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The curing bladder is the main element when producing a car tire. The tire curing bladder is a cylindrical bag

concaved with a heat transfer medium, hot water, steam or gas during the vulcanization process. It is highly

stressed due to the extremely high temperatures and pressures inside the pressing mold and it ensures the

optimal process of vulcanization. Therefore, it is necessary to verify the quality of the tire curing bladder

made of a suitable elastomer (rubber) blend. Analysis of rubber is an important technological operation

in research and development in the automotive industry. The purpose of rubber blend analysis may be to

confirm that the manufacturer or supplier owns or supplies a material according to the composition

pattern, to clarify the cause of difficulties and failures during processing or to verify that the individual

components of the rubber blend are correctly batched during technological operation “mixing”. Five

analytical methods were used to determine the quality, presence and quantity of applied curing resin,

specifically a combination of pyrolysis, gas chromatography and mass spectrometry and a combination

of infrared spectroscopy and thermogravimetry. The concentration and percentage of the curing resin

were determined from individual measurements and by comparing with reference samples (standards)

from an industrial factory.
Introduction

Phenol-formaldehyde resins are usually opaque materials
ranging from a yellow, light amber brown color to dark brown or
black, with dark color limiting their application in the market.
Phenol-formaldehyde (PF) resin was developed by Bayer using
an acid catalysed reaction. The rst synthesized phenol-
formaldehyde resin was prepared by Leo Baekeland in 1909.
The reaction proceeded via the polycondensation of phenol
with formaldehyde. Baekeland created PF resin as a material
that was much more durable than cellulose, odorless and re-
resistant. The rst PF resin factory was established in Berlin
in 1910.1–6

Phenol-formaldehyde curing resin is a condensation product
of para-alkyl phenol with formaldehyde under controlled
conditions. The alkyl group is usually octyl, forming the octyl-
phenol-formaldehyde resin used particularly as a curing agent
for EPDM rubber or butyl rubber or in combination with SnCl2
for dynamical vulcanization of thermoplastic vulcanizates.7

They are stable under atmospheric conditions and resistant to
creep and deformation under certain stresses. Curing resins
nd Environment, Faculty of Industrial

University of Trenč́ın, I. krasku, 020 01
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possess many important properties for the rubber industry,
such as excellent resistance to high temperature, chemical
resistance and good processing properties, as well as not
absorbing water and not conducting electricity. The amount of
curing resin used in the rubber blend depends on the desired
properties and the type of used halogen donor. In most cases,
the dose is in the range of 7–10 phr.1

During the vulcanization process, the temperature of the
curing bladder can go up to 200 �C. Considering this, the curing
bladder needs to be prepared using a homogenous, well-mixed
blend that is resistant to thermal aging and degradation by hot
water, inert gas or pressure and impermeable to gas, inert gas or
steam.8–11 The process of curing uses the following parts:
a pressing mold with a bottom-placed curing bladder, which is
enclosed while incoming air is blowing up the curing bladder.
While closing the mold, the pressure in the curing bladder is
increased so the unvulcanized coat lls the mold cavity. Then, it
is lled with the recirculating heat transfer medium, hot water,
steam or gas according to a curing cycle environment divided
into steam-hot water under high-pressure conditions, steam-
inert gas conditions and steam–steam conditions.

The most used synthetic rubber to form curing bladder
blend is butyl rubber, which excels at high temperature,
chemical and aging resistance and is easily vulcanised by
phenol-formaldehyde resin. The main characteristic of butyl
rubber is its low gas permeability. It is oen modied by using
© 2022 The Author(s). Published by the Royal Society of Chemistry
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chloroprene rubber, neoprene, to obtain better elastic and
dynamic properties.12–18 The composition of the tire curing
bladder is given in Table 1.

In general, many studies have been undertaken for the iden-
tication of polymer blend additives and main ingredients to
determine the resulting or even enhanced properties. Therefore,
the quantitative or also semi-quantitative determination of
individual parts in rubber blend, especially, organic curing
agents are not so oen undertaken elsewhere but only happens
in industrial rubber laboratories using a few techniques.

The aim of this work was to determine the presence and
amount of batched phenol-formaldehyde curing resin in raw
rubber blend for tire curing bladders using available analytical
methods, namely: pyrolysis-gas chromatography and mass
spectrometry and thermogravimetry with the detection of
pyrolysis products by infrared spectroscopy.

