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Introduction

The polymer industry significantly contributes to the global economy. It continues to
develop materials that are more resistant and more environmentally friendly compared
with those currently in use. Polycondensation resins are an important class of synthetic
polymers. Because of their high thermal stability and chemical resistance,
polycondensation resins play an important role in the production of insulating materials
used in the electronics, aviation, and automotive industries, as well as in composites [1,2]
used in the construction and aerospace industries.

Polycondensation oligomers based on phenol (Ph) and formaldehyde (F) are the most
common synthetic polymers [3,4]. However, they exhibit several disadvantages: they are
hygroscopic, have a high volatile content, and limited shelf life. Depending on their
synthesis conditions, commercial resins could contain unreacted Ph (5%—25%) and F.
According to the World Health Organisation, Ph and F are highly toxic substances
with carcinogenic and mutagenic properties [5-7]. The production and properties of
phenol-formaldehyde resins, however, do not meet modern environmental
requirements [8,9].

One solution to reduce the environmental impact of Ph and F is to replace them with
eco-friendly compounds.

Resorcinol (R) and its derivatives, alkylresorcinols (ARs), could be considered
alternatives to Ph. As a rule, synthetic R is used for synthesis of resins. This increases the
cost of finished products based on it. An alternative and more promising approach for
the synthesis of R is the use of ARs obtained from natural sources. The most important
of these natural sources is Baltic oil shale (kuckersite) [10]. In Estonia, ARs are obtained
via the thermal processing of oil shale using Kiviter technology [11]. Studies on the
possibility of synthesising resins from oil shale ARs and the applications of those resins
have been conducted since the 1960s [12,13]. Most of these studies have been
conducted between 1971 and 1993. Qil shale ARs (ALKYREZ fraction) produced by oil
shale processing companies in Kohtla-Jarve and Kividli have been used as raw materials
[15]. Viru Keemia Grupp (VKG, Kohtla-Jarve, Estonia) is the only company that
commercially extracts and processes oil shale ARs. The company produces individual ARs,
such as 5-MR and 2.5-DMR, as well as fractions containing large amounts of 5-MR
(HONEYOL 50, HONEYOL 80, and REZOL). Early research on the use of ARs as raw
materials mainly focused on the production of formaldehyde resins [15].

Instead of F, lower members of the homologous series of aliphatic aldehydes can be
used [16-18]. Their use in reaction with R and its derivatives (ARs) allows the synthesis of
novolac resins [17].

In the polycondensation process, low-molecular-weight compounds, such as water,
are produced as by-products. This water also contains some unreacted compounds.
The recycling and purification of that water require additional resources. Moreover,
the complete removal of residual moisture from the resin via distillation is not possible.
Thus, water vapour could be formed in the molten polymer mass during moulding. Voids
formed in the composite deteriorate the mechanical properties of the resin [19].
This disadvantage can be eliminated by using non-aldehyde resins. The synthesis of
non-aldehyde resins is currently considered the most progressive direction taken so far
regarding polymers.

Depending on the requirements of various industries, the properties of resins can be
significantly improved or altered through modifications. Although R imparts good



mechanical and adhesion properties to rubber composites, it evaporates during
compounding at temperatures above 110°C. The introduction of a modifier, such as
aromatic alkene or styrene (S) [20], into the formulation partially overcomes the
problems associated with R fuming, which facilitates resin processing. The evaporation
of R could be completely reduced only if it contains either no free R at all or less than
1.0 wt% of R [21]. The S-modified resin dissolves well in the butadiene-styrene rubber
base of the composite. The availability of a wide range of modifiers for the synthesis of
non-aldehyde resins, including those based on R, makes it possible to obtain
environmentally safe polymer matrices with improved technical characteristics.

