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Abstract

The dynamically rising costs of heating result in an increased
interest in thermal insulation materials. The best thermal
insulation material available on the market is a rigid
polyurethane foam. The rise in mining prices of raw materials is
disrupting the polyurethane industry, so it is imperative to
reduce the amount of petrochemicals in foams. The aim of the
article was to check the possibility of using blackcurrant pomace
as a filler for polyurethane foams. First, rigid foam composites
containing 10 wt.% of fruit processing waste were produced.
The obtained materials were analyzed in terms of structure,
basic parameters such as water absorption, dimensional
stability, apparent density, mechanical properties and the
impact of the aging process on the content of C, H, N elements.
The conducted research showed that the pomace has
antioxidant properties and has a positive effect on the
mechanical properties. In addition, this type of filler has a
positive effect on the delay in ignition of the foams.

Keywords: blackcurrant pomace, rigid polyurethane foam,
biodegradable filler, fruit processing waste

I. INTRODUCTION

The price of heating and fuels in the European Union has risen
sharply and has reached an unprecedented level. Therefore, it is
necessary to perform thermal insulation for new buildings as well as
for the existing ones. There are many products available on the
building materials market, such as: mineral wool, polystyrene and
polyurethane foams [1]. The main differences between these
materials are the thermal conductivity coefficient (A) and the price.
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Rigid polyurethane foam (RPUF) is the insulator most indicated due
to the lowest heat conduction parameters. The A value for
commercial polyurethane foams ranges 0.02-0.04 W-m2-K? [2].
RPUF is also popular for its other good properties: low density,
biological and chemical inertness, as well as superior mechanical
and hydrophobic properties [3][4]. In addition to insulating
partitions of buildings, polyurethane foam is also used for pipes and
refrigerators as an insulator [5], [6]. RPUFs are also used as light
construction elements and in commercial refrigeration devices, but
also in everyday objects, such as furniture and cars [7]-[11]. The
biggest disadvantage of RPUF is its high price [12]. It is expensive
due to fluctuations in the prices of the raw materials it is made of.
Therefore, changes in the demand and supply of these raw materials
can have a significant impact on the RPUF products. Therefore,
many studies are conducted to reduce the amount of petrochemical
products by partially replacing them with solid fillers. The use of
fillers not only reduces the price of the polyurethane product, but
also affects its properties and may increase the possibilities of its
application. The use of waste as fillers is very popular. As a result,
the by-product is additionally recycled. The used waste fillers can
be divided according to their origin. An example of a filler of animal
origin is feathers. Due to the issues of their disposal, they have been
used in RPUF and have had a positive effect on the improvement of
thermal and acoustic properties of the material [13], [14]. Fruit
seeds and nut shells are also very popular fillers. Plant-based fillers
are another group of fillers used in the RPUF industry. This type of
filler includes fruit and vegetable pomace, fruit seeds[15] and nut
shells [16], [17]. The above-mentioned natural fillers are
characterized by the fact that their chemical composition often
positively influences the mechanical, physical and thermal
properties of foams [18]. Other fillers are those that come from the
energy or steel industries. An example is fly ash from coal
combustion, which has a positive effect on the reduction of
flammability and reduces the rate of polymer degradation [19][20].

In this study, blackcurrant pomace was used as a filler. The
evaluation of the application of this filler was based on the results
showcased in the article. Namely - the results of research on the
structure, physical properties, and strength properties of obtained
composites. The novelties presented in the paper are the aging tests
performed together with the determination of the elements C, H, N,
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and O, which allowed to assess the influence of blackcurrant pomace
on the oxidation process of polyurethane foams. It should be
emphasized that the currant pomace is a rich source of polyphenolic
compounds with confirmed antiradical properties [21]. In the
literature, there are studies on the use of currant pomace in flexible
polyurethane foams [22]. The authors observed that the discussed
additive increased the foam growth time and the reduction of the
temperature of the foaming process. The density of the material also
increased. The pomace additionally accelerated the degradation of
the rigid polyurethane segments and slowed down the degradation
of the soft segments. No information has been found in the literature
on the use of currant waste in rigid polyurethane. The experiment
described in the article may expand the use of currant pomace not
only in the food industry, but also in the material technology and
have a positive effect on the properties and price of rigid
polyurethane foams. Additionally, the addition of blackcurrant
pomace to the PU foams may create a new method of utilizing this
type of waste. This waste constitutes 20-35% of the weight of the
processed raw material [23].