The background problem was the stickiness of the phenol-
formaldehyde curing resin. Curing resins used in tire curing
bladder blends are too sticky so they may have got stuck in the
screw during batching therefore the blend could have been
obtained with less curing agent or on the other side too much of
the curing agent, in the case, it was stuck together inside the
screw at the end of the mixing stage. Both of these options
signied inappropriately mixed blend, its properties, stability
and curing.

Quantication of the curing resin was performed using the
Py-GC/MS technique supplemented by thermal and infrared
(TG-IR) analysis with the detection of pyrolysis products.

The methodology of analytical Py-GC/MS is known for ages
but it was not so oen used in laboratories due to the difficulty
of gas chromatography and mass spectrometry spectra inter-
pretation. The principle of the Py-GC/MS method is dened by
characterizing a high molecular material in an inert atmo-
sphere and it is aimed at the structural analysis and determi-
nation of pyrolysis products with its mass spectrum detection.
The chemical process of pyrolysis reaction runs by thermal
degradation under controlled conditions to break molecular
bonds and form volatile compounds.19,20,23
Experimental
Analytical methods used

The instrument GCMS-Q5000 SHIMADZU used for qualitative
and quantitative analysis consists of a gas chromatograph
Table 1 Composition of curing bladders

Component
Amount
(phr)

Butyl rubber 95
Chloroprene rubber 5
ZnO 5
Stearic acid 1
Carbon black 45–55
Castor oil 3–8
Curing resin 6–9

© 2022 The Author(s). Published by the Royal Society of Chemistry
GC17A equipped with a mass spectrometer. The temperature of
the injector was set at 300 �C. The apparatus of the equipment gas
chromatograph was set at an initial column temperature of 45 �C
for 5 minutes. A maximum temperature of 280 �C was reached in
30 minutes. This temperature was constant until the end of the
measurement. As the temperature of the column was increasing,
the column pressure was increasing too approximately at�30 kPa
at a constant column ow rate 1.0 ml min�1. The DB-5MS
nonpolar column was 60 m long and 0.32 mm in diameter. The
analysis took 74 minutes. Mass spectrometry instrument was
operating at a high vacuum atmosphere with a turbomolecular oil
pump. Analysis lasted 74 minutes at scan intervals of 0.50
seconds. The detector voltage was 1.30 kV. Py-GC/MS quanti-
cation methods involved the standard addition method, a cali-
bration curve method, mathematical operations and comparing
the chromatography peak areas with standard samples.

The infrared spectrometer Bruker Tensor 27 was used to
identify phenol-formaldehyde resin in a rubber blend. The
spectrometer was operating at a spectral range of 7500 cm�1 to
370 cm�1 KBr beam splitter. The optical resolution of the device
was 1 cm�1, an apodized resolution was 1 cm�1. Thermal
analysis was performed on the instrument Thermo Microbal-
ance TG 209 F1 Iris NETZSCH. The microbalance works were
performed based on the principle of electromagnetic power
compensation and the balance was enclosed with vacuum-tight
housing.

Standard addition method. The principle involves batching
a known amount of substance called standard to a known
amount of sample. This substance must be a chemical similar
to the analyte but cannot elute at the same time. Assuming that
the standard solution does not cause a signicant change in
a sample volume, the resulting analyte concentration can be
from the measured area of the chromatographic peaks using
formula (1).

ci ¼ (cstAi)/Ast (1)

where ci is the concentration of analyte, Ai is the area of the
analyte, Ast is the area of standard and cst is the concentration of
the standard in the prepared sample.

The concentration of the analyte can be calculated using
formula (2) where cst is the concertation of the standard
substance, rst is the density of the standard substance, Vst is the
volume of the pipetted standard into the solution and V is the
volume of standard and solvent used.21

cst ¼ (rstVst)/V (2)

Using the standard addition method, it is possible to
calculate the mass of analyte mi by dividing the converted
chromatograph peak areas of the analyte Ai and chromatograph
peak area of the standard Ast and multiply by the weight of the
standard mst according to the relation (3).

mi ¼ mstAi/Ast (3)

Aer the determination of the mass of the analyte, it is
possible to determine the percentage of the curing resin by the
RSC Adv., 2022, 12, 5928–5935 | 5929
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proportion of the weight of the analyte mi with the total weight
of the sample and multiply by 100 according to relation (4).22

% w ¼ (mi/m)100 (4)

Calibration method. The principle of the calibration method
consists of the calibration curve, which corresponds to the
dependence of the analyte concentration of the amount of
analyte in the sample on the chromatograph peak area. This
area is proportional to the analyte proportion in the sample.
Material

Three types of raw rubber blends were analyzed according to the
composition (Table 1). The mixture comprised 95 phr of butyl
rubber, 5 phr of CR chloroprene rubber, 5 phr of zinc oxide, 1
phr of stearic acid, then 45–55 phr of carbon black, 3–8 phr of
castor oil and 6–9 phr of resin.

