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Highlights

e Devulcanization based on a combined thermo-mechanical and microwave
treatments has been suggested as an efficient way to recycle EPDM elastomeric
waste

e Horikx plot show that the combined process is more specific that the
thermomechanical, acting more selectively on the disulfide bonds.

e The statistical analysis indicates the difference in efficiency of the combined
treatment founding that BPO has more influence in the devulcanization than
the effect of the temperature

e This study provides a new and effective way to recycle EPDM and shows great
application potentials.
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ABSTRACT

Ethylene-propylene-diene rubber (EPDM) is a elastomer widely used in common
industrial applications. EPDM can be shaped into sheets and employed as isolating
material for roofing systems. In this study, scraps of EPDM from commercial, industrial
and residential roofing systems were treated by combined thermo-mechanical and
microwave devulcanization processes including peroxide of benzoyl (BPO). The
devulcanized EPDM (Dev-EPDM) was characterized by cross-link density, Horikx plot,
sol fraction content, SEM and TGA analysis. In order to assess the effect of the
different factors implied (type of devulcanization process, temperature and amount of
BPO), the Fractional Factorial Design (FFD) method has been applied. The obtained
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results show that, when thermo-mechanical and microwave methods are combined,
produce an intense devulcanization effect. It was also found that the presence of BPO
has significative influence in the devulcanization and that the effect of the
temperature is related to the amount of BPO.

1. Introduction

Ethylene-propylene-diene monomer (EPDM) was introduced to the market of
synthetic rubbers in 1963, and nowadays is one of the most used synthetic rubbers. It
has found application in automotive (profiles, hoses, and seals), building and
construction, cable and wire insulation, and appliances for a wide variety of molded
articles. According to EPDM Market Size, Share & Trends Analysis Report by
Application [1], over the period between 2016 and 2024, the development of the
EPDM market will continue expanding, basically linked to the growth of the
automotive industry. There are other key end-use industries that will also promote
growth opportunities for the global EPDM market in the next few years. The EPDM
market for the plastics (polymer modification) and construction industries will expand
up to 5.2% and 5.5% CAGRs (compound annual growth rate), respectively, from 2016
to 2024. Part of this growth is related to the progressive replacement of other
synthetic rubbers like SBR, NBR or BR by EPDM, due to its excellent properties. EPDM
has high resistance to UV radiation, ozone, temperature and aging, presents high
flexibility and elongation over 300% at wide temperature conditions, showing a good
performance in building applications across different climate conditions worldwide.

Despite being an inert material with limited environmental impact, EPDM is used in a
cross-linked form and this feature makes its recycling difficult. One of the effective
industrial-scale  methods for the reuse of EPDM waste is the
reclaiming/devulcanization. During the devulcanization process, the three-dimensional
network of cross-linked rubber is broken by means of thermal, mechanical or chemical
energy. The devulcanization of elastomer wastes is suitable for the production of new
elastomeric materials by mixing the devulcanized product with fresh synthetic or
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natural rubber. An industrial method for EPDM recycling have been proposed by
Mohaved et al. [2]

Formela et al. have studied different thermomechanical processes to reclaim ground
tire rubber (GTR) by means a co-rotating extruder [3]. They have also reclaimed GTR at
ambient temperature, in order to reduce the energy costs, using a two-roll mill [4] or
by means of a mechano-chemical method using road bitumen 160/220, which was
used as reactive plasticizer, combined with microwave radiation [5,6]. In order to
reclaim/devulcanize GTR and industrial elastomers, many additional methods have
been proposed, including other thermomechanical and microwave treatments [7,8],
thermomechanical methods with dual function disulfide chemicals [9],
thermomechanical utilizing silane-based tetrasulfides as devulcanizing agents [10,11],
ultrasound processes [12,13], supercritical CO, [14], or microbial [15,16].

Microwave radiation constitutes an interesting and efficient technology to reclaim
elastomeric materials at low temperature in a short processing time. The use of
microwaves allows a controlled thermal degradation in a process of high efficiency
combined with environmentally-friendly features. Compared to other heating methods
based on convection or conduction, microwaves permit a precise and fast increase of
the temperature inside the heated material, generated by dipole rotation, ionic
conduction and interfacial polarization (Maxwell-Wagner effect) [17-19].

