloses and lignin, as well as smaller amounts of
pectin, protein, extractives and ash, which together form its
rigid structure. The agriculture and forestry industry regularly
generate waste such as wood, wheat straw, corn bran and
cornstalks, which are bio-resources. The wood resources are
the quickly renewable bio-resources. They contain a large
variety of lignocellulosic biomass having more than two
hydroxyl groups per molecule, but its solid characteristics
restrict its utilization as wood-based polyol.>'® One of the
approaches of obtaining polyols from these renewable
resources is through liquefaction. Liquefaction of wood is
a chemical processes in which the macromolecular compo-
nents of wood are depolymerized and converted into
a liquid.""** These obtained liquefied wood contains highly
reactive aromatic and aliphatic hydroxyl groups which can be
used as substitutes to the polyol produced from crude oil for
the preparation of PU foams.' Therefore, this calls for the
development of greener cost-effective techniques to prepare
PU foam from renewable sources composed of biomass, such
as liquefied wood-based polyols.

This journal is © The Royal Society of Chemistry 2017
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D'Souza et al™® synthesized bark-based polyols through
solvent liquefaction of wood bark in a polyethylene glycol/
glycerol co-solvent. Their results showed that the liquefied
biomass induced a high degree of modification to the bark
components and provided an insight into the physical and
structural properties of the produced bark-based polyols.
However, their studies mainly focus only on the liquefaction
behaviour and characterization of the bark-based polyols
without considering its application as a substitute for petro-
leum based polyols in producing PU foam.

Kosmela et al.** synthesized bio-polyols via crude glycerol-
based liquefaction of cellulose. They concluded that the
optimal parameters for the bio-polyol production with a 94%
yield could be achieved at 150 °C for 6 h liquefaction reaction
duration. However, the liquefied bio-polyol was not further
utilized for the production of any bio-based material.

Luo et al.* prepared the lignin/soy oil-based polyurethane
bio-foam by using lignin powder as a reactive reinforcing filler
via a free-rising method. The dynamic mechanical analysis
(DMA) results show that the mechanical property of the samples
with 10% lignin was the best. However, their works mainly focus
on using lignin powder as reactive reinforcing filler without
considering using liquid lignin as polyol.

Zhang et al.*® investigated the biodegradation of a wood-
based PU foam produced by utilizing liquefied wood polyol
and polymethylene polyphenylisocyanate, through a one-shot
method. The biodegradability of the synthesized PU foam was
studied by soil burial for a period of 12 months. Their result
showed that the use of liquefied wood polyol in the foam
formulation aids the accelerated degradation of the PU foam.
However, there was very limited information about the lique-
faction temperature effect on the obtained liquefied wood pol-
yol used in producing the PU foam. The use of an optimum
liquefaction condition will improve the properties of the
produced PU foams and in turn could further enhance the foam
degradation.

Jasiukaityté et al.** studied the liquefaction of wood at 150 °C
and found that at this temperature, its lignin composition was
modified by glycols undergoing condensation reactions with
the phenolic hydroxyls to produce aliphatic hydroxyl groups.
However, their work only studied the liquefaction behaviour of
the wood at 150 °C. However, since the molecular structures and
properties of the polyols determine the properties of PU foams,
it is necessary to investigate how liquefaction temperature
affects the characteristics of polyol.

On the other hand, PU foam is easily ignited and has caused
an increasing number of fire-related casualties and property
losses in recent years.'”'®* The development of PU foam with fire-
protection properties should be of upmost important to
decrease the fire-related casualties and property loss. One of the
most expeditious methods to prevent fire-related casualties
from PU foam is to incorporate flame-retardants into the
foam.” In the last few years, halogen-containing flame-
retardant compounds have been extensively studied.*®*' But
the thermal degradation or burning of a flame retardant poly-
mer with halogen-containing compounds releases toxic gases.*
In addition, the density and toxicity of smoke are considered to
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be important factors for evaluating the fire safety of materials.*
Therefore, recent developments are geared toward flame retar-
dant polymers without halogen-containing compounds, such as
melamine phosphate (MP). This compound, a halogen-free
flame-retardant made from a reaction product of melamine and
phosphoric acid has also been applied for various uses, such as
fire proof coatings and flame-retardant plastics, for its low
toxicity and high flammable retardant efficiency.>** Therefore,
due to its effectiveness and non-toxic gas release when burnt in
comparison to halogen containing compound, MP was incor-
porated into wood type polyurethane foam in this study.

