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Abstract: For this present paper, we performed a life-cycle analysis and an evaluation of the mechani-
cal properties of an epichlorohydrin/cardanol adhesive in a neat and a nano-filled form. Six different
potentials and the cost of the adhesives were derived and compared with those of a commercial
epoxy resin. Overall, the neat adhesive was found to be more environmentally friendly and to have a
lower production cost. However, the addition of carbon nanotubes increased both the environmental
footprint and the cost. The evaluation with regards to the mechanical properties was performed
through a comparison of bulk properties and joint properties with the respective average values of
commonly used structural and nonstructural adhesives from the literature. It was found that for all
properties except for the Young’s modulus the novel adhesive had values greater than the average
values of the cosmetic adhesives and for most properties it had values close to the average values of
the structural adhesives. Moreover, the presence of the carbon nanotubes enhanced the mechanical
properties of the adhesive except for the tensile strength.

Keywords: bio-based adhesive; life-cycle analysis; cost analysis; mechanical characterization

1. Introduction

In the last decades, the application of bio-based polymers in the form of bulk materials,
matrix and adhesives has been expanding very fast in the aerospace [1-3] and the automo-
tive industries [4]. On the other hand, as the bioeconomy is thriving, bio-based products
are used progressively in numerus applications in various fields and draw the attention of
the researchers. Natural resource-based polymers are still a small fraction of the overall
global plastics market. Nevertheless, the global interest in biomass-based polymers has
grown in recent years due to the need of the industry to be independent from fossil fuels.

Several studies have been conducted in the past on the environmental impact of
epoxy resins [5-7]. The environmental issue that arises is the environmental cost that is
incurred during their production. The life cycle analysis of an epoxy resin is based on
the production of the resin itself. This is because, after the curing process of an epoxy
adhesive, the resin is inactivated and can be characterized as a typical plastic. Like any
other curable epoxy resin, bio-based adhesives cannot be reused. Thermosetting resins, like
the epichlorohydrin/cardanol adhesive, cannot be remolded and used in the same way
again. After their service life, epoxy resins and adhesives usually do not find themselves
useful in a compelling application [8].

The most typical and frequent way to reuse cured epoxy resins is through body
recycling. This means that a cured epoxy resin body (which may be a composite material or
part of a plastic body) is pulverized or crushed and that it can be used as reinforcement or as
an additive to create a new structure [9]. This technique could be applied in the production
of asphalt, concrete, construction of composite materials, furniture, or construction of
plastic structures such as trash cans, mailboxes, etc.

Efforts are recently being made to break down and recover the monomers that make
up an epoxy resin, once it has been hardened, by various chemical treatments [10-12].
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However, the most promising technique is that of the extensive hydrolysis [13,14], in which
no chemicals harmful to humans and the environment are used. In this way it is possible to
recover the monomers of an epoxy resin and reuse them. It is therefore vital to compare
the environmental impacts of the production of an epoxy petroleum-based resin (as a
reference resin) with the environmental impacts of the production of a bio-based resin
(epichlorohydrin/cardanol adhesive) in order to draw conclusions about the environmental
impact of the novel bio-based adhesive.

In the literature, no significant works have been reported on the synthesis and pro-
duction of bio-based structural adhesives. This is mainly due to the evidence that the
mechanical properties of bio-based adhesives degrade when exposed to a humid environ-
ment [15]. Most of the existing bio-based adhesives are destined to medical applications and
usually are biodegradable and biocompatible. Research on bio-based structural adhesives is
focused on the development of soya-based adhesives for wood applications [15-18]. Lignin,
starch, cellulose, and natural oils have been also used for the production and reinforce-
ment of bio-based adhesives. Ceseracciu [19] suggested the development of biodegradable
elastomers and adhesives using starch. Khanjanzadeh [20] used lignin and cellulose for
reinforcing a wood adhesive. Scarica [21] synthesized a layered adhesive using lignin.
Finally, a series of efforts have been reported [22-24] to synthesize adhesives from natural
oils. However, the produced materials are not totally bio-based and they do not have the
required properties.