In this study, formaldehyde resins (SF), acetaldehyde resins (SAc), and non-aldehyde
resins (DCPDS) based on oil shale ARs (5-MR, 2.5-DMR, REZOL, HONEYOL 50, and
HONEYOL 80) and their mixtures with R pre-modified with S were synthesised for the
first time. The chemical structures of the products obtained, which explain the role of
additives in the process, were studied using nuclear magnetic resonance (NMR)
spectroscopy, thin-layer chromatography (TLC), gas chromatography-mass spectrometry
(GC-MS), and gel permeation chromatography (GPC), followed by a comprehensive
characterisation study.

This thesis consists of three sections. In Section 1, the patents and literature on the
polycondensation of aldehyde (F and acetaldehyde) and non-aldehyde resins are
reviewed. In Section 2, the characteristics of the initial components, methods used to
analyse them, synthesised resins, synthesis conditions, and preparation of the samples
used in the chromatographic analysis are described. In Section 3, the results presented
in Sections I-Ill are discussed.

Publication | presents the data used in the preliminary studies on the preparation of a
qualitatively new solid (alkyl)resorcinol-formaldehyde resin modified with S. In the resin,
synthetic R has been partially or completely replaced by the REZOL fraction. Publication
Il demonstrates that in resins based on R, 5-MR, HONEYOL 50, and REZOL, the highly toxic
F could be replaced with the more environmentally friendly aliphatic aldehyde
acetaldehyde (Ac). It also discusses the various styrene interactions with 5-MR and
2.5-DMR and the pathways that would lead to the formation of aldehyde oligomers.
Publication Il is devoted to the synthesis and analysis of solid non-aldehyde resins based
on HONEYOL 80 that have improved environmental and technological characteristics,
the study of their molecular weight distributions using GPC, and a discussion of the
results.

In addition to the above-mentioned publications, the author has presented papers at
several international conferences held in Estonia, the United States, Thailand, and Russia.



Abbreviations

Ac

ALKYREZ
ARs

DCPD
DCPDS
2.5-DMR
2.5-DMRSAc
DTG

5-ER

F

GC

GC-MS

GPC

HMDS
Hon80100DS

HONEYOL 50
HONEYOL 80
Hon50100SAC

5-MR
5-MRDS
5-MRSAc
5-MRSF
MW
MWD
NMR

Ph
PMMA
PS

R

REZOL
RF

RDS
Rez100SAc

Rez100SF

R70Hon8030DS

Acetaldehyde

Fraction of oil shale alkylresorcinols with a boiling point of 273-305 °C
Alkylresorcinols

Dicyclopentadiene

General designation of resins with dicyclopentadiene
2.5-Dimethylresorcinol

2.5-Dimethyl-resorcinol-acetaldehyde resin modified with styrene
Derivative thermogravimetry

5- Ethylresorcinol

Formaldehyde

Gas chromatography

Gas chromatography-mass spectrometry

Gel permeation chromatography
1.1.1.3.3.3-Hexamethyldisilazane

Alkylresorcinol-styrene-dicyclopentadiene resin based on the
HONEYOL 80 fraction
Fraction of oil shale alkylresorcinols with a boiling point of 270-320 °C

Fraction of oil shale alkylresorcinols with a boiling point of 270-320 °C

Resorcinol-alkylresorcinol-acetaldehyde resin modified with
styrene based on the HONEYOL 50 fraction
5-Methylresorcinol

5-Methyl-resorcinol-styrene-dicyclopentadiene resin
5-Methyl-resorcinol-acetaldehyde resin modified with styrene
5-Methyl-resorcinol-formaldehyde resin modified with styrene
Molecular weight

Molecular weight distribution

Nuclear magnetic resonance

Phenol

Poly(methyl) methacrylate

Polystyrene

Resorcinol

Fraction of oil shale alkylresorcinols with a boiling point >270 °C
Resorcinol-formaldehyde resin
Resorcinol-styrene-dicyclopentadiene resin

Resorcinol-alkylresorcinol-acetaldehyde resin modified with
styrene based on the REZOL fraction

Alkylresorcinol-formaldehyde resin styrene-modified based on the
REZOL fraction
Resorcinol-alkylresorcinol-styrene-dicyclopentadiene resin with the
HONEYOL 80 fraction replacing 30 mol% resorcinol
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RsoHon8050DS