In this present study, PU foam was synthesized from lique-
fied waste pine wood polyol. The idea was to obtain a liquefied
pine-based polyol at optimum reaction temperature and apply it
to synthesize melamine phosphate modified wood type poly-
urethane (designated as MWPU) foam via the incorporation of
MP filler. This liquefaction reaction condition is aimed to
increase the reactivity of the hydroxyl functional groups in the
pine-based polyol, which in turn enhance the poly-
condensation process during the synthesis of the bio-based
polyurethane foam. Furthermore, since the molecular struc-
ture and properties of polyol affect the structure of the synthe-
sized PU foam, the effect of the liquefaction reaction
temperature on the liquefied pine-based polyol was investi-
gated. In addition, the thermal stability, mechanical properties
and flammability of the MWPU foams were also elucidated.

Experimental section
Materials

Pine wood powders (80 mesh) were supplied by Chinese Jieda
Wood Powder Industry (Linyi, China). Poly(ethylene glycol)-400
(PEG-400), 1,4-dioxane, pyridine and ethylene glycol were ob-
tained from Jiangsu Qiangsheng Chemistry Co. Ltd (Suzhou,
China). Dibutyltin dilaurate was purchased from Macklin
Biochemical Co. Ltd (Shanghai, China). Melamine phosphate
was purchased from Kangfei Chemical Co. Ltd (Zhengzhou,
China). Silicon oil was purchased from Aladdin Industrial
Corporation (Shanghai, China). Sulphuric acid was purchased
from Sinopharm Chemical Regent Co. Ltd (Shanghai, China).
Phthalic anhydride was obtained from Shanghai Ling Feng
Chemical Regent Co. Ltd. Imidazole was purchased from
Energy Chemical Co. Ltd (Shanghai, China). Poly-
phenylmethanepolyisocyanate (PMDI) was purchased from
Wanhua Chemical Group Co. Ltd (Yantai, China). Water used in
this study was deionized in the laboratory.

Liquefaction process

The liquefaction of the waste pine wood was carried out in a 250
mL three-neck flask under nitrogen atmosphere with constant
stirring. Dried pine wood powder, liquefaction solvents (PEG-
400/glycol: 4/1, w/w) and 98 wt% sulphuric acid (3 wt%) were
added into the flask. The flask was kept at liquefaction
temperature of 120-180 °C in an oil bath for 120 min and
nitrogen gas purge was used to remove the generated water.
Once the reaction was completed, the resulting mixture was

RSC Adv., 2017, 7, 30334-30344 | 30335
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dissolved in a binary solvent of 1,4-dioxane and water (8/2, v/v)
and filtered subsequently. The obtained dioxane-insoluble
product was then oven dried and weighed to determine the
amount of un-liquefied pine wood residue. The percent of
insoluble residue was determined by:

D = Wyl W; x 100% (1)

where W, and W, is the weight of pine wood biomass (g) and
weight of un-liquefied wood residue after reaction (g),
respectively.

Preparation of MWPU foams

20 g of liquefied products with 4 mL of solvent (1,4-dioxane) was
added to a beaker and kept at 70 °C in an oil bath for 10
minutes. After the content in the beaker was cooled down to
room temperature, 0.65 g of surfactant (silicon oil), 0.47 g of
catalyst (dibutyltin dilaurate) and 0.5 mL bowling agent (de-
ionized water) and different amount of MP fillers (5 wt% to 10
wt%) were added into the beaker. The mixture was stirred for 3
minutes and pre-weighted PMDI (16.7 g) was added into the
beaker with vigorous stirring for another 15-20 s. Afterwards,
the resultant foaming mixture was quickly transferred into
a mould (11.5 cm x 7.5 cm x 4.5 cm), where it was allowed to
rise freely (free-rise process). Finally, the foam was allowed to
cure at ambient conditions for a minimum of 2 days to ensure it
was fully cured. The foams were then cut into specimens of
desired dimensions for further testing and measurements.

