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Abstract: In this study, Fourier transform infrared spectroscopy (FT-IR) was employed to investigate the gaseous
pyrolysis products of ethylene—propylene—diene rubber (EPDM). The objective was to evaluate the potential of FT-IR
analysis of gaseous pyrolyzates (PY-G/FT-IR) for characterization of EPDM additives. Two EPDM formulations,
containing additives typically employed in EPDM rubbers, were analyzed. Initially, gaseous pyrolysis products
from paraffin oil, stearic acid, 2,2.4-trimethyl-1,2-dihydroquinoline, tetramethylthiuram monosulfide (TMTM),
tetramethylthiuram disulfide (TMTD), and 2-mercaptobenzothiazole (MBT) were characterized separately, and their
main absorptions were identified. Subsequently, the gaseous pyrolysis products of raw, unvulcanized, and vulcanized
EPDM formulations were analyzed. The similarities observed in the FT-IR spectra of unvulcanized and vulcanized
EPDM show that the vulcanization process does not interfere with the pyrolysis products. The identification of the
functional groups of the studied additives was possible in both unvulcanized and vulcanized EPDM samples, without
solvent extraction. Results also demonstrate that the PY-G/FT-IR technique can identify additives containing sulfur in
concentrations as low as 1.4 phr (1.26%) in both unvulcanized and vulcanized EPDM. However, the method showed
some limitation due to overlapping and to similarities of TMTM and TMTD PY-G/FT-IR spectra, which could not
be distinguished from each other. The PY-G/FT-IR technique is a faster and cheaper alternative to the sophisticated
techniques usually applied to detection of additives in rubbers.
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Introduction

The detection of polymeric additives is a matter of
great relevance because it enables the reconstruction
of formulations in unknown rubbers, the solving
of manufacturing problems, the investigation of a
competitor’s compounds and the realization of quality
studies!".

Low molecular weight chemical compounds, known
as additives, are incorporated in to rubbers to obtain
desirable properties!®’. The main additives used in rubbers
are antioxidants, vulcanizing agents, accelerators,
reinforcing agents, activators, and processing aids.
Many kinds of compounds can be employed to perform
the same function. For example, dithiocarbamates,
benzothiazoles, amines, thioureas, and thiuram disulfides
can all act as accelerators®. Additives are selected based
on the rubber vulcanization system and intended final
properties.

Additive analysis can be challenging because of
the complex and tedious process of isolating additives
from compounded rubber'*. Some methods require
solvent extraction, which may cause chemicals changes
and interferences between the solvent and additives.
This should be taken into consideration when choosing
analytical methodology for additive determination.
Hence, the use of techniques that allow for analysis of
additives without prior separation from the polymer is
always preferred.

There are many sample preparation techniques
suitable for studying polymers. The pyrolysis technique,
which consists of decomposing the molecule into volatile
fragments via thermal energy, has been extensively
used®!. It can be applied to study polymers by assessing
their thermal behavior or by studying the pyrolysis
products.
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The analysis of pyrolysis products can clarify
the composition of a polymer, because the obtained
fragments are related to the fundamental structure of the
original macromolecule.

Several studies have been published about polymer
and additive analysis using the pyrolysis technique!>'%.
Typically, the analytical techniques used to identify
the fragments from pyrolysis are gas chromatography
(GC) and mass spectrometry (MS). The coupling of
these techniques has been applied for many years in the
characterization of organic compounds!®!'-1l,

Among the various additives used in a rubber system,
the analysis of sulfur compounds can be particularly
complex. More than one method is typically employed
and the results are correlated, because no single technique
can provide a complete evaluation of these compounds.
Some of the methods used to identify accelerators and
antioxidants containing sulfur compounds are GC/MS,
thermal desorption (TD)-GC/MS, high-performance
liquid chromatography, and thin-layer chromatography.
Generally, these methods require solvent extraction of the
additives and are time-consuming!'’\.

