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ABSTRACT

We thermomechanically devulcanized ground tire rubber (GTR) in a co-rotating twin-screw extruder at
different barrel temperatures and screw speeds. We measured the soluble content and the cross-link
density of the samples and then evaluated them by Horikx’s analysis. The results showed that at lower
temperatures, selective cross-link scission is dominant, and screw speed has no effect. At higher temper-
atures and screw speeds, the degradation of the polymer chains becomes more and more severe. With
the appropriate parameters, cross-link scission can be maximized without severe degradation of the main
chains. Two devulcanized ground tire rubber (dGTR) samples were chosen for further study. Natural rub-
ber (NR) based rubber mixtures were produced with conventional and two-step mixing. Tensile and tear
strength decreased significantly with dGTR content. These results are in agreement with Horikx’s anal-
ysis, i.e. the greater the degradation of dGTR, the more mechanical properties were impaired. However,
elongation at break did not follow such a trend. With two-step mixing, mechanical properties improved,
especially tear strength. Additional experiments were also conducted with Horikx’s analysis. The aim was
to reveal the accuracy and usability of the analysis, and it showed the theoretical maximum of devulcan-

ization.

© 2021 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

The continuous increase in the volume of rubber products be-
gan with vulcanization. This granted a stable cross-linked structure
with broad applicability and customizable properties. In 2019, the
global production of natural and synthetic rubber reached approx-
imately 33 million tons. At the same time, the amount of waste is
continuously increasing as well. The automotive industry uses 75%
of global rubber production [1]. This means that most of the waste
is made up of discarded tires. From 2015 to 2019, the worldwide
increase in the total number of new vehicles was 7,9% [2]. Because
of their cross-linked structure, rubbers and of course, tires cannot
be recycled like thermoplastics. Therefore, recycling tire waste is a
global problem and poses a great challenge to researchers. Despite
the efforts made to recycle waste tires, a considerable part is land-
filled, which poses serious environmental hazards [3,4]. Several tire
recycling processes have been developed to solve these problems.
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Recycling waste tires in the form of ground powder (ground tire
rubber, GTR) is favoured [5]. GTR and other rubber waste can be
used as fuel in cement industries, in asphalt as an additive, in play-
grounds, or running track flooring. But these secondary recycling
forms cannot accommodate the continuously increasing amount of
waste. The aim is the primary recycling of GTR, and with devul-
canization, it can be achieved. During the devulcanization process,
cross-link scission occurs and new molecules are formed, which
can form new bonds on the surface of the GTR particles; thus bet-
ter adhesion can be developed with the matrix [6,7]. The amount
of recycled tire and the devulcanized GTR (dGTR) can be increased
without a significant worsening of mechanical properties. Several
devulcanization processes have been developed over the years, e.g.
microwave [8,9], thermomechanical [10,11]-[12], thermochemical
[13], mechanochemical [14] and microbial devulcanization [15].

Thermomechanical devulcanization is mainly carried out in
twin-screw extruders. It is a continuous process with high pro-
ductivity potential. A further advantage is that the quality of the
final product can be easily controlled with the barrel temperature
and screw speed [16,17]. There is another important factor, screw
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configuration. Thanks to the modular design, the screw is entirely
customizable, and the shear force also can be adjusted [10]. Mouri
et al. [18] proposed that the devulcanization process with the op-
timal parameters could selectively break the cross-links in GTR.
Formela et al. [19,20] found that barrel temperature and screw
speed is a crucial factor of thermomechanical devulcanization and
it greatly affect the properties of the final material. Higher bar-
rel temperature causes severe degradation in the main chain, and
mechanical properties deteriorate. The high-temperature process
also generates volatile organic compounds (VOCs) [21]. In some
applications, highly degraded GTR is better. Li et al. [22] found
that asphalt with GTR reclaimed on higher barrel temperature,
i.e. more degraded GTR has better processability, storageability,
and anti-cracking properties. However, in most cases, the goal
is to minimize degradation. Saiwari et al. [23] found that at a
devulcanization temperature of 220°C, the cross-link density de-
creased by about 45-65% in the case of butadiene rubber (BR)
and styrene-butadiene rubber (SBR). For natural rubber (NR), the
polymer chains start to degrade above 170-180°C, and it is nec-
essary to keep the processing temperature as low as possible. Tao
et al. [24] used a co-rotating twin-screw extruder to devulcanize
GTR. Screw speed was 80-160 rpm, and the temperature range
was 160-240°C. They analyzed the relationship between soluble
content and the tensile strength of the 100% revulcanized dGTR.
The optimal parameters were 180°C and 100 rpm. However, they
recorded that lower temperature leads to an increase in screw
torque. Balasubramanian et al. [25] devulcanized GTR with a co-
rotating twin-screw extruder at 150-200°C with a screw speed of
10-40 rpm. They determined that 170°C and 30 rpm were the
optimum parameters. This dGTR (~36-80 wt%) was introduced in
NR compounds (without additional carbon black). The mechanical
properties were adequate. They introduced a four-parameter rheo-
metric equation that represents the cure behaviour very well. Yaz-
dani et al. [26] devulcanized GTR with a co-rotating twin-screw
extruder at 220-280°C with a screw speed of 30-120 rpm. They
introduced dGTR to NR/SBR virgin rubber in 15 wt%. The tensile
strength slightly decreased with increasing temperature; the elon-
gation at break showed opposite tendencies. They also determined
that barrel temperature is a crucial parameter for devulcanization
and the mechanical properties of the revulcanizates were accept-
able. Barbosa et al. [27] produced NR compounds, then devulcan-
ized them with a twin-screw extruder (L/D 44, diameter 35 mm)
(210-270°C, 330 and 550 rpm) in the presence of polypropylene
(PP) or ethylene-vinyl acetate copolymer (EVA). They found that
the thermoplastics helped on the thermal stabilization of the ex-
trusion process and to form better second phase incorporation in
the compounds. Their results indicating thermoplastics, especially
EVA, is a promising additive in the thermomechanical recycling
of natural rubber compounds. However, tires contain significant
amount of synthetic rubbers and other additives, fillers beside car-
bon black that affects the described beneficial effects. Nunes et al.
[28] treated GTR shavings (stripes, ca. 2 x 0.5 cm) in a twin-screw
extruder at 220 and 270°C with 150, 350 and 550 rpm (L/D 44, di-
ameter 35 mm). They used different PPs, low-density polyethylene
(LDPE) and antioxidants as devulcanization auxiliary. The results
showed that GTR processed with LDPE has higher thermal stability
than GTR processed with PPs. The soluble fraction of GTR/PP was
considerably higher than GTR/LDPE, which indicates lower degra-
dation.

