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Abstract: Waste recycling is a solution that reduces the environmental impact of waste landfilling or
incineration. The aim of this paper is to investigate both the effect of incorporating recycled fibers
obtained by defibrating 50/50 hemp /rPP nonwoven waste and the effect of the compatibilizer on
the properties of composite materials. Composites incorporating 50% and 100% recycled fibers were
treated with 2.5% and 5% maleated polypropylene (MAPP), respectively, and compared to both
the untreated composites and the composite obtained by thermoforming from the nonwovens that
generated the waste. The incorporation of 50% and 100% recycled fibers into composites decreased
the tensile strength by 17.1-22.6%, the elongation at break by 12.4-20.1%, the flexural strength by
6.6-9%, and flexural modulus by 10.3-37%. The addition of 5% MAPP showed the greatest im-
provements in mechanical properties of composites containing 100% recycled fibers, as follows:
19.2% increase in tensile strength, 3.8% increase in flexural strength, and 14.8% increase in flexural
modulus. Thermal analysis established that at temperatures ranging between 20 °C and 120 °C,
the composites were thermally stable. SEM analysis revealed good coverage of the reinforcing
fibers, and EDX analysis confirmed the presence of the compatibilizing agent in the structure of the

composite material.

Keywords: nonwoven waste; recycling; recycled polypropylene; hemp reinforcement; composite
material; compatibilization; MAPP

1. Introduction

In recent years, the usage of composite materials in the furniture industry has evolved
continuously due to their benefits over traditional materials such as wood, metal, and plas-
tics. Composite materials are very attractive for the furniture industry because they offer
great flexibility in the geometrical and aesthetical design of three-dimensionally shaped
products [1-4]. The combination of different possible reinforcements and matrices provides
composite materials with a wide range of properties that are suitable for their end use
(chairs, stools, tables, shelves, cupboards, sofa frames, racks, etc.). Composite materials
for furniture applications have been obtained using different reinforcement fibers, both
natural and synthetic, such as carbon [5], glass [6], hemp [7-9], flax [10], jute [11], kenaf [12],
coir [13-15], oil palm [16,17], banana [18], and wood [19-21]. Nowadays, carbon and
fiberglass reinforcements are increasingly being replaced by natural fibers that make com-
posite materials environmentally friendly [22-25], sustainable [26-29], lightweight [30-32],
and affordable [33-36], in addition to providing good mechanical properties [37-40].

Composite materials that contain 50% hemp fibers as reinforcement and 50% recycled
polypropylene (rPP) as a matrix were produced by thermoforming by a Romanian furniture
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manufacturing company. The selected materials allow for the manufacturing of good-
quality sustainable products for a low price. Traditionally, the structural frame of an
upholstered furniture product is made of wood. Due to the environmental and economic
benefits, wood is being increasingly replaced by composite material. Compared to wood,
which has a long production cycle, hemp plants, which provide the reinforcing fibers
for the composite material, are harvested annually. Moreover, the hemp production per
hectare is higher than the average yearly wood production. Therefore, by replacing wood
with composite materials in the furniture industry, the human pressure on forests can
be reduced, with significant environmental benefits concerning climate regulation and
pollution prevention [41].

Hemp fibers are lignocellulosic fibers extracted from the stem of the Cannabis Sativa
plant through stem retting, drying, and crushing, followed by scutching and hackling of
fiber bundles [42]. Hemp is an environmentally friendly renewable resource that is easily
available, cheap, and biodegradable and characterized by good mechanical properties and
low density (compared to synthetic fibers) [43,44]. The properties of hemp fibers confer a
considerable potential for their use as a reinforcement agent in polymer matrix composite
materials. The waste consisting of short hemp fibers removed in the scutching /hackling
process represents a valuable source of raw material that can be used in composite material
manufacturing [45,46].