The application of microwaves (MW) to the devulcanization of rubber has also
drawbacks: i) the rubber must be free of metals impurities and ii) some rubbers like
EPDM are non-polar and non-affected by the microwave radiation. In this last case, the
presence of a microwave absorbent like carbon black induces the heating of non-polar
rubbers as demonstrated by several researchers. Kleps et al. [20] investigated the
effect of microwave exposure time on structural changes in different elastomeric
vulcanizates samples (NR, SBR, EPDM), using TGA as a characterization technique to
analyze the crosslinking changes and the efficiency of devulcanization method. Colom
et al. [21] analyzed by FTIR the effect of MW treatment on three different types of
GTR, the obtained results indicate a strong correlation between the content of SiO, in
the GTR and the achieved degree of devulcanization concluding that the presence of
silica fillers improves microwave devulcanization efficiency. Formela et al [22] have
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reported the recent progress in microwave treatments of vulcanized rubbers with
different compositions. Special attention is devoted to the correlation between
microwave processing parameters and devulcanization efficiency.

In order to analyze the degree of devulcanization related to the selective breaking of
the crosslinking S-S bonds compared to the scission of the main polymeric chains, the
Horikx plot can be very useful, allowing the comparison between different
devulcanization processes. Sawairi et al. [23] used a Horikx plot to evaluate the ratio
between random to cross-link scission in thermo-mechanical devulcanization of NR
and EPDM, analyzing the influence of temperature and concentration of the
devulcanization agent. Fabiula et al. [24] studied the chemical modifications and
thermo-oxidative degradation of the GTR by microwaves as a function of the exposure
time and found that NR phase of the GTR is more degraded than the SBR phase.

The present work is focused on waste rubber recycling as a continuation of the
authors’ research in this field [25-27]. In order to move a step forward towards the
solution of this important issue, we propose a new devulcanizing method combining a
thermomechanical (TM) and a microwave (MW) process, comparing the results to a
plain thermomechanical method. The influence of the temperature and the presence
of benzoyl peroxide (BPO) will be also analyzed. In order to understand the influence
of each one of these factors, the cross-link degree (CLKD), sol fraction (SF), Horikx plot,
SEM and thermal stability of the devulcanized samples by thermogravimetric analysis
(TGA) have been studied. Also, a statistical analysis has been carried out to evaluate
the effects of different parameters on the response variables.

2. Experimental

2.1.- Materials

Waste EPDM of commercial, industrial and residential roofing origin was supplied by
Firestone Building Products Terrassa (Spain). Benzoyl peroxide (BPO) was supplied by
VIGAR Rubi (Spain).
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2.2.- Devulcanization

Combined thermo-mechanical and microwave devulcanization processes have been
performed in two steps: thermo-mechanical treatment in a Brabender plastograph
equipment and microwave irradiation in a prototype microwave oven adapted with a
motorized stirring system made of PTFE according to a design that has been used in
our previous research [27].

The microwave oven has been constructed in our lab. As mentioned above, the system
is based in a conventional microwave oven provided with a sample container of PTFE
adapted with a motorized stirring system in PTFE. The design of the container and the
stirrer favors a homogeneous irradiation of the sample. Power and time of irradiation
can be controlled independently. Samples of 60 g GTR were used. The devulcanization
process was performed setting the magnetron power to 700W, 80 rpm of the stirrer
and 3 minutes of MW exposure. According to Pistor et al [19] microwave
devulcanization process has been carried out for 3 minutes in order to avoid auto-
ignition phenomena that could burn the sample.

The thermo-mechanical devulcanization of the waste EPDM in the Brabender
plastograph included the addition of different amounts of benzoyl peroxide (0,2,4 phr)
at two temperatures of 80 and 110 2C. The weight of the obtained sheets of waste
EPDM was 60 g. They were previously chopped with a cutting mill (Retsch SM100,
Germany) using an aperture size ring of 2 mm and fed into the hopper of the mixer.
The rotor speed of the mixer was kept constant at 60 rpm and the processing time was
30 minutes.