The soluble content and the cross-link density are required to
characterize the structural changes in dGTR. Horikx’s analysis helps
to understand structural changes in dGTR better [29]. It establishes
a mathematical relationship between the sol fraction and the de-
gree of devulcanization. Seghar et al. [30] verified Horikx’s theory
experimentally, and several other researchers used it successfully
[6,16,31,32].
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In our previous papers, we investigated the structural changes
in GIR after microwave and thermomechanical devulcanization
(with an internal mixer) and introduced the dGTRs in virgin SBR
[33] and NR [34] based compounds. We found that dGTR has a
better connection with the NR matrix.

In the present study, we devulcanized GTR with a co-rotating
twin-screw extruder and characterized dGTR with Soxhlet extrac-
tion, a swelling test, and Horikx’s analysis. We investigated the
effect of different barrel temperatures (140-240°C), screw speeds
(60-180 rpm). Based on the Horikx’s analysis, two dGTR samples
were chosen for further investigations and introduced in NR based
compounds. In most of the literature, reclaimed GTR was intro-
duced in fresh rubber in lower wt% [17,26,35,36]. Based on their
results, these compounds have sufficient mechanical properties to
use in various products, but because of the low reclaimed GTR
content, this is not enough to accommodate the ever-increasing
amount of tire waste. So we prepared NR compounds, where the
fresh NR and dGTR ratio was 50/50 wt%. We introduce a so-called
two-step mixing and recipe development to improve the mechani-
cal properties.

The physical and mechanical properties of the rubber samples
were assessed. Furthermore, we investigated the accuracy and us-
ability of Horikx’s analysis, as well and revealed the theoretical
limit of devulcanization too.

2. Experimental
2.1. Materials

Waterjet-milled rubber powder was provided by Aquajet Ltd.
(Budapest, Hungary). It only consists of the ground tread of truck
tires. Therefore, this type of GTR is a high-purity material. Accord-
ing to TGA tests, it contains 50-55 phr of NR, 45-50 phr of syn-
thetic rubber, 4-6 phr of oil, 33-37 phr of carbon black, and 7.5
phr of residual additives. We chose a general-purpose natural rub-
ber for our investigations. Table 1 contains the main properties of
the materials.

The additives in the rubber mixtures (and their suppliers) are
zinc oxide (ZnO, S.C. Werco Metal S.r.l., Zlatna, Romania), stearic
acid (Oleon, Ertvelde, Belgium), N330, N550 and N772 carbon black
(Omsk Carbon Group 000, Omsk, Russian Federation), paraffin
oil (Ipol Lubricants, Mumbai, India), tetramethyl thiuram disulfide
(TMTD, Akrochem Corporation, Akron, Ohio, USA), N-cyclohexyl-2-
benzothiazole sulfonamide (CBS, Rhein Chemie, Mannheim, Ger-
many) and sulphur (Ningbo Actmix Rubber Chemicals Co., Ltd.,
Ningbo, China). The particle size distribution of GTR was published
in our previous paper [33].

2.2. Devulcanization of GTR

Thermomechanical devulcanization of GTR was carried out in
an LTE 26-44 type co-rotating twin-screw extruder (D=26 mm;
L/D=44; Labtech Engineering Co., Ltd. (Thailand, Samutprakarn)).
The extruder zone temperatures were 140, 160, 170, 180, 190, 200,
210, 220, 230 and 240°C (the temperature of all the zones and the
die were the same). Screw speed was 60, 120 and 180 rpm. The
feeding rate was 1.6, 2.4 and 2.7 kg/hour. The screw configuration
can be seen in Fig. 1. The parameters of thermomechanical devul-
canization and the nomenclature of the samples can be seen in
Table 2.