Polypropylene (PP) is a recyclable thermoplastic polymer with a share of 19.4% in
the demand of European plastics converters in 2019 [47]. Due to its properties, such as
low density, low price, good processability, good corrosion, and impact and abrasion resis-
tance, polypropylene is used in many applications in packaging, the textile and automotive
industries, building and construction, agriculture, and the electrical and electronics in-
dustries [47]. Taking into account that polypropylene is widely used in the packaging of
products with a short lifespan, a large amount of polypropylene waste is generated after the
product’s life cycle has ended. A part of this waste is recycled, but the major part is either
discarded in landfills or incinerated for energy recovery purposes. This waste disposal
method results in environmental pollution, with harmful consequences for humans and
biosystems. The increase in PP waste recycling reduces the environmental impact, brings
economic benefits, and ensures a circular economy. In order to obtain rPP fibers, the PP
waste goes through the following steps: collection, sorting, shredding, washing, melting
and extrusion into pellets/flakes/granules, remelting, and extrusion into fibers [48-50]. Nu-
merous researchers have studied the structure and properties of rPP fibers and their use in
several applications, either as matrix in composites or as reinforcement in concrete [51-61].

The problem associated with natural fiber-reinforced polypropylene composites is a
low compatibility between hydrophilic fibers and the hydrophobic matrix, which leads to
poor adhesion at the matrix—fiber interface and therefore to poor mechanical properties
of the composite materials. In order to overcome this disadvantage, the properties of the
reinforcing fibers can be modified by physical modification techniques, such as corona,
plasma, and alkali treatments, or by chemical modification techniques, such as esterification-
based treatments (acetylation, propionylation, or benzylation), graft polymerization, use
of silane coupling agents, and treatment using isocyanates [62,63]. The polypropylene
matrix can also be modified by grafting maleic anhydride (MAPP), glycidyl methacry-
late, and trimethylolpropane triacrylate or by surface peroxidation with heterofunctional
polyperoxides [64-70].

The manufacturing process of hemp fiber-reinforced recycled polypropylene compos-
ites generates waste in the form of nonwoven fabric scraps. This category of waste can
be recycled and used within the same manufacturing process in the furniture industry
or in other industries for the production of various products. The possibility of using
different forms of textile waste in the production process of polymeric composites process
has been investigated by several authors [71-78]. The results of these studies showed
that composites that contain textile waste can be used in several applications, such as the
automotive, building and construction, and furniture industries.
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The aim of this research was to investigate the possibility of recycling hemp /rPP
nonwoven waste into thermoformed composites for upholstered furniture products. The
50/50 hemp/rPP nonwoven waste resulted from the cutting process of nonwoven fabrics
according to the pattern outline in the fabrication process of 3D composites for furniture
applications. The nonwoven waste was defibrated, and the resulting recycled fibers were
reintroduced in new nonwovens using reincorporation rates of 50% and 100%. The novelty
of this work lies in the recycling of nonwoven waste within the same manufacturing process
that generated it. Thus, the length and thickness of the reinforcing hemp fibers could be
examined before and after the nonwoven recycling process. Since the length of recycled
fibers is shorter than the length of original fibers, it is expected that the mechanical proper-
ties of the composite materials obtained by thermoforming of nonwovens that incorporate
recycled fibers would deteriorate. To compensate for this supposed depreciation of the
composite mechanical properties, an MAPP compatibilizing agent was used to improve
the interaction between the recycled reinforcement fibers and the matrix. The obtained
composites were evaluated in terms of mechanical and thermal properties (TG, DTG, and
DSC), surface morphology, and chemical analysis (SEM and EDX).

2. Materials and Methods
2.1. Materials

In the composite materials, recycled polypropylene was used as the matrix, and hemp
fibers were used as reinforcement. The rPP fibers were supplied by TAPARO Company
(Targu Lapus, Romania) and had the following characteristics: 9.9 dtex linear density,
25.2 cN/tex tenacity, 142.9% breaking elongation, 82.2 mm mean length, and 8.2 g/10 min
melt flow index (at 230 °C/2.16 kg). Hemp fibers of 15.8 tex linear density and 38.9 cN/tex
tenacity were purchased from Hempflax Europe (Pianu de Jos, Romania) and were cut to
60 mm using a cutting machine.

Recycled fibers resulting from the defibration of 50/50 hemp /rPP nonwoven scraps
were reincorporated into new nonwovens from which composites were obtained. These
fibers differed from the reference fibers in length, as the defibration of the nonwovens
resulted in fiber shortening. Nonwoven defibration may also affect the fineness of hemp
fibers because of the separation of the bundles of elementary fibers from the technical
hemp fibers.

