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Abstract

The search for environmental sustainability has stimulated the construction sector to look for natural materials with an eco-
logical footprint, high strength/weight ratio, and better thermal and mechanical properties. Besides those properties, water
absorption studies are necessary to reach these requirements. This research proposes to evaluate changes in the visual appear-
ance, density, chemical structure, morphology, water absorption, porosity, and thermal and mechanical properties in castor
oil-based polyurethane reinforced with agai waste (5-20 wt%). Results exposed that the addition of fiber to the PU reduced
the pore size due to the increased cross-link density of PU foams caused by incorporating additional fiber groups, reacting
with isocyanate groups. Also, the fibers were hydrogen bonded to the PU molecular chains via the interaction between the
O-H of the fibers and the N-H of the PU foam. The water absorption of the biocomposites increased with time and with fiber
loading; howeyver, it did not surpass pure PU. The fiber addition improved crystallinity and hydrophobicity. The compressive
strength presented a decreasing trend, while, for the impact test, an increase was observed proportionally to the agai residue

content. Thus, the developed biocomposites can be a possibility for alternative eco-efficient building insulators.

Keywords Polyurethane foams - Acai residues - Water absorption - Thermal properties - Mechanical properties

Introduction

The thermal and acoustic performance of buildings has been
widely discussed in recent years, due to the importance of
energy saving and noise control [1]. Furthermore, envi-
ronmentally friendly materials are becoming increasingly
significant in the building industry due to their enormous
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environmental impact, responsible for 36% of final energy
use and 39% of energy-related CO, emissions [2].

Thus, composite materials appear as an alternative to
industrial waste and reduce environmental impacts [3].
Additionally, the advance in legislation related to the envi-
ronmental aspect has caused industry changes to develop
processes and products compatible with the environment,
stimulating novel researches [2]. In this context, vegetable
fibers such as agro-industrial residues become important
alternatives for use as reinforcement material in polymeric
materials [4, 5].

Among the agro-industrial residues, the acaf seed is
lignocellulosic biomass with no added value for the food
industry, as only 10-20% of the pulp is used for the food
industries. Acgaf is a palm found in northern Brazil, native
to the Amazon region [6]. Acgai or acai seed has been used
for various applications such as charcoal production for
methylene blue sorption, antioxidants for the treatment of
carcinoma cells, biochar as a soil conditioner, enrichment
of residual yeasts (Saccharomyces cerevisiae), and produc-
tion of nanoporous carbon for CO, capture [7]. This reuse
of solid agro-industrial waste has been defined as a biomass
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economy based on biomass conversion into high added value
materials, such as chemicals and fuels [8]. However, it is
necessary to investigate sustainable approaches and green
technologies to dispose of these wastes and develop biotech-
based products. Hence, an interesting route could be reusing
this waste as a dispersed phase in polyurethane foams (PU)
[4,5,9,10].

Polyols and polyisocyanates are the main components of
the vast family of polyurethane foams derivatives [11-13].
Cellular materials with a porous structure like polyurethane
foams can have open or closed cells (pores), determining
their applications. If the material has open cells and flexibil-
ity, the main destinations are furniture or bedding industries.
If the material has closed cells and reduced thermal con-
ductivity and density, the probable destinations are thermal
insulation and building industries [14]. The type of reagents
can influence the properties of polyurethane foams in their
synthesis. Biopolyols derived from vegetable oils are more
sustainable options than polyols derived from petroleum [15,
16]. An ecological mindset has been a trend in recent years
in the choice of reagents for polyurethane synthesis. How-
ever, polyurethanes derived from biopolyols, such as castor
oil, must have good properties that encourage their use over
conventional options [17]. In addition, PU is a lightweight
polymer that can be much more flexible and hydrophobic
than other traditional lightweight materials, avoiding water
absorption in construction materials [18, 19]. Table 1 evi-
denced the use of reinforcement different in polyurethane
for use in buildings.

Castor oil-derived polyurethane stands out as a biode-
gradable polymer that replaces petroleum derivatives with
vegetable oil as polymer monomers [11, 12, 14, 20]. By
incorporating biomass into reactive castor oil-based polyure-
thane groups, the groups react with isocyanates, ensuring an
optimal matrix—fiber interaction, improving their mechanical
properties [20, 21]. Polyurethane composites based on castor
oil reinforced with natural fibers have emerged in scientific
research, mainly as adsorbent materials for oils, organic

solvents, and dyes [22]. Furthermore, this polymer can be
applied to civil construction [23], lightweight thermal insu-
lation [18], and sound-absorbing materials for door panels
in automotive applications [24]. According to an analysis
by Anh and Pasztory [25], thermal insulation materials are
being more and more applied to the construction industry.
The emerging use is due to these products aid in decreasing
the use of heating or ventilation systems that consume much
energy. In this context, polyurethane composites can be used
for their low thermal conductivity and cost-effectiveness.