RSF
RooRez10SF

R70Rez30SF
R70Rez30SAC

RSAc
RTM
S

SAc
SF

TA
TGA
TLC
p-TSA

Resorcinol-alkylresorcinol-styrene-dicyclopentadiene resin with the
HONEYOL 80 fraction replacing 50 mol% resorcinol
Resorcinol-formaldehyde resin modified with styrene

Resorcinol-alkylresorcinol-formaldehyde resin modified with
styrene and with the REZOL fraction replacing 10 mol% resorcinol
Resorcinol-alkylresorcinol-formaldehyde resin modified with
styrene and with the REZOL fraction replacing 30 mol% resorcinol
Resorcinol-alkylresorcinol-acetaldehyde resin modified with
styrene and with the REZOL fraction replacing 30 mol% resorcinol
Resorcinol-acetaldehyde resin modified with styrene

Resin transfer moulding

Styrene

General designation used for resins with acetaldehyde
General designation used for resins with formaldehyde
Thermal analysis

Thermogravimetric analysis

Thin-layer chromatography

para-Toluenesulfonic acid
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Terms

Aldehyde resins
(Alkyl)resorcinols
Aralkylation

Non-aldehyde
resins
Polycondensation

Formaldehyde and acetaldehyde resins together

Resorcinol and alkylresorcinols together

Interaction of resorcinol and/or alkylresorcinols with the
aromatic alkene (styrene)

Resins obtained through the interaction of resorcinol and/or
alkylresorcinols with dicyclopentadiene and styrene

Interaction of resorcinol and/or alkylresorcinols with aldehydes
(formaldehyde and acetaldehyde)
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Symbols

Tstart of dec.
Th

G

tgA

T10, T50, T90
M

Mi

Ni

Temperature at the beginning of resin decomposition
Boiling temperature

Dynamic modulus of elasticity

Dielectric loss angle

Loss temperature 10, 50, 90 wt%

Average molar mass

Molecular weight of the " component

Number of moles in the /" component

Number of repeating units in an oligomer or polymer
Weighted average molecular weight

Nitrogen content

Moisture content
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1 Literature Overview

1.1 Aldehyde resins

Aldehyde resins include a mixture of oligomers obtained through polycondensation of
Ph, R, or their homologues with aldehydes, mainly F. Aldehyde resins based on Ph and R
are widely used in fields ranging from technology to everyday life. Most of the early
research have focused on formaldehyde resins, because formalin was produced in large
quantities and was the cheapest raw material.

However, the traditional raw materials (Ph and F) used to produce aldehyde resins are
toxic and harmful to the environment and human health. Increasing attention is being
paid to alternative raw materials use, preferably of natural origin and more
environmentally friendly [22,23]. Obtaining resins based on such kind of alternatives is a
primary task.

1.1.1 Formaldehyde resins

The environmental safety of aldehyde resins can be increased by replacing Ph with R
or ARs. Resorcinol-formaldehyde (RF) novolac resins are produced through the
polycondensation of R with F under acidic catalytic conditions.

The reaction of interaction of R with F in an acidic medium has already been studied
in detail [17,24]. The condensation reaction between R and F when a R deficiency is
present is similar to that between R and Ph. However, the reactivities of R and F differ.
The reaction rate of R is 12.2 times higher than that of Ph [17]. Therefore, different
reaction products can be formed (Figure 1). Because of the high reactivity of R, its
polycondensation reaction with F produces a mixture of oligomers (dimers, trimers,
tetramers, etc.) with different methylene-bridged structures.

