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Abstract: In light of the significant impact of climate change, it is imperative to identify effective
solutions to reduce the environmental burdens of industrial production and to promote recycling
strategies also for thermosetting polymers. In this work, the mechanical recycling of phenolic resins,
obtained from industrial production scrap of plastic knobs for household appliances, was optimized.
The feasibility of a partial substitution of virgin materials with recycled ones was investigated both
at a laboratory and industrial scale. Finally, the environmental benefits arising from the use of
recycled material were quantified through a life cycle assessment (LCA). The results of laboratory
characterization demonstrated that the thermal properties of the phenolic resins were not influenced
by the presence of recycled material, and the mechanical performances were not significantly impaired
up to a recycled content of 30 wt%. The industrial production trials demonstrated the feasibility of
replacing up to 15 wt% of virgin material without any influence on the aesthetical features of the
produced components. Finally, LCA of industrially produced knobs highlighted a limited benefit
of virgin material substitution in the case of novolac chromium-plated samples, while an overall
environmental impact reduction of around 7-10% was detected in the case of resol-based materials.

Keywords: phenolic resin; resol; novolac; recycling; life cycle assessment

1. Introduction

Phenolic resins are thermosetting polymers with unique properties that are widely
used worldwide and whose consumption in 2014 was around 3.7 Mton, with an expected
annual growth rate higher than 5% until 2028 [1,2]. The phenol-formaldehyde resin was
first discovered in 1872 by the German chemist Adolf Von Baeyer (Nobel Prize in 1905)
but industrial production was developed in 1910 by Leo Hendrik Baekeland with the
foundation of the “General Bakelite Company” [3,4]. Due to their unique chemical structure
and macromolecular cross-linked structure, phenolic resins exhibit excellent mechanical
properties, flame retardancy, chemical and thermal stability, and aesthetical properties,
being widely used for the production of electrical and electronic components, laminates,
wood and fibre-reinforced composites, automotive parts and insulating foams [3,5]. The
production of phenolic resins can be performed through a polycondensation reaction
between phenol (P) and formaldehyde (F): when the molar ratio F/P is higher than 1
(typically 1.6-2.6) resol-type resins are obtained while when the F/P ratio is lower than
1 (typically 0.75-0.85) novolac-type resins can be synthesized [6,7]. The final properties
of phenolic resins strongly depend on several factors, such as reaction temperature and
time, pH, catalyst type and amount and starting F/P molar ratio [8-12]. As for the other
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thermosetting polymers, the cross-linked nature of phenolic resins makes them insoluble
and infusible with consequent difficulties in the recycling process [13-15]. Despite the
unavailability of official end-of-life statistics of phenolic resins, in the literature, it has
been reported that the most common disposal route of this material is landfilling [16,17],
while other options are pyrolysis [18] or its use in kilns or as inert material in concrete and
asphalt [16,17]. Some attempts regarding the possibility of recycling phenolic resins are
reported in the literature and can be divided between mechanical and chemical recycling.

Mechanical recycling is generally performed through high-speed grinding for a long
time at high shear stresses and friction values, in order to partially break the chemical
bonds and thus the crosslinked structure [19-22]. The resulting material is characterized by
low quality due to the partial thermal decomposition that occurred during the recycling
process and has a low practical value [17]. Moreover, in case of the presence of free phenol
or free formaldehyde within the phenolic resin, they can be released during the mechanical
recycling process [23]. Possible applications of the recycled material regard its incorporation
within thermoplastic matrices as filler [24], its mixing with wood fibres for the preparation
of panels with enhanced fire resistance [25], or its use as an antioxidant in the production of
polypropylene and polyamide-6 [23]. Chemical recycling, on the other hand, involves the
depolymerization of the phenolic resin or its conversion to carbon materials [17]. The main
problems are the high amounts of energy required in the process and that the properties of
carbon materials obtained from the conversion process are unstable [17].

Considering the absence of a recycling chain for phenolic resins and the limited
number of studies present in the literature regarding their recycling, this study aims at the
optimization of a mechanical recycling process of an industrial production scrap obtained
from the production of knobs for household appliances. In particular, laboratory tests were
performed to optimize the recycling process and to characterize the resulting materials.
The optimized recycling procedure was then validated at an industrial level with the
production of knobs containing a fixed amount of recycled resin. Finally, the environmental
benefits arising from the use of recycled material were quantified through a comparative life
cycle assessment.

2. Materials and Methods
2.1. Materials

The phenolic resins considered in this work were a resol (black resin) and a novolac
(chromium platable resin) grade, utilized for the production of knobs for household ap-
pliances through injection moulding by Nuova Saimpa srl (Borgo Chiese, Italy). These
materials were supplied by Nuova Saimpa srl in the form of granules, their commercial
names and physical properties cannot be disclosed for confidentiality reasons. The pro-
duction scrap to be used in the recycling process was provided by the same company and
consisted of injection sprues (Figure 1) and scraps from the quality check of knobs. In
the case of novolac-based scraps, both uncoated and chromium-based coated knobs were
provided by the company.

2.2. Samples Preparation

Phenolic resin scrap was first ground using a Piovan® RN166/1 granulator (Piovan
S.p.A., Santa Maria di Sala, Italy) to a size of 2-3 mm and then further milled to dimensions
lower than 60 pm using an IKA M20 Universal Mill (IKA Werke, Staufen im Breisgau,
Germany). The choice of the recyclate granulometry was optimized upon preliminary
trials. The recycling process was performed at room temperature to avoid any possible
degradation of the material caused by overheating.

Recycled powders and virgin material were manually mixed and then melted and
compounded through an internal mixer (Thermo Haake Rheomix® 600, Thermo Fisher
Scientific, Waltham, MA, USA), equipped with counter-rotating rotors operating at 100 °C
for a time of 3 min. The compound was then ground again to a size of 2-3 mm and the
granules were used to fill a mould that was hot-pressed at 24.5 bar and a temperature of
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180 °C for 5 min using a Carver hot-plate press (Carver Inc., Wabash, IN, USA). In this
way, square sheets (110 x 110 x 4 mm3) were obtained. The produced sheets were then
milled using a 3-axis CNC milling machine (GP project Snc, Valsamoggia, Italy) in order to
obtain regular samples for mechanical tests (80 x 10 x 4 mm?3). The production process is
schematized in Figure 2.

bon

Figure 1. Example of injection moulding sprue used as recyclate in the mechanical recycling process.