The objective of this article was to evaluate changes in the
visual appearance, density, chemical structure, morphology,
water absorption, porosity, thermal and mechanical proper-
ties in castor oil-based polyurethane reinforced with acai
waste (5-20 wt%) biocomposites.

Material and methods
Materials

Fibers from agai seed residues were collected by Beraca
Ingredientes Naturais S/A, located at Ananindeua, Para-Bra-
zil. Fibers were milled and sieved in 28 mesh apparatus. Both
castor oil-based polyol (Biopol L40H, 531 mg KOH g~') and
isocyanate (Biopol p-MDI, 4,4-diphenylmethane diisocy-
anate, average functionality equal to 2.6, average molar mass
equal to 349.9 g mol~!, solvent-free and average %NCO
equal to 30-32) were provided by PolyUrethane (Minas
Gerais, Brazil).

Polyurethane foams and biocomposites processing

The PU biocomposites were obtained by methods proven in
the literature [23, 26, 27]. Figure 1 shows a schematic rep-
resentation of the adopted methodology. The polyurethane
(PU) foam synthesis was made by manual mixing of castor
oil-based polyol and prepolymer (1:1), in this order, for 50 s

Table 1 Scientific studies

. . . Polyurethane Reinforcement Application References
involving different types of
fibers as reinforcement in Castor oil Luffa fiber; glass wool; Sound insulation [5]
polyurethane for use in building glass fiber

Castor oil Glass fiber Beams [1]

Castor oil Bamboo fiber Oriented strand board [18]

Oil Eucalyptus fibers Insulation [19]

Oil Hemp fiber Building insulation [20]

Oil Date palm Building insulation [21]

Oil Alfa fiber insulation [22]

Polyurethane foam waste

Polyurethane foam waste

Slag residues
Pitch binders; cement
or gypsum matrices

The ecological mortar

Prefabricated gympsum based

[11]
[13]
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Fig. 1 Schematic representation of the adopted methodology: a acai wastes’ milling process, b synthesis process of PU foam and its biocompos-

ites

at room temperature (27 °C) in plastic cups as molds. The
polymerization occurred at 55 °C (exothermic reaction), and
the polyurethane expansion occurred with pore formation
(open and closed cells), forming a foam structure. The foams
were removed from the plastic molds after one day (24 h) to
guarantee their finished expansion structure [28]. Then, the
foams were ready to be cut for the characterization tests. The
PU biocomposites were obtained by the mixture of the acai
fiber with the castor oil-based polyol, and subsequently, the
prepolymer was added to the mixture. The subsequent steps
for the biocomposite foams were analog to the pure PU foam
described previously. The PU biocomposites were named
PU/X%, where the X represents the percentage of agai fibers
(5-20%) in the PU matrix.

Characterization

Optical microscopy, scanning electron microscopy
and density

The ZEISS DISCOVERY V12 was the stereomicroscope
(optical microscopy) used to explore the morphology of agai

and their dispersion in the foams and the surface pores of the
PU foams. The SEM samples were gold-sputtered to prevent
unwanted effects of electron beam loading during analysis
[29]. HITACHI scanning electron microscope, with a tung-
sten filament, 5 kV, a low-vacuum technique and secondary
electron detector was used. All samples were fixed on carbon
tape. The density of pure PU foam and their biocomposites
were determined in triplicate, and the samples were cut into
cubic shapes (10x 10X 10 mm) and measured on a preci-
sion balance.

Water absorption tests

The absorption capacity of water by PU and PU/X% foams
was determined using a dynamic system in triplicate. The
foam samples were dimensioned in 5% 5% 5 mm. Then,
0.30 g of material was immersed in 50 mL of water and
submitted to manual agitation for 30-480 s, 24 h, and 48 h.
After the contact time, the sorbent was removed and drained
to eliminate excess water for 2 min. Lastly, the sample was
weighed in a precision balance. Equations (1) and (2) were
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used to obtain the absorption capacity (g g~') and absorption
efficiency (%) of the foams:

Adsorption capacity (g g_l) = ) €))

. . mf - mi
Adsorption efficiency (%) =

x 100,

o @
where m; is the final sample mass and m; is the initial sample
mass.

Fourier transform infrared spectroscopy (FTIR)

A Thermo Scientific Nicolet IS5 spectrometer, Model 1D3
Ge, with a transmittance mode, covering wavenumbers from
4000 to 600 cm™! and a spectral resolution of 2 cm™!, was
used to perform the Fourier transform infrared spectroscopy
(FTIR) analysis to investigate the functional groups and spe-
cific bands of the samples (acai, neat PU, and biocompos-
ites). Attenuated total reflectance (ATR) spectroscopy was
used. The deconvolution of two manually selected peaks
(2850 and 2920 cm™!) of the PU samples and biocomposites
and their fits (Fit Peak 1 and Fit Peak 2, respectively) by Lor-
entzian deconvolution was done using OriginPro 9 software,
obtaining a cumulative fit peak [30, 31].