Since the characteristics of the reinforcing fibers influence the mechanical properties of
the composites, the length of both raw and recycled hemp fibers was measured. Single-fiber
length measurement was the technique used to determine the length distribution of hemp
fibers tested before and after recycling. The fibers were stretched using tweezers along
a millimeter scale. Two hundred measurements were performed for each sample. The
thickness of raw and recycled hemp fibers was measured using a Mesdan Analyzer 2000
microscope (Puegnago sul Garda, Italy). Fifty fibers were analyzed. Because of variations
in thickness along the fiber, multiple measurements were averaged for each fiber.

Maleic anhydride-grafted PP Polybond 3200 from Crompton Corporation (Middlebury,
CT, USA) supplied by S.C Prociv SRL (Bucharest, Romania) was used to improve the
compatibility between the matrix and the reinforcing fibers.

2.2. Manufacturing of the Composite Materials

The Romanian furniture manufacturing company uses thermoforming to produce 3D
furniture pieces from composite materials. Thermoforming is a composite manufacturing
technique that allows for a high content of reinforcing fibers and a high production rate [79].
The production process consists of the following steps: manufacturing of 50/50 hemp /rPP
nonwoven fabrics, overlapping and cutting of nonwoven fabrics as per the shape of the
pattern, heating of fibrous mat pieces in a hot press, transferring of the heated material to
a mold, pressing, and cooling. The cutting step generates up to 20% waste in the form of
nonwoven scraps that can be recycled into the same product in the same manufacturing
process, making the overall process more sustainable and greener.
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In the experiments, the nonwoven waste was cut on a cutting machine and defibrated
using an opening machine. The recycled fibers consisting of 50% hemp and 50% rPP were
reintroduced in new nonwovens proportions of 50% and 100%, respectively. The manufac-
turing process of nonwoven fabrics consisted of fiber opening and blending, aerodynamic
web formation, and mechanical web consolidation by needle punching. Six layers of rectan-
gular nonwovens were pressed between the heating plates of the thermoforming machine
in order to obtain composite plates. When laying the nonwovens, the layers were alternated
according to the direction of punching (longitudinal and transversal). The thermoforming
parameters were set as follows:

- Temperature: 190 °C;
- Pressure: 0.735 MPa;
- Pressing time: 15 min;
- Cooling time: 10 min.

Since defibration of nonwoven waste affects the length of recycled fibers, a decrease
in the tensile strength of the composites that contain such fibers is expected. In order
to counteract the effect of recycled fiber shortening on the mechanical properties of the
composites, 2.5% wt and 5% wt of MAPP compatibilizer was used. The granules were
ground with a ball mill and sieved between layers 2-3 and 4-5 of the nonwoven stack
(Figure 1).

MAPP

rPP

—

Mechanical Thermoforming

L
consolidation

d —

Nonwoven material Nonwoven stack

Composite material

Hemp
Figure 1. Flow chart of the composite manufacturing process.

Table 1 shows the composition and the coding of the manufactured composite variants.

Table 1. Experimental variants.

Variant Code Composition
V1 50% hemp /50% rPP
V2 100% recycled fibers from V1 nonwoven waste
V2.1 97.5% V1 recycled fibers/2.5% MAPP
V2.2 95% V1 recycled fibers/5% MAPP
V3 50% V1 recycled fibers/25% hemp /25% rPP
V3.1 47.5% V1 recycled fibers/25% hemp /25% rPP/2.5% MAPP
V3.2 45% V1 recycled fibers/25% hemp /25% rPP /5% MAPP

2.3. Mechanical Properties

Both flexural and tensile tests of composite materials were carried out on an LBG
testing machine (Azzano San Paolo, Italy). The length of the specimens for tensile testing
was 250 mm, and the width was 25 mm, according to the EN 326-1 standard. Tensile
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test parameters were established according to ISO 527-4 standard as follows: 2 mm/min
crosshead speed and 150 mm distance between clamps. The dimensions of the specimens
for the 3-point flexural test were determined according to the specifications of the ISO
14125 standard. The specimen width was 15 mm, and the length was set depending
on the specimen thickness. The cross-head speed used during the flexural tests was
2 mm/min. Five specimens were tested to determine the tensile and flexural properties of
the composite materials.