®_ . @ L ' -

RUNNERS GRINDING SIEVE INTERNAL MOULD PRESS SAMPLE
AND KNOBS MIXER

Figure 2. Production scheme for the samples tested at lab scale.

Table 1 reports the list of the prepared samples together with their codes: NOV and
RES refer to the material used (novolac and resol, respectively), while the numbers refer
to the amount of recycled material added to the composition). In Figure 3 the samples
after compression moulding (a) and after CNC milling (b) are shown. Regarding the use of
novolac resins, it should be pointed out that, only in one case (i.e., NOV30CR sample), the
recycled material obtained from chromium-coated materials was used.

Table 1. List of the prepared samples.

Sample Virgin [wt%] Recycled [wt%]
NOV 100 0
NOV20 80 20
NOV30 70 30
NOV30CR * 70 30
NOV40 60 40
RES 100 0
RES20 80 20
RES30 70 30
RES40 60 40

* represents preparation using only chromium-plated recycled material.
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(a) (b)

Figure 3. Pictures of the prepared samples (NOV30) using recycled material: (a) after compression
moulding, and (b) after CNC milling.

2.3. Methods
2.3.1. Lab Scale Characterization

The cryofractured surfaces of the samples at different recyclate amounts were observed
through a Jeol IT300 scanning electron microscope (JEOL Ltd., Tokyo, Japan) operating at
an acceleration voltage of 10 kV. Before the observations, the specimens were metalized
under vacuum through the deposition of a thin electrically conductive Pt/Pd coating.

Thermogravimetric analysis (TGA) was performed through a Mettler TG50 ther-
mobalance (Mettler-Toledo International Inc., Columbus, OH, USA) under an air flow
of 100 mL/min in a temperature interval between 30 and 800 °C, at a heating rate of
10 °C/min. The temperature associated with a mass loss of 5% (T59,), the temperature
associated with the maximum rate of degradation (Tpeax) and the residual mass at 800 °C
(mgpg) were determined.

Differential scanning calorimetry (DSC) tests were performed only on virgin materials
(NOV, RES) before curing (i.e., as received) and on the production scraps (sprue, knob).
Tests were performed using a Mettler DSC30 calorimeter (Mettler-Toledo International
Inc., Columbus, OH, USA) at a testing speed of 10 °C/min under a nitrogen flow of
100 mL/min and consisted of a first heating scan from 0 °C to 200 °C, followed by a cooling
scan from 200 °C to 0 °C and by a second heating scan from 0 °C to 200 °C. The glass
transition temperature (Tg) and the crosslinking temperature in the first heating scan (T¢)
were determined.

Vicat softening temperature (VST) was determined following ASTM D1525 stan-
dard [26] at a heating rate of 120 °C/h using a microprocessor HDT-Vicat tester model
MP/3 (ATS Faar Industries Srl, Milano, Italy) subjecting small bars of 4 mm thickness to a
load of 50 N imposed by an indenter with an area of 1 mm?. Three specimens were tested
for each composition. Shore-D hardness was determined at 25 °C following ASTM D2240
standard [27] through a Hildebrand durometer applying a load of 4 kg for 5 s, performing
10 indentations for each sample.

Three-point bending tests were performed under quasi-static conditions using an
Instron 5969 tensile testing machine (Instron, Norwood, OH, USA) equipped with a load
cell of 50 kN and operating at a cross-head speed of 1.5 mm/min according to the ISO
1209-2 standard [28]. Five rectangular specimens having a width of 10 mm, a thickness of
4 mm and a total length of 80 mm were tested for each sample. A span length of 64 mm
was utilized for all the specimens.

Flexural tests were repeated also on samples that were recycled multiple times: NOV30
specimens prepared according to the procedure described in Section 2.2 were reprocessed
(ground, melt compounded with virgin material keeping the recycled content to 30 wt% and
hot pressed) for 5 and 10 times (NOV30_5° and NOV30_10°, respectively) and specimens
for the tests were obtained using the CNC milling machine previously described. Only
the NOV30 sample was selected for this test due to the intermediate recycled content and
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due to the fact that novolac samples generally showed lower mechanical properties with
respect to resol one upon recycled material addition.

2.3.2. Industrial Production Trials

To verify the industrial processability of the recycled materials, at least from a quali-
tative point of view, production trials were performed by adding the recycled powder to
the virgin materials in a reaction injection moulding process carried out in Nuova Saimpa
srl plants, as shown in Figure 4. Different knobs were thus obtained, and compliance with
the strict aesthetical requirements imposed for household appliances (absence of any glare
or stain on the surface) was assessed. In order to satisfy the elevated aesthetical features
needed for design objects such as knobs, after some preliminary tests, it was decided to
produce industrial prototypes with a recyclate amount of 15 wt% (i.e., NOV15 and RES15
samples). It is important to note that, in the case of non-aesthetical components, when the
satisfaction of mechanical requirements is the main issue, the amount of recyclate could be
increased according to the lab tests.

' —
%*@_)

RUNNERS GRINDING SIEVE INJECTION KNOBS
AND KNOBS MOULDING

Figure 4. Production scheme for the industrial production trials.

2.3.3. Life Cycle Assessment (LCA)

The environmental impact of the knobs produced only with virgin (NOV, RES) and
with recycled materials (NOV15, RES15) was determined through life cycle assessment.
The aim of the study was to quantify the potential benefits arising from the substitution
of virgin materials with recycled ones and also to identify the environmental hot spots in
the production process of phenolic resin knobs. The analysis was carried out referring to
a “cradle to grave” approach. Primary data regarding the industrial production process
were provided by Nuova Saimpa srl and referred to the production of 1 year (2021), while
secondary data were gathered from the database Ecoinvent 3.10. The SimaPro™ software
release 9.6, supplied by Pré Sustainability (Amersfoort, Netherlands), was used for the
data processing.