After devulcanization process, the samples were homogenized in a laboratory two-roll
mills and were named as 80 or 110 according to the thermo-mechanical
devulcanization temperature. The nomenclature for the different samples is shown in
table 1.
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Table 1.- Nomenclature of the samples

802C 110eC
1/80 TM 0BPO 80 1/110 TMO 0BPO 110
2/80 TM/MW 0BPO 80 | 2/110 TM/MW 0BPO 110
3/80 TM 2BPO 80 3/110 TM 2BPO 110
4/80 TM/MW 2BPO 80 | 4/110 TM/MW 2BPO 110
5/80 TM 4BPO 80 5/110 TM 4BPO 110
6/80 TM/MW 4BPO 80 | 6/110 TM/MW 4BPO 110

2.1.- Measurements

The swelling degree of the samples (0.2 g) was determined by equilibrium swelling in
toluene (room temperature) after immersion in the medium for 72h. The swelling
degree was calculated in accordance with the formula (1):

Q="0"Mo 1000 (1)
m

o

where: Q — swelling degree; mt — mass of the sample swollen (g); mo — initial mass of
sample (g).
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The cross-link density was determined by equilibrium swelling in toluene (room
temperature, 72 h, refreshing the solvent every 24 h), according to the Flory-Rehner
equation [28] (2):

vV = _[In(l_vr) +Vr +Zvr2]
) [Vl (Vrl/3 _Vr /2)]

(2)

where: v — cross-link density, mol/cm?; V, — gel volume in the swollen sample; V; —
solvent molar volume (toluene = 106.2, cm3/mol); X — polymer-solvent interaction
parameter (in the calculations, it was assumed to be 0.48) [29]

Gel volume in the swollen sample was calculated according equation (3):

mp
V=D 3)
mP ms
N T +7
Py P

where: m, — the weight of the dry polymer, g; p, — the density of the dry polymer
g/cm?; m, — the weight of solvent absorbed by polymer, g; ps — the density of the
solvent.

The Flory-Rehner equation can be applied for non-filled compounds, but the studied
samples contain carbon black. Kraus correction for filled compounds was applied to
calculate the actual remaining cross-link density according equations [30] (4) and (5):

V

v after correction 1+ Kex @ (4)
X xXm,
CD — (Df pr 0 (5)
pf ><’/ndry
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where: v, — the measured chemical cross-link density, mol/cm3; V after correction — the
actual chemical cross-link density, mol/cm?; K — constant characteristic of the filler but
independent of the solvent; ¢ — the volume fraction of filler in the sample which is
calculated; p, — the density of studied compound, g/ cm®; mo — the weight of sample
before extraction, g; p; — the density of filler, g/ cm?; Mgry — the weight of sample after
extraction, g

Sol fraction was calculated as mass difference of EPDM devulcanized before swelling
(W1) and after extraction (W,), according to equation (6):

Sol fraction = %xwo % (6)

1

Thermogravimetric analysis (TGA) was performed on a Mettler Toledo TGA/SDTA 851
apparatus (USA). EPDM elastomers weighing approx. 15 mg were placed in a
corundum dish. The measurement was conducted in the temperature range 25-800 °C
and under oxygen atmosphere (50 ml/min), at a heating rate of 20 °C/min.

Scanning Electron Microscopy (SEM) was used to qualitatively examine the surface of
the samples devulcanized/reclaimed by different methods. Several images of the
samples were taken in a JEOL 5610 microscope. Previously to the observations the
samples were covered with a fine layer of gold-palladium to increase their conductivity
in a vacuum chamber.

Horikx Plot is a useful tool to further understand the devulcanization mechanism
developed by Horikx [31] where the cross-link density of the rubber gel fractions and
the rubber sol fraction of the devulcanizates are interrelated. Horikx derived a
theoretical relationship between the soluble fraction generated after degradation of a
polymer network and the relative decrease in cross-link density, as a result of either
main-chain scission or cross-link rupture. Horikx plot can be applied to rubber
devulcanization, in which also a mix of main-chain scission and cross-link rupture takes
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place. When main-chain scission takes place, the relative decrease in cross-link density
is given according equation (7):

(7)

where s; is the soluble fraction of the rubber network before reclaiming, s is the
soluble fraction of the reclaimed sample, v; is the cross-link density of the network
prior to devulcanized treatment, and 1 is the cross-link density of the reclaimed
sample. For only cross-link scission, the soluble fraction is related to the relative
decrease in cross-link density according equation (8):

-2t o —yf((l_sﬁlz)zz (8)
Vi Vi :l-_sill2

where the parameters jr and y; are the average number of cross-links per chain in the
insoluble network after and before devulcanization, respectively. The values for » and
y; are determined as described by Verbruggen et al. [32].