Thermogravimetric analysis (TGA)

SDT Q600 thermogravimetric analyzer from TA Instruments
was used to perform the thermogravimetric analysis (TGA)
to investigate the samples’ thermal properties (agai, neat PU,
and biocomposites). The temperature range was 25-600 °C,
under N, atmosphere (10 mL min~') at a heating rate of
10 °C min~'. The study of the heat-resistance index was
made using Eq. (3) [32]

Tiry = 049 X [Tsq, + 0.6 X (T30, — T, )] (3)

where Ty is the heat resistance, Tsq, is the temperature at
5% weight loss, and T, the temperature at 30% weight loss.

Fig.2 Stereomicroscopy and
SEM of acai fibers

Stereomicroscopy

Differential scanning calorimetry (DSC)

The TA Instruments (USA) Q20 was used to perform differ-
ential scanning calorimetry (DSC) analyses. A temperature
range of — 80 to 300 °C under nitrogen at a 50 mL min~"
flow rate and a heating rate of 10 °C min~' in the ramp mode
were used. Samples’ weights of DSC runs were approxi-
mately 6 mg.

X-ray diffractometry (XRD)

The physical structures of the materials were evaluated by
X-ray diffraction using a diffractometer (Rigaku, model
Miniflex II). The measuring conditions were: CuKa radiation
with graphite monochromator, 30 kV voltage, and 40 mA
electric current. The patterns were obtained in 10-50° angu-
lar intervals with 0.05 steps and 1 s of counting time.

Mechanical tests

Impact tests were performed on an EMIC testing machine of
the Charpy type with a 2.7 J pendulum. Five specimens were
analyzed with dimensions according to the respective stand-
ard (ASTM D 6110-18). An EMIC testing machine (model
DL2000) with pneumatic claws with a load cell of 5 kN was
used to perform the compression tests, following the stand-
ard ASTM D 695-15, with 5 mm min~! to 20% deformation.
The samples were cut into 50 X 50X 25 mm size and placed
between the two parallel plates for compression.

Results and discussion
Morphological analysis and density

The morphology and density of the foams were deter-
mined to investigate the surface of the acai fibers and
determine their influence on PU matrix morphology. Fig-
ure 2 demonstrates the stereomicroscopy and SEM of the
acai fiber. Figure 3 displays a graphical representation of
the morphology of the PU foams and their biocomposites,

SEM

0

*
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200 um
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Fig.3 Graphical representa-
tion of morphology of PU foam
and its biocomposites and their
respective stereomicroscopy,
SEM, and density

Graphical
representation
PU

D= 56.6+0.6 gcm?3

the density measurements, stereomicroscopy, and SEM
images. Barbosa et al. investigated through the pycnom-
etry technique the density of acai fibers for applications in
the civil industry. They studied different grain sizes of acai
fibers and obtained an average density value (1.49 g cm™).
The fiber density can influence the mechanical, physical,
and thermal properties due to their porous structure and
contact area, affecting the fiber adhesion in composite
structures [33].

An essential parameter for the fiber is the aspect ratio
(L/D) which consists of the relationship between the length
(L) and diameter (D), and usually, this value is greater than
1 [34]. In the Supplementary Material section, Figure S1
evidences that acai fibers’ L is greater than D; therefore,
a much higher L/D value is expected. When studying the
aspect ratio of artemisia and macadamia fibers, Maia et al.
[35] and Cortat et al. [31] observed smaller aspect ratios. In
this study, the mean length (L) and diameter (D) values of

Stereomicroscopy
, v

acai fiber were 5661.4 +1478.5 pm and 216.2 +43.0 pm,
respectively. Thus, the aspect ratio of agai was equal to 26.2.

The stereomicroscopy images in Fig. 2 revealed that the
acai fiber has a brown color, irregular shape, and clumps of
fibers. SEM confirms such agglomeration and surface irreg-
ularity, presenting the porous nature of the fiber surface with
cavities [36, 37]. The stereomicroscopy of the foams and its
resulting graphical representation demonstrate that the dis-
persion of the agai fibers occurred in an inhomogeneous way
(corroborating with the higher standard deviations of the
densities of most of the biocomposite samples). That can be
explained by the fiber hydrophilic nature and the hydropho-
bicity of the PU foam [33, 38]. Other authors have already
seen the agglomeration of natural fibers as dispersed phases
in a polyurethane matrix [22, 39, 40]. Moreover, factors such
as the irregular surface geometry of the natural fiber and the
difficulty in controlling the distribution of the fiber in the
process of polyurethane expansion (from the mixture during
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the synthesis reaction) may be determining factors for fiber
agglomeration [22]. Soberi et al. [41] tested different mixing
times to obtain a better dispersion of fibers in the PU matrix.
Pearson and Naguib also used dispersant agents and synthe-
sis methods of polyurethane in controlled environments in
vacuum chambers [42].