To determine the curing resin amount in samples A, B and C,
two standards D and E with a known amount of curing resin.
Were used (Fig. 1).

A small amount of each sample was cut and weighted on
analytical balances. A gas burner was used as an alternative
pyrolysis apparatus, then the muffle oven. Oxygen was removed
by a stream of nitrogen from the sample vial. The vial was
grabbed using tweezers and circled in the ame space with the
highest temperature. The pyrolyzed sample was cooled with
liquid nitrogen, then a certain small amount of low volatile
solvent was added.
Fig. 1 Analysed samples (A, B, C) and standards (D and E) containing
curing resin I and II.

5930 | RSC Adv., 2022, 12, 5928–5935
The second alternative of pyrolysis apparatus was the muffle
oven. The sample in a quartz glass tube was placed in a muffle
oven heated to 500 �C and 600 �C. A small amount of solvent
was added to the sample vial aer pyrolysis. Prepared samples
were manually dosed using a Hamilton microsyringe.
Results
Qualitative analysis

Pyrolysis products of PF resin are given in Table 2. Two types of
mass spectra pyrolysis products were identied in each sample
(Fig. 2 and 3). Pyrolysis products eluted at the 44th min. The
value of retention time was depended on the synchronization of
the GC/MS instrument launch and batching rate by the micro-
syringe (repeatability).

The base peak of p-tert-octylphenol in mass spectra was 135
m/z in samples A, B, C. Higher intensity peaks were observed at
107 m/z and 41 m/z in each sample. The general formula of the
substance was identied using the GC/MS instrument was
C14H22O. The molecular weight was 206.32 g mol�1 and the CAS
code was 140-66-9. The base peak of 2-methyl-p-tert-octylphenol
was 149 m/z in samples A, B, C. Higher intensity peaks were 121
m/z and 41 m/z. The general formula was C15H24O. The molec-
ular weight of the identied substance was 220.35 g mol�1 and
the CAS code was 2219-84-3.
Analyte identication

Pyrolysis products of sample A, phenol-formaldehyde curing
resin and standard both eluted in 44th min. The intensity of the
mass peak 91 m/z was higher in the mass spectrum of the
standard. The base peak was 135 m/z in the case of both
samples. Determining the base peak and base peak of the
standard were both 149 m/z. The intensity of the mass peak 57
m/z was higher in the standard spectrum. Moreover, peak 135
m/z was observed in the standard spectrum. Pyrolysis products
of sample B curing resin eluted in 44th min at both samples.
The base beak of p-tert-octylphenol was 135 m/z in both cases,
mass spectrum base peak of 2-methyl-p-tert-octylphenol was 149
m/z. Both PF pyrolysis products of standard and sample C eluted
in 44th min. Mass spectra base peak of p-tert-octylphenol was
135 m/z and of 2-methyl-p-tert-octylphenol was 149 m/z.
Determination of mass and concentration

Quantitative measurements were repeated multiple times to
achieve reliable results. Individual measurements proved that
Table 2 Pyrolysis products of the phenol-formaldehyde curing resin

Sample Retention time (min) Pyrolysis product

A 44.11 p-tert-Octylphenol
44.35 2-Methyl-p-tert-octylphenol

B 44.11 p-tert-Octylphenol
44.37 2-Methyl-p-tert-octylphenol

C 44.12 p-tert-Octylphenol
44.36 2-Methyl-p-tert-octylphenol

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Mass spectrum of para-tert-octylphenol.

Fig. 3 Mass spectrum of 2-methyl-para-tert-octylphenol.

Fig. 5 Dependence of concentration on chromatograph peak area.
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the chromatograph peak area size is increasing with deter-
mined mass and the concentration of the analyte. The mass of
curing resin-analyte is given in Fig. 4, the concentration of
curing resin-analyte is given in Fig. 5.