According to the EN15804 standard [29], the functional unit of this study was 1 knob
for household appliances aimed at the intensity regulation of fire (in case of hob) or
temperature (oven).

The system boundaries of the study included the following: the extraction of raw
materials (phenolic resins, additives), the transportation to the production plant of Nuova
Saimpa srl, the manufacturing of the knobs (injection moulding, washing, cleaning, coating,
and packaging), the packaging acquisition and waste treatment of the production scrap, the
distribution and the end-of-life operations (waste transportation, treatment, and disposal).
Due to the lack of data regarding the waste management of phenolic resins, it was assumed
that a fraction of 37 wt% is sent to landfill and the remaining (63 wt%) to incineration. These
percentages were adopted considering the Europen figures for post-consumer plastic waste
management in 2021 (35 wt% recycling, 42 wt% energy recovery, and 23 wt% landfill) and
setting to zero the recycling share. For the end-of-life of paper and plastic packaging, Euro-
pean figures referred to in the year 2021 were assumed [30,31]. For the waste transportation,
it was assumed a distance of 100 km. The electricity mix used in the production plants of
Nuova Saimpa srl was modelled, according to the real situation in which around 5.1% of the
needs were satisfied using the photovoltaic system installed on the roof of the building and
the remaining was acquired from the grid with guarantee of origin certification. A specific
electricity scenario was, therefore, developed in the software considering the effective
share of different energy sources (86.7% hydropower, 7.2% biofuels, 6.1% photovoltaic) and
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with an environmental impact in terms of greenhouse gasses emissions equal to 0.183 kg
CO; eq/kWh.

To model the production of resol-type phenolic resin (not present in the Ecoinvent
database), the original process for the production of a novolac-type phenolic resin (Phenolic
resin {RER} | phenolic resin production | Cut-off, U) was modified setting a P/F ratio equal to
0.487 as reported by Solyman et al. [32].

The environmental impact assessment has been performed using the EF 3.1 method-
ology and considered eight impact categories: acidification, climate change, freshwater
ecotoxicity, particulate matter, eutrophication (marine, freshwater, and terrestrial), human
toxicity (cancer and non-cancer), ionizing radiation, land use, ozone depletion, photochem-
ical ozone formation, resource use (fossil, mineral and metals), water use.

The main inputs of the life cycle inventory are summarized in Table 2 (the complete
life cycle inventory cannot be disclosed for confidential reasons.

Table 2. Main inputs of the life cycle inventory used in the life cycle assessment of knobs produced
only with virgin (NOV, RES) and with the addition of recycled resin (NOV15, RES15).

NOV NOV15 RES RES15
Final mass [g] 15.31 51.8
Recycled content [wt%] 0 15 0 15
Electricity consumption (total) [M]] 0.39 0.39 1.87 1.87
Transports (supply) ! [kg x km] 17.60 17.60 52.10 52.10
Transports (distribution) 2 [kg x km] 11.50 11.50 12.60 12.60
Cromium coatin; Acrylic paint

3 & ylicp

Surface treatment 134¢ 020g
Plastic packaging [g] 0.15 0.15 0.20 0.20
Paper packaging [g] 5.50 5.50 3.50 3.60

1 Supply transports modelled according to the primary data provided by Nuova Saimpa srl using the Ecoinvent
process: transport, freight, lorry 3.5-7.5 metric ton, EUROG6 {RER} market for transport, freight, lorry 3.5-7.5 metric ton,
EUROG6 | Cut-off, S. 2 Distribution transports modelled according to the primary data provided by Nuova Saimpa
srl using the Ecoinvent process: transport, freight, light commercial vehicle { Europe without Switzerland}| market for
transport, freight, light commercial vehicle | Cut-off, S. 3 The production process of novolac knobs includes a surface
treatment performed through a chemical and electrolytic plating that involves first the deposition of a Nichel layer
as substrate to promote the adhesion of the second layer made of Chromium. This process is performed in an
external factory and, due to the unavailability of primary data, it was modelled using the Ecoinvent process “Hard
chromium coat, electroplating, steel substrate, 0.14 mm thickness { GLO} | market for hard chromium coat, electroplating,
steel substrate, 0.14 mm thickness | Cut-off, S”.

3. Results and Discussion
3.1. Lab Scale Characterization

The prepared samples were observed through scanning electron microscopy (SEM)
in order to investigate their morphological features and to assess the effectiveness of the
incorporation of recycled material within the virgin resin. From the SEM micrographs of
virgin samples reported in Figure 5a,c, it is possible to observe that they are characterized by
the same morphology, without porosities or inhomogeneities. On the other hand, samples
containing recycled material (Figure 5b,d) present higher surface roughness and some
small pores or defects and inhomogeneities, although the interfacial adhesion with recycled
particles seems very good. Sample NOV30CR clearly shows the presence of coating
particles of large dimensions not encapsulated within the virgin matrix and probably acting
as defects, potentially able to decrease the failure properties of the resulting materials.

Looking at the thermogravimetric analysis curves shown in Figure 6a,b and the results
listed in Table 3, it can be observed that virgin samples are stable up to 300 °C (RES)
and 350 °C (NOV). Above these temperatures the virgin samples face three different
degradation steps: the first, at around 350-370 °C (Tpeak1), corresponded to oxidative
degradation; the second, at about 450470 °C (Tpeak2), correlated to thermal fragmentation
with the formation of phenol, cresole and xylenol; and the third, at around 560-600 (Tpeak3),
related to the formation of carbon char and release of Hy, CO and CHy [33-36]. The small
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peak at around 300 °C detectable both in RES and NOV samples is not associated with
a degradation of the material but to posturing of residual uncured fractions of the resin
related to an incomplete curing reaction that occurred during the production process [35].
From the TGA curves, considering the residual mass at 300 °C, it is possible to roughly
estimate the uncured fraction of phenolic resin: it corresponds to around 3 wt% in the case
of NOV and 7 wt% in the case of RES. For samples filled with recycled material, it is possible
to observe that, both for novolac and resol resin, the curves are practically overlapped up
to 600 °C, meaning that no substantial changes in thermal degradation stability occur. The
char residue at 800 °C (mgpy) is slightly higher in the case of novolac samples (~20 wt%),
while in the case of resol samples, it is around 10 wt%, independently of recycled content.