According to studies, the insertion of natural fibers can
reduce pore sizes and consequently induce the increased
apparent density values of biocomposites concerning neat
PU (Fig. 3) [35, 43, 44]. Oushabi et al. studied PU com-
posites reinforced with palm fiber in contents of 5, 10, and
20% (w/w) for thermal coating in building applications. The
authors observed that the increase in foam density with fiber
loading was related to a slight increase in thermal conductiv-
ity, small enough that its application would still be consid-
ered over conventional thermal insulators [45].

Additionally, parameters such as cell diameter and cell
wall thickness of samples can be analyzed as described in
Table S1 and Figure S1. The results revealed that the greater
the amount of fiber in the PU matrix, more significant was
the reduction in these values that could be noticed. However,
this behavior did not occur gradually, since the dispersion
of the fibers occurs heterogeneously. When evaluating the
PU foams reinforced with acai fiber developed by Martins
et al. [7] (which has the same granulometry as the proposed
samples in the present paper), a reduction in these values
can be observed as a more significant amount of filler is
added. The authors observed that, regarding cell diameter,
neat PU and PU with 20% of fiber obtained 152 +61 pm
and 119+ 54 pm, respectively, while the cell wall thickness
for the same foams was 100 +72 pm and 42+ 13 pm. This
behavior is due to increase in viscosity during the polym-
erization process that induces the formation of more centers
of nucleation. The nucleation effect promotes an irregular
morphology in a way that composites presented with thinner
cell walls and a decrease in cell wall thickness. A similar
behavior can be seen in other papers [46, 47].

The PU/20% sample presented the smallest pores and
the lowest standard deviation concerning density, display-
ing better reinforcement dispersion for higher fiber contents.
Better dispersion of fibers might signify interaction in terms
of matrix/fiber interface due to the free hydroxyl groups pre-
sent in the cellulose of the acai, interacting with the isocy-
anate of the PU [35]. Given this explanation, the interfacial

Fig.4 Schematic of hydro-
philic, hydrophobic, and super-
hydrophobic surfaces

-

Hydrophilic surface:
Angle < 90°
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interaction between fiber/PU matrix can be through chemi-
cal reactions [48, 49]. Moreover, compared to the pristine
PU, the biocomposite foams exhibited decreased pore diam-
eter, improved pore frequency, and a tendency of density
enhancement with the acai fiber loading. This may be a con-
sequence of the dispersed phase of acaf in the PU matrix
when the expansion process happens during the foams’ syn-
thesis, causing a more prominent packing of its structures,
reducing the volume of the pores (and consequently their
diameter). Zanini et al. [44] mentioned that the viscosity
of the polyol and isocyanate mixture in the expansion reac-
tion process of PU foams increases with the insertion of a
disperse phase. With this, the density of the foam obtains
higher values. Besides, the density/pore size correlation
was seen in Costa et al.’s [50] study with PU matrix and
pineapple crown fibers reinforcement, which mentioned
the indirectly proportional relationship between pore size
and density with the insertion of natural fibers. The image
obtained by SEM of the pure PU demonstrated the presence
of open and closed pores (also seen by stereomicroscopy). In
the SEM of the biocomposite samples, the presence of open
pores was more evident near the agai fibers in different ways:
incorporated into the matrix (for PU/5%, 10%, and 15%) and
the fiber evident on the surface (for PU/20%).

Water absorption tests

Polyurethane must have a low water absorption capacity,
as water molecules change the structure and properties of
both the matrix and the fibers, interfering with their interac-
tion, quality, and durability [51]. Water absorption by porous
materials depends on the structure and hydrophobicity of
the material [52]. With the addition of fibers, polar groups
are added to the material structure so that the hydrophobic
character of the foam is affected [50, 53]. The contact angle
of a water droplet in the foams’ surface can indicate if the
material is hydrophilic, hydrophobic, or superhydropho-
bic (Fig. 4). Table 2 shows the contact angle (CA) of the
materials.

As seen in Table 2 and according to Fig. 4, all samples
presented a CA >90°, which means they were all hydro-
phobic. It is worth mentioning that the insertion of 20% of
acai fiber decreased the CA value due to the lignocellulosic
fibers’ hydrophilic nature (which character does not interfere

)

Hydrophobic surface:
Angle > 90°

_/

Superhydrophobic surface:
Angle > 150°
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Table2 The measurements of contact angle between water and the

surface of materials

Samples Contact angle (°)
PU 102.33+9.45
PU/5% acai 103.01+17.55
PU/10% acai 110.70+7.47
PU/15% acai 114.51+£0.72
PU/20% acai 98.34+21.18

with the increased CA values until the addition of 15% rein-
forcement). Also, the high fiber content can increase the
roughness of the biocomposite and favor the entry of water
molecules during the measurement process [43]. Thus, it
was possible to observe that most biocomposites are more
hydrophobic than pure PU. Silva et al. [23] and Martins et al.
[22] also evidenced a similar behavior when rubber powder
waste and palm residues were added to the PU, respectively.
However, Calegari et al. [54] and Costa et al. [S0] observed a
decrease in the contact angle when adding fibers from agro-
industrial residues and wastepaper to the PU.