In [25], the authors of the present paper produced and characterized a novel bio-based
adhesive made from epichlorohydrin and cardanol. The main sources of epichlorohydrin
are propylene and glycerin. Since glycerin is plant-based, the production of epichlorohy-
drin from glycerin (or glycerol) is cost-efficient and also environmentally friendly. The
glycerin to epichlorohydrin process is more energy-efficient, due to simpler chemical proce-
dures, and there are no hazardous wastes to deal with. Cardanol is a chemical compound
produced from anacardic acid, which is found in the cashew nutshell liquid. Given that the
bio-based polymers are prone to environmental conditions, in [26], the effects of hygrother-
mal ageing on the mechanical properties of the epichlorohydrin/cardanol adhesive have
been characterized experimentally by subjecting bulk specimens and bonded joints to the
conditions of 70 °C/RH85% until saturation and then testing them mechanically. It was
found that the epichlorohydrin/cardanol adhesive is prone to hygrothermal ageing since
its bulk properties are considerably decreased. However, this is not the case for the shear
strength measured from single-lap shear tests on aged, bonded specimens. In [27], the
epichlorohydrin/cardanol adhesive was filled by multiwalled carbon nanotubes (CNTs)
aiming to enhance its mechanical properties, thus making it more suitable for structural
applications. The reinforcement efficiency was tested by means of dynamical mechanical
analysis (DMA) tests, tension tests, fracture toughness tests on bulk specimens and single-
lap shear (SLS) tests on bonded specimens. The morphology of the CNT-filled adhesive
was characterized by scanning electron microscopy (SEM) tests. The results from the tests
show that the presence of the CNTs increases the glass transition temperature, the Young’s
modulus and the fracture toughness of the reinforced bio-based adhesive, while it decreases
its tensile strength.

For the present paper, we performed a life cycle analysis (LCA) by evaluating the envi-
ronmental impact from the production of the bio-based adhesive through the consideration
of six key impact categories, namely the abiotic depletion potential (ADP), the acidification
potential (AP), the eutrophication potential (EP), the ozone depletion potential (ODP), the
photochemical ozone creation potential (POCP), and the global warming potential (GWDP)
and we derived the production cost of the bulk adhesive and of adhesive joints. In addition,
we evaluated the mechanical properties of the bio-based adhesive by using definitions of
“structural adhesives” from the literature and by comparison with average properties of a
series of widely used cosmetic and structural adhesives.
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2. Materials

The bio-based adhesive was synthesized using three components, an epoxy resin, an
epoxy hardener, and an epoxy diluent. The epoxy resin was based on epichlorohydrin,
which was produced from plant-based glycerin. The trade name of the epoxy resin is
EnviPOXY 530 (Spolchemie, Usti nad Labem, Czech Republic) [28]. EnviPOXY 530 resin is
environmentally friendly with a very high recyclable content. The hydrochloric acid (HCI)
content is less than 0.03%. It does not contain any modifiers (to optimize its properties)
and has received an environmental product declaration (EPD). The cardanol hardener
used to make the adhesive is branded as NX-2003. The hardener NX-2003 (Cardolite Co.,
Cardolite, Belgium) does not contain traces of solvents and benzyl alcohol and is a purely
phenalkamine hardener. The epoxy based cardanol solvent used to make the adhesive is
branded as NC-513 (Cardolite Co., Belgium). It was used in the production of the adhesive
in order to make it more flexible. The solvent does not contain solvents.

3. Methodologies
3.1. Overview of Mechanical Testing

The neat adhesive and the MWCNT-doped adhesive were experimentally character-
ized in [25] and [27], respectively, by conducting a series of mechanical tests. Specifically,
the bulk properties of the adhesives were measured by tension tests which were conducted
according to the ASTM D638-14 standard, Mode-I fracture toughness tests which were
conducted according to the ASTM D5045-14 standard, and dynamic mechanical analysis
(DMA) tests, whereas the joining properties of the adhesives were measured by single-
lap shear (SLS) tests comprised from aluminum and composite adherends which were
conducted according to the ASTM D5868-01 standard. The average experimental values
from these tests will be presented in the comparison made with respective values from the
literature in Section 4.2.