Furthermore, we investigated the accuracy and usability of
Horikx’s analysis. Unfortunately, the exact recipe of the GTR is un-
known. Therefore, we prepared a simplified rubber recipe based
on truck tires. We named it model tire rubber (MTR), and it is
expected to behave similarly to truck tires. The formulation was
30 phr NR, 70 phr SBR, 60 phr carbon black (N772), 5 phr ZnO,
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Fig. 1. The screw configuration.

Table 1
Types and producers of raw materials.

Abbreviation GTR

NR

Manufacturer, type
Main properties

Aquajet Ltd., Budapest, Hungary

Waterjet-milled truck tire tread, particle size between 200-400 pm

NR TSR 10 Sud Comoe Caoutchuc, Aboisso, Ivory Coast
Mooney viscosity (ML, 1+4, 100°C): 55-65

Table 2
Parameters of thermomechanical devulcanization and the ab-
breviation of the samples.

Abbreviations Screw speed (rpm)  Temperature (°C)

dGTR_60/140 60 140
dGTR_120/140 120 140
dGTR_180/140 180 140
dGTR_60/160 60 160
dGTR_120/160 120 160
dGTR_180/160 180 160
dGTR_60/170 60 170
dGTR_120/170 120 170
dGTR_180/170 180 170
dGTR_60/180 60 180
dGTR_120/180 120 180
dGTR_180/180 180 180
dGTR_60/190 60 190
dGTR_120/190 120 190
dGTR_180/190 180 190
dGTR_60/200 60 200
dGTR_120/200 120 200
dGTR_180/200 180 200
dGTR_60/210 60 210
dGTR_120/210 120 210
dGTR_180/210 180 210
dGTR_60/220 60 220
dGTR_60/230 60 230
dGTR_60/240 60 240

1 phr stearic acid, 4.5 phr CBS, 4.5 phr TMTD, and 4.5 phr sulfur.
Altogether, three samples were produced and investigated: the un-
cured rubber mixture (notation: MTR_m), the cured rubber (MTR),
and a partially vulcanized sample (MTR_50s). The latter one was
cured for only 50 sec (vulcanization was done at 150°C based on
rheometer measurement).

Soxhlet extraction and swelling tests were performed on the
samples. Based on their results, Horikx’s analysis was performed.
The reference was the cured rubber, and the uncured and partially
vulcanized mixture was considered to be the final product of a the-
oretically 100% efficient devulcanization process. That way only the
scission of the cross-link bonds occurred.

2.3. Characterization of GTR and dGTR

Thermogravimetric analyses (TGA) were performed on a TGA
Q500 (TA Instruments, New Castle, DE, USA) device. About 5-6 mg
of each sample was heated from room temperature to 700°C in air.
Isothermal TGA tests were also conducted at 140-240°C. The “equi-

librate” setting was used. The heating rate varied as a function of
maximum temperature (50-90°C).

The moisture content of the GTR was measured with an
Aquatrac-3E (Brabender GmbH & Co. KG, Duisburg, Germany) de-
vice at 120°C.

The soluble fraction of the GTR and dGTR samples was deter-
mined by Soxhlet extraction in toluene, according to Eq. (1). Ex-
traction time was 18 hours, and then we dried the samples for
12 hours at 80°C to remove the solvent.

1

) Mgy
Sol Fraction (%) ={1- | 100 (1)

where M; and My stand for the mass of rubber before and after
extraction, respectively.

The cross-link density of the GTR and dGTR samples was deter-
mined via swelling tests according to ASTM D 297-15. The Flory-
Rehner Eq. (2) [37] with the Kraus correction [38] (4, 5) was used
to calculate the cross-link density after equilibrium swelling (72 h
followed by drying to constant mass at 80°C) in toluene.

—[In (1 = Vio) + Vio + x1 - Vi’

[v1 : (vro% - vro) / 2]

where v, is cross-link density (mol/dm?3); V; is the molar volume
of the solvent (for toluene: 0.10613 dm3/mol); x; is the rubber-
solvent interaction parameter (0.39), and Vg is the equilibrium vol-
ume fraction of unfilled rubber in the swollen sample. V,y can be
determined with the Ellis and Welding Eq. (3) [39].

my
VrO = b (3)

my | ms
Pr+Ps

(2)

Ve =

where m; is the mass of the solvent absorved by rubber (g), m:
is the mass of the dry rubber sample (g), ps is the density of the
solvent, toluene (0.8669 g/cm3 at 23°C) and pr is the density of
the rubber sample (1.20 g/cm?3).

The Flory-Rehner equation can be used to calculate the cross-
link density of unfilled vulcanizates. For filled vulcanizates, the
Kraus correction 4,(5) [38] is needed. The expression allows the
determination of the degree of normal equilibrium swelling a vul-
canisate would have achieved, if it had not contained any filler.