In the literature, only a few studies have employed
Fourier transform infrared analysis of gaseous pyrolyzates
(PY-G/FT-IR) for rubber characterization. Nunes et al.
8 compared the results of a tracking resistance test
and PY-G/FT-IR analysis to study the degradation
mechanisms of EPDM rubber. They identified ethene,
methane, CO, and CO, as the products of EPDM pyrolysis.
Matheson et al.'! used PY-G/FT-IR to determine the
polymer content in carbon-filled natural rubber (NR) and
styrene—butadiene rubber (SBR). They concluded that
NR/SBR rubbers can be analyzed by PY-G/FT-IR with
no interference from the carbon black load up to 35%.
Fernandez-Berridi et al.?” used PY-G/FT-IR and high-
resolution thermogravimetric analysis (Hi-Res TGA)
to determine the elastomer content of SBR/NR in used
tires. Both techniques were found to be adequate for
performing compositional analysis of vulcanizates, but
Hi-Res TGA was unable to determine the relative content
of styrene and butadiene in the SBR samples. Even
though the PY-G/FT-IR technique was used, none of
the cited studies applied infrared spectroscopy to detect
additives in gaseous products after rubber pyrolysis.

In a previous work?®!, PY-G/FT-IR was applied to
investigate vulcanized elastomers with additives that had
been previously extracted with solvents. Several rubbers
and rubber blends were identified from the gaseous
products yielded during pyrolysis. The aim of that study
was to identify the polymeric matrix.

The present study focused on the detection of
additives in EPDM rubber by PY-G/FT-IR, without
prior extraction. FT-IR spectra of raw, unvulcanized,
and vulcanized EPDM can provide different and
complementary information; therefore their PY-G/FT-IR
spectra were also assessed. Raw rubber was analyzed as a
reference sample, and its FT-IR spectrum was compared
to the spectra of unvulcanized and vulcanized EPDM
to distinguish polymer-only absorptions. Unvulcanized
rubber was analyzed to obtain the spectra prior to the
vulcanization process, when additives are supposed
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to be chemically preserved. Qualitative analysis was
performed, focusing only on the detection or not of the
additives bands.

Experimental
Materials

The additives paraffin oil, stearic acid, 2,2,4-trimethyl-
1,2-dihydroquinoline (TMQ), tetramethylthiuram
monosulfide (TMTM), and 2-mercaptobenzothiazole
(MBT) were characterized individually as received.

Commercial grade EPDM Keltan 21, containing
the diene ENB (ethylidene norbornene), from DSM
Elastomeros do Brasil Ltda, Brazil, was used in this study
as received, without additives (raw rubber). The neat
rubber was used as a reference sample.

Unvulcanized and vulcanized samples (sample
terminology is in accordance with the ASTM D1566-
1122y were prepared using EPDM Keltan 21 and rubber
grade chemicals, according to compositions A and B
shown in Table 1. Composition B follows formula No. 1
from the Standard ASTM D3568-031%!, which applies to

Table 1. Composition of EPDM rubber.

Component SAMPLE A SAMPLE B

Unvulcanized and Unvulcanized and
Vulcanized (phr®) Vulcanized (phr®)

EPDM Keltan 21 100 100

Paraffin oil 1.0 50.0

Stearic acid 0.5 1.0

T™Q 1.0

TMTM 0.7

TMTD 0 1.0

MBT 0.7 0.5

ZnO (Zinc oxide) 2.0 5.0

Carbon black 5.0 80.0

S (Sulfur) 0.7 1.5

“parts per hundred parts of rubber.
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Figure 1. Molecular structure of the analyzed compounds prior
to pyrolysis.
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general purpose EPDM types. The molecules of the
compounds prior to pyrolysis are shown in Figure 1.

Pyrolysis

Each additive was weighed as received, placed in a
pyrolysis tube, and pyrolyzed individually with a Bunsen
burner. The gas that evolved was trapped in a preheated
gas cell, as described in a previous study®! and directly
analyzed by FT-IR.

Raw, unvulcanized, and vulcanized EPDM were cut
into small pieces and pyrolyzed separately, as described
above. The gaseous pyrolyzates were analyzed by FT-IR.

Infrared spectroscopy

FT-IR was carried out with a PerkinElmer Spectrum
One spectrometer. Spectra were collected with
4 cm™' resolution and an average of 20 scans over the
wavenumber range 4000-500 cm™ in transmission
mode.

Results and Discussion

Pyrolysis is a valuable sample preparation technique
that yields complex and rich information. Depending on
the substance and pyrolysis conditions, the result may
contain gaseous, liquid, and solid products. In this work,
only the gaseous phase was analyzed by FT-IR, which is
a powerful tool for identification and characterization of
gaseous pyrolysis products'?!, Peaks observed in the FT-IR
spectrum differ depending on the physical state of the
molecule. The changes in the band shape and peak shifts
may occur because of fewer intermolecular interactions
in the gas phase than liquid or solid phases!?>2°!.