The lowest weight established for the analyte of sample A
was 0.474 mg, corresponding to the chromatograph peak area
of 0.30. The weight of the sample B analyte was 0.765 mg and it
is corresponding chromatograph peak area was 0.38 and weight
of the analyte of sample C was determined as 0.655 mg and its
chromatograph peak area was 0.36.

The lowest concentration of 0.0095 mg ml�1 was determined
for sample A analyte, corresponding to the chromatograph peak
area of 0.30, following the concentration sample C was
0.0142 mg ml�1 and the chromatography peak area was 0.36
and the highest concentration was established for analyte from
sample B at 0.0152 mg ml�1 corresponding to the chromato-
graph peak area of 0.38.

From the performed measurements, repeated several times
resulting, the highest match was observed in sample A (Fig. 6) in
the cases of numbers 3 and 4 with the standard sample. In
Fig. 4 Dependence of analyte weight on chromatograph peak area.

© 2022 The Author(s). Published by the Royal Society of Chemistry
sample number 5, a slightly higher value of analyte weight
corresponding to the standard was observed. Sample numbers 1
and 2 achieved the highest contrast to the standard.

The mass of PF resin analyte was 0.45 mg for sample number
1, 0.44 mg for sample number 2, 0.49 mg for sample number 3,
0.49mg for sample number 4 and 0.50mg for sample number 5.
According to the formula (4) described above, the highest match
of the percentage was achieved in cases of samples number 3, 4
and 5 prepared from the original sample A.

Five samples were prepared from original sample B. In Fig. 7,
the difference between the established weight of the curing
resin analyte of sample B and available standards D and E is
visible. The resulting weight of the analyte of sample B was
higher than the known weight of the curing resin from stan-
dards D and E. Average mass of curing resin was 0.77 mg for the
original sample B, analyte mass of samples, number 1 was
0.77mg, number 2 was 0.73mg, number 3 was 0.72mg, number
4 was 0.85 mg and number 5 was 0.77 mg.

Five samples were prepared from the original sample C. The
highest weight match of the curing resin analyte was observed
in sample number 2 according to standard E (Fig. 8). A sight
difference was observed for sample number 5, then number 4,
number 3 and the highest difference was spotted for sample
number 1.

The established mass of the analyte was following 0.75 mg
for sample number 1, 0.64 mg for sample number 2, 0.73 mg for
sample number 3, 0.56 mg for sample number 4 and 0.59 for
sample number 5.
Fig. 6 Weight comparison of phenol-formaldehyde resin analyte A.

RSC Adv., 2022, 12, 5928–5935 | 5931
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Fig. 7 Weight comparison of phenol-formaldehyde resin analyte B.

Fig. 8 Weight comparison of phenol-formaldehyde resin analyte C.
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The highest match of the measurement given in the result-
ing percentage was reached in the cases of samples number 1, 2,
3 and 5 according to the known amount of curing resin ob-
tained in the standard E.

The described percentage result measurement deviation
could be caused due to the incorrect manual dosing of pyro-
lyzed sample to the GC/MS device by micro-syringe device.

Analyte weight is related to the weight of the primarily cut
sample, therefore it is needed to apply the mathematical
recalculation between the initial weight of the sample and the
resulting weight of the resin. Therefore, it is important to
operate with the percentage results at the end of the analysis
according to formula (4) above.
Thermogravimetric results interpretation

The weight of all samples changed in three main steps due to
the rising temperature, see Table 3.

Low volatile plasticizers and unstable polymers with
a greater degree of unsaturation evaporated corresponding to
the rst weight loss at the recorded temperature of about 330 �C
for sample A with a loss of 11.03% weight, for sample B it was at
the temperature of 339.3 �C and weight loss of 13.17%, for
sample C it was the temperature of 339.2 �C and weight loss of
10.60%, for sample D it was 347.2 �C and weight loss of 6.75%,
for sample E it was 338.1 �C and 8.40% weight loss.

More stable polymers and aromatic compounds with
a higher degree of saturation pyrolyzed in the second step of
5932 | RSC Adv., 2022, 12, 5928–5935
analysis at the recorded temperature of 421.8 �C for sample A
and the observed weight loss was 53.53%, for sample B at the
temperature of 426.4 �C and weight loss of 50.00%, for sample C
at the temperature of 426.5 �C and weight loss of 50.62%. For
standard D, it was the temperature of 425.3 �C and loss of
56.09% weight and for standard E it was the temperature of
425.3 �C and weight loss of 52.80%.