Vio me

— =1-— 4
7 — (4)
In which,

m=3c(1—v,0%)+v,0—1 (5)
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Fig. 2. TGA curves of the GTR and dGTR_180/210 samples.
Table 3
The dGTR-based compounds and their abbreviations (values in phr).
Abbreviation dGTR_60/190  dGTR_180/190  ZnO  Stearic acid  Paraffin oil ~ CBS TMTD  Sulfur
dGTR_60/190_A 100 0 10 2 20 1.25 0.6 0.6
dGTR_180/190_A 0 100 10 2 20 1.25 0.6 0.6

where V,g is the assumed equilibrium volume fraction of unfilled
vulcanizates in the swollen sample, Vi is the equilibrium volume
fraction of filled vulcanizates in the swollen sample, c is a constant
for a given type of filler and ¢ is the volume fraction of the filler.
After V,y is obtained, it can be introduced into the Flory-Rehner
equation, which determines the cross-link density of the filled vul-
canisate.

The degree of devulcanization, i.e. the decrease of cross-link
density (in percentage) was calculated with Eq. (6) [6]:

3) .100
Vi

where vy is the cross-link density of the devulcanized sample, and
v; is the cross-link density of untreated GTR.

We used Horikx’s analysis to determine the relationship be-
tween the soluble fraction of rubber and the relative decrease in
cross-link density after devulcanization. The analysis can be used
to identify and illustrate whether the degradation of a polymer is
dominated by random chain scission or the selective breakdown of
cross-links (i.e. devulcanization). There are two different scenarios:
random chain scission and scission of the cross-links. In the case
of main chain scission or degradation, Eq. (7) shows the relation-
ship between the soluble fraction of the polymer and the relative
decrease in the number of elastically active network chains.

)
NS

where v; stands for the initial cross-link density, vy stands for
cross-link density after degradation, s; stands for the initial sol
fraction of the polymer and sy stands for the sol fraction of the

Dev (%) = ( - (6)

v
1--1L=1
Vi

(7)

polymer after treatment [29,31]. Using Eq. (7), a curve of random
scission can be plotted (Fig. 4).

In the second scenario, only the cross-link bonds are cleaved,
and the polymer main chain stays intact, as described by
Eq. (8) [29].

2
r(1-v5)
yi(1 - 5
where y; and y; stand for the initial and final cross-linking index,
respectively. The cross-linking index tells the average number of
cross-link bonds per polymer chain [29,31], and it can be deter-
mined by Eq. (9) [29]. This curve contributes to selective cross-link
scission (Fig. 2).
Mh
PO

where yx (-) is the cross-linking index, v, (mol/dm3) is the cross-
link density, M, (g/mol) stands for the number-average molecular
weight of the rubber, and p is the rubber density.

In this paper, the initial cross-linking index is approximated by
Eq. (10) [40].

(8)

Ux

(9)

Q+v) -y +4y

Sol Fraction (%) = (10)

Based on Egs. 5 and 6, the Horikx plot can be made (Fig. 4). The
two curves represent the scission of the main chain and the selec-
tive cleavage of the cross-links. After the soluble fraction and the
decrease of the cross-link density of the samples are determined,
they can be plotted on the graph. Depending on which curve a
data point is closer to, it is possible to infer the dominant phe-
nomenon during the devulcanization process.
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As a quantitative method to evaluate the selectivity of devul-
canization, a selectivity coefficient (K) was calculated [41]. There