2.4. Thermal Properties

The thermal degradation of rPP, hemp fibers (H), and hemp/rPP composite materials
was studied by thermogravimetric analysis (TGA) using a Mettler Toledo TGA /SDTA 851
balance (Columbus, OH, USA). The weight of the samples ranged between 2 and 5 mg.
The samples were subjected to heating in the temperature domain from 25 °C to 700 °C
under a constant flow of nitrogen of 20 mL/min using a heating rate of 10 °C/min.

Differential scanning calorimetry (DSC) was used to determine the melting and crys-
tallization temperatures of rPP fibers and hemp/rPP composite materials. The analysis
was performed on a Mettler-Toledo DSC1 822e calorimeter (Columbus, OH, USA). The
samples, weighing approximately 5 mg each, were placed in 40 pL aluminum crucibles
and were scanned from —60 °C to 200 °C. The first heating stage was followed by cooling
and then by a second heating stage in the same temperature range. All three thermal stages
were conducted at a constant rate (10 K/min) under a constant nitrogen flow rate (150
mL/min). The heating—cooling-heating cycle of the samples allows for the determination
of the crystallization and melting temperature and crystallization and melting enthalpy.
The crystallinity of the composite materials (Xc (%)) was calculated using Equation (1) [80]:

AH
X (%) = —AHf) 100, @
f

where AH; is the enthalpy of fusion per unit mass of the PP calculated based on the area
under the melting peak of the composite, and AH? is the enthalpy per unit mass of the
100% crystalline PP, with a value of 207 J /g [80].

2.5. Surface Morphology and Chemical Analysis (SEM and EDX)

The surface morphology of composite materials was analyzed through a Quanta 200
(FEI) scanning electron microscope (SEM) (Hillsboro, OR, USA) operating at an accelerating
voltage of 20 kV with secondary electrons in low vacuum mode. The microscope was
coupled with an energy-dispersive X-ray (EDX) system for chemical analysis and elemental
analysis mapping.

3. Results and Discussions
3.1. Fiber Characteristics

Figure 2 presents the fiber length distribution of hemp fibers tested before and
after recycling.

It can be seen that the length distribution of hemp fibers changed considerably
after nonwoven waste recycling. The average length of hemp fibers decreased from
57.8 &+ 36.7 mm (before recycling) to 24.8 £ 13.9 mm (after recycling) due to the mechanical
actions to which the fibers were subjected during waste cutting and opening. This repre-
sents a significant decrease (—57.09%) in hemp fiber length after recycling. In the raw hemp
fiber sample, fibers much longer than the cut length of 60 mm were found in a tangled
position. After recycling, the highest frequency was recorded in the 20-25 mm length class,
while before recycling the highest frequency was found in the 40-50 mm length class.
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Figure 2. Frequency histograms of hemp fiber length tested (a) before recycling and (b) after recycling.
Figure 3 shows the thickness distribution of hemp fibers tested before and after recycling.
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Figure 3. Frequency histograms of hemp fiber thickness tested (a) before recycling and (b) after recycling.

Technical fibers are made up of bundles of elementary fibers (cells) glued together
by the middle lamella. During processing, coarse technical fibers are divided into finer
fibers. This behavior explains why the average thickness of hemp fibers decreased from
223.5 + 101.8 um (before recycling) to 174 £ 77.5 um (after recycling), representing a
decrease of 22.15%. The recycled fibers had variable thicknesses ranging from 37 pum to
433 um, from fine to coarse fibers. The fiber aspect ratio (length/thickness) of the recycled
hemp fiber was 142.5, which is much higher than 10, which is considered the minimum
value for a good transmission of stress [81].

Figure 4 shows the images of raw and recycled hemp fibers. In the raw hemp sample,
compact fibers (Figure 4a), fibers with split ends (Figure 4b), and fibers with compact ends
and split bundles between ends could be found (Figure 4c). The recycled hemp fibers
showed the same appearance as raw hemp fibers (Figure 4d—f).

3.2. Mechanical Properties

The tensile strength and the breaking elongation of the manufactured composites are
shown in Figure 5.