Generally, an exact identification of all the detected
bands is neither possible nor necessary. A more productive
approach is to search for evidence of the presence or
absence of characteristic functional groups®*#27, In this

study, this practice was used for the assignment of peaks
in the PY-G/FT-IR spectra.

Infrared analysis of additives

The final properties of rubber are determined by
additives. Therefore, it is essential to characterize all
additives prior to mixing them into the rubber compound
to ensure the right compounds are being employed. For
this reason, paraffin oil, stearic acid, TMQ, TMTM,
TMTD, and MBT additives were analyzed separately by
PY-G/FT-IR. The FT-IR spectra of the gaseous pyrolysis
products are shown in Figure 2. Spectra of additives in the
original state are available on the BIO-RAD/SADTLER
Reference Database!®®!.

The main bands observed in the FT-IR spectrum
of the gaseous pyrolysis products from paraffin oil are
1219 and 771 cm™ (Figure 2a). The band observed at
1219 cm™' can be attributed to the CH, group. The band
at 771 cm™ can be attributed to the CH, group and/or
CH aromatic group®. However, paraffin oil does not
contain any aromatic groups, but rubber grade paraffin
oils are mixtures of paraffin oil (50%—68%), naphthenic
oil (26%—-40%), and aromatic oil (2%—7%). Hence, C=C
and C-H of the aromatic groups and the CH, and CH,
groups would be present in rubber grade paraffin oils.
The absorption that can be attributed to aromatic groups
is verified at 771 cm™.

The FT-IR spectrum of stearic acid’s gaseous pyrolysis
products is shown in Figure 2a. The band at 771 cm™, the
peak at 1738 cm™!, and the band at 1219 cm™ is attributed
to the CH,, C=0, and C-O group, respectively™.

The FT-IR spectrum of the gaseous pyrolysis products
of the antioxidant TMQ is presented in Figure 2a. The
band at 1303 cm™ can be attributed either to the N-H
group' or/and to the C-N group?”. The peaks in the
regions of 3148-3014 cm™ and 771 cm™ are attributed
to C-H aromatic groups or/and N-H*). The bands at
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Figure 2. PY-G/FT-IR spectra of (a) additives without sulfur; and (b) additives containing sulfur.
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2968-2889 cm™' and 1355 cm™ are typical of CH, groups,
and the peak at 1269 cm™! is attributed to C-N aromatic
group.

During pyrolysis of TMQ, it is possible that cleavage
of the hydrogen-nitrogen bond and the C-CH, groups
occurs. The aromatic rings presumably are stable because
of resonance. The main degradation products of TMQ
determined in the literature™ are as follows: p,p’-
diamino-2,2-diphenylpropane, methyl, and small
quantities of aniline, whose chemical structures contain
groups that can be related to the absorptions observed in
the TMQ spectrum (Figure 2a).

Figure 2b shows the FT-IR spectrum of the gaseous
pyrolysis products of sulfur compounds. TMTM spectrum
shows bands at 2968-2889 cm™!, which are attributed to
the CH, group. The band at 2075 cm™' can be probably
attributed to the N=C=S (isothiocyanate) group'*’\.

Spectra of CS, in the gaseous state, obtained from
reference databases?*”, show absorptions at 2320,
2180, and 1530 cm™', which are similar to absorptions at
2332-2319, 2192-2178, and 1540-1525 cm™ detected
in the PY-G/FT-IR spectrum of TMTM. Hence, CS, is a

pyrolysis product of this additive. These absorptions can
also be attributed to the presence of the C=S group.

Figure 2b also shows the FT-IR spectrum for the
gaseous pyrolysis products of TMTD, which present
absorptions similar to TMTM. These results were
expected because the two molecules have similar
structures. The TMTD molecule has two atoms of sulfur
while TMTM has only one. The S-S bond of TMTD
was not detected in the FT-IR spectrum, probably
because its vibration is very weak?”. According to
Nieuwenhuizen®’, TMTD decomposes by heat into
TMTU (1,1,3,3-tetramethylthiourea), CS,, and sulfur.
Considering that the element sulfur is the only pyrolysis
product of TMTD that is different from TMTM and that
atomic sulfur is not detectable by infrared, it was expected
that the TMTD spectrum would have the same bands as
the TMTM spectrum.