are two possible approaches: defining the selectivity parameter in
5 0 ©®®666ooo the sol fraction (vertical) direction and in the cross-link density
2 SSSoSSsSsSSSo (horizontal) direction. The sol fraction selectivity parameter (Ks)
can be calculated by Eq. (11) [41].
a S _
= c—S
2 |35855333333 K=5—5 (1
where S; is the theoretical sol fraction for random scission, Sy is
- i 1 I i e B th'e the theoretical sol fractllons for selective cross-link scission and
8 ABAREER A BABA B0 B2 BA- s is the measured sol fraction.
The selectivity parameter in the cross-link density direction (Ky)
E can be calculated by Eq. (12) [41].
]
S AEEEEEEEEEE X-X
= K = < (12)
Xy — X
o where X is the devulcanization percentage, X. is the the theoreti-
5 cococoooosd ca} vglues of thg relative decrgase in cross-link dens.ity for random
< scission and Xy is the theoretical values of the relative decrease in
o cross-link density for selective scission.
| D .. . .
ES ° The overall selectivity parameter (K) is then defined according
3R ccocococo=ooo to Eq. (13) [41]. Results range between 0 and 1. Random scission
< corresponds to K=0 and selective scission corresponds to K=1.
|
~| <8 Ks + K,
S o oo K= st h (13)
=Y (=] S S o 2
= o © OO0 OO O —~0O ——O
gl g 2.4. Formulation and preparation of rubbers containing GTR and
w|EBES =
=1
% o After Horikx’s analysis and based on its results, we selected two
& g' 2 ° types of dGTRs (dGTR_60/190 and dGTR_180/190) and introduced
2|88 cooSococococoo them in 100 phr in NR-based rubber samples to assess the usabil-
£ ity of dGTR in rubbers. The recipes of the rubber compounds are
5 g z shown in Table 4.
5|t e 5 - In the case of samples ending with "A", mixing consisted of two
g|Wem|eeeoceocoe steps. In the first step, the dGTR was compounded with vulcaniz-
£ > ing agents, according to Table 3. Then this untreated dGTR mixture
L § = was added to the original rubber mixture. In NR samples with the
5|5 &3 o oo abbreviation ending in "A", the mixtures contain extra vulcanizing
=} O .auwn CLOLOO0OO0OOCOCWWwOo R
3 agents that were added to the dGTR beforehand. NR samples with-
> . = out “A” have dGTR without any additives.
“E’ S N The rubber ingredients were mixed in a Brabender Plasticorder
§|8522|800883838008 (Brabender GmbH & Co. KG, Duisburg, Germany) internal mixer at
g 50°C and a screw speed of 40 rpm. The order of appearance of
_"‘;_ ° the components in Tables 3-4 (left to right) also reflects the or-
ERRE= der they were mixed in. The compounds were vulcanized with a
_;:% & s NANNNNNNNNN Teach-Line Platen Press 200E (Dr. Collin GmbH, Munich, Germany)
E hot press. The pressure applied was 2.8 MPa, and the temperature
g was 160°C. Each compound was cured for tgy (time necessary to
b E cocococccocooo reach 90% vulcanization). These time values were obtained from
o separate rheometer measurements.
=
=
*g = § § g 88 § § % § § 2.5. Characterization of the rubber mixture and cured rubber sheets
=
E < The curing curves of the rubber compounds were recorded with
2 o & Z\ SI << a MonTech Monsanto R100S rheometer (MonTech Werkstoffpriif-
[ . . . .
5 =S 2 g% § maschinen GmbH, Buchen, Germany) in isothermal (T=160°C) time
g §m8% 228 sweep mode (1.667 Hz, 1° angle) for 15 min.
El Eggég E‘ o The hardness of the cured rubber samples was determined
< |8 SITTIIG according to the ISO 48-4:2018 Shore A method on a Zwick
2|z ENPErEEERDE H04.3150.000 hardness tester (Zwick GMBH., Ulm, Germany. Ten
T q>) MmoMmM@pb@b@M@@D oM
Yz |5 ool pg ol Yol o2 2Bl tests were performed on each compound.
& a oo od o o . . . .
Su|< ZzZzZZZzZZZZZ The tensile mechanical properties of the compounds were in-
==

vestigated according to the ISO 37:2017 standard on a Zwick Z005
universal testing machine with a 10 kN load cell (Zwick GmbH,
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Fig. 3. Isothermal TGA curves of the GTR at 140...240°C.

Ulm, Germany). Type 1 specimens were used. Clamping length was
60 mm, and the crosshead speed was 500 mm/min. Tear tests were
performed on the same testing configuration, and test speed was
according to the ISO 34-1:2015 standard (Type C specimen), with
a clamping length of 56 mm. Both tests were run at room temper-
ature. The average and standard deviation of tensile strength, tear
strength, and elongation at break were calculated based for five
tests each.

3. Results and discussion
3.1. Thermogravimetric analysis

The TG analysis of GTR and the dGTR_180/210 sample (Fig. 2)
showed that the untreated GTR and the heavily degraded dGTR
samples behaved differently. In the case of GTR, the volatiliza-
tion of processing oils and additives can be observed around 150-
200°C. At higher temperatures (250-500°C), the polymeric mate-
rial decomposed. First, the natural rubber, followed by the syn-
thetic rubbers. Carbon black decomposed around 500-600°C. In
the case of the dGTR_180/210 sample, there is less weight loss
around 200°C than in the case of the GTR. This can be attributed
to the volatilization of processing oils and additives. This partially
takes place during devulcanization. Therefore, there is an approxi-
mately 2% difference in the weight of decomposed materials in the
initial section of the two curves around 200°C. The degradation of
the NR phase shifts and it overlaps synthetic rubbers because of
the severe degradation during devulcanization. Around 500°C, very
intensive oxidation occurred with a sharp drop in the weight of
the carbon black. The curve shows a temperature increase due to
intensive oxidation. This temperature rise was compensated with
lower heating, and that caused a slight temperature decrease after
oxidation ended.

Isothermal TGA tests (Fig. 3) show a non-linear weight loss at
increasing temperatures. We marked the time range when mo-
mentary temperature reached 95% of the final temperature. This
is comparable with the residence time of the twin-screw extruder
at 60 rpm. The weight loss during devulcanization can only be es-
timated due to different conditions. However, at lower tempera-
tures (140-170°C) mainly the moisture content of the GTR (0.6-
0.8%, determined from a separate moisture content measurement)
evaporated during devulcanization. The evaporation of processing

oils and additives only becomes more significant at higher temper-
atures.