As shown in Figure 5a, compared to the tensile strength of composite material V1,
which is the reference for comparison, the use of recycled fibers to obtain nonwoven fabrics
led a reduction in the tensile strength of the composite materials. Thus, a loading of 50%
recycled fibers reduced the tensile strength of the composite material by approximately
17.1% (V3), while a loading of 100% recycled fibers decreased the tensile strength of the
composite by 22.6% (V2). This reduction in the tensile strength of the composites with



Sustainability 2023, 15, 3635 7 of 20

increasing recycled fiber content can be explained by the deterioration in fiber characteristics
that occurred in the opening process of the nonwoven waste. The addition of MAPP
compatibilizer resulted in an increase in tensile strength of both V2 and V3 composite
materials. Thus, in the case of the V2 composite material, the addition of 2.5% MAPP led
to an increase in tensile strength of 6.2%, from 20.8 MPa to 22.1 MPa (V2.1), while the
incorporation of 5% MAPP caused a higher increase of 19.2%, from 20.8 MPa to 24.8 MPa.
This increase in tensile strength of composites treated with MAPP can be explained by the
improvement in the interfacial adhesion between the reinforcing hemp fibers and the rPP
matrix [82] due to the formation of covalent ester bonds between the anhydride groups of
MAPP and the hydroxyl groups of the hemp surface [83].

Figure 4. Images of raw hemp fibers (a—c) and recycled hemp fibers (d—f) at 128 x magnification.

35 4.00
a b

o ] (a) s (b)
© X T
S 25 - S 3.0
= ® 250
% 20 - &
] S 200 -
= 15 (o]
5 @ 150 -
[} —
T 107 _S;‘E 1.00 -
IO—J 5 4 (=) 0.50 -

o 0.00 -

Vi V2 V2.1 V2.2 V3 V3.1 V3.2 Vi V2 V2.1 V2.2 V3 V3.1 V3.2
Variant Variant

Figure 5. Tensile strength (a) and breaking elongation (b) of composite materials.
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Figure 5b shows the breaking elongation of the investigated composite materials. It
can be seen that the use of recycled fibers causes a decrease in the elongation at break of
the composite materials. Compared to the elongation at break of the V1 composite, the
elongation at break decreased by 12.4% for the V3 variant (50% recycled fibers) and by
20.1% for the V2 variant (100% recycled fibers). An explanation for this behavior may be the
deterioration of the elasticity of the fibers caused by the mechanical actions to which they
were subjected during defibration of the nonwoven waste [84]. The elongation at break
of composite materials increased along with the increase in MAPP content. This result is
consistent with the findings of Saad [83] and can be explained by the plasticizer role of
MAPP [85,86]. Plasticizer separates the rPP chains and reduces the intermolecular forces
between them. Thus, the rPP chains can move more easily in relation to one another [87].
Chun et al. reported a decrease in the elongation at break of composites along with an
increase in the MAPP content due to the mobility restriction of the PP chains as a result
of the improvement in the interfacial adhesion between the matrix and the reinforcing
fibers [88]. They also noticed the plasticizing effect of MAPP at concentrations higher
than 5%.

The flexural strength of the composite materials is presented in Figure 6a. The reincor-
poration of recycled fibers into nonwovens leads to a decrease in the flexural strength of
the composites, mainly due to the reduction in the length of the hemp reinforcing fibers
induced by nonwoven waste reprocessing. Thus, the incorporation of 50% recycled fibers
diminished the composite flexural strength by approximately 6.6% (V3), while incorpora-
tion of 100% recycled fibers reduced the composite flexural strength by 9% (V2). Adding
MAPP to the composites improved the interfacial bonding between the reinforcing hemp
fibers and the polymer matrix, and this led to an increase in flexural strength of the com-
posites. However, the increase in flexural strength of MAPP-treated composites was less
than 4%.

5000
(a) 5 (b) T
= 4000 - T
T T T 3 T
2 3000 -+
9]
€
T 2000 -
3
3
= 1000 -
O -
Vi V2 v2.1 Vv22. V3 Vv31l V3.2 Vi V2 V21 V22, V3 V31l V32
Variant Variant

Figure 6. Flexural strength (a) and flexural modulus (b) of composite materials.

Figure 6b presents the flexural modulus of the analyzed composites. As the content
of the recycled fibers into composites increases, the flexural modulus decreases due to the
deterioration of fiber characteristics during reprocessing. The flexural modulus of V3 (50%
recycled fibers) and V2 (100% recycled fibers) composite variants decreased by 10.3% and
37%, respectively, compared to the flexural modulus of the V1 variant. The addition of
MAPP improved the flexural modulus of the composites containing recycled fibers (+14.8%
maximum increase for the V2.2 variant) without reaching the value of the flexural modulus
of the V1 composite material (4045 MPa).