Figure 5a, b shows pure PU and PU7X% water absorption
capacity (g g!) and efficiency (%). Analyzing the data, bio-
composites had lower performance when compared to pure
PU, but the PU/5% was the composite with lower capacity
and efficiency. The low absorption of water in the compos-
ites than pure PU might be due to the higher frequency of
pores per area, disfavoring the water/matrix interaction [7],
which can favor its application in civil construction. The
lower water absorption of biocomposites can be associ-
ated with adhesion of the fiber/matrix interfaces, a greater
affinity between water/polymer than water/fiber, and fewer
voids due to the presence of fiber [55]. By increasing the
amount of reinforcement in the PU, the water absorption
efficiency increased. Nonetheless, it did not surpass pure PU.

(a)° P
1 PU/5%

4 PU10%

PU/15%

44 v
—o—PU/20%

w
Il

A A ,,/“
s & A »
R0 . 5
/4 A T e
/ & ¥ x— ¥
{ W ¥- vy
/) 4 v—V¥ &

Adsorption Capacity (g.g")
— N
1 1

T T T T J T T T T v T T
Os 30s 60s 90s 120s 2405 360s 480s 24h 48h
Time

An opposite behavior was observed by Calegari et al. [54]
and Atiqah et al. [56], where the addition of fibers to the PU
increased water absorption when compared to the pure PU.
Another explanation can also be that the water absorp-
tion of the biocomposites is lower than that of pure PU. The
acai fibers used in this work are in natura, i.e., they did not
undergo any surface modification or treatment. Generally,
alkaline treatments or bleaching can favor delignification
and the removal of the superficial waxy layer of the fiber
[57-59]. Although the fiber is a hydrophilic material, the in
natura composition of the agaf containing higher levels of
lignin (usually insoluble in water [60]) and wax may also
have interfered with water absorption. According to Bar-
bosa et al. [33], the moisture content of agai fibers between
8 and 200 mesh is 3.75%, and values below 5% moisture
content are recommended for fibers as dispersed phases in
composites. Low moisture content values can decrease heat
transport to the central region of the composite [33], which
can be considered for applications as building insulators.

Fourier transformed infrared spectroscopy (FTIR)

FTIR is an interesting technique to evaluate the surface func-
tionality of pristine PU and biocomposites with different
acaf loadings utilizing specific wavenumbers [61]. Figure 6
exemplifies the FTIR of the samples.

Figure 6 evidences the expected bands for the spectrum
of the pristine PU sample. The polyurethanes have urethane
groups in their molecular chain, obtained through the reac-
tion of its components during expansion, between the iso-
cyanate group and the hydroxyl present in the polyol [62].
Similar bands for PU foams were found in the literature and
can be seen in Table 3.

However, some changes in the characteristic PU bands
were found in the biocomposite foams with the insertion
of acgai. The spectra of agai fiber in natura, i.e., without

(b) 100
PU
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@
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Fig. 5 Water absorption capacity (a) and absorption efficiency (b) of PU and biocomposites as a function of time
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Fig.6 FTIR Spectra of the
pristine PU and the biocompos- 4000
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Table 3 Bands of the ,FTIR Band (cm™) Attribution Component References
spectra of PU and their
characteristics 3900-3700 Noisy bands of ~OH stretching - [46]
2850 and 2924  C-H stretch - [47]
1714 C=O0 stretching vibration Urethane bridge [48]
1600 C-N vibration Urethane linkages [49]
1592 C—C vibrations in aromatic rings Isocyanate [27]
1530 Stretching and bending vibration of N-H  Urethane linkages [49]
1413 C-C stretch of aromatics Urethane group (-NHCOO-)  [50]
1020-1070 Carbon—oxygen bond Castor oil polyester polyol [27]
1068 N-CO-O stretching Urethane group (-NHCOO-)  [50]
817 C-H bond of aromatic rings Isocyanate [27]
754 C-H bond of aromatic rings Isocyanate [27]

any chemical treatment, presented similar bands to stud-
ies in the literature [7, 37, 63]. According to Tavares et al.
[37], the chemical composition of agai is mostly cellulose
(41.3%) and lignin (40.2%), and to a lesser extent hemicel-
lulose (11.5%), moisture (8.8%), and ash (1.9%). Table 4
reunites the bands of agaf fiber found in this work according
to its chemical composition, compared to natural fibers (acai
included) in the literature.