Figure 5. SEM micrographs of the cryofractured surface of (a) NOV, (b) NOV30CR, (c) RES, and
(d) RES30 samples. Recycled particles are highlighted by arrows.

From the first scan of DSC curves, shown in Figure 7a,b, it is possible to identify, on
the curves of the uncured sample, an inflexion point at around 60 °C, corresponding to the
glass transition (Tg) of the phenolic resin [37]. According to the results reported in Table 4,
it is slightly lower for the novolac resin (57 °C), with respect to the resol one (63 °C). At
higher temperatures, only for the NOV sample it is possible to observe an exothermic peak
related to the crosslinking reaction of the material, that reaches its maximum at around
159 °C (T¢y). In the case of the RES sample, it is possible to identify an endothermic peak at
around 130 °C correlated to the release of water (co-product of the condensation reaction
between phenol and aldehyde), followed by a small exothermic peak (165 °C) related to
the crosslinking of the resin [38]. In the case of crosslinked materials (sprues and knobs)
produced with novolac resin, it is possible to identify only a small shoulder at around
110 °C, which is more evident in the case of materials produced starting from resol: this
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behaviour can be related to the crosslinking reaction of uncured residues, as also observed
in the thermogravimetric analyses. This crosslinking residue could affect the mechanical

behaviour of the samples containing recycled material.
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Figure 6. TGA curves of (a) novolac and (b) resol samples containing different amounts of

Sample Tsq, [°C] Tpeakl [°Cl Tpeakz [°Cl Tpeak3 [°Cl mggp [wt%]
NOV 351.3 375.5 473.7 604.0 20.7
NOV20 353.8 370.8 479.8 619.8 14.9
NOV30 353.5 3733 477.3 592.2 221
NOV30CR 356.7 370.5 466.2 587.3 31.4
NOV40 354.2 361.2 484.4 572.2 15.3
RES 303.7 358.0 437.0 562.8 114
RES20 309.3 355.7 4413 565.0 12.6
RES30 306.2 354.8 430.3 539.0 12.6
RES40 294.2 360.6 449.2 568.2 11.5
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Figure 7. DSC curves (first heating scan) of novolac (a) and resol (b) samples.
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Table 4. Results of the first heating scan of DSC tests on the uncured materials.

Sample Tg [°C] T [°Cl
uncured NOV 57.2 158.8
uncured RES 63.2 165.9

From the cooling and the second heating scan thermogrames, it is not possible to
distinguish any peak, as the materials are completely crosslinked.

The results of Vicat tests reported in Table 5 show that the dimensional stability of the
prepared novolac samples is almost unaffected by the addition of recycled material: the
Vicat softening temperature (VST) is above the upper limit detectable by the instrument
(280 °C) for all the samples. Moreover, also the penetration value at 280 °C seems to
be not influenced by the recyclate addition, with the exception of NOV30CR that shows
higher penetration values with respect to other samples, probably due to the interfacial
weakening effect played by the chromium-based coating present on the recycled particles.
Resol samples, as also observed from TGA, present lower thermal resistance highlighted
by the higher penetration values reached at 280 °C (up to 1 mm for RES40). Also, Shore
D hardness values, performed at room temperature, show that the addition of recycled
material does not affect the indentation resistance of the material.

Table 5. Results of Vicat and of Shore-D hardness tests on the prepared samples.

Vicat Softening Temperature

Sample (VST) [°C] Penetration at 280 °C [mm] Shore D
NOV >280 0.10 £0.17 91+1
NOV20 >280 0.15 £ 0.07 91+1
NOV30 >280 0.18 £ 0.03 91+1
NOV30CR >280 0.33 £ 0.07 91+1
NOV40 >280 0.13 £0.11 91+1
RES >280 0.82 £ 0.04 90+2
RES20 >280 0.72+0.14 91+1
RES30 >280 0.79 £ 0.02 91+1
RES40 280 1.00 + 0.01 90+1

Quasi-static three-point bending tests were carried out to detect the influence of
recycled material addition on the mechanical properties of the produced samples. From the
flexural stress—strain curves shown in Figure 8a,b and from the results reported in Table 6, it
is possible to observe that the recyclate addition has almost no influence on the mechanical
properties of resol-based samples, which show the same flexural modulus, strength and
strain at break of the virgin resin. In the case of novolac-based samples, it is possible to
notice a limited decrease in the mechanical properties upon recycled material addition, and
this drop is more evident at high recycled content (flexural strength decreases of 20% in
case of NOV40) and for samples produced by using chromium-plated recycled material
(NOV30CR) that shows a flexural strength decrease of around 27%. The different trend
highlighted by novolac and resol samples upon recycled material addition may be related
to the different uncured resin amounts that were detected both in TGA and DSC tests: the
higher uncured resin amount observed for the RES samples (doubled with respect to NOV
samples) is probably the reason behind the higher mechanical properties observed also
upon recyclate addition. On the other hand, the decrease in the failure properties noticed
for NOV30CR sample is probably related to the presence of chromium coating that, as
observed in Figure 5b, presents a weak interfacial adhesion with the phenolic resin matrix.
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Figure 8. Representative flexural stress—strain curves of (a) novolac and (b) resol-based samples
containing different amounts of recycled material.

Table 6. Results of three-point bending tests on the prepared samples.