3.2. Devulcanization of GTR

Table 5 lists the soluble content, cross-link density, and the de-
gree of devulcanization of the thermomechanically devulcanized
samples. It can be seen that the cross-link density decreased with
increasing temperature and screw speed. But at 190°C, and above,
cross-link density increased with increasing screw speed. Soluble
content increased with increasing temperature and screw speed.
The TGA results showed that the reference values for the calcu-
lation of the sol content vary as a function of temperature, as
shown in Fig. 3. Because the soluble processing oils and additives
with low molecular mass started to evaporate, the reference solu-
ble content shifted, i.e. evaporated materials can not be dissolved
during Soxhlet extraction. At 140°C, this change is below the mar-
gin of error, but at 190 and 240°C, it exceeds this limit. The se-
lectivity coefficient (K) also was calculated. In some cases, we ex-
cluded some of the devulcanized samples from this calculation due
to the uncertainty in the sol fraction and cross-link density mea-
surements. The data points of these samples are out of the range
of the Horikx plot. Because of this, the K values were greater than
one or less than zero. It can be seen that devulcanization is achiev-
able with high selectivity at lower temperatures and screw speeds,
but the decrease of the cross-link density was low. Increasing bar-
rel temperature and screw speed promoted the reduction of selec-
tivity. Because of this, high selectivity is achieved at relatively high
temperatures and low screw speeds (dGTR_60/190 sample).

The Horikx plot (Fig. 4) gives more information about the
structural changes that occurred during devulcanization. With the
mildest devulcanization parameters, cross-link density decreased,
and ~65 % devulcanization can be reached without a change in
soluble content. It suggests effective devulcanization, i.e. the main
phenomenon was selective cross-link scission. Different screw
speeds did not have a significant effect on the devulcanization pro-
cess at 140 and 160°C. At 170°C and above, on the other hand, the
soluble content increased drastically with increasing screw speed,
and the decrease of the cross-link density did not follow it. The
Horikx plot shows that at 170°C and above, severe degradation oc-
curs with increasing screw speed. We achieved the best result with
a relatively high temperature (190°C) and the lowest screw speed
(60 rpm). The Horikx plot shows that the main mechanism was
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Fig. 4. Horikx plot of the devulcanized samples ((a) at 60 rpm, (b) at 120 rpm, (c) at 180 rpm): soluble content of the devulcanized samples as a function of devulcanization
(decrease in cross-link density).



D.A. Simon and T. Bdrdny

Table 5
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The soluble content of GTR after thermomechanical devulcanization.

Sample Soluble content(%)  Cross-link density(mol/dm?)  Devulcanization(%)  K(-)
GTR 10.0+1.2 0.659+0.025 - -
dGTR_60/140 10.740.6 0.216+0.030 67.2 -
dGTR_120/140  10.0+0.8 0.229+0.025 65.3 -
dGTR_180/140  9.6+0.9 0.21540.019 67.4 -
dGTR_60/160 11.6+0.9 0.218+0.020 66.9 -
dGTR_120/160 11.2+1.1 0.240+0.022 63.6 0.98
dGTR_180/160  12.0+0.7 0.226+0.017 65.8 0.97
dGTR_60/170 10.540.7 0.187+0.029 71.7 -
dGTR_120/170  19.7+0.5 0.166+0.024 74.8 0.75
dGTR_180/170  22.1+0.8 0.15040.023 77.2 0.72
dGTR_60/180 11.6+0.6 0.228+0.016 71.9 -
dGTR_120/180  19.6+0.6 0.18240.024 72.4 0.72
dGTR_180/180  24.2+0.5 0.154:0.028 76.7 0.65
dGTR_60/190 14.1+0.8 0.166+0.018 74.9 0.94
dGTR_120/190  27.3+0.8 0.15040.021 77.3 0.58
dGTR_180/190  32.8+1.0 0.189+0.017 714 0.28
dGTR_60/200 26.2+0.5 0.187+0.020 71.7 0.50
dGTR_120/200  28.2+0.6 0.204+0.030 69.1 0.38
dGTR_180/200  31.4+0.8 0.23140.012 65.0 0.17
dGTR_60/210 23.9+0.7 0.176+0.025 733 0.60
dGTR_120/210  29,7+0.5 0.239+0.018 63.8 0.21
dGTR_180/210  31.7+0.8 0.258+0.022 60.9 0.05
dGTR_60/220 30.1+0.6 0.216:0.027 67.3 0.28
dGTR_60/230 33.0+0.6 0.240+0.019 63.6 0.07
dGTR_60/240 34.6+0.5 0.290+0.026 56.1 -
Table 6 80 -
The main parameters of the cure characteristics of
model tire rubber (MTR). 1
70
Maximum torque 70.4 dNm i
Minimum torque 1.3 dNm
Scorch time 70 sec 60+
tio 97 sec 1
too 494 sec ’€50 -
Time to reach the minimum torque 30 sec =z |
T40
® ]
selective cross-link scission with minimal degradation. A further 8-30_
increase in barrel temperature caused severe degradation in the o .
samples even at 60 rpm. At 120 and 180 rpms, the sol content did e 20 4
not increase further, even decreased a bit, and cross-link density .
started to increase. This behaviour shows that degradation became 10
more dominant and severe. The continuous rise of cross-link den- 1 —MTR
sity can be attributed to the fact that during devulcanization, in G e T s e o T B e e !
addition to the breaking of the bonds, new bonds are also formed. 0 200 400 600 800 1000 1200
The final cross-link density is the sum of these processes. At higher ;
Time (sec)

temperatures, the formulation of new bonds is accelerated.