Determination of hydroxyl number of polyols

Standard esterification method (ASTM D4274) was used in
determining the polyol hydroxyl value. Specifically, the polyols
sample was weighed and added into a 250 mL Erlenmeyer flask,
followed by the addition of 25 mL of esterification reagent
(phthalic anhydride and imidazole in pyridine). The flask was
capped with aluminium foil and pre-warmed in a water bath
and swirled to ensure that the polyols were dissolved
completely. The flask was then placed in an oil bath maintained
at 100 °C for 15 min. After that, the flask was removed from the
oil bath and cooled to ambient temperature before titration.
Titration was conducted using a 0.5 N standard NaOH solution
and the end point was determined by a digital pH meter. The
hydroxyl value (OH) in milligrams of KOH per gram of the
sample was determined by:

(B— S)N x 56.1

OH = - @)

where S and B is the millilitres NaOH solution at the equiva-
lence point for liquefied wood polyol and blank, respectively. N
is the normality of NaOH and W is the weight of the liquefied
wood polyol sample. OH is the hydroxyl value in milligram KOH
per gram of sample.

Characterisation

Fourier transform infrared spectrometer (Thermo Scientific
Nicolet IS10) was used to confirm the functional group in the
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liquefied polyol and synthesized (MWPU) foam. The FTIR
spectrum was recorded in wavenumbers in the range of 4000-
400 cm ™" with signal averaging of 32 scans at a resolution of 4
em™'. Thermogravimetric analysis (TGA) of the foam samples
were performed on a thermal analyser (Discovery TGA, USA TA
instruments) with a dynamic temperature scan from 30 °C to
700 °C at a constant heating rate of 10 °C min~'. The TGA
analysis was performed with about 4-5 mg of the sample placed
in a platinum crucible in an inert atmosphere of nitrogen gas
with a flow rate of 10 mL min~". LOI was performed with ASTM
D2863 limited oxygen index test meter (FTT0080, UK). The
internal geometrical structure and surface morphology of the
bio-based PU foam were studied using a (HitachiS-4700, Japan)
scanning electron microscope operating at 15 kV. The elemental
analysis of the char residue was studied by SEM-EDS (ZEISS
EVO18, Germany). The carbon and proton NMR analysis was
performed to obtain structures of liquefied wood polyol. The
carbon and proton NMR spectra were recorded on a Bruker 300
Fourier transform spectrometer at 300.13 MHz in DMSO-d6
with tetramethylsilane (TMS) as internal standard. The
dynamic mechanical analysis (DMA) of the (MWPU) foam was
obtained using DMA (Q-800 TA, USA). The storage modulus,
loss modulus and tan 6 were recorded at a frequency of 1 Hz
over the temperature range from —60 °C to 100 °C. The

temperature ramp rate was controlled at 2 °C min~".

Results and discussion

Liquefaction yield and hydroxyl value of liquefied wood
products

The primary objective of this work was to synthesize bio-based
melamine phosphate polyurethane foam (designated as
MWPU) utilizing green sustainable forestry waste resources.
Shown in Fig. 1 are the schematic diagram for the waste pine
wood liquefaction and the fabrication process for producing
MWPU foam. As illustrated, waste pine wood powder was ob-
tained and liquefied to transform it as the primary wood-based
polyol used for the synthesis of the MWPU foam.

In this study, the liquefied residue content was used as an
indicator of the liquefaction extent. Shown in Table 1 is the
change in the liquefied residue content as a function of
different liquefaction temperatures. These results show that the
residue degree decreased from 78 wt% to 23.1 wt% as lique-
faction temperature increased from 120 °C to 180 °C, indicating
accelerated liquefaction reactions with increasing tempera-
tures. At 120 °C, less than half of the pine wood powder was
liquefied. This might be because at low temperatures, only
accessible polysaccharides such as hemicelluloses and amor-
phous cellulose can be liquefied.>” At 160 °C, the residue degree
was decreased, which is consistent with literature that lignin
was modified by glycols undergoing a condensation reactions
with the phenolic hydroxyls to produce aliphatic hydroxyl
functional groups.™

It should be noted that the residue amounts are relatively
higher than those reported in the literature for other types of
biomass. This could be attributed to the phenolic compounds
which were easily re-condensed into insoluble large molecular

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic showing waste pine wood liquefaction and synthesis of MWPU foam.