Sample Flexural Modulus Flexural Strength Flexural Strain
[GPa] [MPa] [%]

NOV 89+0.1 741+ 3.6 0.89 4 0.05
NOV20 85+0.1 61.8 3.0 0.76 £ 0.04
NOV30 85+0.1 64.5 £ 8.5 0.79 £0.11
NOV30CR 85+0.1 54.1+54 0.65 & 0.07
NOV40 83102 59.3+3.8 0.74 4+ 0.08
RES 73£02 762 £4.7 1.15+0.10
RES20 75402 747 £11.5 1.08 £0.19
RES30 75+£0.2 814 £5.6 1.19 £ 0.12
RES40 75£02 770 £0.9 1.11 +£0.03

To evaluate the effect of multiple recycling cycles on the mechanical properties of
novolac and resol samples, three-point bending tests on a selected composition (NOV30)
containing a constant amount (30wt%) of recycled material obtained after 5 and 10 repro-
cessing cycles were performed. From the flexural stress—strain curves shown in Figure 9,
it is possible to observe a modest decrease in the mechanical properties upon multiple
recycling stages. Looking at the results listed in Table 7, it is possible to quantify, with
respect to the virgin material (NOV sample), a decrease in the flexural modulus of 4% and
9%, in the flexural strength of 33% and 41% and in the strain at break of 31% and 35% for
NOV30_5° and NOV30_10° samples, respectively. These drops, higher with respect to
those recorded for the NOV30 sample (—4%, —13% and —11%) are probably caused by the
fact that, starting from the second recycling cycle, the material loses any residual uncured
content and behaves as a completely inert material. Moreover, the further mechanical
performance drop recorded after multiple recycling cycles may be related to the partial
degradation of the resin caused by the reprocessing operations [17]. However, it can be
concluded that the observed losses are not dramatic, and the mechanical features of the
reprocessed material are suitable for the industrial production of components with the
same application as the original ones, even after 10 recycling stages.

3.2. Industrial Production Trials

Industrial production trials were performed using the same procedure and the same
injection moulding instrumentation used for virgin materials. The essential requirement to
be verified was the attainment of the strict aesthetical requirements (no differences with
respect to the original components). For this reason, after preliminary tests, it was decided
to use a lower recyclate amount with respect to lab tests (15 wt%): at higher contents,
despite the functionality being guaranteed, the presence of glare or stain could be detected.
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As it is possible to observe from the representative pictures reported in Figure 10a,b), both
for novolac and resol samples it is not possible to distinguish between the virgin sample
and the one containing recycled material, at least with a recyclate amount of 15 wt%. This
qualitatively confirms the feasibility of the mechanical recycling process at the industrial
level, giving the possibility of a complete re-introduction of the production scraps within
the industrial cycle.

100
—NOV

90 + ——=NOV30

——NOV30_5°

801 NOV30_10°
70 4
60
50
40

30+

Flexure stress (MPa)

20
104

0 - T T T
0.000 0.005 0.010 0.015 0.020
Flexure strain (mm/mm)

Figure 9. Flexural stress—strain curves of novolac samples produced using recycled material subjected
to multiple reprocessing cycles.

Table 7. Results of three-point bending tests on the novolac samples produced using recycled material
subjected to multiple reprocessing cycles.

Sample Flexural Modulus Flexural Strength Flexural Strain
P [GPal [MPa] [%]
NOV 89+0.1 741 +£3.6 0.89 £ 0.05
NOV30 85+0.1 64.5 £ 8.5 0.79 £0.11
NOV30_5° 85+0.1 498+18 0.61 4 0.02
NOV30_10° 81+£0.5 432 £33 0.58 £ 0.06
NOV NOV15 RES RES15

(@)

Figure 10. Representative images of knobs produced upon industrial production trials based on
(a) NOV and NOV15 samples, and (b) RES and RES15 samples.

Future work, on this side, will include the determination of the maximum recy-
cled content for each knob geometry, since different shapes require different injection
moulding parameters with consequent different levels of maximum recycled content that
could be added in the composition, in order to guarantee the satisfaction of the aestheti-
cal requirements.
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3.3. Life Cycle Assessment

The third part of the work regarded the quantification of the potential environmen-
tal benefits arising from the recycling process and was performed through a Life Cycle
Assessment of both NOV and RES knobs, performed using primary data referring to the
industrial production process. The main inputs used for the life cycle inventory are reported
in Table 2.

The absolute values of the environmental impact of NOV and NOV15 knobs are
presented in Table 8. Observing these results, it is possible to notice that the use of recycled
material allows a modest decrease in all the impact categories of around —2/3%. To
understand the limited benefit arising from the addition of 15 wt% of recycled material it
is necessary to observe Figure 11, which shows the relative contribution of the different
production stages to the overall environmental impact. Taking the impact category Climate
change as a reference, it is possible to observe that only 15% of the environmental impact is
caused by the raw materials, while more than 50% is attributed to the chromium coating
applied on the sample surface for aesthetical reasons. Looking at the environmental impact
of RES and RES15 knobs, whose values are reported in Table 9, it is possible to observe
that the substitution of 15 wt% of virgin material with the recycled one allows a general
decrease of around —7/10% on all impact categories. This different behaviour with respect
to novolac knobs can be understood by looking at Figure 11b: in this case, since resol knobs
are not chromium coated, the environmental impact is mainly caused by the raw materials
that, in the climate change impact category, are responsible for more than 40% of the overall
impact. Comparing the NOV and RES knobs, it can be also noted that, despite the lower
mass of NOV knobs (total mass of 15.3 and 51.8 g, respectively), it is characterized by a
very high environmental impact (considering that the mass is around three times lower
the expected climate change value, it should be around 13 g CO, eq instead of 36 g CO; eq).
This difference is mainly caused by the fact that NOV knobs are subjected to a chromium
plating process, while RES knobs are only to an acrylic painting with lower thickness (the
amount of material deposited is around 1.3 g in the case of NOV knob and 0.2 g in case of
RES) and also due to the fact that novolac resin has a higher environmental impact with
respect to resol due to the higher phenol content. In conclusion, the Carbon Footprint
indicator, corresponding to the impact category Climate change, is equal to 36.3 g CO; eq.
for 1 NOV knob and 47.3 g CO; eq. for 1 RES knob. These values can be reduced to —3.8
and —8.1% upon substitution of 15 wt% of virgin material with recycled one within the
production process.