3.2. LCA

This study evaluates the environmental impact of the epichlorohydrin/cardanol ad-
hesive on the basis of a comparison with a reference epoxy resin for which data were
taken from [5]. The environmental impact of carbon nanotubes on the CO, growth and
global warming potential is also considered. An important parameter for the future use
of bio-based epoxy resins is their production cost, compared to an epoxy resin from fos-
sil fuels. In the present analysis, the production cost of the bio-based adhesive and the
nano-reinforced adhesive were calculated and compared to that of the epoxy reference
resin from [5]. The environmental data for the EnviPOXY 530 epoxy resin were obtained
from Spolchemie’s environmental impact research [28], while the data on the NC-513 epoxy
solvent and NX-2003 hardener were provided by Cardolite Co. The calculation of the
environmental potentials was performed according to the ISO 14025: 2006 [29] and ISO
14,040 [30] standards for the EnviPOXY 530 epoxy resin and the NC-513 epoxy solvent,
while for the NX-2003 hardener according to the standard. ISO 14,040 [30].

To summarize, all data for the LCA and the cost analysis for the neat bio-based
adhesive and the CNT-filled bio-based adhesive were drawn from [28] and Cardolite Co.,
while the data for the reference epoxy resin from [5].

The environmental potentials of the epichlorohydrin/cardanol adhesive were calcu-
lated using the following equation:

Aj=(k-P)+(r-Zi)+(d-E)0<krd<l M)

where A; is the environmental potential of the bio-based adhesive, k is the content of the
epoxy resin EnviPOXY 530 in the adhesive mixture, P; is the environmental potential of the
epoxy resin,  is the hardener content of NX-2003 in the mixture, X; is the environmental
potential of the hardener, d is the epoxy solvent content of NC-513 in the adhesive mixture,
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and E; is the environmental potential of the epoxy solvent. The values of the parameters of
Equation (1) are listed in Tables 1-5.

Table 1. Parameter values of the abiotic depletion potential.

Parameter Value 1
K 0.55
Py 1.02 x 107 kg Sb-Eq 87.7 MJ
R 0.31
P 1.47 x 10~7 kg Sb-Eq 7.24 kg Sb-Eq
d 0.13
Ey 3.85 x 10~7 kg Sb-Eq 19.5 kg Sb-Eq

Table 2. Parameter values of the acidification.

Parameter Value 2
k 0.55
P, 2.08 x 1072 kg SO2-eq
r 0.31
P 3.53 x 1073 kg SO2-eq
d 0.13
Ey 8.94 x 10~* kg SO2-eq

Table 3. Parameter values of the eutrophication potential.

Parameter Value 3
k 0.55
P3 1.29 x 1072 kg Phosphate-eq
r 0.31
33 1.47 x 1073 kg Phosphate-eq
d 0.13
E; 2.84 x 1073 kg Phosphate-eq

Table 4. Parameter values of the ozone depletion potential.

Parameter Value 4
k 0.55
Py 1.93 x 10~7 kg CFCl1-eq
r 0.31
4 4.12 x 1078 kg CFCl1-eq
d 0.13

E4 1.05 x 10~7 kg CFCl11-eq
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Table 5. Parameter values of the photochemical ozone creation potential.

Parameter Value 5
k 0.55
Ps 1.52 x 1072 kg ethene-Eq
r 0.31
s 1.38 x 10~* kg ethene-Eq
d 0.13
Es 1.05 x 10~* kg ethene-Eq

For the purpose of this research and the study of the environmental impact of the
nano-reinforced resin, results from the literature were used. In particular, for the carbon
dioxide emissions for carbon nanotubes, the data of carbon nanofibers were used as they
have a similar method of preparation and similar environmental effects [31-34].

The global warming potential of the nano-reinforced epichlorohydrin/cardanol adhe-
sive was calculated as a function of its components according to the following equation:

A6:(k~P6)—|-(1"Z6)—|—(d~E6)+(U'N)0<k,1’,d<1 2)

where Ag is the global warming potential, k is the epoxy resin content of EnviPOXY 530
in the adhesive mixture, Py is the global warming potential of the epoxy resin, r is the
NX-2003 hardener content in the adhesive mixture, X¢ is the global warming potential
of the hardener, d is the content of epoxy solvent NC-513 in the adhesive mixture, Eg is
the global warming potential of the epoxy solvent, v is the carbon nanotube content in
the adhesive, and N is global warming potential of carbon nanotubes. The values of the
parameters of Equation (2) are given in Table 6.