In their article, Martins et al. [7] mentioned that the acai
fiber, as a dispersed phase, can cause changes through cova-
lent or hydrogen bonds (H bonds) in the matrix. Such modi-
fications might be due to the organic chemical composition
of the agai fiber, with an endocarp rich in lignin and hemi-
cellulose [36] endorsing the bands found in Table 4. The
perturbation in the lengths of the 3700-3300 cm™' range in
the biocomposites may be indicative of a reaction between
the —OH groups of the acai with the isocyanate of the

@ Springer

polyurethane matrix, with a bond occurring between the cel-
lulose of the natural fiber and the —-NH group of the urethane
[35]. As other evidence of the fiber amidst the matrix, the
680 cm™! band characteristic of the fiber remained intense
in the biocomposites and a gradual effect of increasing peak
intensity with fiber loading in the 2920 cm™' and 2340 cm™!
bands, with highlights for the PU/15% and PU/20% sam-
ples most similar to agai in this wavenumber range. Fig-
ure 7 demonstrates the effect of the dispersed phase in the
polyurethane matrix in the region between the peaks at 2850
and 2920 cm™! corresponding to Fit Peak 1 and Fit Peak 2,
respectively.

Although there was no appearance of bands in the region
of deconvolution analysis, the Fit Peaks 1 and 2 showed
a gradual increase in the intensity of absorbance with the
insertion of acai, evidencing the influence of reinforce-
ment in the PU matrix, especially concerning Fit Peak 2
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Table 4 Bands of the FTIR spectra of acai fibers and their characteristics

Band (cm™") Attribution Component Fiber References

3500-3200 Characteristic perturbations of residual moisture and stretching of —-OH Cellulose, hemicellulose, Acai [7, 34, 35]
groups referring to hydrogen bonds lignin, and extractives

2920 C-H starch Cellulose Acai [52]

2340 Stretching of —CH both symmetrical and asymmetrical in saturated Hemicellulose and cellulose Agai [51]
hydrocarbons

1722 C=0 stretching of carboxyl Lignin and hemicellulose Acai [35]

1640 Aromatic ring Lignin Acai [7]

1580 Tension of the C=0 of the carboxylic acid and ester Hemicellulose Acai [51]

1453 CH deformation Lignin Acai [7,35]

1272 C-0 guaiacyl ring Lignin Acai [35]

1112-1030  C-H for in-plane deformation of the syringyl unit Lignin Acai [35]

680 C-OH out-of-plane bending - Hemp fibers [53]

(2920 cm™") which can be attributed to cellulose (Table 3).
Cortat et al. [31] also found an increase of a fitted peak
by this method with macadamia fibers in a polypropylene
matrix.

X-ray diffractometry

Figure 8 displays the physical characteristics of pure PU
and its biocomposites obtained by the X-ray diffraction
technique. The X-ray diffractograms of pure PU and bio-
composites showed an extended peak in the region 260=19°
and the absence of narrow peaks, revealing the amorphous
character of the polyurethane foam. The addition of fibers
to PU caused a broad peak compared to pure PU, associ-
ated with the acai residues due to cellulosic material with
semicrystalline regions [64]. Thus, the displacement related
to 19° is attributed to the chemical interaction between the
pure PU and the fiber content. However, the fiber’s content
influenced the intensity of these peaks due to the lack of
homogeneity during fiber dispersion [50]. Gandara et al. [20]
observed a similar behavior when sugarcane bagasse fibers
were added to the PU.

Thermogravimetric analysis (TGA)

The thermogravimetric analysis (TGA) gives thermogravi-
metric curves (TGA) (Fig. 9a) and their derivatives (DTG)
(Fig. 9b) of the acai seed fiber, neat PU, and biocomposites.
Table 5 demonstrates the values of the percentages of weight
loss in the respective temperature range of materials.

The TGA curve for agai seed fibers (Fig. 9a) indicated
that the first thermal event occurred around 100 °C due to
the OH group of the fiber, confirming the 3500-3200 cm™!
band found in the FTIR analysis [65]. The second thermal
event occurred between 200 and 300 °C, attributed to hemi-
cellulose degradation and low molecular weight lignin. The

third thermal event occurred above 300-340 °C due to the
decomposition of cellulose, which requires a high-tempera-
ture range because the decomposition of lignin occurs slowly
[20].

The TGA curve for neat PU and biocomposites pre-
sented a similar trend and thermal stability up to 200 °C.
The first thermal event occurred between 200 and 300 °C
and is associated with the decomposition of urethane groups
[22, 23]. The second thermal event occurred around 350 °C,
and it is more evident for the biocomposites with more sig-
nificant fiber content; these small peaks are associated with
the decomposition of hemicellulose, lignin, and cellulose
derived from the acaf seed fiber. The maximum decomposi-
tion rate of these steps occurred at 325 and 356 °C, similar to
the results found in the article of Cztonka et al. on polyure-
thane foams for insulating applications reinforced with euca-
lyptus fibers [66]. The third thermal event is assigned to the
decomposition of C—C bonds, remaining materials from the
first degradation step, and ester bonds present in the polyol.
The degradation step occurs with the maximum at 455 °C
for PU and 470 °C for the biocomposites [27]. Moreover,
Table 5 demonstrates that the fiber insertion offered the PU
matrix improved degradability for each temperature interval,
as seen by Gu, Sain, and Konar in their study about biopol-
yol-based polyurethane with hardwood pulp for insulation
applications [67].

