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Abstract The reprocessing and recycling of vulcanized rubbers remain challenging because conventional vulcanization networks are irre-
versible. Here, we designed a modified sulfur crosslinker via inverse vulcanization to regulate the exchange kinetics of vulcanization networks,
thereby governing the mechanical recovery behavior of reprocessed rubbers. Copolymers of sulfur and thioctic acid (CSTA), synthesized via in-
verse vulcanization, were employed to crosslink butadiene-styrene rubber. After vulcanization, thioctic acid (TA) introduces dynamic disulfide
bonds into the conventional vulcanization networks, enabling thermally activated network rearrangement while preserving the overall
crosslinked structure. Kinetic analysis revealed that increasing the TA content accelerated network exchange and significantly lowered the appar-
ent activation energy for network rearrangements. Correspondingly, the recovery of the mechanical properties after reprocessing improved with
increasing TA content. These results establish a clear correlation between vulcanization network exchange kinetics and macroscopic mechanical
performance, providing a kinetic basis for the design of reprocessable vulcanization networks and offering a promising route toward recyclable

high-performance rubber materials.
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INTRODUCTION

Rubbers are indispensable industrial resources that are widely
used in tires, seals, vibration dampers, and many other engi-
neering fields. Vulcanization is a necessary technology to im-
part rubber with practical properties.!"! However, covalent net-
works generated by vulcanization render vulcanized rubbers in-
soluble and infusible, making conventional vulcanized rubber
extremely difficult to reprocess or recycle. In addition, the treat-
ment of waste rubber often leads to serious environmental and
resource concerns, such as landfilling!? and energy-intensive
pyrolysis.”! Therefore, addressing the reprocessing and recy-
cling of vulcanized rubbers while maintaining their mechanical
integrity is an important prerequisite for the sustainable devel-
opment of rubber materials.

In recent years, rapid progress in dynamic covalent chem-
istry has opened up new possibilities for reprocessable cross-
linked rubbers. Dynamic bonds, such as reversible covalent
bonds, ionic bonds, and hydrogen bonds, have been incorpo-
rated into elastomer networks to endow them with self-heal-
ing, reshaping, and recyclability.*-8! For example, the Das'
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group® and Chen's groupl'%'"l have converted commercial
rubbers into self-healing materials via ionic modification. Dy-
namic disulfide bonds,'2 B-hydroxyl esters,['3] and boronic
estersl'¥ have also been successfully used to construct dy-
namic networks in commercial rubber. Although these stud-
ies convincingly demonstrate that dynamic cross-linking can
make cross-linked rubbers self-healable and reprocessable,
the prevailing strategy is to replace traditional vulcanization
networks with designed dynamic networks. Given that vul-
canization remains the dominant curing technology in the
rubber industry, such approaches that rely on dynamic chem-
istry are difficult to implement in the practical rubber indus-
try. Therefore, endowing traditional vulcanization networks
with intrinsic reprocessability remains a key challenge in the
rubber field.

Inverse vulcanization chemistry offers a promising new av-
enue for modifying conventional vulcanization networks. In
recent years, Pyun and co-workers have developed a family of
copolymerization reactions between elemental sulfur and or-
ganic comonomers, such as styrenic and (meth)acrylate
monomers,['>16 while Hasell et al. further expanded this reac-
tion via tailored catalytic systems that lower the activation
temperature and broaden the accessible monomer
scope.['718] More recently, such inverse vulcanization copoly-
mers have been demonstrated to act as efficient cross-linkers
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or modifiers for various rubbers, including diene rubbers,[']
Eucommia ulmoides gum,i2% and silica-filled elastomer com-
posites.21.221 These advances in inverse vulcanization chem-
istry and sulfur-rich copolymer design provide a conceptual
and synthetic foundation for the present work on modifying
traditional vulcanization networks.