Table 6. Parameter values of the global warming potential.

Parameter Value 6
k 0.55
Pg 5.14
r 0.31
P —-2.31
d 0.13
Eg -1.11
v 0.50/0 10/0 20/0
N 6.80E+02

3.3. Production Cost

An important parameter for the extensive use of the bio-based adhesive is the pro-
duction cost compared to a common epoxy resin. The production cost of the adhesive is a
function of the energy used to produce it. The cost of 1 kWh can be considered equal to
0.114 euros [35]. The energy of adhesive’s production in kWh can be considered equal to
0.34 kg CO,/kWh [24]. Based on the global warming potential in kg CO, emissions, the
production cost of the reference epoxy resin was calculated compared to the bio-based one
according to the following equation:

K=E-Kg 3)

mCOz eq

GWPigo = E- —

4)
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where K is the cost of production of an epoxy resin per kilo, E is the kWh/kg of resin
produced, Kk is the cost of one kWh, GWP100 is the global warming potential of epoxy
resin, mCOyeq/kWh is the mass of the carbon dioxide to produce one kWh.

The cost of producing aluminum joints per kilo of bio-based adhesive was studied. The
cost of producing aluminum adhesives with the adhesive was compared to the reinforced
carbon nanotube adhesive.

The cost of the joints is related to the process in man-hours and the cost of materials
used. The cost of one hour of work was considered 27.7 €/h [36], the average price of
the European Union. The cost of the materials used is listed in Table 7 and the cost of the
procedure is shown in the following equation:

Ks = K +k- KL ©)

where Kj is the cost of producing the joints, Kj; is the cost of materials, k is the labor rate in
hours, K| is the cost of one man-hour.

Table 7. Cost of materials.

Materials Cost (€/kg)
NaOH 30
Phosphoric acid 50
Deionized water 2
CNTs 700

3.4. Evaluation of Mechanical Properties

In the second part of the study, the mechanical properties of the bio-based adhesive
were evaluated aiming to assess the suitability of the adhesive for cosmetic and structural
applications. According to Bernd Burchard [37], “a structural adhesive can be defined as any
adhesive that meets the requirements for its application and use in a specific component”.
Therefore, it is up to the engineer to use any adhesive as a structural adhesive, solely on
the basis of the ability of the adhesive to carry the loads that may develop in the joint.
Hollaway [38] lists some of the characteristics which an epoxy structural adhesive should
theoretically has. According to his research, if an epoxy adhesive is within these limits, it
could be characterized as an adhesive for structural applications.

Usually, the mechanical behavior of an adhesive is usually characterized by the mod-
ulus of elasticity, the tensile strength, the fracture toughness and the shear strength of
the adhesive (shear strength could be calculated from metal or composite material joints).
Another important factor for the evaluation of a structural adhesive is its thermomechan-
ical properties. The glass transition temperature (Tg) of a structural adhesive is a basic
indication of the operating temperature range of the adhesive. All these properties have
been evaluated for the neat and nano-filled bio-based in [12] and [14], respectively.

For the sake of completeness of the paper, the following tables are presented with the
basic properties of some commercial adhesives, so that during the evaluation of the proper-
ties of the bio-based adhesive, to enable comparison with the available adhesives. Table 8
lists the tensile strength and glass transition temperature of the structural adhesives [39-41],
Table 9 lists the fracture toughness of the structural adhesives and Table 10 lists the shear
strength of the structural adhesives [39-41]. The average value for the Young’s modulus of
commercial structural adhesives was estimated at 3.45 GPa [39-41].
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Table 8. Tensile strength and glass transition temperature of structural adhesives.