Table 8. Results of the comparative life cycle impact assessment related to the production of 1 knob
based on NOV and NOV15 samples.

Impact Category Unit NOV NOV15 A [%]
Acidification mol H* eq 1.58 x 10 x 1073 1.55 x 1073 —24

Climate change kg CO, eq 3.63 x 1071 3.49 x 107! —3.8
Ecotoxicity, freshwater CTUe 2.38 x 10° 2.17 x 10° —8.8
Particulate matter disease inc. 1.69 x 1078 1.64 x 1078 -25
Eutrophication, marine kg N eq 3.42 x 1074 3.33 x 104 —26
Eutrophication, freshwater kg Peq 1.12 x 1074 1.10 x 1074 -21
Eutrophication, terrestrial mol N eq 340 x 1073 3.32 x 1073 —-2.3
Human toxicity, cancer CTUh 251 x 10~ 2.29 x 1077 —8.7
Human toxicity, non-cancer CTUh 2.94 x 1077 2.83 x 1077 -3.6
Ionizing radiation kBq U-235 eq 3.43 x 1072 3.37 x 1072 -19

Land use Pt 2.05 x 10° 2.00 x 10° -2.1

Ozone depletion kg CFC11 eq 497 x 1077 4.66 x 1077 —6.3
Photochemical ozone formation kg NMVOC eq 1.28 x 1073 1.23 x 1073 —3.7
Resource use, fossils MJ 5.17 x 100 492 x 10° —4.7
Resource use, minerals and metals kg Sb eq 224 x 107° 2.14 x 107° —4.2

Water use

m? depriv. 1.32 x 1071 1.30 x 1071 -1.3
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Figure 11. Group analysis on the life cycle impact assessment results of the industrial production of a
knob based on (a) NOV and (b) RES samples.

The group analysis shown in Figure 11a,b is a useful instrument in order to identify
possible strategies for the reduction in the environmental impact of the two products. In
the case of the production of novolac knobs, the only way to obtain a substantial decrease
in the environmental impact is the identification of alternatives to the current chromium
coating process. It should be noted that the high environmental impact in the Water use
category is related to the use of hydropower as the main source of the energy mix used
by the company and not by the use of water in the production process. In the case of
resol-based knobs, the reduction in the environmental impact is possible through the use
of recycled material (that also has the advantage of reducing the high impact of the waste
treatment) and through the optimization of the production process, with a consequent
reduction in energy consumption.
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Table 9. Results of the comparative life cycle impact assessment related to the production of 1 knob
based on RES and RES15 samples.

Impact Category Unit RES RES15 A [%]
Acidification mol H* eq 1.63 x 1073 1.52 x 1073 —6.2

Climate change kg CO, eq 473 x 1071 435 x 1071 -8.1
Ecotoxicity, freshwater CTUe 3.14 x 10° 2.68 x 10° —14.7
Particulate matter disease inc. 1.74 x 1078 1.63 x 1078 —6.2
Eutrophication, marine kg N eq 443 x 107* 417 x 1074 —5.9
Eutrophication, freshwater kg Peq 7.31 x 107° 6.67 x 107° —8.8
Eutrophication, terrestrial mol N eq 3.69 x 1073 3.46 x 1073 —6.1
Human toxicity, cancer CTUh 4.54 x 1077 3.75 x 107Y -17.3
Human toxicity, non-cancer CTUh 4.35 x 1077 4.05 x 1077 =70
Ionizing radiation kBq U-235 eq 247 x 1072 2.25 x 1072 -9.1

Land use Pt 3.50 x 10° 3.35 x 10° —4.1

Ozone depletion kg CFC11 eq 1.02 x 1078 8.82 x 1077 —-13.2
Photochemical ozone formation kg NMVOC eq 1.66 x 1073 1.51 x 1073 -89
Resource use, fossils MJ 7.27 x 100 6.51 x 100 —10.5
Resource use, minerals and metals kg Sb eq 3.93 x 107° 3.65 x 107° —7.1
Water use m? depriv. 4.83 x 107! 4.78 x 107! -1.0

4. Conclusions

In the present work, various amounts of both novolac and resol phenolic resins ob-
tained from production scrap were mixed with virgin material and used for the production
of knobs for household appliances. From the characterization of samples produced at lab
scale, it was observed that the thermal properties were not influenced by the presence of
recycled material, while from the mechanical tests, it was noticed that amounts up to 30 wt%
of recycled material could be added to the virgin resins without significant impairment
of flexural properties. The production trials performed at an industrial scale highlighted
the feasibility of adding 15 wt% of recycled material, without affecting the production
process and /or compromising the aesthetical quality of the produced knobs. Finally, a com-
parative life cycle assessment performed to quantify the benefits arising from the partial
substitution of virgin material with recycled one highlighted a limited benefit in the case of
novolac base knobs, due to the high impact of the chromium coating applied for aesthetical
reasons. In the case of resol-based knobs, a higher decrease in the environmental impact
(around 7-10% in all impact categories) was highlighted. Considering the very promising
results of this study, further efforts will be focused on the identification of the maximum
recyclate content achievable for each knob configuration produced by the industrial part-
ner and the identification of more environmentally friendly alternatives to the chromium
plating process.

Author Contributions: Conceptualization, F.V.; methodology, EV.; validation, FV,, A.D. and L.P;
formal analysis, EV., A.B., M.S. and L.P; investigation, FEV., A.B.,, M.S. and L.P; data curation, EV.
and M.S.; writing—original draft preparation, F.V.; writing—review and editing, D.R., A.D., L.P. and
A.P; supervision, D.R., A.D., L.P. and A.P; project administration, L.P.; funding acquisition, A.D. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the RIPLAS project (LP 6/99, PAT/RFS067-30/08/2022-
0595576) of the Autonomous Province of Trento (Italy).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author due to confidentiality reasons.