Fractional Factorial Design (FFD)

Fractional factorial design has been used to investigate the effect of different
parameters on the response variables. To reduce the total number of experiments,
fractional factorial designs involve a carefully chosen fraction of the experimental
setting, instead of trying all possible combinations of settings (full factorial designs).

In this paper we use different control factors like: system of devulcanization process
(devulc process), temperature (T) and content of BPO (BPO). Each systems has two
levels, high and low, and these two levels correspond to the conditions included in
Table 2. A 2** fractional factorial design with 2 replicates is used to study the effects of
the control factors on the responses.

Table 2.- Factor sampling values

Factors Low level High Level 1 High Level 2
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Nature of devulcanization ™ T™M/MW T™M/MW
Temperature 80 110 110
Content of BPO 0 2 4

3. Results and Discussion

3.1. Cross-link density and sol fraction of EPDM

As shown in the Figure 1, samples that have been devulcanized using the combined
method TM/MW at 802C have a lower degree of cross-linking than samples at same
temperature that have been treated only with the TM method. This means that the
method TM/MW is more efficient that the TM method, and the samples treated with a
combination of thermo-mechanical and microwave devulcanization are more
devulcanized. The effect of the temperature is not so clear. When the temperature is
increased from 80 to 110 °C the cross-linking degree does not show a substantial
variation, except with samples with OBPO. In a first look, seems that the treatment at
802C provides more devulcanization than the one at 110°C.

The influence of the addition of BPO to the devulcanization process can be observed in
figure 1. BPO appears to be more effective in samples submitted to a combined
TM/MW devulcanization than in a TM process. The addition of 2 and 4 phr of BPO
reduces the crosslinking of TM/MW samples mainly with 2BPO. According to Rooj et al.
[33] at 80 9C, benzoyl peroxide undergoes free radical chain scission, which produces
highly unstable benzoyl radicals used as initiators in typical polymerization reactions.
Due to their instability, the radicals spontaneously react with the sulfur present in the
cured rubber. Obtained results show that the reduction of crosslinking is higher using 2
phr BPO than 4 phr BPO, this is due that after the scission of S-S; C-S and C-C bonds, it
is possible a recombination of some of the produced macro radicals (i.e., re-
crosslinking). This phenomenon, known as cage effect, may have also led to decrease
of the sol fraction. According to Malihe Sabzekar et al. [34] an increase of the
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temperature in devulcanization process also caused cage effect with concentration of
4 phr BPO.

Figure 2 shows sol fraction results as a function of the BPO content. As can be seen,
the TM/MW combined devulcanization process produces better results than the
devulcanization with TM. The best results are obtained at 802C with 2 phr BPO,
although with a content of 4 phr BPO better results than without BPO have been
observed. As commented previously, the cage effect provokes these reductions of sol
content in samples with 4phr BPO compared with the 2phr BPO samples. It seems that
this effect takes place during the MW treatment.

ATME0 BETMMWED ¢ TMI10  eTMMWI110

5,06E-04
4,06E-04
3,06E-04

2,06E-04 + +

1,06E-04

e

Crosslinking Density (mol/cm?)

6,00E-06

BPO (phr)

Figure 1. Crosslink density of EPDM devulcanizates as a function of amount of BPO (0,2,4).
Reference value of crosslink density of not devulcanized EPDM is 5,25E-04 mol/cm?
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Figure 2. Sol fraction of EPDM devulcanizates as a function of amount of BPO (0,2,4).
Reference value of sol fraction of not devulcanized EPDM is 4,5%.

The best results are obtained at 802C with the combined TM/MW process, this is due
to the fact that the devulcanization with the TM process is less aggressive, and BPO
does not suffer thermal decomposition [35] and can improve the consecutive
vulcanization with MW. In the devulcanization process using only TM, the sol content
values obtained are independent of the temperature and the BPO content, this means
that the BPO acts basically in the MW process. Therefore, a reasonable content of not
degraded BPO (2phr) improves the devulcanization by MW and it is related to the
observed sol content increase.