Structural Adhesive Tensile Strength (MPa) Glass Transition Temperature (C°)
AV 8504 50.33 130.0
EPI 200 51.71 55.30
EPI 300 53.78 70.00
EA 9309 32.20 61.00
EA9330 38.60 57.00

EA 9330.3 42.00 54.00
EA 9395 55.60 73.00
EA960F 15.20 66.00

EA 9309NA 31.00 53.00
EA 9394S 46.00 78.00
EA 9309.2 37.20 79.00
Mean Value: 41.24 70.57

Table 9. Fracture toughness of structural adhesives.

Structural Adhesive Kic (MPa-mY2)
MY750 1.254
CY 230/HY 951 1.028
Epon828/Dicyandiamide 1.220
W635/EC57 1.190
EC57 Elantas® Camattini 1.200
Epon828 2.170
Mean Value: 1.34

Table 10. Lap shear strength of structural adhesives.

Structural Adhesive Lap Shear Strength (MPa)
AV 8504 12.76
EPI 100 34.47

EPI 1210/9615 17.24
EPI 1210/9861 19.31
EPI 1217 17.24
EPI 1534 20.68
EPI 1544 17.93
EPI 1559 18.62
EPI 1565 6.89
EPI 200 19.10
EPI 300 28.96
EPI 8000 26.89
EPI 8543 13.79
FAST 10 19.31
EA 9309,3 38.00

EA9330 34.50
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Table 10. Cont.

Structural Adhesive Lap Shear Strength (MPa)
EA 9330,3 39.30
EA 9395 29.70
EA960F 15.20
EA 9359,3 31.00
EA 9394 28.90
Mean Value: 23.32

An attempt was also made to determine the typical mechanical properties of an
adhesive for nonstructural applications, which are admittedly weaker than those used for
structural applications in the automotive and aerospace industries. Tables 11-15 show
typical property values of adhesives for nonstructural applications provided by Huntsman

International LLC [39] and Henkel Corporation [40].

Table 11. Young’s modulus of nonstructural adhesives.

Nonstructural Adhesive Young’s Modulus (GPa)
AW 136H/HY991 21
E-05CL HYSOL 1.9
Araldite® LY 564 2.1
Mean Value: 2.0

Table 12. Tensile strength of nonstructural adhesives.

Nonstructural Adhesive Tensile Strength (MPa)
AW 136H/HY991 42
E-00NS HYSOL 12
E-90FL HYSOL 13
Mean Value: 22

Table 13. Glass transition temperature of nonstructural adhesives.

Nonstructural Adhesive Glass Transition Temperature (C°)
AW 136H/HY991 55
E-00NS HYSOL 35
E-90FL HYSOL 30
Mean Value: 40

Table 14. Fracture toughness of nonstructural adhesives.

Nonstructural Adhesive Kjc (MPa-m'/2) Reference
DER 661 0.57 30
RTM6 0.61 31
Araldite® LY 564 0.68 32
Epikote 828/HD-Acc43 1.52 33
Epikote 828/HN-2200R 2.77 33

Mean Value: 1.23
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Table 15. Lap shear strength of nonstructural adhesives.

Nonstructural Adhesive Lap Shear Strength (MPa)
AW 136H/HY991 13
AY105-1/HY998 14
E-00NS HYSOL 11
3035 2.5
E-90FL HYSOL 5.5
Mean Value: 9.2

4. Results
4.1. Results of the LCA

Figures 1-8 compare the ADP, the AP, the EP, the ODP, the POCP, and the GWP of the
epichlorohydrin/cardanol adhesive with those of the reference epoxy resin. The ADP is
reduced by 267% in terms of equivalent amount of antimony (Figure 1a) and by 176% in
terms of energy (Figure 1b). The AP is reduced by 204% in terms of equivalent amount of
SO, (Figure 2). The EP is increased by 44% in terms of equivalent amount of PO3 (Figure 3).
The ODP is reduced by 275% in terms of equivalent amount of CFC-11 (Figure 4). The
POCP is increased by 185% in terms of equivalent amount of C;Hy (Figure 5). The GWP
of the neat bio-based adhesive is decreased by 345% in terms of CO, emissions but when
the bio-based adhesive is filled by CNTs its GWP increases. For 0.5 wt% CNTs, the GWP
increases by 174% compared to that of the neat bio-based and for 2 wt% CNTs by 694%,
which is 349% above the GWP of the reference resin.