Conflicts of Interest: Matteo Saletti and Alberto Beccaro were employed by the company Nuova
Saimpa Srl. Laura Pasquardini was employed by the company Indivenire Srl. The remaining authors



Polymers 2024, 16, 3378 150f 16

declare that the research was conducted in the absence of any commercial or financial relationships
that could be construed as potential conflicts of interest.

References

1. Xu, Y,; Guo, L.; Zhang, H.; Zhai, H.; Ren, H. Research status, industrial application demand and prospects of phenolic resin. RSC
Adv. 2019, 9, 28924-28935. [CrossRef] [PubMed]

2. Mallick, R.; Vairakannu, P. CO; plasma gasification of bakelite-based electrical switch waste feedstock. J. Clean. Prod. 2023, 423,
138813. [CrossRef]

3. Hirano, K.; Asami, M. Phenolic resins—100 years of progress and their future. React. Funct. Polym. 2013, 73, 256-269. [CrossRef]

4. Mougel, C,; Garnier, T.; Cassagnau, P; Sintes-Zydowicz, N. Phenolic foams: A review of mechanical properties, fire resistance
and new trends in phenol substitution. Polymer 2019, 164, 86-117. [CrossRef]

5. Pilato, L. Phenolic Resins: A Century of Progress; Springer: Berlin/Heidelberg, Germany, 2014. [CrossRef]

6. Park, B.-D.; Ried], B.; Yoon Soo, K.; So, W.T. Effect of synthesis parameters on thermal behavior of phenol-formaldehyde resol
resin. J. Appl. Polym. Sci. 2002, 83, 1415-1424. [CrossRef]

7. Hu, X.-M.; Zhao, Y.-Y.; Cheng, W.-M. Effect of formaldehyde/phenol ratio (F/P) on the properties of phenolic resins and foams
synthesized at room temperature. Polym. Compos. 2015, 36, 1531-1540. [CrossRef]

8.  Astarloa Aierbe, G.; Echeverria, ].M.; Martin, M.D.; Etxeberria, A.M.; Mondragon, I. Influence of the initial formaldehyde to
phenol molar ratio (F/P) on the formation of a phenolic resol resin catalyzed with amine. Polymer 2000, 41, 6797-6802. [CrossRef]

9.  Grenier-Loustalot, M.-F;; Larroque, S.; Grande, D.; Grenier, P.; Bedel, D. Phenolic resins: 2. Influence of catalyst type on reaction
mechanisms and kinetics. Polymer 1996, 37, 1363-1369. [CrossRef]

10.  Grenier-Loustalot, M.-F,; Larroque, S.; Grenier, P. Phenolic resins: 5. Solid-state physicochemical study of resoles with variable FP
ratios. Polymer 1996, 37, 639—-650. [CrossRef]

11. Manfredi, L.B.; de la Osa, O.; Galego Fernandez, N.; Vazquez, A. Structure—properties relationship for resols with different
formaldehyde/phenol molar ratio. Polymer 1999, 40, 3867-3875. [CrossRef]

12.  So, S.; Rudin, A. Analysis of the formation and curing reactions of resole phenolics. |. Appl. Polym. Sci. 1990, 41, 205-232.
[CrossRef]

13. Liu, X,; Li, Y,; Xing, X.; Zhang, G.; Jing, X. Fully recyclable and high performance phenolic resin based on dynamic urethane
bonds and its application in self-repairable composites. Polymer 2021, 229, 124022. [CrossRef]

14. Rigotti, D.; Dorigato, A.; Valentini, f.; Pegoretti, A. Devulcanization parameters and mechanical properties of EPDM/ground tire
rubber compounds. Rubber Chem. Technol. 2023, 96, 114-129. [CrossRef]

15.  Valentini, F; Pegoretti, A.A. End-of-life options of tyres. A review. Adv. Ind. Eng. Polym. Res. 2022, 5, 203-213. [CrossRef]

16. Mohan, R.; Chakrawarthi, V.; Nagaraju, T.V.; Avudaiappan, S.; Awolusi, T.E.; Roco-Videla, A.; Azab, M.; Kozlov, P. Performance
of recycled Bakelite plastic waste as eco-friendly aggregate in the concrete beams. Case Stud. Constr. Mater. 2023, 18, e02200.
[CrossRef]

17.  Zhu, B;; Jiang, X.; Li, S.; Zhu, M. An Overview of Recycling Phenolic Resin. Polymers 2024, 16, 1255. [CrossRef] [PubMed]

18. Jackson, W.M.; Conley, R.T. High temperature oxidative degradation of phenol-formaldehyde polycondensates. J. Appl. Polym.
Sci. 1964, 8, 2163-2193. [CrossRef]

19. Bledzki, A.K.; Goracy, K. The use of recycled fibre composites as reinforcement for thermosets. Mech. Compos. Mater. 1994, 29,
352-356. [CrossRef]

20. Palmer, J.; Ghita, O.R,; Savage, L.; Evans, K.E. Successful closed-loop recycling of thermoset composites. Compos. Part A Appl. Sci.
Manuf. 2009, 40, 490-498. [CrossRef]

21. Liu, Z.F,; Shi, L.; Wu, Z.W.; Zhao, K. Experimental Study on the Recycling Technology of Waste Thermosetting Phenolic Resin
Based on Mechanical and Physical Method. Adv. Mater. Res. 2012, 482484, 2445-2449. [CrossRef]

22. Hu,]; Dong, H.; Song, S. Research on Recovery Mechanism and Process of Waste Thermosetting Phenolic Resins Based on
Mechanochemical Method. Adv. Mater. Sci. Eng. 2020, 2020, 1384194. [CrossRef]

23. Groning, M.; Eriksson, H.; Hakkarainen, M.; Albertsson, A.-C. Phenolic prepreg waste as functional filler with antioxidant effect
in polypropylene and polyamide-6. Polym. Degrad. Stab. 2006, 91, 1815-1823. [CrossRef]

24. Bernardeau, E; Perrin, D.; Caro, A.-S.; Benezet, ].-C.; Ienny, P. Valorization of waste thermoset material as a filler in thermoplastic:
Mechanical properties of phenolic molding compound waste-filled PP composites. |. Appl. Polym. Sci. 2018, 135, 45849. [CrossRef]

25. Zhang, L, Liang, S.; Chen, Z. Influence of particle size and addition of recycling phenolic foam on mechanical and flame retardant
properties of wood-phenolic composites. Constr. Build. Mater. 2018, 168, 1-10. [CrossRef]

26. ASTM D1525-17el; Standard Test Method for Vicat Softening Temperature of Plastics. ASTM: West Conshohocken, PA, USA, 2017.