Carbon black was burned and oxidized in the third step due
to the change in the atmosphere from inert to oxygen when
pyrolysis carbon black was formed from aromatic compounds.
This step was recorded at 597.2 �C and weight loss was 30.43%
for sample A, for sample B it was the temperature of 597.8 �C
and 33.10% of the weight loss, for sample C it was the
temperature of 607.1 �C and the weight loss of 32.45%, for
sample D at a temperature of about 592.0 �C and the weight loss
was 33.63%, for sample E it was the temperature of 598.1 �C and
the weight loss was 38.53%.

To complete the experiment, TG analysis of raw phenol-
formaldehyde curing resin types I and II was performed.
Samples were decomposed within three steps. The rst step was
the destruction of phenol, low molecular weight materials,
ether bridges and carbonyl groups breaking down, followed by
the loss of monomers, methylol and water. This was performed
at the temperature of 195.3 �C for the raw resin sample I and at
the temperature of 222.9 �C for the raw resin sample II. The
second phase involved degradation of the polymer and
aromatics nuclei. The second weight loss occurred during
pyrolysis of organic matrix e.g., aromatic products, stable poly-
mers and other components at the recorded temperature of
462.2 �C for the raw resin sample I and at the temperature of
453.1 for the raw resin sample II. The third weight loss occurred
due to the oxidative pyrolysis of carbon black formed from
aromatic components at the temperature of 604.9 �C for raw
resin sample I and at the temperature of 596.6 �C for the raw
resin sample II.
Determination of pyrolysis products by infrared spectroscopy

The infrared spectrum of pyrolysis products of samples A, B, C
was recorded within the second mass change of TG analysis.
The infrared spectrum of samples A (Fig. 9), was recorded at the
beginning of the second weight loss. Spectra reported the same
vibrations of functional groups. The vibrations of functional
groups of aromatics are listed in Table 4. In each analyzed
spectrum were present valence vibrations of aromatic hydro-
carbons n(Aryl-H) at the wavelength of 3095 cm�1 and
3085 cm�1 for samples A, B and C, the deformation vibrations of
isolated –CH bond related to the tri-, tetra-, or penta-substituted
aromatic hydrocarbon at the wavelength of 888 cm�1 for
samples A, B and C, low-intensity planar vibration n(CO) at the
wavelength of 1224 cm�1 for sample A and 1223 cm�1 for
samples B and C, the square type vibrations of aromatics at the
wavelength of 1565 cm�1 for all samples, asymmetric valence
vibration nas(CH3) at the wavelength of 2965 cm�1 for sample A
and 2963 cm�1 for samples B and C and symmetric valence
vibrations ns(CH3) at the wavelength of 2945 cm�1 for all
samples.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Weight loss of analysed samples according to the decomposition temperatures

Sample

Weight loss (%)

Recorded temperature of
the aromatic identication (�C) at 2nd step of TG1st step of TG

2nd step of
TG

3rd step of
TG

A 11.03 53.53 30.43 421.8
B 13.17 50.00 33.10 426.4
C 10.60 50.62 32.45 426.5
D 6.75 56.09 33.63 425.3
E 8.40 52.80 38.53 425.3

Fig. 9 Infrared spectral comparison between sample A and the
standard.

Table 4 Vibration of functional groups according to their wavelength

Sample

Wavelength (cm�1)

n(Aryl-H) nas(CH3) n(Ar) n(CO) d(CH)

A 3095 2965 1565 1224 888
3085

B 3095 2963 1565 1223 888
3085

C 3095 2963 1565 1223 888
3085

Table 5 Vibration of aromatic functional groups

Sample

Wavelength (cm�1)

n(Aryl-H) n(CH) d(CH2) n(CO) d(CH)

I 3086 3016 1488 1248 888
II 3086 3016 1473 1247 888
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Vibrations of aromatic heterocyclic backbone compound at
1391 cm�1 and valence vibration n(CH]O) were also present in
spectra. Infrared spectra of pyrolysis products of raw phenol-
formaldehyde resins were registered at the second weight loss
of TG analysis where decomposition of the aromatic nucleus
was seen. The vibrations of functional groups are listed in Table
5.

The unfavorable effect of the absorption peaks of the pyrol-
ysis products of phenolic resin samples I and II occurred in the
area of 3400–4000 cm�1 according to the water signals, as seen
from the presence of the OH group overlapping the methylol
and phenol OH groups.