3x10° 4 1,5x10?

2x10°° 1,010 A

1x10° 5,0x10" 4

Abiotic depletion potential (kg Sb-Eq)
Abiotic depletion potential (MJ)

0,0

T T T T
Reference epoxy resin  Bio-based adhesive Reference epoxy resin  Bio-based adhesive

(a) (b)
Figure 1. Comparison of ADP (a) kg-Sb-Eq, (b) MJ.

4,0x10

w
(<
X
oy
o
5

3,0x102
2,5x1072
2,0x102

1,5x102 4

1,0x102 4

Acidification potential (kg SO,-eq)

5,0x10°

0,0

T T
Reference epoxy resin  Bio-based adhesive

Figure 2. Comparison of AP in terms of equivalent amount of SO,.
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8,0x10°®

6,0x10°®

4,0x10°° A

Eutrophication potential
(kg Phosphate-eq)

2,0x10°

0,0 T T
Reference epoxy resin  Bio-based adhesive

Figure 3. Comparison of EP in terms of equivalent amount of PO3.

6x107

5x107

4x107 4

3x107

2x107 4

1x107

Ozone depletion potential (kg CFC11-eq)

0 T T
Reference epoxy resin  Bio-based adhesive

Figure 4. Comparison of ODP in terms of equivalent amount of CFC-11.

1,00x107

7,50x10°% 4

kg Ethene-Eq)

=

5,00x10°%

Photochemical ozone

2,50x10° 4

creation potential

0,00

T T
Reference epoxy resin  Bio-based adhesive

Figure 5. Comparison of POCP in terms of equivalent amount of CpHy.

As shown in Figure 8, the production cost of the bio-based adhesive (0.65 €/kg) is
lower by 77% than the production cost of the reference resin (2.9 €/kg). Furthermore,
Figure 9 compares the production cost of the aluminum adhesive joints bonded with the
neat, the nano-filled bio-based adhesive and the reference epoxy resin. As can be seen,
whereas the joints bonded with the neat bio-based adhesive has a lower cost than the joints
bonded with the reference epoxy resin, the addition of CNTs increases the cost of the joints
significantly. With increasing the content of the CNTs from 0.5 to 2%, the production cost of
the aluminum joints compared to the cost of the reference epoxy resin increases from 44 to
51%. The deviation in the comparison of the cost of materials (Figure 8) and the cost of the
joints (Figure 9) is attributed to the application cost. Specifically, there is an increased cost
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in the production of the joints in the present work compared to [5] due to the low degree of
automation, and the higher application of human-driven processes.

1,0x10" 5

8,0x10°

6,0x10°

4,0x10° -

2,0x10°

Global warming potential (Kg CO,-eq)

0,0

T T
Reference epoxy resin  Bio-based adhesive

Figure 6. Comparison of GWP between the neat bio-based adhesive and the reference epoxy in terms
of CO, emissions.

20

Global warming potential (Kg CO,-eq)
S

L [

T T T
Reference 0% CNTs 0.5% CNTs 1% CNTs 2% CNTs
epoxy resin

Figure 7. Comparison of the GWP between the neat, the nano-filled bio-based adhesive and the
reference epoxy in terms of CO, emissions.

34

N
1

Production cost (€/Kg)

T T
Reference epoxy resin  Bio-based adhesive

Figure 8. Comparison of the production cost of the bio-based adhesive and the reference epoxy resin.
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T T T T T
Reference 0% CNTs 0.5% CNTs 1% CNTs 2% CNTs
epoxy resin
Figure 9. Comparison of the production cost of the adhesive joints bonded with the neat, the
nano-filled and the reference epoxy resin.

Although a direct comparison of the present LCA findings with similar findings from
would be very useful, this is not possible due to the lack of data in the literature. Among
the few existing works on LCA of bioadhesives, the two most representative are presented
in brief in the next paragraph.