The breaking of the S-S bridges or the C-C of the main chain in the elastomeric
material depends on the type of process used, the amount of BPO and the
temperature. In order to differentiate the type of bond breaking that has taken place,
the Horikx plot can be used. The main goal is comparing the type of scission (S-S vs C-C)
that occurs during the studied devulcanization processes.
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The Horikx plot with the studied samples is presented at Figure 3. It can be observed
that the samples that have been devulcanized using the combined TM/MW method
(coloured blue) have undergone a more selective type of scission than the samples
devulcanized only by the TM process (yellow points). The 70% of the samples
devulcanized using TM/MW have a relative decrease in crosslinking density higher
than 0,50 and are close to the crosslinking scission line. On the other hand, samples
devulcanized only with the TM process are quite close to the reference EPDM value,
which means that decrease in crosslinking density is low and the not very high
compared to the values of the waste EPDM reference.

4/80
1.0 4/110

== RANDOM MAIN CHAIN SCISSION

0.9

= «= CROSSLINK SCISSION
0.8

¢ Experimental Data

0.7
0.6
0.5
0.4

0.3

Sol Fraction (%)

0.2 6/80
o .
<6/110 2180 . = =

“r @» @as e = ano a» s tam o O

0.1

0.0
0 0.2 0.4 0.6 0.8 1
Relative decrease in crosslink density

Figure 3. Random main chain scission and crosslink scission curves in a Horikx plot for EPDM
devulcanized samples. The points colored in yellow correspond to samples devulcanized by TM
and the blue to samples devulcanized by TM/WM.
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The Horikx plot shows also a difference in the selectivity of the processes, the blue
points related to the TM/WM are clearly situated around the crosslinking scission line,
while the yellow (related to TM process), even at the lower decreases of crosslinking
density remarked above, tend to be closer to the random main scission.

In terms of efficiency of the devulcanization, the best results correspond to the
combined TM/WM devulcanization process at 802C with 2phr of BPO (4/80). Samples
devulcanized at higher temperature show less decrease of the crosslinking degree. This
phenomenon can be related to the mechanism of reaction of the BPO and the effect of
the temperature. As described previously, BPO experiences homolytic free radical
scission, which produces highly unstable benzoyl radicals. According to the mentioned
study of Rooj et al. [33] the reaction mechanism of BPO with EPDM can be divided in
three steps. In the first step, BPO suffer homolytic cleavage resulting the formation of
benzoyl radical (PhCOO*). In the next immediate step, benzoyl radical will undergo
further cleavage to form a phenyl radical. The phenyl radical is highly unstable in
nature and readily reacts with the weakest 5—S bond of the vulcanized EPDM at the
transverse position and causes, in the final step, a crosslink scission. In this case, the
radicals react equally with the sulfur included in the waste EPDM.

Verbruggen et al. [32] observed that, when curing EPDM with sulfur, at high
temperatures, the reactivity was higher using disulfides than peroxides and, at low
temperatures, the reactivity of peroxides is higher than disulfides. The effect of a
temperature increase is not related to an increase of the reactivity of the BPO, hence
the effects obtained at 802C are more intense that at 110°C.

The increase in the concentration of BPO (4phr) does not provide an increase of the
efficiency of the process. According to the Horikx plot, samples with 4phr BPO tend to
be closer to the line related to the scission of C-C bonds. Probably the excessive
presence of radicals produces an indiscriminate reaction that affects both S-S and C-C
bonds. The optimal concentration was 2 phr.
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As conclusion, the presence of BPO improves the results obtained in the treatment by
microwave. The presence of the benzoyl radical in contact with the waste EPDM
particles, favours the scission of polysulfide and disulfide cross-links, leaving a
structure of devulcanized samples constituted basically by monosulfide cross-links [36].

3.2. Thermogravimetric analysis of EPDM

The thermogravimetric analysis (TGA) of the devulcanized samples was conducted in
air atmosphere. These conditions allow a thermo-oxidative degradation in the
presence of oxygen. The experiments were carried out until the complete degradation
of the organic components and carbon black of the sample, in order to determine the
stability of the samples after the devulcanization process and to obtain the amount of
inorganic residues. According to Zanchett et al. [35] the TGA of EPDM from 25 to 8002C
(Figure 4) presents different steps: first at 380°C (peak temperature of DTG curve) a
change due to the action of the heat on plasticizers, second step (peak temperature
of DTG curve at 480°C) with @ mass loss of 38% assigned to the decomposition
of EPDM, third at 520°C the thermal degradation of inorganic filler, and four, a broad
band at 6739C corresponding to oxidative reaction of carbon black to CO,. The final
residua (lower than 10%) corresponds to inorganic decomposition products.