3.3. Thermal Properties

The thermal behavior of rPP, hemp (H), and the obtained composite materials was
studied by thermogravimetry. The analyzed samples were subjected to a dynamic heating
cycle (according to Section 2.4). The obtained thermogravimetric curves are shown in
Figures 7-9.
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Figure 7. Graphs of thermogravimetric curves (a) and DTG (b) obtained for hemp fibers, rPP, and
composite materials.
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Figure 8. Graphs of thermogravimetric (a) and DTG (b) curves obtained for the composite materials
from V2 variants.
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Figure 9. Graphs of thermogravimetric (a) and DTG (b) curves obtained for the composite materials
fromV3 variants.

Tonset (°C), Tpeak (°C), and Tengset (°C) temperatures were automatically determined
from the thermogravimetric diagrams obtained with the device using a Mettler Toledo
TGA/SDTA 851.
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Table 2 shows the main values extracted from these graphs, such as Tonget (°C), Tpeak
(°QC), Tendset (°C), and mass loss (%).

Table 2. Thermogravimetric parameters of fibers and composite materials.

Mass L
Sample Stage Tonset (°C) Tpeak €O Tendset CC) “?f/o) 088
I 30 52 85.05 7.5
Hemp, 100% 11 303 359 377 54.74
I 377 446 499 11.31
rPP, 100% I 3515 423.94 448.96 89.33
I 31 61.79 65.81 5.8
V1 I 321 355 369 16.9
I 405 465.6 483.37 65.08
I 50.43 70.76 103.75 47
V2 I 3255 355 369.4 13.72
I 428.67 464.6 484.6 62.54
I 70.84 75.6 111.65 16
V2.1 1I 309.4 355.14 412.62 29.58
I 466.97 507.33 534.31 58.22
I 26.07 59.62 65.79 45
V2.2 I 330.91 353.24 365.52 21.13
I 407.54 4324 461.89 58.60
I 27.71 69.76 113.80 46
V3 I 326.5 355.83 371.62 13.73
I 419.4 4617 479.7 70.68
I 31.81 70.10 114.40 442
V3.1 I 334.94 359.66 371.65 15.48
I 406.81 455.16 478.09 65.89
I 33.34 61.11 103.90 440
V3.2. I 327.84 359.49 374.28 17.6
I 43129 466.72 485.66 63.29

Figures 7-9 present the TG and DTG thermograms of hemp reinforcing fibers, rPP
fibers, and composite materials. The TG thermogram of hemp fiber indicates a mass loss
of 7.3% for the temperature range of 41 °C to 149 °C. This mass loss can be explained by
the moisture evaporation at the surface of hemp fibers. As temperature further increased
between 149 °C and 303 °C, small mass losses were registered (7.06%). In the temperature
domain between 303 °C and 376 °C, because of the degradation of cellulose and hemicellu-
lose, the highest mass loss of 57.7% was recorded (maximum degradation rate at 359 °C).
Above 376 °C, further mass loss was registered because of lignin degradation [89].

In the DTG curve, the peak at 55 °C was caused by hemp fiber moisture evaporation,
and the steep peak at 559 °C was caused by the degradation of cellulose and lignin. The
peak at 446 °C is associated with degradation of cellulose, lignin, and PP [90,91].

The TG curve of the recycled polypropylene fiber shows a maximum degradation of
the fiber in the temperature range of 351 °C to 448.96 °C, with a mass loss of 98.14%. The
DTG curve indicates that the maximum rate of degradation of the fiber took place at a
temperature of 423.94 °C.

During the heating process, the transformations of composite materials take place in
three stages. In the first stage, the moisture evaporates from the composite material. The
highest mass losses were recorded for the V1 variant (5.8% in the temperature range of
31-65.8 °C, with a maximum at 61.7 °C). For the other materials, the mass losses were very
close—between 4.7% (for V2 variant) and 4.4% (for V3.2 variant)—and the temperatures
did not vary much, ranging between 61.79 °C (for V1) and 59.62 °C (for V2.2).
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In the second stage, the temperatures at which degradation was maximum were
around 355°C for all the analyzed materials, and the mass loss was between 13.73% for the
V3 variant and 29.58% for the V2.1 variant.