The last additive analyzed was the MBT accelerator.
According to Contini et al.®?, MBT exists in its
tautomeric thione (benzothiazoline-2-thione) form in
the vapor phase. The thione form has a C=S bond and
a hydrogen atom bonded to the nitrogen instead of the
sulfur and endocyclic C=N bond (thiol form). According
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Figure 3. PY-G/FT-IR spectra of EPDM. (a) raw, (b) Sample A - unvulcanized and vulcanized, and (c) Sample B - unvulcanized and

vulcanized.
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to Wu et al.™® and Mohamed et al.**, thione is also the
dominant form in the solid state.

The FT-IR spectrum for the gaseous pyrolysis
products of MBT is presented in Figure 2b. The peak at
771 cm™ is attributed to the C-H aromatic group.

The spectrum of MBT, like the spectrum of TMTM,
shows a strong doublet at 1540-1525 cm™. Weak
doublets were also detected at 2332-2319 cm™ and
21922178 cm™. All three doublets can be assigned
to CS, and/or the C=S group analogous to the TMTM
assignment. This assignment is associated with the thione
form cited by Contini®.

Taking the assignments of the additives spectra into
consideration, all the additives can be differentiated from
each other using the FT-IR spectra of gaseous pyrolyzates,
except the TMTM and TMTD thiuram accelerators.
Moreover, the additives containing sulfur are easily
distinguished from the others by detection of doublets in
the regions 23322319, 2192-2178, and 1540-1525 cm™.
This can be very helpful in the investigation of an
unknown rubber, because the PY-G/FT-IR technique can
readily indicate whether or not a sulfur compound was
incorporated in the rubber.

Infrared analysis of EPDM samples

The FT-IR spectra of the gaseous pyrolysis products
of raw, unvulcanized, and vulcanized EPDM are shown
in Figure 3. The absorptions detected in the gaseous
pyrolyzates of the raw EPDM FT-IR spectrum are related
exclusively to the EPDM chain, because no additives were
added to this sample. The peak at 3086 cm™ is attributed
to the C-H olefinic and/or aromatic. The peaks at 988 and
911 cm™ were attributed to the C=C vinyl group. The
band around 949 cm™ was attributed to C=C trans bonds.
The bands observed at 889 cm™ and at 1385 cm™ were
attributed to the RR'CCH, group and to the CH, group,
respectively. The assignments are in accordance with a
published study'®, which evaluated the ENB content in
EPDM rubber by PY-GC/MS. These results indicate a
mix of alkanes and alkenes among the major pyrolysis
products of EPDM rubber.

Additionally, spectra of unvulcanized and vulcanized
EPDM (Figures 3b, c) showed doublets around
2192-2179, 2071-2047, and 1540-1525 cm™, and a band

at 771 cm™. These peaks were absent in the PY-G/FT-IR
spectrum of the raw EPDM (Figure 3a) and thus are
related to the additives.

To evaluate the main absorptions from the additives
in the FT-IR spectra and to establish their connection
to the bands observed in the PY-G/FT-IR spectra of
unvulcanized and vulcanized EPDM, the most important
FT-IR absorptions are summarized in Table 2. Band
intensities are indicated as follows: S for strong, M for
medium, and W for weak.

As can be seen in Table 2, none of the peaks
detected in the PY-G/FT-IR spectra of the additives
were seen in the PY-G/FT-IR spectrum of raw EPDM,
as expected. Unvulcanized and vulcanized samples have
similar absorption bands. The doublets in the region of
21922178 cm™ and 1540-1525 cm™ can be attributed
to the additives TMTM, TMTD, and MBT, all containing
sulfur in their molecular structure. The peak in the region
of 771 cm™ can be associated with all of the analyzed
additives.

Modifications occurring during the vulcanization
reaction can make detection of additives in rubbers
very difficult. The additives can be chemically altered
with heat and simultaneous reactions. In theory, results
obtained from the same rubber can be different before
and after vulcanization. Nevertheless, these differences
were not observed in this study as the PY-G/FT-IR
spectra of unvulcanized and vulcanized rubber were
similar.

Usually, infrared absorption of sulfur compounds
in solid and liquid state is weak®'. Generally, it is
necessary to use complementary techniques, such as
Raman spectroscopy, to detect them. In this study, as the
gaseous pyrolyzate was analyzed, the absorptions related
to the sulfur compound in the gaseous state showed
stronger intensity. PY-G/FT-IR detected concentrations
of MBT and TMTM or TMTD as low as 1.4 phr (1.26%),
confirming the potential of this technique to be applied
for detection of sulfur compounds. Even the spectrum
of vulcanized EPDM, whose additives are supposed
to be largely consumed in the crosslinking process,
showed strong bands in the gaseous pyrolyzate that were
attributed to sulfur compounds.