The ARs obtained from oil shale processing can be used instead of R. They are
multifunctional compounds that are capable to react involving carbon atoms in the
nucleus or side chain. The ARs fractions ALKIREZ, REZOL, HONEYOL are used as raw
materials in alkylresorcinol resin production [15,24,25]. An alkaline catalyst had been
used to obtain alkylresorcinol-formaldehyde resins based on oil shale ARs [15]. The SF281
resin, prepared using the recipe described in its patent [15], is unstable and can change
its technical characteristics while in storage. This change in the technical characteristics
of the SF281 resin significantly affects the performance of rubber containing the resin.
The storage of SF281 near heating devices or at temperatures >25 °C leads to its
caking and further polycondensation. The content of mechanical impurities in the
resin increases, leading to a decrease in solubility in acetone. The patent [25] provides
data on the use of 5-MR and its technical mixture ALKYRES for the preparation of
m-cresol-alkylresorcinol-formaldehyde copolymer. A mixture of water and methanol was
used as the solvent in this preparation. The resin had an orange colour and a rather high
softening point of 110-180 °C. Its average molar mass was between 500 and 750 g/mol.

The molar ratios of the initial components used in resin preparations affect the final
resin characteristics [20]. Resorcinol-(alkylresorcinol)-formaldehyde resins based on the
HONEYOL 80 fraction obtained from the patent [20] contain 8 wt% to 22 wt% of
unreacted resorcinol components.
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Figure 1. Structural diagrams of the linear oligomers of resorcinol and formaldehyde.

The alkyl derivative interactions of R (5-MR, 5-ER, and 2.5-DMR) were considered in
[13, 24]. The direction of condensation of R and its alkyl derivatives with F is practically
independent of the catalyst and reaction medium used. However, the reaction rate will
significantly vary depending on the solvent used. The reaction proceeds best in water
[13]. The intensity of reaction between alkylresorcinol fraction components and F is not
uniform and increases in the following order: 4.5-DMR < 5-ER < 2.5 DMR < 2-MR < 5-MR
[26]. According to [10], the rate of interaction between pure 5-MR and F is 80 times
higher than that of the similar reaction with R. Table 1 presents the relative reaction rates
of phenolic components.

Table 1. Relative reaction rates of alkylresorcinols [28].

Phenolic compound Comparative rate
R 1
5-MR 96
Mixture of oil shale ARs 4.3

Early studies determined that the reaction centres in the 5-MR molecule are more
prone to electrophilic substitution reactions. Specifically, the methyl group at the
meta- position strongly activate the ortho- and para- positions of R [29].

The electronic charges present in the carbon atoms of R and ARs are listed in Table 2
[29]. The data presented indicate that the addition of F predominantly occurs at the
ortho- positions.
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Table 2. Charge distributions (q¢) in the R, 5-MR, 5-ER, and 2.5-DMR molecules [29].

Compound C! c? c c* c ct c’ ce

R 0.207 -0.106 0.207 -0.087 0.052 -0.087 - -
5-MR 0.214 -0.131 0.213 -0.106 0.102 -0.117 -0.099 -
5-ER 0.213 -0.119 0.213 -0.110 0.087 -0.110 -0.013 -0.008

2.5-DMR 0.184 -0.055 0.184 -0.107  0.089 -0.108  -0.077  -0.097

The behaviour of the hydrogen atoms of the aromatic nuclei or hydroxyl groups during
substitution reactions as well as the properties of the resulting products enable the use
of ARs as substitutes for R in the synthesis of resins [15,24,25].

In [30], a method of producing RF resins using sulphuric acid (H2504) with a low water
content is presented. The softening points of the resins are in the range of 99-109 °C.
However, other important technical data, such as the ash and moisture contents of the
resins and the amount of unreacted R in them, are not presented.

Despite their positive properties, such as their high adhesion ability and long shelf life
[31], RF resins have several disadvantages as well. One main disadvantage is the increase
in resin volatility during both resin storage and operation [21].

1.1.1.1 Modified formaldehyde resins

Depending on the requirements of various industries, the properties of resins can be
significantly improved or changed by modification. Aromatic [20] and aliphatic
alkenes [32], as well as poly(styrene-co-divinylbenzene) [33], can be used as modifiers.
The simultaneous use of several modifying agents is also possible [34]. The interactions
of R with various organic compounds, producing resins with different properties based
on already modified R, are presented in [17].