In the infrared spectra were present absorption peaks of
deformation vibrations d(CH) of benzene nucleus (1100 cm�1),
absorption peaks of valence vibrations n(C–O) of methylol
© 2022 The Author(s). Published by the Royal Society of Chemistry
(1010 cm�1), then the planar type of valence vibrations n(CO) at
the wavelength of 1248 cm�1 for raw resin sample I and at the
wavelength of 1247 cm�1 for the raw resin sample II, defor-
mation vibration d(CH2) of methylol at the wavelength of
1488 cm�1 for raw resin sample I and at the wavelength of
1473 cm�1 for raw resin sample II, valence vibration n(CH) at the
wavelength of 3016 cm�1, n(Aryl-H) at the wavelength of
3086 cm�1 and deformation vibrations of isolated –CH bond
related to the tri-, tetra-, or penta-substituted aromatic hydro-
carbon at the wavelength of 888 cm�1 are present in the spectra.
Conclusions

The focus of the presented study was aimed at the research of
a sustainable method for the quantitative determination of
octylphenol-formaldehyde curing resin in tire curing bladder
raw blend based on butyl rubber.

The analysis was performed on three samples A, B, C of raw
blend aer all components were mixed. The analysis involved
the use of gas chromatography-mass spectrometry and ther-
mogravimetry with detection of pyrolysis products by infrared
spectroscopy and quantitative determination by gas
chromatography-mass spectrometry. The samples were
prepared by the pyrolysis process.

The principle of qualitative analysis by gas chromatography
with mass spectrometry was to measure the spectra of pyrolysis
products of curing resin and by comparison to the spectra
library and available standards. Qualitative analysis was carried
out with the knowledge of a phenolic resin as the only compo-
nent in the blend with the content of aromatic character.
Samples A, B, C were pyrolyzed in two ways: using a gas burner
and muffle oven multiple times to obtain repeatability in the
subsequent quantitative experiments. Two pyrolysis products of
phenolic resin were present namely: p-tert-octylphenol and 2-
methyl-p-tert-octylphenol.
RSC Adv., 2022, 12, 5928–5935 | 5933
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The presence of aromatic character in the phenol-
formaldehyde resin was conrmed by analyzing the infrared
spectra obtained from the thermogravimetric analysis. The
presence of aromatic character for sample A was proved from
the identication of the valence vibrations n(Aryl-H) wavelength
of 3085 cm�1 and 3095 cm�1, the square type of vibrations of
aromatics at a wavelength of 1565 cm�1, deformation vibration
of the d(CH) substituted aromatic compound was identied at
the wavelength of 888 cm�1. Planar valence vibrations n(CO) of
phenol were identied at the wavelength of 1224 cm�1.
Absorption peaks of aromatic functional groups reached
a maximum at the second weight loss at the recorded temper-
ature of 421.8 �C. Aromatic character of sample B was identied
by a valence vibrations n(Aryl-H) at the wavelength of 3085 cm�1

and 3095 cm�1, the square type of vibrations of aromatics at
a wavelength of 1565 cm�1, next deformation vibration of the
d(CH) substituted aromatic compound was identied at
a wavelength of 888 cm�1. Planar valence vibrations n(CO) of
phenol were identied at the wavelength of 1223 cm�1.
Absorption peaks of aromatic character functional groups
reached a maximum at the second weight loss. This point was
characterized by a temperature of 426.4 �C. The presence of
aromatic skeleton of sample C was proved by an identication
of valence vibrations n(Aryl-H) at the wavelength of 3085 cm�1

and 3095 cm�1, the square type of vibrations of aromatics at
wavelength 1565 cm�1 and 1537 cm�1, deformation vibrations
of the d(CH) substituted aromatic compound were identied at
a wavelength of 888 cm�1. The planar valence vibrations n(CO)
were seen at a wavelength of 1223 cm�1. Absorption peaks of
aromatic character reached the maximum at the second weight
loss at the recorded temperature of 426.5 �C.

The mass and concentration of octyl-phenol-formaldehyde
resin pyrolysis products were determined by the size of chro-
matograph peak area converted to some initial parameters of
taken samples from original A, B and C samples. The experi-
ment was performed following a standard addition method
using a low volatile solvent with a chemical structure similar to
that of phenol as a standard substance and using a calibration
method by creating calibration curves of chromatograph peak
area dependence on increasing mass and concentration of the
analyte.