1. MATERIALS AND METHODS

A. Preparation of the
polyurethane foams

This article uses blackcurrant pomace as a filler for RPUF. Before
introducing it into the foams, it was processed by drying it to a
constant mass at the temperature of 105°C and then, using a
laboratory mill, the expeller was crushed to a powder form.

filler and rigid

In order to analyze the filler used, the content of the elements
(carbon, hydrogen, nitrogen) was examined, and is presented in
Table 1.

Table 1. Elemental analysis of blackcurrant pomace

C [%] H [%] N [%]

Blackcurrant

pomace 49.20

6.94 2.26

The carbon content of blackcurrant pomace is over 49%, hydrogen
is almost 7%, and nitrogen is just over 2%. These values do not
differ from the chemical composition of agricultural and forest
biomass. Blackcurrant pomace also contains a large amount of
lignin, cellulose and hemicellulose.

Polyurethane foams were produced using the one-step method. A
polyol masterbatch was mixed with an isocyanate to form a
reference foam (PU_0), while a 10% foam (PU_10) with
blackcurrant expeller was produced by introducing expeller into the
polyol masterbatch and then adding the isocyanate. All ingredients
were mixed with a mechanical agitator at a constant speed of 2000
rpm. RPUF were prepared using the two-component commercial
system EKOPRODUR PM4032 (PCC Group, Poland).

The process of preparing the filler and foams is presented below
(Figure 1).
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Figure 1. Scheme of preparation of the filler and RPUF

Polyurethane foam is produced by the intensive mixing of two main
components: isocyanate and petroleum-derived polyol. During their
mixing, additives such as catalysts and stabilizers are also added,
which can create different properties of the polyurethane [24].

B. Methods

The microstructure of the obtained polyurethane composites was
determined at a magnification of 6x using an optical microscope
(Vision Engineering SX 45).

The apparent density of the material was tested on the basis of the
EN 1SO 845:2009 standard.

The water absorption of the foams was determined in accordance
with the ASTM D570-98 standard by determining their starting
weight, then after 5 minutes, 3 hours and 24 hours of a water bath.

The dimensional stability of polyurethane materials was determined
in accordance with the PN-92/C89083 standard by testing the length
change before the aging process, after 20 h and 40 h of the aging
process, which was carried out at the temperature of 150°C.

The analysis of carbon, hydrogen, nitrogen and oxygen elements
was carried out for the obtained materials in order to assess the aging
process through the action of UV light and water spray as well as
the actual weather conditions.

The brittleness of the obtained foams was analyzed according to the
ASTM C 421-08 standard.

The compressive strength of the foam was determined in accordance
with EN ISO 14125:198. In the test, the value of the given relative
deformation was equal to 10%.

Flammability parameters were tested, such as: limit oxygen index
(LOI) based on the PN-EN 1SO 4589-2: 2006 standard, the UL 94V
foam flammability test in accordance with the PN-EN 60695-11-10:
1999 standard and reaction to fire by determination of the grass
calorific value (ISO 1716: 2018). Flammability tests were also
carried out on a cone calorimeter, determining the characteristic
parameters (average heat release rate (HRR), maximum heat release
rate (PHRR), effective heat of combustion (EHC), time to ignition
(TTI), percentage mass loss (PML)).

1. RESULTS

A. Physical properties of PU foams

The water absorption of the foam is summarized in Table 2. Based
on the analysis of the results, it can be concluded that the water
absorption increases most rapidly in the first minutes of immersion.
The absorbency value increases with the passage of time. In both
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cases, the foam soaks up water, however, for PU_10 foam, the
increase in water absorption is significantly lower.