The data obtained by TGA, DTG and cross-link density corroborated the previous
results, showing that the combined TM/MW process produces a more efficient
devulcanization than the TM.
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Figure 4. TGA and DTG curves measured in air atmosphere and heating rate of 202C/min. DTG
(derivative thermogravimetry), TGA (thermogravimetric analysis). TM (Themo-mechanical
devulcanization) with Brabender at 80 or 110°C and 0,2,4 BPO means amount of benzoyl
peroxide, TM/MW (Thermomechanical and Microwave devulcanization at 80 or 1102C and
0,2,4 BPO denotes to amount of Benzoyl Peroxide)

The results of TGA and DTG of different samples devulcanized using TM and TM/MW
at the two temperatures studied (80 and 1109C) with 2 and 4BPO are presented in
Figure 3 and summarized in Table 3. The maximum thermal stability corresponds to
the EPDM reference with a value of 4812C, and thermal stability decrease as a function
of degree of devulcanization. Thermal stability of devulcanized samples with TM/MW
and TM define values lower to 4732C. it means that the devulcanized process reduce
their thermal stability. Both processes cause a lower temperature of degradation
compared to the reference, but the TM/MW has a higher effect in the scission of main
chain and S-S bridges than TM, giving values of thermal stability slightly lower,
corroborating the results discussed previously.

Table 3 shows the content of volatile compounds, EPDM and residua (%) for each
devulcanized sample. According to the obtained values, the devulcanization processes
reduces the weight of volatile compounds and overall the amount of EPDM rubber in
all the samples. The devulcanization by TM and combined TM/MW process shreds and
shears the sample while the MW heats it, thereby releasing part of the plasticizer that
decrease slightly as well as the EPDM. The weight of inorganic residua increases
significantly from 2,1% until values higher to 9%. This increase of the relative content
of residua is due to the modification of the percentages of the components of the
sample caused by the treatments. The decrease of EPDM rubber is slightly higher in
TM/MW samples than TM and in samples treated at 110 than 802C. The same
behavior has been observed by Colom et al [21] analyzing the MW devulcanization of
GTR.

Table 3. Thermal decomposition data and volatile compounds, EPDM and residues content (%)
for each devulcanized sample and reference
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Sample Volatile (%) EPDM Residues Thermal
Compounds | rubber (%) Decomposition
(%) EPDM (2C)
EPDM ref 21.7 38.0 2.1 481
1/80 18.0 34.0 7.5 472
2/80 18.2 323 8.5 470
3/80 18.2 33.8 9.1 473
4/80 18.2 33.5 7.6 469
5/80 17.6 35.0 8.2 471
6/80 19.0 33.5 6.2 467
1/110 16.8 32,5 9.3 472
2/110 18.8 32,5 4.9 472
3/110 17.1 33.1 8.2 472
4/110 18.1 32.2 8.1 470
5/110 17.8 33.0 6.5 471
6/110 18.4 323 4.6 470

3.3. Scanning Electron Microscopy of EPDM

Figure 4 show the surface morphology, of waste EPDM treated by TM and TM/MW
devulcanization. The picture A shows the sample 5/80 (TM80 0BPO), which presents
more heterogeneity than other samples. The treatment with microwaves (picture B-D)
reduce the heterogeneities and generates a smoother surface with particles smaller
than 10 microns. The shapes of the particles of sample 4/80 picture C is more regular
than particles B and D. The surface is polished due to the MW treatment. When the
particles are submitted to the microwave process, the size of the particles remains
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relatively constant, but the surface appearance changes as a function of the amount of
BPO. In EPDM waste particles submitted at TM80 OBPO, the surface shows roughness
and sometimes even holes and pores. As exposed before, this roughness decreases
with MW treatment, which reduces and removes partially some of the conglomerates
that are generated with the thermo mechanical devulcanization (picture B) The effect

also includes volatilization of plasticizers (temperatures higher to 3202C),
decomposition of EPDM additives and, oxidation of carbon black to CO, [20]. The
presence of BPO decrease the development of a roughness surface (picture C) and the
action of MW also reduce the volume of agglomerated particles (picture D).