The introduction of a radical with a reactive allylic double bond into the aromatic core
of the initial two-atomic Ph through the alkenylation of phenols and their alkyl
derivatives with dienes and allyl halides increased the heat resistance of the SF281 resin
[32]. The alkenylating agents used were piperylene hydrochloride and piperylene [32].
The additives increased the thermomechanical stability of the vulcanizates and retarded
the release of volatile decomposition products during rubber compound processing.

The aromatic or aliphatic alkene introduced into the aromatic core of initial R
improved the compatibility between the resin and butadiene-styrene rubber [21].
The preliminary aralkylation of the resorcinol resin components with aromatic alkene (S)
could reduce the amount of volatile substances emitted from the RF resin during its
processing, storage, and operation.

Alkylation of Ph, the phenolic fraction, R, and the alkylresorcinol fraction of HONEYOL
80 and its mixture with R using S are presented in the relevant patents [20, 35-37].
Increasing the molar amount of S in the formulation decreases its total unreacted R and
ARs contents. In addition, the likelihood of the formation of polystyrene increases, and
the softening point of the finished resin decreases. Moreover, ARs obtained via oil shale
processing can be used in place of synthetically alkylated R. Patent [20] states that the
pre-aralkylation of the alkylresorcinol fraction of HONEYOL 80 enables the production of
resins with low AR contents without deteriorating the technological characteristics of the
resins. The amount of S added is in the range of 0.25-1.0 mol (S) per 1.0 mol R.
The quality control of the finished resin was performed based on the softening point.
However, increasing S in the formulation leads to the fact that not all styrene reacts with
the resorcinol component [35].
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By varying the molar ratio of R, alkylresorcinol fraction, S, and F, it is possible to obtain
novolac resins with different softening points and free R contents. The hydrophobic
properties of the styrene groups in the novolac structure reduce the hygroscopicity of
the resin [17].

1.1.2 Acetaldehyde resins

The next approach for synthesising polycondensation resins is to use Ac instead of F
[38-40]. The raw materials used to produce acetaldehyde resins include Ph [38,41],
alkylphenols [38,42], and a mixture of phenols obtained from the bio-oil fractions of
beech wood [43] and R [17,38,44,45]. According to [20,46,47], pre-alkylated Ph and R can
be used as a resorcinol component. Despite the natural origin of phenols in [43], they are
more toxic than resorcinols.

Acetaldehyde resins have been synthesised using pure Ac [38,42,43] in the presence
of solvents [41,48]. The solvents used were either protoactive solvents, such as water,
methanol, ethanol, butanol, acetone, and dioxane, or protoinert solvents, such as
benzene, carbon tetrachloride, and dichloroethane. By using benzene as the solvent,
it would be possible to obtain rapidly curing thermoplastic resins with linear structures
[41] and a softening point between 75 and 100 °C. When carbon tetrachloride is used as
the solvent, the softening point of the resin significantly increases, reaching a value
between 150 and 160 °C. Polar organic solvents can be used to facilitate smooth reactions
and improve ARs solubility [44,47]. Different proportions of ethanol/water-mixed
solvents can also be used. Reducing the amount of ethanol in the ethanol/water reaction
medium increases its polarity. The polarity of the medium affects not only the yield and
composition of the reaction products but also the reaction time.

The proposed oligomeric chain growth during the reaction between Ac and R (Figure 2)
predominantly occurs via the dihydroxyalkyl derivatives of R and its dimeric products [44].

The synthesis time of resins depends on the type of solvent and catalyst used and can
be in the range of 3-24 hours [43,44,49]. Acidic organic and inorganic catalysts, including
sulfuric [50], hydrochloric [42-44,48], acetic and trichloroacetic [41], oxalic [49] acids, and
para-toluene sulfonic acids (pTSA) [20], are mainly used to produce acetaldehyde resins.
In [38,45], it was proposed to use an aqueous 50% NaOH solution as an alkaline catalyst.