Table 2. Water absorption of rigid polyurethane foams

Water absorption [%6]
Sample
5 min 3h 24h
PU_O 14.48 24.68 36.14
PU_10 12.63 15.32 34.55

The reduction in absorbency is most likely due to the cellulose in the
filler, which disperses inside and over the edges of the cells, thus
blocking the foam from absorbing moisture [15]. The changes in
dimensions and mass of samples after 20 and 40 h of conditioning
at 150 ° C are shown in Table 3.

Table 3. Dimensional stability and weight loss of rigid
polyurethane foams

Di:;:gisiii(t);al Loss in mass
sample | (200 | gy | M0y o

(4] 15[2/:](:) [o4] 150°C) [%]
PU_0 3.86 4.18 9.23 9.23
PU_10 1.33 1.79 11.36 11.36

Basically three times lower values of linear stability were obtained
for the PU_10 sample as compared to the reference foam. This ratio
was maintained after both 20 and 40 hours. The improved
dimensional stability for cellulose-containing foams was also
confirmed by M. Szpilyk et al. [25]. The weight loss stabilized and
remained unchanged after 40 h. The difference between the samples
amounts to approx. 2% due to the moisture contained in the filler,
which evaporated during the conditioning.
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Figure 2 Elemental analysis of C, H, N and O of rigid
polyurethane foams

PU_10

Figure 2 shows the elemental analysis of basic foams. Compared to
both foams, PU_0 has a higher carbon content and a lower oxygen
content compared to PU-10. The other two elements, that is N and
H, in both of the foams are at a comparable level.

Figure 3 shows the elemental analysis after an artificially created
aging process. The foams were treated with UV light and water
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spray. Comparing with Figure 1, it can be seen that in both samples
the carbon content remained at the same level, the hydrogen content
in PU_0 decreased and the nitrogen and oxygen content increased
slightly. At the same time, in the case of PU_10, the hydrogen
content increased, the nitrogen content decreased, and the oxygen
content decreased compared to the unmodified foam.
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Figure 3 Elemental analysis of C, H, N and O of rigid
polyurethane foams subjected to water spray and UV light

PU_10

Figure 4 shows the results of the analysis for foams exposed to
natural weather conditions. PU_0 has a lower carbon content, a
higher hydrogen, nitrogen and oxygen content. In PU_10, the carbon
content remains constant, the hydrogen and nitrogen content
increases, but the oxygen content drops significantly from 16.77%
for unmodified foam to 14.57% for the foam placed under the action
of atmospheric conditions. Generally, foam modified with
blackcurrant expeller filler is more resistant to artificial and real
atmospheric conditions than PU_0. This is confirmed by the fact that
such pomaces act as antioxidant substances.
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Figure 4 Elemental analysis of C, H, N and O of rigid
polyurethane foams exposed to real atmospheric conditions

Such analyzes are very important from the point of using RPUF as
insulating materials. In the literature, one of the main causes of aging
of polyurethane insulations is the phenomenon of gas diffusion. As
a result of oxygen and nitrogen entering the foam structure, cellular
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gases such as carbon dioxide and cyclopentane are forced out, which
results in an increase in heat conduction coefficient [26].

B. The structure of PU foams

Figure 5. Structure of rigid polyurethane foams: a)PU_0,
b)PU_10

The cellular structure of rigid polyurethane foam has a considerable
impact on the mechanical properties. The photos from the optical
microscope are summarized in Figure 2. PU_0 foam cells are
characterized by similar dimensions, there is no large fluctuation in
the values of the diameters. In the case of PU_10 foam, the
morphology is more diversified, the cells are elongated and do not
resemble spheres as for the reference foam. The presence of such a
cell shape is related to the high reactivity of the polyurethane system.
As a result, the currant pomace intensified the process of cell
nucleation. This thesis is confirmed by examples from the literature
in which the cellulosic filler caused the growth of the cells of the
polyurethane composite [27], [28].