If we compare the residence time (60 rpm: ~225 s, 120 rpm:
~120 s, 180 rpm: ~70 s) with the local temperature of the GITR,
the results suggest that local temperature is the crucial factor
for thermomechanical devulcanization. Local temperature is com-
posed of external heating and heat generation due to shear. The
higher screw speed is, the more intense heat generation is. At
180 rpm, the duration of the devulcanization process is only one-
third of that at 60 rpm, but degradation is more severe at 180
rpm. Based on the Horikx analysis, we chose the dGTR_60/190 and
dGTR_180/190 samples for further investigation.

3.3. Further examination of Horikx’s analysis

Table 6 shows the cure characteristic of the model tire rub-
ber (MTR) mixture. Fig. 5 shows the registered curing curve of the
model tire rubber at 150°C. We chose this relatively low tempera-
ture to prolong the induction phase of the curve.

Table 7 shows the results of Soxhlet extraction and swelling
tests. The soluble content of MTR is relatively high compared to
GTR. However, in the case of the MTR_m sample, the measured

Fig. 5. Vulcanization curves of the model tire rubber (MTR).

soluble content (63.5%) was similar to the theoretical soluble con-
tent (68.4%) calculated based on the recipe. The MTR_50s sample
was cured for 50 sec, so curing had already started, but the sample
was slightly vulcanized. Therefore the sol content of the MTR_50s
sample was quite high compared to dGTR samples. The results of
the swelling test show a significant drop in cross-link density in
the MTR_50s sample, compared to the MTR sample; the calcu-
lated devulcanization rate is very high. The uncured rubber sam-
ple (MTR_m) dissolved completely during the swelling tests, so its
cross-link density can be considered zero, i.e. the devulcanization
rate is ~100%.

Fig. 6 shows the Horikx’s diagram of the model tire rubber
samples. The cured MTR sample is the reference. The MTR_m and
MTR_50s samples can be considered the end product of a theoret-
ical devulcanization process where only cross-link scission occurs.
The Horikx plot of MTR_m is the theoretical maximum of the de-
vulcanization process. To reach this value is an ideal scenario, but
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Table 7
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The sol fraction and cross-link density of the model tire rubber samples.

Sample Sol fraction (%)  Cross-link density (mol/dm3)  Devulcanization (%)
MTR 20.0+0.6 0.890+0.020 0
MTR_m 63.5+2.4 ~0 ~100
MTR_50s 37.3+0.4 0.048+0.006 94.6
70— : o .
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Fig. 6. Horikx plot of the additional rubber mixtures.
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Fig. 7. Vulcanization cur

unfortunately, it is impossible during the real devulcanization pro-
cess. MTR_50s and MTR_m samples both fit nicely on the selective
scission curve. With other samples cured for different times, the
whole selective scission curve could be covered.

3.4. Cure characteristics of the rubber compounds

Fig. 7 shows the cure characteristics of the prepared samples;
the main parameters of the curves are listed in Table 6. The
cure characteristics of the REF samples do not show significant
difference, i.e. carbon black has no significant effect. The maxi-
mum torque values decreased significantly with the introduction of
dGTR. It has a softening effect, and vulcanization time was also re-

15

ves of the samples.

duced. The hardness (Table 8) shows similar results. With two-step
mixing (_A samples), when extra vulcanizing agents were added to
dGTR, the maximum torque was recovered because of the revul-
canization of dGTR. This trend was also reflected in hardness. In
the case of samples containing GTR, the maximum torque did not
decrease as much as the maximum torque of samples containing
dGTR, because of the harder GTR particles. They showed greater
resistance, as can be seen in the minimum torque.

3.5. Mechanical properties of the cured rubber compounds

The reference samples (REF1, 2, 3) followed our expectation
(Fig. 8). The more active carbon black was used, the higher the
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Table 8

Cure characteristics and hardness of the samples.

Polymer Degradation and Stability 190 (2021) 109626

Sample too (Min)  tg/tip (min)  Min. torque (ANm)  Max. torque (dNm)  Shore A Hardness (-)
NR_REF1 4.2 1.7 2.2 23.2 57.3+0.7
NR_REF2 3.6 1.7 24 21.9 59.2+0.6
NR_REF3 3.2 1.5 2.7 22.0 60.74+0.5
NR_REF1_dGTR_60/190 3.0 1.2 1.9 9.3 44.6+0.5
NR_REF1_dGTR_180/190 35 1.2 1.7 7.2 38.8+0.8
NR_REF1_GTR 2.9 1.1 5.7 15.3 52.94+0.4
NR_REF1_dGTR_60/190_A 3.1 1.1 1.2 154 48.940.2
NR_REF1_dGTR_180/190_A 2.8 1.2 0.9 14.5 48.1+0.5
NR_REF2_dGTR_60/190_A 29 1.3 1.7 16.4 49.7+0.7
NR_REF3_dGTR_60/190_A 2.6 13 1.9 16.7 51.0+0.6

Tensile strength (MPa)
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A gl gD a0 o0 <R o Al et a0 <X BB B>
q&f( @6? ?S&GQ\‘\Q’%Q\'\Q\ /C';‘ \gQ /\90 /\90 /,\QQ/ ?gf 96? ?gfeg\'@%g\’\‘?’\ /e'\\gg /\\QQ /\;\9,0 /\QQ 3
R AR 4 AT N e e e e R AR AR AN e e e e
WA AR LTl o O A, © WHNEANCAR LR @l o O A, 6 ©
I A R NN A8 O SR e
@ /?S" q&f - ?g,?;g/f‘\ @g‘?%:e?%/ @g& q&? - ?gf;g/g‘\ @?f%qu%’
P - $?‘§\9“’ I\ Ll g V\@;\@/ I\

(a)

Fig. 8.