Table 1 The hydroxyl value of liquefied wood polyol®

Liquefied Residue OH,a1ue/
Sample temperature/°C degree/wt% (mg KOH per g)
1(L120) 120 78.0 287
2(L160) 160 34.1 327
3(L180) 180 23.1 472
4b — — 263

“ Co-solvents: PEG-400/glycerol = 40/10, w/w; co-solvents/wood powders
= 4, w/w; under N, atmosphere for 2 hours. 5 PEG-400.

weight lignin-based polymers, thereby increasing the amount of
residues.”® In addition, the liquefaction reaction at tempera-
tures more than 160 °C resulted in substantial degradation of
cellulose.>=** Therefore, liquefaction reaction temperature of
160 °C was seen an optimum liquefaction temperature in
obtaining pine wood-based polyol for the fabrication of
(MWPU) foam.

The hydroxyl value of the bio-based polyol is an important
factor in the properties of PU foams produced. As shown in Table
1, the OH value increased as liquefaction temperature increased.
The OH value range of 287 mg g~ * KOH to 472 mg g~ * KOH was
obtained. It should be noted that the obtained OH value for the
liquefied polyol was greater than that of PEG400. Thus, it can be
used with PEG400 to decrease the cost of producing foam.

FTIR analysis of liquefied waste pine wood and synthesized
foams

FTIR analysis was conducted to investigate the structure char-
acteristics of the liquefied waste pine wood polyol and the MP
was incorporated in the pine wood PU foam. Shown in Fig. 2(i)
is a comparison of the liquefied wood at different liquefaction
temperature. The prominent peaks were found at 3384 cm ™"

This journal is © The Royal Society of Chemistry 2017

(O-H stretching) and 2876 cm™ ' (C-H stretching) in all of three
polyols. It was also observed that there were peaks at 1954 cm™*
and 1718 cm ™', which can be attributed to the C=C stretching
and C=O stretching originating from fatty acid and hemi-
celluloses, respectively.**** It can also be inferred that hemi-
celluloses are peeled off from adjacent lignin or cellulose into
solution and there is also presence of levulinate and formic
esters in these polyols.**** However, the intensity of both peaks
in L120 is very low, which means glucose would not have been
degraded under 120 °C reaction conditions. The peak at 1646
em ! is an indication of a conjugated carbonyl.*® These conju-
gated carbonyls are common feature in the oxidation products
of lignin.”® Furthermore, a very weak intensity peak, attributed
to the skeleton vibration of the benzene ring in lignin, is
observed at 1503 em™". Compared to the intensity of this peak
in L180 and L120, the peak in L160 is also more prominent,
which could be due to the higher concentration of the lignin
fragment in L160. In addition, the peak at 1250 cm ™' indicated
that the phenol hydroxyl groups of the phenylpropane structure
in the lignin reacted with the liquefied solvents in the final
product.’”? The strong absorption peaks at 1455 cm™ ' and 1113
cm ! were originally from co-solvent of PEG400 and glycerol.*®

The FTIR spectra of wood type PU foam without MP filler and
MWPU foam with MP filler are shown in Fig. 2(ii). The bands
around 3298 em™" (O-H stretching), 2872 em™" (C-H stretch-
ing), 1071 cm™" (-COO- stretching) exist in both wood based PU
and MWPU foam. The adsorption band at 1725 cm ' were
attributed to the stretching vibration at the hydrogen-bonded
carbonyl group between the N-H and C=O groups of the
urethane structure.® After the MP filler was incorporated into
the foam, some new peaks like 1258 cm ' and 799 cm ™" could
be observed. The peaks at 1258 cm™* and 799 cm ™' were
assigned to P=O0 stretching and the triazine rings, respec-
tively.*>** The FTIR spectra showed that MP filler was incorpo-
rated in the pine wood PU foam.