27. ASTM D2240-15; Standard Test Method for Rubber Property—Durometer Hardness. ASTM: West Conshohocken, PA, USA, 2021.

28. ISO 1209-2:2007; Rigid Cellular Plastics—Determination of Flexural Properties. Part 2: Determination of Flexural Strength and
Apparent Flexural Modulus of Elasticity. ISO: Geneva, Switzerland, 2007.

29. UNI EN 15804:2021; Sostenibilita delle Costruzioni—Dichiarazioni Ambientali di Prodotto—Regole Quadro di Sviluppo per
Categoria di Prodotto. UNI: Milan, Italy, 2021.

30. Plastic Europe. Plastics—The Facts 2022; Plastic Europe: Brussels, Belgium, 2022.


https://doi.org/10.1039/C9RA06487G
https://www.ncbi.nlm.nih.gov/pubmed/35528406
https://doi.org/10.1016/j.jclepro.2023.138813
https://doi.org/10.1016/j.reactfunctpolym.2012.07.003
https://doi.org/10.1016/j.polymer.2018.12.050
https://doi.org/10.1007/978-3-642-04714-5
https://doi.org/10.1002/app.2302
https://doi.org/10.1002/pc.23060
https://doi.org/10.1016/S0032-3861(00)00044-6
https://doi.org/10.1016/0032-3861(96)81133-5
https://doi.org/10.1016/0032-3861(96)83151-X
https://doi.org/10.1016/S0032-3861(98)00615-6
https://doi.org/10.1002/app.1990.070410118
https://doi.org/10.1016/j.polymer.2021.124022
https://doi.org/10.5254/rct.23.77949
https://doi.org/10.1016/j.aiepr.2022.08.006
https://doi.org/10.1016/j.cscm.2023.e02200
https://doi.org/10.3390/polym16091255
https://www.ncbi.nlm.nih.gov/pubmed/38732725
https://doi.org/10.1002/app.1964.070080516
https://doi.org/10.1007/BF00617160
https://doi.org/10.1016/j.compositesa.2009.02.002
https://doi.org/10.4028/www.scientific.net/AMR.482-484.2445
https://doi.org/10.1155/2020/1384194
https://doi.org/10.1016/j.polymdegradstab.2005.11.012
https://doi.org/10.1002/app.45849
https://doi.org/10.1016/j.conbuildmat.2018.01.173

Polymers 2024, 16, 3378 16 of 16

31.

32.

33.

34.

35.

36.

37.

38.

Confederation of European Pulp Industries. Key Statistics 2022 European Pulp & Paper Industry; Confederation of European Pulp
Industries: Brussels, Belgium, 2020.

Solyman, W.S.E.; Nagiub, HM.; Alian, N.A.; Shaker, N.O.; Kandil, U.F. Synthesis and characterization of phenol/formaldehyde
nanocomposites: Studying the effect of incorporating reactive rubber nanoparticles or Cloisite-30B nanoclay on the mechanical
properties, morphology and thermal stability. J. Radiat. Res. Appl. Sci. 2017, 10, 72-79. [CrossRef]

Lochte, HW.,; Strauss, E.L.; Conley, R.T. The thermo-oxidative degradation of phenol-formaldehyde polycondensates: Thermo-
gravimetric and elemental composition studies of char formation. J. Appl. Polym. Sci. 1965, 9, 2799-2810. [CrossRef]

Heron, G.F. Polymers, Pyrolysis of a Phenol-Formaldehyde Polycondensate. In High Temperature Resistance and Thermal Degradation
of Polymers; Society of Chemical Industry: London, UK, 1961; pp. 21-23.

Puglia, D.; Manfredi, L.B.; Vazquez, A.; Kenny, ].M. Thermal degradation and fire resistance of epoxy—-amine—phenolic blends.
Polym. Degrad. Stab. 2001, 73, 521-527. [CrossRef]

Kmita, A.; Benko, A.; Roczniak, A.; Fraczek-Szczypta, A.; Holtzer, M. Pyrolysis of organic ester cured alkaline phenolic resin:
Identification of products. J. Anal. Appl. Pyrolysis 2018, 129, 6-12. [CrossRef]

Dante, R.C.; Santamaria, D.A; Gil, .M. Crosslinking and thermal stability of thermosets based on novolak and melamine. J. Appl.
Polym. Sci. 2009, 114, 4059-4065. [CrossRef]

Shaghaghi, S.; Beheshty, M.H.; Rahimi, H. Preparation and Rheological Characterization of Phenolic/Glass Prepregs. Iran. Polym.
J. 2011, 20, 969-977.

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


https://doi.org/10.1016/j.jrras.2016.12.003
https://doi.org/10.1002/app.1965.070090814
https://doi.org/10.1016/S0141-3910(01)00157-4
https://doi.org/10.1016/j.jaap.2017.12.014
https://doi.org/10.1002/app.31114

	Introduction 
	Materials and Methods 
	Materials 
	Samples Preparation 
	Methods 
	Lab Scale Characterization 
	Industrial Production Trials 
	Life Cycle Assessment (LCA) 


	Results and Discussion 
	Lab Scale Characterization 
	Industrial Production Trials 
	Life Cycle Assessment 

	Conclusions 
	References