Table 2. Bands in the PY-G/FT-IR spectra of EPDM rubbers related to the additives.

EPDM Sample Wavenumber (cm™)

Raw EPDM - - - -
Sample A Unvulcanized 2192-2179 (W) 2071-2047 (W) 1540-1525 (S) 771 (W)

Vulcanized 2192-2179 (W) 2071-2047 (W) 1540-1525 (S) 771 (W)
Sample B Unvulcanized 2192-2179 (W) 2071-2047 (W) 1541-1527 (S) 772 (W)

Vulcanized 2192-2179 (W) 2071-2047 (W) 1541-1526 (S) 772 (W)
Paraffin Oil - - - 771 (M)
T™MQ - - - 771 (W)
Stearic Acid - - - 772 (S)
TMTM 2192-2178 (S) 2075(M) 1540-1525 (S) 771 (W)
TMTD 2192-2178 (S) 2070-2052(M) 1546-1525 (S) 771 (W)
MBT 2192-2178(W) 2071-2051 (W) 1540-1525 (S) 771 (W)
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Table 3. Components and pyrolysis products from the literature and functional groups assigned in this study.

Component Pyrolysis Products Functional Groups assigned in
(from literature) this study by PY-G/FT-IR
EPDM Propylene, propane, butane, 1-hexene, I-heptene, C=C vinyl
benzene, toluene, 4-ethylidene-1-cyclopentene, and C=C trans
3-ethylidene-1-cyclopentene!®
RR’CCH,
CH,
C-H olefinic and/or aromatic
Paraffin Oil Hydrocarbon chains from C,; to C, ®. CH,
CH, and/or C-H aromatic
Stearic Acid Alkenes from C, to C, and large amount of vaporized CH,
stearic acid'® C=0
C-0
T™MQ Aniline, methyl, TMQ, N-H
p,p’-diamino-2,2-diphenylpropane! C-H aromatic
C-N
CH,
C-N aromatic
TMTM TMTU, CS,PY CS, and/or C=S
CH,
N=C=S§
TMTD TMTU, CS,, sulfur® CS, and/or C=S
CH,
N=C=S
MBT Benzothiazoline-2-thione 273 CS, and/or C=S

C-H aromatic

Table 3 shows the association of the pyrolysis products
found in the literature with the functional groups assigned
in this study for each of the compounds analyzed.

In Table 3, the referenced studies usually employed
PY/GC and/or PY/GC/MS techniques to determine the
degradation products. These techniques have the merit
of performing separation of the decomposition products
prior to their identification. In this study, even though
the employed PY-G/FT-IR technique does not separate
the evolving pyrolyzates, identification of the functional
groups in the EPDM samples was possible. Furthermore,
by correlating the data presented for each compound in
Table 3, it is evident that the functional groups assigned
by PY-G/FT-IR are related to the pyrolysis products in
the literature.

The technique PY-G/FT-IR used in this study is faster
and cheaper than other techniques because pyrolysis
was performed using a Bunsen burner without additive
extraction. Moreover, FT-IR is a more affordable
technique than GC and/or MS techniques. A laboratory
without sophisticated equipment can take advantage
of this simple, rapid, and inexpensive technique, as
an alternative option, to characterize and develop
and perform

compounds, reconstruct formulations,

quality control.
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Conclusion

The characterization of additives frequently used
in EPDM rubber was performed using the PY-G/FT-IR
technique, which was capable of distinguishing all
the additives from each other, except the TMTM and
TMTD thiuram accelerators, which presented similar
FT-IR spectra. Moreover, these sulfur additives showed
characteristic absorptions enabling their differentiation
from additives without sulfur.

The PY-G/FT-IR technique was applied to the
study of unvulcanized and vulcanized EPDM samples.
The technique was able to detect absorptions of sulfur
additives present in EPDM rubber in concentrations as
low as 1.4 phr (1.26%), even in vulcanized samples.
The characteristic groups of all studied additives were
identified in unvulcanized and vulcanized EPDM, even
without their previous extraction using solvents. Some
limitations in the method were observed because of the
absorbance band overlap.

The PY-G/FT-IR technique used in this study is less
time-consuming and expensive than other techniques
applied for the investigation of rubber compounding, and
it can be employed for the analysis of separate additives,
neat rubber (raw), and unvulcanized and vulcanized
compounds.

These findings are valid for the studied formulations.
Further investigation would be necessary to verify
whether the methodology is suitable for others rubbers
and additives formulations.
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