RSC Adv., 2017, 7, 30334-30344 | 30337
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Fig. 2 (i) The FTIR spectra of liquefied products (a) L120, (b) L160 and (c) L180, and (ii) the FTIR spectra of (a) wood based PU foam, (b) MWPU
foam.
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Fig. 3 The carbon NMR of liquefied products L120 and L160.
Carbon and proton NMR analysis of the liquefied wood and L180 polyol were similar, while the peak intensity in the
products region 20-40 ppm and 90-210 ppm of L180 was very weak. The

assignments of secondary carbons (P1) and primary carbons

The *C NMR spectra of the liquefied products are shown in . S
(P2) (Fig. 4) within PEG are 70.2 ppm and 60.6 ppm,

Fig. 3. Comparing the three polyols, it was found that the L160
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Fig. 4 The structure nomenclature for NMR assignments of (a) PEG, (b) glycerol, (c) formic ester, (d) levulinate, and (e) glucose.
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respectively. The peaks intensity at 72.7 ppm and 63.1 ppm are
attributed to the primary carbons (G1) and secondary carbons
(G2) of glycerol, respectively.”* Only the liquefaction temper-
ature at 120 °C shows the presence of glucose. Due to the
anomeric effect, there were numerous peaks. The peak assign-
ments made for 'C1, C1, C6 are shown in Fig. 3. The peaks in
the region typical of C2, C3, C4 and C5 can also be observed. At
160 °C and 180 °C, the glucose had degraded into levulinate and
formic esters and this result was well in accordance with the
analysis results of FTIR. The assignments of carboxyl peaks of
a levulinate ester (L1, L4) and a formic ester (F1) can be seen in
Fig. 3b, as well as the methylene (L2, L3) and methyl (L5)
carbons.™?® Carbon NMR chemical shift of liquefied polyol is
shown in Table S1 (ESIf). Furthermore, these results are
corroborated by the proton NMR spectra.

The "H NMR spectra of the liquefied products are shown in
Fig. 5. In the region of chemical shift from 2.0 ppm to 3.0 ppm
are the proton peaks of the levulinate ester methylene L2 and L3
and the methyl proton peak L5, the aldehydic proton (*F1) from
a formic ester, and the methylene protons (L1 and F1) from the
alcohol side of the respective esters. In the region from 0.5 ppm
to 2.0 ppm, the peaks are attributed to the methyl and methy-
lene from the structure of PEG and glycerol.** Furthermore, the
liquefaction process of the wood at 160 °C could convert the
sterically-hindered phenolic hydroxyls into an accessible
aliphatic hydroxyl. This is favoured by industries because it
could react readily with polyphenylmethanepolyisocyanate
(PMDI) in producing more temperature stable urethane link-
ages, compared to phenolic-based polyols.** Therefore, in our
present study, the optimal condition for liquefaction of wood
was to carry out at 160 °C for 2 hours.

Morphology of foams

The MWPU foams prepared using liquefied pine wood without
MP filler incorporation (0 wt% MP) are designated as P2 and
those prepared with MP filler incorporation are designated as
P3, P4 and P5 respectively. The PU foam synthesized without
liquefied wood biomass and MP is designated as P6. Fig. 6a and
b shows the digital photograph of PU foam (P6) and MWPU
foam (P2) respectively. Although the color of MWPU foam (P2) is
much darker than the PU foam (P6) without liquefied wood

P1.,P2,G1.G2

S

(Ppm)

Fig. 5 The H NMR spectra of the liquefied products L160.
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biomass, the distribution of the pine wood based MWPU foam
(P2) cells appears similar to that of the PU foam (P6) as shown in
Fig. 6¢c and d. Fig. 6d-g shows the SEM morphology of the pine
wood based MWPU foams containing 0 wt%, 5 wt%, 7.5 wt%,
and 10 wt% of MP, respectively.

As observed from morphology of the PU foam (P6), the foam
consists of open cells and wide cell walls. MWPU foams (P2-P5),
they are mostly closed compared to PU foam (P6). The thermal
conductivity of PU foam depends on the ratio of closed-cell to
open-cell content.***¢ Thus, the MWPU foams (P2-P5) are better
than PU foams (P6) for material thermal insulation due to its
lower thermal conductivity. Additionally, it can be observed that
the cells of 0 wt% MWPU foam (P2) are broken and collapsed.
Furthermore, with the addition of MP, the overall cell structure
became more uniform and well-defined, and the cell walls
became thinner. Alteration in the cell morphology is due to the
presence of MP, which affects the process of cell nucleation.*
The uniform cells and thinner cell walls are important in
controlling the mechanical properties of PU foam,* which is
consistent with the results shown in Table 3.