Another interesting way to assess the thermal stability of
biocomposites is to calculate the heat resistance index. The
heat resistance index is the physical heat tolerance tempera-
ture of a polymer, which was determined using the method
proposed by Icduygu et al. [32]. Table 6 provides the values
for the heat resistance index (Tyy,) of pure PU and biocom-
posites, calculated from thermograph data for the 5% (T)
and 30% (T,) weight losses of Fig. 9.

A slight increase in the biocomposites’ thermal resist-
ance was noted compared to pure PU due to insertion fibers
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Fig.8 XRD of neat PU and biocomposites samples

in the matrix, except for PU/15%. This fact demonstrates
that fibers’ addition in the polyurethane matrix promotes
better thermal stability at temperatures reaching 30% of
weight loss for biocomposites. These results demonstrate
that the biocomposites present better thermal properties
for building insulation than the pristine PU foam.

(a)
100 —
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P
& 60
!
L
= 40 AS
Neat PU
PU/5%
20 PU/10% \ ~
PU/15%
1——PU120%
0 T T T T T
100 200 300 400 500 600

Temperature (°C)

Differential scanning calorimetry (DSC)

DSC analyses were carried out to justify the effect of acai
waste on castor oil-based polyurethane. DSC curves for neat
PU, pure agai fibers, and biocomposites with agai concen-
tration varying from 5 to 20 wt% are shown in Fig. 10. All
curves showed a beta transition from — 80 to —75 °C. The
beta transition intensity varied with the introduction of acai
fiber in the biocomposites, related to the H,O molecules
present in acai fibers, capable of reacting with the -NCO
groups. This reaction improves the movement of molecules,
influencing the beta transition and the Tg, as shown in Fig. 8.
The thermogram of the neat agai fiber shows a second-order
transition at 0 °C, attributed to humidity retained in the fib-
ers. The well-defined characteristic peak shows the melting
temperature (T,) at T,,,, to be 65 °C. No other transitions
were evidenced in the thermal analysis of this material. Con-
cerning neat castor oil-derived PU foams, besides the beta
transition, an endothermic peak could also be observed at
60 °C, which agrees with other works reported in the lit-
erature [68, 69]. The reduced intensity of this peak may be
attributed to the lower cross-linking intensity during reactive
compounding, which enhanced the molecules’ mobility [70].
The introduction of agai waste into the biocomposites at the
lowest concentrations (5 and 10 wt%) promoted a continuous

(b)

DTG (%/°C)

AS
Neat PU
PU/5%
PU/10%

-PU/15%

—PU/20%

T T T T
100 200 300 400 500 600

Temperature (°C)

Fig.9 TGA (a) and DTG (b) curves of acai seed fiber, neat PU, and biocomposites samples

Table 5 Weight loss in the

range of 100600 °C, residue Samples Weight loss (%) Residue (%)  Tonset (°C)
(%), and T, (°C) 100°C  200°C 300°C 400°C 500°C 600 °C
Agai fiber 3.4 54 30.9 61.2 68.5 70.6 29.4 240
PU 0.2 1.1 17.9 63.4 86.8 90.5 9.5 266
PU/5% 0.4 1.2 20.9 60.6 81.8 84.6 154 257
PU/10% 1.1 2.3 17.9 57.7 81.0 81.0 16.0 263
PU/15% 0.5 1.9 20.7 60.1 80.6 83.2 16.5 260
PU/20% 0.0 1.0 17.2 55.7 71.7 80.5 19.5 272
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Table6 T and Tj, values used to obtain the heat-resistance index
(Tury)

Samples T5 (°C) T3, (°O) Tyri CO)
PU 251 320 143.3
PU/5% 254 322 144.5
PU/10% 252 330 146.4
PU/15% 251 322 143.9
PU20% 258 331 147.9

Heat Flow (W/g)

T T T T
-100 50 0 50 100 150 200 250

Temperature (°C)

Fig. 10 DSC thermograms of neat PU foam and acai waste fiber, neat
PU, and biocomposites

decrease in the transition curve. However, a clear and broad
endothermic peak is observed, which shifted to higher tem-
peratures than neat PU foam. When 20 wt% of agai was
added, distinct endothermic peaks were formed, evidencing
the presence of the two components in the biocomposite.
The high concentration of fiber seems to have limited its
interaction with the PU macromolecules.