In this study, we copolymerized sulfur and thioctic acid (TA)
and employed the resulting inverse vulcanization TA copoly-
mers (CSTA) to endow cross-linked rubbers with reprocess-
ability. Specifically, CSTA prepared by inverse vulcanization
was employed to crosslink butadiene-styrene rubber (SBR).
This design enables commercial rubbers to maintain mechan-
ical robustness while exhibiting reprocessability at elevated
temperatures. With the increase in TA content in the vulcan-
ization networks, the recovery rate of the mechanical perfor-
mance improved. Moreover, increasing TA significantly re-
duces the apparent activation energy of network rearrange-
ments. These findings reveal the key role of exchange kinet-
ics in governing the mechanical recovery of reprocessed rub-
bers and provide a promising strategy for the design of repro-
cessable vulcanization networks in the rubber industry.

EXPERIMENTAL

Materials

Styrene-butadiene rubber (SBR) was purchased from Sinopec.
Thiocic acid (99%, TA), N-methylimidazole (99%, NMI), 2,2"-
dibenzothiazole disulfide (98%, DM), and stearic acid (SA) were
purchased from Adamas. The accelerator, N-cyclohexyl-2-ben-
zothiazolesulfenamide (98%, CZ), was purchased from Aladdin.
Zinc oxide (ZnO) was also purchased from Macklin. Sulfur was
obtained from Guangxi Fangchenggang Wuxing Environmen-
tal Technology Co., Ltd. All the reagents were used as received
without further purification.

Synthesis of CSTA

Sulfur was added to a three-necked flask and heated to 150 °C
until it was fully melted. Thioctic acid (TA) and NMI were added,
and the mixture was stirred for 8 h. The reaction product was
dissolved in THF (tetrahydrofuran), filtered, and concentrated by
rotary evaporation. The mixture was then poured into water for
extraction, and the precipitate was collected and dried to yield
the inverse-vulcanized CSTA copolymer. CSTA samples with dif-
ferent compositions were synthesized by varying the feed ratio
of sulfurto TA (7:3, 1:1, and 3:7).

Preparation of SBR Crosslinked by CSTA

SBR (100 g) was compounded on an open two-roll mill with SA
(19),Zn0O (5 g),CZ (1.5 g), and DM (0.5 g), and varying amounts
of CSTA (1-6 g) were added sequentially. The total mixing time
was about 15 min. The resulting compounds were then com-
pression-molded at 160 °C under 15 MPa using the optimum
curing time determined by a vulcameter in a mold with dimen-
sionsof 15cm x 15cm x 1 mm.

Characterizations

The chemical structure of CSTA was characterized using "TH-NMR
spectroscopy (Bruker Avance NEO 400) and Fourier transform
infrared (FTIR) spectroscopy. For "H-NMR analysis, the samples
were dissolved in dimethyl sulfoxide (DMSO) at room tempera-
ture. FTIR spectra were collected using an ATR-FTIR spectrome-

ter (Bruker, Germany) in the range of 400—4000 cm™". The ele-
mental compositions (C, H, N, O, and S) were determined using
an Elementar Vario EL cube elemental analyzer. The glass transi-
tion temperature of SBR-CSTA was measured under a nitrogen
atmosphere using a TA Instruments Q250 differential scanning
calorimeter (DSC), following I1SO 11357-2. The nitrogen flow rate
was 50 mL/min and the heating rate was 10 °C/min over a tem-
perature range from —80 °C to —20 °C. Tensile tests were con-
ducted on a GOTECH AI-3000 universal testing machine to ob-
tain stress-strain curves at a crosshead speed of 500 mm/min,
following ISO 37. For tensile tests, 5 specimens were tested for
each sample. The tested samples were first cut into small pieces
and then reprocessed by compression molding at 160 °C and 15
MPa for 20 min. The same mold used in the initial molding pro-
cess was employed for reprocessing, and the reprocessed sam-
ples were subjected to tensile testing using the same test
method. The fracture energy (G.) was measured at the rate of 6
mm/min. Before testing, a 1 mm notch was pre-cut at the cen-
ter of the specimen. G, was calculated using the following Eq.
(1):
6Wc

VA + 1
where A, (mm/mm) is the fracture strain of the notched speci-
men, ¢ (mm) is the notch length, and W (J/m3) is the integral
area under the stress-strain curve of the unnotched specimen
from strain 0to A..