The mass of phenol-formaldehyde curing resin pyrolysis
products obtained in sample A was 0.47 � 0.0121 mg and
concentration was 9.47 � 10�3 � 0.0017 mg ml�1. The mass of
phenolic resin pyrolysis products in sample B was determined
to be 0.77 � 0.0229 mg and the concentration was 1.52 �
10�2 mgml�1. Themass of phenol-formaldehyde resin pyrolysis
products in sample C was 0.66 � 0.0336 mg and the concen-
tration was 1.42 � 10�2 � 0.0007 mg ml�1.

Aer all the measurements were performed, the percentage
of used octylphenol-formaldehyde resin in given samples was
calculated and compared to the original blend recipes, with the
percentage amount of batched phenolic curing resin from the
industrial company.

To sum up, the qualitative analysis of curing resin in curing
bladders blend can be carried out by a combined analytical
method pyrolysis-gas chromatography with mass spectrometry
5934 | RSC Adv., 2022, 12, 5928–5935
and thermogravimetry with the detection device of infrared
spectroscopy. Themost appropriate method for the quantitative
determination of octylphenol-formaldehyde curing resin in the
raw blend is a combined method of pyrolysis gas chromatog-
raphy with mass spectrometry equipped with automatic
batching of prepared samples to the chromatographic column.
The main advantage of this method is its application on various
materials for the purpose of separation and identication only
with a small, minor amount or concentration of the sample.
Other advantages of this method include a guarantee of
batching samples volume and repeatability of the experiment,
so the loss of prepared samples is eliminated, the ability to
achieve accurate quantitative results within a relatively short
time.
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21 M. Melikantová, Determination of aromatic active

substances in occasional types of small fruits, Bacehlor
thesis, University of Technology, Brno, 2012.

22 J. Krupka, Evaluation of chromatographic data, University of
Chemistry and Technology, Prague, 2018.

23 P. Kusch, Pyrolysis-Gas Chromatography Mass Spectrometry of
Polymeric Materials, World Scientic, London, 2018.
RSC Adv., 2022, 12, 5928–5935 | 5935

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra09242a

	Quantification of phenol-formaldehyde curing resin in unvulcanized rubber blend using Py-GC/MS supplemented by TG-IR analysis
	Quantification of phenol-formaldehyde curing resin in unvulcanized rubber blend using Py-GC/MS supplemented by TG-IR analysis
	Quantification of phenol-formaldehyde curing resin in unvulcanized rubber blend using Py-GC/MS supplemented by TG-IR analysis
	Quantification of phenol-formaldehyde curing resin in unvulcanized rubber blend using Py-GC/MS supplemented by TG-IR analysis
	Quantification of phenol-formaldehyde curing resin in unvulcanized rubber blend using Py-GC/MS supplemented by TG-IR analysis
	Quantification of phenol-formaldehyde curing resin in unvulcanized rubber blend using Py-GC/MS supplemented by TG-IR analysis

	Quantification of phenol-formaldehyde curing resin in unvulcanized rubber blend using Py-GC/MS supplemented by TG-IR analysis
	Quantification of phenol-formaldehyde curing resin in unvulcanized rubber blend using Py-GC/MS supplemented by TG-IR analysis
	Quantification of phenol-formaldehyde curing resin in unvulcanized rubber blend using Py-GC/MS supplemented by TG-IR analysis
	Quantification of phenol-formaldehyde curing resin in unvulcanized rubber blend using Py-GC/MS supplemented by TG-IR analysis
	Quantification of phenol-formaldehyde curing resin in unvulcanized rubber blend using Py-GC/MS supplemented by TG-IR analysis
	Quantification of phenol-formaldehyde curing resin in unvulcanized rubber blend using Py-GC/MS supplemented by TG-IR analysis
	Quantification of phenol-formaldehyde curing resin in unvulcanized rubber blend using Py-GC/MS supplemented by TG-IR analysis

	Quantification of phenol-formaldehyde curing resin in unvulcanized rubber blend using Py-GC/MS supplemented by TG-IR analysis
	Quantification of phenol-formaldehyde curing resin in unvulcanized rubber blend using Py-GC/MS supplemented by TG-IR analysis
	Quantification of phenol-formaldehyde curing resin in unvulcanized rubber blend using Py-GC/MS supplemented by TG-IR analysis
	Quantification of phenol-formaldehyde curing resin in unvulcanized rubber blend using Py-GC/MS supplemented by TG-IR analysis