In the third stage, the mass loss was high, ranging between 58.22% (for the V2.1
variant, reaching a maximum at 507.33 °C) and 70.68% (for the V3 variant at the maximum
temperature of 461.7 °C).

Mass losses were higher for the V3 variant (50% recycled fibers) compared to the V2
variant (100% recycled fibers) (Figures 8 and 9 and Table 2). The addition of the MAPP
compatibilizer led to a slight decrease in the thermal stability of the composite material.

The analysis of DTG curves indicates that the V1, V2, and V3 composite materials
showed a similar behavior. The first stage in the range of 54-120 °C corresponds to the loss
of moisture, the peak at 355 °C corresponds to the degradation of hemp, the peak at 393 °C
can be assigned to the degradation of lignin, and the peak at about 465 °C corresponds
to rPP degradation. The temperature range indicated for the use of this composite is
20-120 °C, where mass losses are minor.

DSC analysis allowed for the determination of crystallization temperature (T.), crys-
tallization enthalpy (AHj.), melting temperature (Tr,), and melting enthalpy (AHg,,) of the
investigated samples. The obtained data are presented graphically in Figures 10-12 and
Table 3.

The total crystallinity of the composite material was calculated with Equation (1).
Analysis of the data presented in Table 3 indicates that:

e  The melting temperatures of the composite materials containing recycled fibers (V2
and V3) are higher than the melting temperature of the V1 composite material and
lower than the melting temperature of the rPP matrix;

e  With the addition of a compatibilizer, the melting temperatures decreased slightly
along with the increase in the amount of MAPP;

e  The crystallization temperatures of V2 and V3 composites are lower than the crystallization
temperature of V1 composite material and higher than that of the 100% rPP matrix;

o  The difference between the crystallization temperature of rPP and the crystallization
temperatures of the obtained composite materials is approximately 4.5 °C, varying
between 117.54 °C and 122.25 °C;

e  With the addition of a compatibilizing agent (MAPP), the crystallization temperatures
of the obtained composite materials show a slight increase compared to the untreated
materials; the crystallization temperature also increases along with the increase in
the concentration of the compatibilizer. This fact confirms that the hemp fibers acted
as nucleating agents, and consequently, the rPP in the composite materials began to
crystallize at temperatures higher than 117.54 °C, with the surface of the hemp fibers
constituting crystallization centers for the polymer matrix [92].

In all analyzed cases, the crystallinity of the composite materials was lower than the
crystallinity of the rPP matrix.

3.4. Surface Morphology and Chemical Analysis (SEM and EDX)

Different magnitudes were used to capture images of the composite materials. At
100x magnification, the images show a multidirectional orientation of the reinforcing hemp
fibers in the composites (Figure 13a). Both the way the nonwovens were layered in the mold
and the random orientation of the hemp fibers in the nonwovens give the composites fairly
similar mechanical properties, regardless of the direction of the applied stress. Furthermore,
as indicated by Figure 13a, the hemp fibers are uniformly distributed and well-embedded
in the polymeric matrix. Some regions with poor adhesion of the matrix to the fibers
could be observed, especially in the case of composites that were not treated with MAPP
(Figure 13b). Such local fiber-matrix detachment may affect the structural strength of
the composites.

The MAPP-treated composites show a good coverage of the reinforcing fibers and a
good adhesion at the fiber-matrix interface (Figure 13c). Some images showed the presence
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of microvoids in the matrix structure (Figure 13d). Due to the hydrophilicity of hemp fibers,
water molecules inside the microfibrils may gasify at the high temperatures of the forming
process and produce voids in the composite material [93]. As shown by the TG thermogram
the hemp fiber, a mass loss of 7.3% occurred due to moisture evaporation. The presence of
voids can result in the degradation of the mechanical properties of the composites.
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Figure 10. DSC (heating process) curves (a) and DSC (cooling process) curves (b) for hemp fibers,
rPP, and composite material variants.
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Figure 11. DSC (heating process) curves (a) and DSC (cooling process) curves (b) for V2 composite
material variants.
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One of the most effective ways to improve the polymer matrix-reinforcement material
interactions is the use of coupling agents. Functionalization with MAPP facilitates the
chemical reactions between components such as polypropylene and hemp fibers (used
as reinforcements), increasing the adhesion at the interfaces and implicitly improving the
mechanical and thermal properties of the composite due to the formation of new bonds
between the components. [82,94]. The reactions that take place are shown schematically in