Crosslinking density was determined using the equilibrium
swelling method.23-2%1 Samples were swollen in toluene at 25
°C for 7 days. The surface solvent was quickly removed with
filter paper, and the swollen samples were weighed immedi-
ately. The samples were then dried to a constant weight in a
vacuum oven at 80 °C to constant weight. The crosslinking
density was calculated using Egs. (2) and (3), respectively:

G =

m

1
T
-In(1-9,) - 9, - X0r = nVolg} - 5¢1) ]
M= 3)

where ¢, is the volume fraction of polymer in the swollen net-
work, V, is the molar volume of the solvent (toluene: 106.5
cm3/mol), x, is the Flory-Huggins interaction parameter (0.393),
n is the number of mobile chain segments per unit volume
(mol/mL), M. is the average molecular weight between
crosslinks, and p is the density of the rubber.

Stress relaxation experiments were performed using a TA
850 dynamic mechanical analyzer (DMA) at 140, 150, 160, and
170 °C. Prior to testing, the samples were equilibrated at each
temperature for 10 min to eliminate the influence of thermal
expansion. A preload of 0.1 N was applied, followed by a 1%
strain, and the stress evolution was recorded as a function of
time. The characteristic relaxation time (1) is defined as the
time required for the stress to decay to 37% (1/e) of its initial
value. The apparent activation energy for network rearrange-
ments was calculated according to the Arrhenius
equation.[26-28]

RESULTS AND DISCUSSION

Synthesis of CSTA
To endow conventional vulcanization networks with reprocess-
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ability, we used the copolymerization of sulfur and TA to modi-
fy the sulfur. Copolymerization of sulfur and TA was carried out
upon heating through inverse vulcanization (Fig. 1a, as evi-
denced by "H-NMR, FTIR, and DSC experiments. In Fig. 1(b), the
signals around 3.5 ppm are assigned to the protons on the ter-
tiary and secondary carbons adjacent to the S—S bond in the
five-membered ring. The signals at round 1-2 ppm are attribut-
ed to the —CH, protons in the ring, whereas the signals around
2.2 ppm are assigned to the —CH, protons adjacent to the car-
boxyl group.?>2% In the FTIR spectra (Fig. 1¢), the carboxyl
group of TA exhibits characteristic absorptions at approximate-
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ly 3400 and 1700 cm™". Stretching vibrations of C—S (630 cm™)
and S—S (490 cm™) in the polysulfide chains can be observed.
Moreover, the DSC curve shows a glass transition at —30 °C (Fig.
1d), confirming the formation of CSTA. Furthermore, we regu-
lated the composition of the CSTA by varying the feed ratio of
sulfur to TA (7:3, 1:1, and 3:7). The TA content in CSTA, mea-
sured by an elemental analyzer, is 50%, 61.5%, and 72%, respec-
tively, as shown in Fig. 1(e). SBR was compounded on an open
two-roll mill with vulcanizing agents and varying amounts of
CSTA.The synthesized CSTA are used to crosslink SBR, which is
illustrated in Fig. 1(f).
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The synthesis of CSTA. (a) The synthesis pathway of CSTA; (b) "TH-NMR spectrum of CSTA; (c) FTIR spectrum of CSTA; (d) DSC curve of CSTA;
(e) TA content in CSTA; (f) Schematic illustration of CSTA crosslinking SBR.
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Performance Analysis of SBR Crosslinked by CSTA fraction of CSTA per 100 g of SBR. Under the specific ratio of TA
As shown in Fig. 2, CSTA with different TA contents were used to to CSTA, increasing the CSTA content significantly increased the
crosslink the SBR. The resulting vulcanizates are denoted as SBR- torque in the torque-time curves in Figs. 2(a)-2(c). The
CSTA,-y, where x is the ratio of TA to CSTA, and y is the weight crosslinking behaviors induced by CSTA were similar to those
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Fig.2 Vulcanization and mechanical properties of SBR-CSTA. (a) Torque-time curves of SBR-CSTAsq,, samples at 145 °C; (b) Torque-time curves of
SBR-CSTAg;9, samples at 145 °C; (c) Torque-time curves of SBR-CSTA,,,, samples at 145 °C; (d) Stress-strain curves of SBR-CSTAsq, samples; (e) Stress-
strain curves of SBR-CSTAg4,¢, samples; (f) Stress-strain curves of SBR-CSTA;,, samples; (g) M. of SBR-CSTAsq, samples; (h) M. of SBR-CSTAg;,
samples; (i) M, of SBR-CSTA;,4, samples.
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induced by traditional sulfur crosslinking.®'~33! SBR-CSTA sam-
ples also exhibit stress-strain responses comparable to those of
typical vulcanized networks.l'” With increasing CSTA content,
the tensile strength increased, whereas the elongation at break
decreased, as shown in Figs. 2(d)-2(f). The crosslinking density
of the SBR-CSTA samples was further determined using the
equilibrium swelling method (Figs. 2g—2i). where M. represents
the average molecular weight of the two crosslinks. As the CS-
TA content increased, M. decreased, indicating an increase in
the crosslinking density, which accounted for the increased ten-
sile strength and reduced elongation at break. An increased
crosslinking density enhances the modulus and tensile strength
but reduces the extensibility of the polymer chains, thereby
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leading to a decrease in the elongation at break, which is con-
sistent with the tensile results of the samples.