Thermal behaviour and flammability properties of MWPU
foams

The thermal properties of the foam were investigated by TGA,
using five independent sample measurement as shown in
Fig. S1 (ESIt) and its average value is tabulated in Table 2. As
shown in Fig. 7, the temperature where there is an initial 5%
weight loss is defined as the decomposition onset temperature
(Tonset), and the temperature at which the degradation rate
reaches a maximum is defined as T,,.x. The results show that
the Tonset Of the MP is 351.5 °C, which is mainly due to the
dehydration of MP.***® Furthermore, there are two Ty,,x for MP
at 408 °C and 570 °C, which could be assigned to the decom-
position of melamine pyrophosphate and melamine poly-
phosphate produced during the dehydration process.*** The
decomposition of melamine pyrophosphates and melamine
polyphosphates occured during the dehydration proceeds with
the evolution of ammonia due to deamination and some water
as confirmed by the evolved gas analysis (Fig. S3A and Bf).2*****
Finally, the amount of MP char left is about 29.74 wt% at 700 °C
under N, atmosphere as stated in Table 2. On the other hand,
the Tonset 0f 0 wt% MWPU foam is 242.0 °C and only one Ty, at
346.6 °C was found. The weight loss of the first degradation
stage is due to the pyrolysis of the urethane bond; urethanes are
known to be relatively thermally unstable materials, primarily
due to the presence of urethane bonds.” At temperatures above
346.6 °C, the amount of 0 wt% MWPU foam loss could be
assigned to the pyrolysis of the liquefied wood polyol which
contain cellulose and lignin as the soft segment in the PU
foam.®® Ultimately, only 12.74 wt% of the residue is left at
700 °C, indicating that 0% MWPU foam is a flammable material
with poor thermal resistant. However, as the results show, the
Tonset Of 5 Wt% to 10 wt% MWPU foam is higher than that of
0 wt% MWPU foam because the MP was introduced in the foam.
As the amount of MP increased, the T,,s; Of the foam is also
increased. This is because the Tonsec Of MP is much higher than
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Fig. 6 The digital photograph of the synthesized polyurethane foam (a) and MWPU foam (b); SEM photographs of the surface of the PU foam (P6)
(c) and pine wood based MWPU foams with different content of MP fillers: 0 wt% (d), 5 wt% (e), 7.5 wt% (f), 10 wt% (g).

Table 2 Effect of different amounts of flame-retardant on the thermal stability and flame resistance of foams®

Timax’ (°C)
Sample MP contents (wt%) Tonset” (°C) 1st stage 2nd stage Residue at 700 °C (wt%) LOI/vol%
P1 MP 351.5 408.0 570.0 29.74 —
P2 0 242.0 346.6 — 12.74 18.5
P3 5 268.5 352.4 416.7 22.56 19.0
P4 7.5 275.3 352.0 408.1 20.73 19.6
P5 10 279.3 351.4 402.6 19.68 21.7

“ Under an inert atmosphere of nitrogen gas with a flow rate of 10 mL min ", the temperature sweep ranged from 30 °C to 700 °C. ? T initial
degradation temperature (temperature at 5% weight loss). © Tpya maximum weight loss rate temperature.
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Fig. 7 The TGA (i) and DTG (ii) curves of the MWPU foams and MP.

the original PU foam, thus, improving the thermal stability of
the PU foam. Although it is degraded at temperatures above
350 °C, the Tyaxg and Thax, of the different MWPU foams (5 wt%
to 10 wt%) were similar, but still higher than 0 wt% MWPU
foam. Additionally, the residues of the MWPU foams (5 wt% to
10 wt%) were higher than the 0 wt% MWPU foam at 700 °C
under a N, atmosphere, implying an enhancing effect on
thermal stability by MP. An increase in the residue amount is an
important sign that means the improvement in the thermal
stability and flammability performance of polymeric
materials.*®