Figure 14.
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Figure 12. DSC (heating process) curves (a) and DSC (cooling process) curves (b) for V3 composite
material variants.
Table 3. DSC data for rPP and hemp /rPP composite materials.
First Heating Cooling Second Heating
Sample T * AHgm, T AHg Xc Tm ** AHp, Xc
O (J/g) Q) (J/g) (%) Q) (J/g) (%)
rPP 100% 156.52 49.53 117.54 93.73 45.28 168.87 81.82 39.52
V1 164.22 39.55 122.04 40.06 19.35 163.89 42.05 20.31
V2 164.20 47.81 120.69 57.47 27.76 165.10 51.22 24.74
V.21 164.37 34.57 121.07 39.16 18.92 163.37 32.57 15.73
V22 162.89 27.87 121.69 38.04 18.76 162.22 30.07 14.53
V3 165.47 43.05 119.94 51.96 25.10 165.81 48.97 23.65
V3.1 165.49 38.06 120.79 45.68 22.06 165.49 40.76 19.69
V.3.2 165.28 48.57 122.25 57.27 27.67 164.11 51.96 25.10

* First heating; ** second heating.

The results of the EDX analyses for the examined samples are shown in Figure 15. Five
determinations were made at various points on the surface of each analyzed composite
material. The average values of the weight percentages (Wt.%) and the atomic percentages
(At%) of the elements from each analyzed sample were determined.
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Figure 13. SEM images of (a) V1 composite (100x), (b) V2 composite (1000x), (c) V 3.2 composite
(200x), and (d) V3 composite (2000x).
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Figure 14. Scheme of the reaction between the hydroxyl groups on the surface of the hemp fiber, rPP,
and MAPP.

The higher values of the O/C ratio for the samples treated with MAPP (Figure 14b,c.e,f),
which increase along with the increase in MAPP concentration, confirm the presence of the
compatibilizer in the analyzed composite materials.
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Figure 15. EDX elemental analysis of composite materials V2 (a), V2.1 (b), V2.2 (c), V3 (d), V3.1 (e),
and V3.2 (f).

4. Conclusions

The increasing use of composites in the furniture industry has led to the need to
consider the environmental issues generated by waste disposal in the new product develop-
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ment process. Waste recycling reduces the environmental impact of waste disposal, lowers
the cost of products, conserves resources, and closes the loop in the circular economy.

This research investigated the possibility of recycling hemp/rPP nonwoven waste
resulting from the cutting stage in the manufacturing process of 3D composites for uphol-
stered furniture products. Nonwoven scraps were defibrated, and the resulting recycled
fibers were reincorporated into new nonwovens from which composites were obtained by
thermoforming. The recycling process of nonwoven waste resulted in a 57.09% reduction
in hemp fiber length and a 22.15% reduction in hemp fiber thickness. The effect of recy-
cled fiber content (50% and 100%) and MAPP content (2.5% and 5%) on the mechanical
and thermal properties of composite materials was studied. This study showed that the
mechanical properties of composite materials decreased with increasing recycled fiber
content and increased with increasing MAPP content. Thus, the incorporation of 50% and
100% recycled fibers into composites decreased the tensile strength by 17.1-22.6%, the
elongation at break by 12.4-20.1%, the flexural strength by 6.6-9%, and flexural modulus
by 10.3-37%. The addition of 5% MAPP showed the greatest improvements in mechanical
properties for composites containing 100% recycled fibers, as follows: 19.2% increase in
tensile strength, 3.8% increase in flexural strength, and 14.8% increase in flexural modulus.
Thermogravimetric analysis of the composite materials indicated that the recommended
temperature range for composite applications is 20-120 °C, where mass losses are minor.
The incorporation of recycled fibers from nonwoven waste into composites leads to an
increase in the melting temperature and a decrease in the crystallization temperature. The
crystallinity of the composite materials is lower than the crystallinity of the rPP matrix.
SEM images prove a good adhesion between the rPP matrix and hemp reinforcement in
the case of composite materials treated with MAPP. EDX analyses confirm the presence of
the compatibilizing agent in the structure of the treated composite materials.

Composite materials containing up to 50% recycled fibers from nonwoven waste
treated with 5% MAPP can be used successfully in furniture applications.
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