Vulcanization Network Exchange Kinetics and Their
Effects on Reprocessability

To compare the reprocessability of the SBR-CSTA samples, all
materials in this section were prepared with an approximately
identical crosslinking density of 7000 g/mol. Owing to the com-
parable crosslinking density, the samples exhibited similar
stress-strain behaviors (Fig. 3a) and glass transition tempera-
tures (Fig. 3b), indicating that the subsequent differences in
toughness and reprocessability mainly arise from the nature
and exchangeability of the crosslinks rather than from varia-
tions in crosslinking density. With increasing TA content in CS-
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Fig. 3 Reprocessibility of SBR-CSTA samples with comparable crosslinking density; (a) Stress-strain curves of SBR-CSTA samples at a crosslinking
density of about 7000 g/mol; (b) DSC curves of SBR-CSTA samples at a crosslinking density of about 7000 g/mol; (c) G. of SBR-CSTA samples at a
crosslinking density of about 7000 g/mol; (d) Changes in recovery of tensile strength and elongation at break for SBR-CSTA samples; (e) Images

illustrate the changes of sulfur-cured SBR fragments treated by hot pressing.
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TA, the fraction of dynamic structural motifs in the network in-
creases, and these dynamic bonds can undergo reversible ex-
change. This dynamic exchange enables stress redistribution
and provides additional energy dissipation pathways, thereby
further toughening the elastomers.?*=" Accordingly, G, in Fig.
3(c) increases with increasing TA content.

In addition to improving the toughness, the increased con-
centration of exchangeable motifs also promoted reprocess-
ability. As shown in Fig. 3(d), the recovery rates of tensile
strength and elongation at break after reprocessing both in-
crease with increasing TA content, indicating that a higher
density of dynamic exchangeable bonds facilitates more effi-
cient network topology rearrangement during hot pressing.
For comparison, a conventional sulfur-cured SBR was used as
the control. The network of conventional sulfur-cured SBR is
mainly composed of irreversible covalent crosslinks. There-
fore, the network topology is essentially fixed and cannot un-
dergo effective rearrangement during hot pressing, resulting
in negligible reprocessability. After being cut into small
pieces, the sulfur-cured SBR could not be consolidated into
an intact specimen via hot-press molding, as shown in Fig.
3(e).