In contrast, analyzing results obtained in Fig. 11b, it was
noted that samples with a higher density (PU/10%, PU/15%
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and, PU/20%) presented smaller compressive strength. The
morphology of PU foams may explain this. Samples of neat
PU and PU/5% possess a closed-cell structure that provides
superior support to resist the compressive load. However, at
higher contents of fiber, the cell structure of the foams pre-
sents a greater amount of open cells, which can reduce the
cross-linking density of the matrix and hence deteriorate the
mechanical properties of the materials [71]. A similar trend
was reported by other studies [71-73].

Mechanical tests

When studying the performance of PU foams, it is essential
to evaluate their mechanical properties, such as impact and
compressive strengths [51]. Both mechanical properties are
influenced by the apparent density and morphology of the
foams [71]. Figure 11 evidences the relationship between
apparent density values, the content of fiber with the impact
and compressive strength of the neat PU, and biocomposites.
Table 7 elucidates the impact and compressive strength of
materials.

Apparent density is a relevant parameter that affects the
properties of PU foam and its biocomposites [44]. According
to Fig. 11, it was noted that the insertion of the fiber influ-
ences the density values. The increase in density values did
not occur gradually, and this can be explained by the relation
between the dispersion of fiber and the viscosity of polyure-
thane. In high viscosity systems, the mixing process of the
reagents is more challenging [22]. Consequently, the disper-
sion of the fibers occurs in a heterogeneous way, resulting
in density variation.

Figure 11a shows that the impact strength intensified with
the increasing content of acai fiber. Compared to neat PU,
biocomposites presented a slight improvement in strength;
thus, PU/20% biocomposite presented superior strength to
other materials. In this context, the insertion of natural fibers
as the reinforcement of polyurethane foams is a factor for
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Fig. 11 The behavior on the impact strength (a) and compressive strength (b) of the neat PU and biocomposites
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Table 7 Impact strength of neat PU and biocomposites

Samples Impact strength (KT m™2)  Compressive
strength (MPa)
Neat PU 0.29+£0.03 0.24+0.04
PU/5% 0.37+£0.02 0.19+£0.01
PU/10% 0.40+£0.03 0.17+£0.01
PU/15% 0.44+0.01 0.16+0.03
PU/20% 0.56+0.03 0.17+0.02

increased impact resistance [74], explained by the fact that
the fiber behaves as a barrier in the PU matrix, enhancing the
deformability as the higher content of fiber is incorporated
[43, 75]. Similar findings were seen by Costa et al. [43] in
jatoba shell fiber used as a filler in polyurethane foam, which
showed that the impact strength increased with increasing
content of natural fiber.

In contrast, analyzing results obtained in Fig. 11b, it was
noted that samples with a higher density (PU/10%, PU/15%
and, PU/20%) presented smaller compressive strength. The
morphology of PU foams may explain this. Samples of neat
PU and PU/5% possess a closed-cell structure that provides
superior support to resist the compressive load. However, at
higher contents of fiber, the foam’s cell structure can pre-
sent a greater amount of open cells, which can reduce the
cross-linking density of the matrix and hence deteriorate the
mechanical properties of the materials [71]. A similar trend
was reported by other studies [71-73].

The stress—strain curve for PU/X% biocomposites was
also evaluated, as shown in Figure S2. It can be observed
that neat PU obtained a higher mechanical strength when
compared to biocomposites, and this fact can be caused by
inhomogeneous dispersion of acgai fibers in the polymeric
matrix as described in “Morphological analysis and density”.
According to Mustafov et al. [76], the insertion of reinforce-
ment in the PU matrix improves the mechanical strength of
materials. However, it depends mainly on particle shape,
size, and dispersion. These authors obtained similar curve
profiles with the addition of diatomite and hydroxyapatite
as dispersant phases in the polyurethane matrix. Literature
evidences that the increase in reinforcement content results
in good toughness of specimens demanding more energy to
deform them [76, 77].

Conclusion

Castor oil-based polyurethane reinforced with agai waste
(5-20 wt%) biocomposites was produced and character-
ized as an alternative for eco-efficient building insulation.
The addition of acai fiber to PU changed the pore struc-
ture, decreasing the foam cell size due to the increased

cross-link density of PU foams. Also, the fibers were
hydrogen bonded to the PU molecular chains via the inter-
action between the O—H of the fibers and the N-H of the
PU foam. Furthermore, the water absorption of the bio-
composites increased with time and as a function of fiber
content but did not surpass pure PU. The addition of fibers
to PU also improved the crystallinity and hydrophobicity.
An increase in the thermal resistance of biocomposites was
observed, except for PU/15%. The compressive strength
presented a decreasing trend, while, for the impact test, an
increase was observed proportionally to the acai residue
content. The biocomposites obtained in this work can be
a candidate for building insulation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10163-021-01341-1.
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