(b)

The results of tensile tests, tensile strength (a) and elongation at break (b).
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Fig. 10. The tear strength of the samples.

tensile strength was. At the same time, the elongation at break
decreased. The dGTR added to the rubber mixture drastically de-
creased tensile strength. But elongation at the break did not fol-
low this trend; it showed a moderate decrease. Almost all sam-
ples exceeded 300% elongation. Two-step mixing and the extra vul-
canizing agents helped to recover tensile strength and elongation
at break. The effect of different carbon blacks is also evident in
these samples. Furthermore, the results of the tensile tests reflect
the results of Horikx’s analysis. The dGTR_60/190 sample achieved
better results than the dGTR_180/190 sample. dGTR_60/190 has
the highest devulcanization and lowest degradation against the
dGTR_180/190 sample.

Fig. 9 shows the stress values of samples at 100%, 200% and
300% elongation. The measured stress values follow the trend of
tensile strength with two exceptions; the NR_REF2_dGTR_60/190_A
and NR_REF3_dGTR_60/190_A samples performed better than REF1,
which is quite favourable because most rubber products are used
in this elongation range.

Fig. 10 shows the results of tear tests. In the REF samples, with
more active carbon black, tear strength also increased significantly.
When 100 phr dGTR was introduced in the mixtures, tear strength
decreased drastically, regardless of the quality of the dGTR. The re-
sults also show the beneficial effect of the two-step mixing and ex-
tra vulcanizing agents. The results show that the sample with more
degraded dGTR has better tear strength. It can be attributed to the
fact that during more powerful devulcanization, shorter and more
mobile molecules formed. During revulcanization, more cross-links
formed between the rubber matrix and the surface of the dGTR
particles with the aid of extra vulcanization agents and two-step
mixing. The improved adhesion between the phases and the dif-
ferent load mode of the tear test caused excellent tear strength
in these samples [34]. The tear strength can be increased further
with N550 or N330 carbon black, and the reference values can be
approached.

4. Conclusions

We devulcanized ground tire rubber (GTR) thermomechanically
with a twin-screw extruder with different barrel temperatures and

1
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screw speeds. We characterized the devulcanized GTR (dGTR) sam-
ples by Soxhlet extraction and swelling tests to determine their
soluble content and cross-link density. We evaluated these results
with Horikx’s analysis. It showed that the local temperature is the
key factor in devulcanization. Local temperature is a result of ex-
ternal heating and shear-generated heat. The higher screw speed
is, the more heat is generated by shear. At lower temperatures
(<160°C), screw speed had no significant effect on soluble content
and cross-link density because local temperature was relatively
low even with the heat generated at high screw speeds. Horikx’s
analysis and the calculated selectivity parameter (K) showed that
devulcanization was effective—mostly cross-links scission occurred
with minimal degradation. At higher temperatures (>160°C), the
effect of screw speed, i.e. heat generated by shear, was crucial.
Local temperatures greatly increased with increasing screw speed,
and the samples suffered severe degradation. These results show
that treatment at lower screw speeds but higher temperatures may
be more expedient and suggest that the intense shear-generated
heat due to higher screw speeds mainly causes chain breakage, de-
spite the shorter residence time. At 60 rpm, the soluble content
does not increase exponentially with increasing temperature, so
the points are located close to the selective scission curve. How-
ever, there is a temperature limit at 190°C. Below this limit, the
effectiveness of devulcanization continuously increases with tem-
perature, but above that, degradation becomes more prominent.

When dGTR was introduced in NR-based rubber mixtures, phys-
ical and mechanical properties decreased significantly. In agree-
ment with Horikx’s analysis, the more degraded dGTR the mix-
ture contained, the more mechanical properties worsened. How-
ever, when the recipe was modified, and the mixtures were pre-
pared by two-step mixing, the physical and mechanical properties
improved. With this method, extra vulcanizing agents were added
directly to dGTR, and this mixture was added to the reference.
They helped cross-link generation. Therefore better adhesion was
achieved between the dGTR particles and the rubber matrix.

When the reference mixture was improved with N550 or N330
carbon black, the mechanical properties improved as expected. The
reduction of the tensile strength of samples containing dGTR and
processed by two-step mixing can be calculated because it is ap-
proximately a fixed percentage. Based on this, a specific target ten-
sile strength of the mixture containing dGTR can be achieved with
further improvements to the reference mixture.
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