Figure 4. SEM microphotography of a) TM80 0BPO, b) TM/MWS80 0BPO, c) TMS80 4BPO, d)
TM/MW80 4BPO
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3.4. Statistical analysis of the influence of amount BPO and temperature in the cross-
linking degree for samples

The assessment of the results using fractional factorial design (FFD) implies that it is
possible to estimate the main effects of the factors, but it is not possible to estimate
their interactions [36]. In fact, the interactions in this scheme are so-called
confounded, and the main effects can only be analyzed by assuming that these
interactions are ignored. Tables 4 and 5 show the variance analysis of the results,
where cross-linking has been chosen as an experimental response (CLKO2
corresponding to 2phr BPO and CLKO4 to 4phr BPO). Results show that the type of
devulcanization process is significant, the temperature factor is not and the amount of
BPO factor is partially significant (with a equal to 0.1 significant).

The regression model considering all factors for CLKO2 is:

CLKO2 = 6.298 - 1.438 Devulcanization + 0.198 Temp - 0.707 BPO

The coefficient R? has been calculated and the value was 88.61%, indicating that this is
a good model for describing response variables.

According with this regression model and P-Value parameter, devulcanization process
with a P-value of 0.008 has great influence in crosslinking results, amount of BPO (P-
Value 0.071) is significant and temperature isn’t significant and depends of amount of
BPO.

Table 4 Variance analysis of CLK02

Source DF Adj SS Adj MS F-Value P-Value
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Model 3 5.21194 1.73731 10.38 0.023
Linear 3 5.21194 1.73731 10.38 0.023
Devulc 1 4.13281 4.13281 24.69 0.008
Temp 1 0.07801 0.07801 0.47 0.532
BPO 1 1.00111 1.00111 5.98 0.071
S R-sq R-sq(adj) R-sq(pred)
0.409161 88.61% 80.08% 54.46%
Contour Plot of CLK02 vs BPO, Devulc Contour Plot of CLK02 vs BPO, Devulc

Figure 5.- Contour Plot of crosslinking degree for the sample 0 and 2 BPO a) 802C and b)
110°C

Table 5 variance analysis of CLKO4

Source DF Adj SS Adj MS F-Value P-Value
Model 3 7.9885 2.6628 17.92 0.009
Linear 3 7.9885 2.6628 17.92 0.009
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Devulc 1 3.9060 3.9060 26.28 0.007
Temp 1 1.5400 1.5400 10.36 0.032
BPO 1 2.5425 2.5425 17.11 0.014
S R-sq R-sq(adj) R-sq(pred)

0.385535 93.07% 87.88% 72.29%

In case of CLKO4 the coefficient (R?) is 93,07%, indicating that this is a good model
quality for describing response variables. The regression model considering all factors
for CLKO4 is:

CLK04=6.063 - 1.398 Devulcanization + 0.878 Temp - 1.127 BPO

P-Value parameters are higher when comparing the degree of crosslinking using 4 than 2
phr of BPO. That means that the influence of BPO in devulcanization process is higher when
the amount of BPO increase (i.e 0.007 in front of 0.008), although the difference is
minimum. This statistical analysis corroborates the results obtained by Horikx plot.

Contour Plot of CLK04 vs BPO, Devulc Contour Plot of CLK04 vs BPO, Devulc

Devulc
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Figure 6.- Contour Plot of crosslinking degree for the sample 0 and 4 BPO a) 802C and b) 1109C

4.- Conclusions

The use of a devulcanization process based on a combined thermo-mechanical and
microwave treatments has been postulated as a way to recycle EPDM waste. Results
show that the combined process is more efficient, causing a higher decrease of cross-
linking determined by sol fraction, cross-link density and thermogravimetric analysis.
At the same time, the process is more specific, acting more selectively on the disulfide
bonds and sparing the main polymeric chain, obtaining a product that is more similar
to the original fresh EPDM.

The addition of BPO increases the efficiency of the treatment because of the radicals
reacting with the disulfide bonds and causing its scission. The optimum concentration
of BPO is around 2phr, higher values do not provide better results.

The temperature also has an effect in the process, the treatment at 802C provides
better results that at 1102C. This effect is related to the mechanism of decomposition
of BPO.

Microwave treatment combined to the thermo-mechanical, provides at the same time
a material that is more homogeneous.

The statistical analysis of the results indicates the big difference in efficiency of the
combined treatment compared to the thermo-mechanical and highlights the
importance of the presence of BPO instead of temperature that is not a significant
parameter in studied conditions.
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