McDevitt and Grigsby [42] have used LCA to compare the impact of two adhesive
systems used for a medium density fiberboard. Adhesives made from a theoretical protein—
lignin-composite and petrochemical feedstocks were investigated. Eco-indicator 99, a single
score sustainability impact assessment method was applied. The calculations reveal that the
bioadhesive composed only of bio-based ingredients has a 22% lower life cycle impact than
the adhesive from petrochemical origin. Arias et al. [43] have environmentally analyzed the
production of four different bio-adhesives as alternatives to the most conventional fossil
resins used in the production of wood panels. The bio-adhesives proposed for analysis
derived from different available renewable bio-polymers such as protein (soy) and lignin
(Kraft and Organosolv), as well as tannin. The production systems were evaluated from
a cradle-to-gate perspective using the life cycle assessment methodology, with the aim of
identifying critical parameters and comparing them with fossil substitutes. Their results
showed that the soy-based and tannin-based bio-adhesive had an overall better profile
than fossil resins, identifying the production of polyacrylamide for the former, and the
production of condensed tannin and glyoxal for the latter, as the main environmental
hotspots. Yang and Rosentrater [44] explored the potential environmental impacts and
economic feasibility of pressure-sensitive bioadhesive (PSA) produced from the reversible
addition-fragmentation chain transfer polymerization process. A detail process model of
pressure sensitive bio-adhesive was developed in order to thoroughly understand both
economic and environmental impacts of this production process. Life cycle assessment
results showed that the overall environmental impact of bio-adhesive was ~30% lower
compared to the petro-adhesive’s production process.

After a qualitative comparison with the works of [42—44], it can be concluded that the
epichlorohydrin/cardanol adhesive developed in the present work presents a similar or
lower improvement of the environmental impact compared to the other bio-based adhesives.

4.2. Results of the Mechanical Evaluation of the Bio Adhesive

Figure 10 compares the mechanical properties of the neat bio-based adhesive and the
CNTs-filled adhesive with the average properties of structural and nonstructural adhesives
(cosmetic) taken from the literature. It is noted that in all cases the average mechanical
properties of the structural adhesives are higher than those of the nonstructural adhesives.
The Young’s modulus of both novel adhesives is lower than the Young’s modulus of the
nonstructural adhesives. The tensile strength and the fracture toughness of both novel
adhesives are larger than those of the structural adhesives. The LSS of aluminum and
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Kic MPam'? Young's Modulus (GPa)

Lap-shear strength of aluminum

composite joints and the Ty of both adhesives are in between the respective values of
structural and nonstructural adhesives with the exception of the LSS of composite joints
bonded with the CNTs-filled bio-based adhesive which is higher than the value of the
similar joints bonded with commercial structural adhesives.
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Figure 10. Comparison of mechanical properties of the neat and CNTs-filled bio-based adhesive with
the average properties of structural and nonstructural (cosmetic) adhesives. (a) Young’s modulus:
five specimens were tested, (b) tensile strength: five specimens were tested, (c) Kjc: three specimens
were tested, (d) glass transition temperature: one specimen was tested, (e) lap-shear strength of
aluminum joints: five specimens were tested, (f) lap-shear strength of composite joints: specimens
were tested.

5. Conclusions

In this study, a two-stage final evaluation of a novel bio-based adhesive in a neat and a
CNT-filled form was performed. The first stage comprised an LCA and a cost analysis. The
results show that the neat bio-based adhesive had overall a lower environmental impact
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compared to a commercial reference epoxy resin as it led to lower values of all potentials
except for the POCP and the EP. The addition of CNTs into the adhesive increased its
environmental impact as it led to a significant increase of the GWP and the greenhouse
effect. The negative effect was enhanced with increasing the CNTs content; the addition of
1 wt% CNTs led to the same levels of environmental impact with the epoxy reference resin.
Furthermore, the new bio-based adhesive had a significantly lower production cost than the
reference epoxy resin (77%). However, this advantage also started to diminish when CNTs
were added. In the second stage, a detailed evaluation of the mechanical properties of both
novel adhesives was performed through a comparison with average property values of
structural and nonstructural adhesives. It was found that the neat and the CNT-filled bio-
based adhesives had a low Young’s modulus and high strength properties and they can be
used for all cosmetic applications. Moreover, the CNT-filled adhesive can be also used for
some structural applications which do not require high-stiffness and high-strength joining.
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