C. Mechanical properties of PU foams

Table 4. Apparent density and mechanical properties of rigid
polyurethane foams

Apparent . Compressive | Young's
Sample density Brlt[gl/(ei]ness strength modulus
[kg-m] [MPa] [MPa]
PU_O 36.09 16.98 0.04 6.70
PU_10 33.82 11.63 0.07 8.96

The literature shows that the apparent density of polyurethane foams
is related to the mechanical properties. It is an important parameter
therefore it has been determined that a typical RPUF should have a
density in the range of 28-60 [kg-m] [29]. PU_0 had an apparent
density of about 36 [kg-m], while the apparent density of PU_10
was almost 34 [kg-m]. Both values fall within the defined range
(Table 4). The literature also describes cases where the introduction
of the filler resulted in a reduction of the apparent density in relation
to the reference foam [30].

From the strength tests performed, a positive effect of this type of
filler on the mechanical properties of RPUF can be observed. The
maximum compressive strength increases (Table 4). The stress-
strain diagram shows that the strength improved almost twice after
introducing the filler at a load of 10%. From the presented graph,
you can see three stages of degradation during compression [31].

Table 4 also shows the results of the brittleness testing of the foams
obtained. They show that blackcurrant pomace has a positive effect
on brittleness because it reduces it. The brittleness results are
correlated with the apparent density of foams [32]. Other researchers
received similar conclusions that introducing the filler to a specific
concentration has a positive effect on the mechanical properties of
polyurethane foams [33].
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Figure 5. Compressive deformation of rigid polyurethane
foams

D. Flammability of PU foams

The flammability of polyurethane foams is an important aspect
because they are used as thermal insulation materials, so they should
have a specific flammability class. Additionally, as RPUF burns
down, many toxic gases are released into the atmosphere [34].

For the analyzed materials, the LOI was determined (Table 5), which
for PU_0 was 21.4%, and for PU_10 - 20.7%, which is unfavorable
in terms of planarity, because it means that the foam with a filler
requires less amount of oxide to maintain the flame. Also, in the
reaction to fire test, it was found that introducing the filler into the
foam increases the heat value.

Table 5. Gross calorific value, LOI values, UL-94 vertical
burning behaviors of rigid polyurethane foams

Gross calorific
(o)
Sample LOI [%0] value (MJ*kg™) uL94 v
PU 0O 21.4 25.98 N.R
PU_10 20.7 26.02 N.R

The obtained results from the cone calorimeter show that PU_0
ignites faster compared to PU_10 (Table 6). In the context of the
possibility of using polyurethane foams as thermal insulation
materials, the HRR and PHRR parameters are very important. The
first parameter was smaller for PU_10, while in the case of
maximum heat release it was the other way round. Generally, the
construction law stipulates that the RPUF should have a maximum
PHRR of 300 [kW/m?] [35], [36].

Table 6. Cone calorimeter results of rigid polyurethane foams

EHC HRR PHRR o

Sample | TTI [s] [MJ/kg] | [kW/m?] | [kW/m?] PML [%]
PU_O 4 7.98 63.88 77.70 85.7
PU_10 6 9.63 57.80 79.11 80.8

IVv. Conclusions

The paper presents the results of research on a polyurethane foam
and a polyurethane composite containing 10% of blackcurrant
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pomace. The addition of a filler has many benefits in reducing the
amount of petrochemicals in the foam, reducing production costs
and improving some properties. The currant pomace acts as a
blockage in the foam and hinders water absorption and increases the
dimensional stability of the sample. Compared to the reference
sample, the stability is three times higher after both 20 and 40 hours.
Additionally, the simulations of the insulation aging process confirm
the antioxidant effect of blackcurrant pomace. The foam modified
with this filler degraded less as shown by the elements analysis.
Moreover, the discussed filler intensified the process of nucleation
of bubbles during foam growth. In the case of the reference foam,
the foam structure consisted of spherical cells similar in size. In
PU_10 foam, the bubbles are elongated and their diameters are more
diversified. The filler lowers the apparent density of the foam, which
is closely related to the mechanical parameters. The foams
containing the filler also showed almost twice the compressive
strength, but also lower brittleness, which confirms the positive
effect of the filler on the mechanical properties. The differences in
the gross calorific value and the LOI index between the samples are
similar. The addition of the filler extended the ignition time of the
foam and reduced the amount of average heat released.
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