The burning behaviours of MWPU foams were analysed by
the LOI test and the LOI values of MWPU foams are listed in
Table 2. In the LOI test, each foam specimen was placed verti-
cally using a sample holder in a mixture of oxygen and nitrogen
flowing upwards through a glass column. Each foam specimen
was ignited with a flame and was burned downward into the
unheated foam material. By testing a series of specimens in
different oxygen concentrations, the minimum concentration of
oxygen that will support the flaming combustion of the speci-
mens were determined.””"* For pine wood type PU foam (0 wt%
MWPU foam), the LOI value is around 18.5 vol% and serious
bending deformation of the material was seen after 28 seconds
of burning. This suggests that it is easy to ignite during the
combustion process. However, after adding the MP, the LOI
value increased as the amount of MP increased. For the 10 wt%
MWPU foam, the oxygen concentration was 21.7 vol%. Mean-
while, when the sample was ignited, flame propagation clearly
slowed down compared to the wood type foam without MP.
Then the flame gradually became smaller, and finally extin-
guished within 12 seconds (Fig. S4t). Therefore, the produced
MWPU foam is non-flammable in comparison with the bio-
based PU foam.

Morphological characterization of the char residues

The morphology and elemental analysis of the char residues
from P2 and P5 foam were characterized by SEM-EDS as shown
in Fig. 8, to further elucidate the anti-flaming performance of
the foam char layer. It could be observed from the microstruc-
tures of P2 that its outer char has holes (Fig. 8a) and its inner
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char is loose (Fig. 8b). In contrast, there is continuous and
compact structure in both the outer and inner char of P5 (Fig. 8c
and d respectively). This loose and permeable nature of P2 char
residue, indicate that P2 does not possess any flame shield for
its polymeric substrate. In contrast, P5 possesses flame shield
for its polymeric substrate and it has lots of bubble pack closely
together on the inner surface and plenty of rugged creases on its
outer surface. This char layer of P5 could slow down heat which
thereby prevents the underlying polymeric substrate of the foam
from further attack by heat flux. The formations of this efficient
char from P5 aid prevent the heat transfer between the flame
zone and the burning P5 foam substrate, thus illustrating its
flame retardant property. Also, the decomposition of the MP in
the foam produces some non-combustible gases which dilute
the oxygen in the air, resulting in an enhancement of flame
retardancy.”>* The elemental mapping technique of SEM-EDS
(Fig. S57), shows clearly the spatial distributions of C, O, P
and N elements in the char residue of P5. This elemental
analysis indicate that about 4.6 wt% of element P still remain in
the residue char.

Dynamic mechanical analysis and density of MWPU foam

In general, foam density is an important parameter that influ-
ences the properties and performances of polyurethane
foams.*® In Table 3, the values of density of prepared MWPU
foams are presented. The density of 0 wt% MWPU foam is lower
than any other MWPU foam. In addition, with the increase of
MP from 5 wt% to 10 wt%, the densities of MWPU foams are
slightly increased from 0.084 ¢ cm™> to 0.116 g cm™>. This
might be due to the increase of viscosity of the reactant mixtures
and the formation of closed and uniform cell structure after the
addition of the MP filler.* The tensile property was measured by
microcomputer control electronic universal testing machine
(WDT-20 KQL, China), the result is shown in the Fig. S6.F
Since PU foams are often used as packaging materials, such
as pipe coatings, the damping performance of PU foam is
significant. The mechanical damping factor is defined as the
ratio of loss and storage modulus (tan delta).** The damping
properties of the material give the balance between the elastic
phase and viscous phase in a polymeric structure.®” The
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Fig. 8 The SEM micrographs of the char residues after LOI test: outer (a) and inner (b) of P2; outer (c) and inner (d) of P5, respectively.