To investigate the kinetics of vulcanization network ex-
changes, we first used DMA to obtain the stress relaxation
curves at different temperatures, as shown in Figs. 4(a)—4(c).

All the samples with a crosslinking density of 7000 g/mol dis-
played characteristic stress relaxation curves, in which the
stress gradually declined with increasing time. We then ex-
tracted the characteristic relaxation time (1), defined as the
time required for the relaxation modulus to decrease to 37%
(1/e) of its initial value, and fitted the data using the Arrhe-
nius equation in Fig. 4(d). From the Arrhenius plots, the ap-
parent activation energies (E,) for network exchange are de-
termined to be 111.2, 95.7, and 87.7 kJ/mol for SBR-CSTAs,
SBR-CSTAg14, and SBR-CSTA,,q, respectively (Fig. 4e). These
results show that increasing the TA content significantly low-
ered the activation barrier for network rearrangement and ac-
celerated dynamic bond exchange. It should be emphasized
that E, obtained from the Arrhenius analysis of stress relax-
ation represents an apparent activation energy for macro-
scopic network rearrangement, rather than the intrinsic acti-
vation energy of an isolated disulfide exchange reaction.
Therefore, even though all SBR-CSTA samples contain TA-de-
rived disulfide motifs, their E, can differ because the concen-
tration, distribution, accessibility, and local environment of
these exchangeable motifs vary with the TA content. In a low-
TA network, exchangeable sulfur bonds are relatively sparse
and isolated; therefore, stress relaxation requires more coop-
erative rearrangement of larger network segments and less
frequent effective exchange events. This results in slower re-
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Before reprocessing

After reprocessing

Fig. 4 Kinetic investigations of vulcanization network exchanges. (a) Stress relaxation curves of SBR-CSTAs,, at different temperatures; (b) Stress
relaxation curves of SBR-CSTAg,¢, at different temperatures; (c) Stress relaxation curves of SBR-CSTA;,, at different temperatures; (d) Temperature
dependence plots of relaxation time of SBR-CSTAsq, SBR-CSTAg;4,, and CSTA; ¢, Solid line represents the Arrhenius fitting curve and E, is obtained
by Arrhenius fitting; (e) E, comparison among SBR-CSTA samples; (f) Image illustration of vulcanization network exchanges.

laxation and higher E,. With increasing TA content, more dy-
namic disulfides were incorporated into the vulcanization
network, providing a higher density of kinetically accessible
exchange sites. Therefore, the network can rearrange through
more local and frequent exchange events, leading to a faster
stress relaxation and lower E,. Accordingly, the decrease in E,
with increasing TA content reflects not only the presence of
disulfide bonds but also the improved kinetic accessibility
and higher concentration of exchangeable motifs in the CS-
TA-crosslinked networks. The lower apparent E, and faster
network exchange provide the kinetic basis for the improved
reprocessability because a more rapidly rearranging network
can more effectively reconstruct its topology during hot
pressing. Fig. 4(f) schematically illustrates the exchange pro-
cesses within the vulcanization network. Specifically, CSTA in-
corporates dynamic disulfide bonds into its network, impart-
ing reprocessability. The presence of these disulfide bonds re-
duced the E, required for network exchange, which is consis-
tent with previous reports.[3839

CONCLUSIONS

In summary, modified sulfur was used to construct reprocess-
able vulcanization networks in rubbers. Through inverse vulcan-
ization, the copolymerization of sulfur and TA introduces dy-
namic disulfide bonds into the sulfur. The resulting CSTA is used
to crosslink SBR, enabling the formation of vulcanization net-
works with thermally activated exchangeability, thus imparting
reprocessability to the vulcanized rubber. With an increase in
the TA content, the recovery rate of the mechanical perfor-
mance improved. Moreover, a higher TA content reduces the
apparent activation energy, facilitating dynamic bond ex-
change. This study presents an effective strategy for designing
reprocessable vulcanization networks and offers new insights
into the development of sustainable rubber materials.
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