Table 3 The mechanical property and density of MWPU foams

Sample MP content (wt%) Storage modulus/MPa Loss modulus/MPa Tan ¢ Ty/°C Density/(g cm )
P2 0 6.359 0.621 0.92 36.2 0.082
P3 5 7.344 0.773 1.00 41.6 0.084
P4 7.5 6.117 0.728 1.02 41.3 0.092
P5 10 7.903 0.639 0.99 43.8 0.116

dynamic mechanical properties of MWPU foams have been maxima of the tan ¢ is generally considered the glass transition
examined in this work. The tan ¢ curves of MWPU foams are temperature (7). It was observed that only one peak maximum
shown in Fig. 9a. The temperature corresponding to the existed in the MWPU foams. This implies that the present
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<
"’2‘6
0.0 =
P =
= =
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Fig. 9 (a) Tan ¢ and (b) storage modulus of MWPU foams.
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MWPU foam can be considered as a homogeneous blend.* In
addition, with the increase of MP content, the T, also increased.
Generally, on the molecular scale, T, represents the mobility
level of polymer chains/networks in the material and an
increased T, corresponds to decreased segmental mobility of
the polymer chains.®**> On the other hand, materials which
have a tan ¢ value beyond 0.3 can be considered to have the
damping effect.®** Therefore, the temperature range for each
formulation having a damping effect is from 14.59 °C to
47.09 °C for P2, 17.72 °C to 53.35 °C for P3, 18.60 °C to 55.84 °C
for P4 and 24.90 °C to 60.82 °C for P5. This improvement of the
temperature range for damping effect is attributed to the limit
in molecular motion because of the incorporation of MP into
the foam.” Also, the maximal tan ¢ values listed in Table 3 are
similar. Since the tan ¢ provides information on the relative
contributions of the viscous and elastic components of a visco-
elastic material, MWPU foams have the almost same elastic
nature.

Fig. 9b shows the storage modulus as a function of temper-
ature for MWPU foams. It was observed that the storage
modulus of the MWPU foams decreased with the increase in
temperature. This is because of the softening of polymers at
higher temperatures as the chain mobility increases at higher
energies.” It should be noted that two factors can affect the
storage modulus. The first factor is the crosslinking degree of
composites. With high cross-linking, the storage modulus of all
formulations is also comparatively higher.”” Secondly, the
addition of MP particles increases the storage modulus of the
MWPU foams by restricting the molecules mobility. In addition,
the MP particles may decrease the crosslinking degree of the
foam. Interestingly, both in the glass region and rubbery region,
the storage modulus of P3 and P5 are higher than P2. This can
be described by the facts that the addition of MP filler restricts
the movements of the PU polymer chains. The storage modulus
of P4 is lower than for P2 in the glass region, which might be
because the effect of the MP can not compensate for its effect on
the decrease of the cross-linking degree. Furthermore, above
10 °C (rubbery region), it was observed that the storage modulus
of MWPU foams increased significantly with increasing the
percentage of MP filler. While being heated, the polymer chain
segments moves easily and this induces the decrease of the
storage modulus. The loss modulus is listed in the Table 3. It
can be found that the loss modulus of the sample P3 to P5 is
improved compared to the sample P2. This is consistent with
the literature, in that the filler particles added into the MWPU
foams enhances the internal friction and thus results in the
improvement of the dissipation of energy.”

Conclusions

Waste pine wood was liquefied at different reaction temperature
and the effect of the liquefaction on the structure and compo-
sition of the produced polyols was studied. The optimal lique-
faction temperature of 160 °C, produced bio-based polyols with
aliphatic groups, which has better reactivity with isocyanate to
produces more temperature stable urethane linkages,
compared to phenolic-based polyols.

This journal is © The Royal Society of Chemistry 2017
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Furthermore, the polyol was applied to synthesize MWPU
foam via incorporating MP fillers. In comparison to the bio-
based PU foam (0 wt% MWPU foam), the MWPU foams
showed improved mechanical properties and thermal stability.
The T, of 10 wt% MWPU foam was 43.8 °C higher than that of
the 0 wt% MWPU foam. The MWPU foam (5 wt% to 10 wt%)
could withstand heating at 300 °C without significant degra-
dation and it was found to have higher thermal stability than
the MWPU foam (0 wt%). Also, the incorporated MP caused the
LOI value to increase by 21.7 vol%. Moreover, the MP fillers
improved the storage modulus and loss modulus of the resul-
tant MWPU foam. This as-prepared MWPU foam is greener and
more environmentally friendly, which is expected to pave the
way toward expanding the potential application of PU foams.
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