R and Ac were used as a raw material and a crosslinking agent, respectively, to
synthesise resorcinol-aldehyde hydrogels in a weak and basic aqueous solution via
sol-gel polycondensation [45].

When organic catalysts such as trichloroacetic acid and non-polar solvents (benzene
or carbon tetrachloride) were used, the synthesis time was between 3 and 5 h. With the
same catalyst but with water as the solvent, the synthesis performed at 90 °C required
at least 5 h [41]. In the absence of a solvent but in the presence of oxalic acid,
the duration of the synthesis increased to 6 h [49]. When an inorganic catalyst
(hydrochloric acid) was used in a polar solvent (ethanol), the polycondensation reaction
occurred within 5-24 h [44]. The amount of catalyst used also affected oligomeric
product formation. Increasing the amount of HCl to equimolar amounts can lead to an
increase in the resin content of the high-molecular-weight linear oligomers.

In [38], a method of producing acetaldehyde resin using water as the solvent and
without a catalyst under supercritical conditions (347 °C and 22.1 MPa) is described. By
conducting polycondensation under those conditions, the degree of resin polymerisation
can be increased without producing resin gelation. Gelation is an undesirable process
that leads to the formation of insoluble three-dimensional polymer structures.
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Figure 2. Proposed mechanism of polycondensation and oligocyclization [47].

The formulation of acetaldehyde resins and their method of production influence the
final characteristics of the finished resin. The softening points of acetaldehyde resins
based on Ph and R have a wide range of from 40 to 160 °C [20,41,44]. The dependence
of softening point on the aldehyde/resorcinol ratio is shown in Figure 3 [17].
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Figure 3. Softening point versus aldehyde/resorcinol ratio curve [17].

Because of its low boiling point (Tb ~20 °C), the use of Ac leads to some difficulties when
introducing it into the reaction mixture. Thus, specialised equipment with additional
cooling is required to synthesise resins using Ac. Due to insufficient cooling, some
amount of Ac may vaporise, releasing large amounts of it into the environment.

1.2 Non-aldehyde resins

Since the focus of modern research is on the development of alternative solutions to
replace phenol-formaldehyde resins, the most promising direction may be the
production of formaldehyde-free resins. The synthesis of formaldehyde-free resins is
presented in [20,21,51-56]. Using various variants of resin modifications [21,53,57,58],
including those based on R [52,59,60], resins with improved technical and operational
characteristics that meet the modern requirements for environmental safety could be
obtained.

OH OH OH OH
N N
+ | i + +
= =
OH HO OH OH

HC=CH, H OH OH
N | X N X
. 1 N i
\/ I = =
HO OH OH
HC—CHj HC—CHs

Figure 4. Non-formaldehyde resorcinolic resin synthesis [17].
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R-based resins typically contain large amounts of R (up to 20 wt%). During their
compounding, free R begins to smoke [21], while during their storage, unreacted R is
salted out on the rubber compound surfaces owing to the high hygroscopicity of the
resin. This phenomenon leads to the uneven adhesion of rubber to the reinforcing
material, which adversely affects the quality of its vulcanised products. The use of
modifiers comprising non-conjugated dienes (such as dicyclopentadiene (DCPD),
dimethyl dicyclopentadiene, and dipentene), N-methylol-acrylamide caprolactam,
and/or styrene eliminates these disadvantages [21,61,62] and produces resins with low
resorcinol contents (from 0.95 to 4.5 wt%). Additionally, the mechanical properties of
the resins, such as the modulus of elasticity and relative elongation, were improved.

One of the advantages of synthesising non-fuming resorcinol resins using S and DCPD,
as shown in [21], is the ability to obtain a resin with a low R content of up to 1 wt%.
Moreover, this method does not produce large amounts of waste and can be used at a
low temperature and pressure.

At high temperatures, R readily reacts with dicyclopentadiene (DCPD) in the presence
of an acid catalyst. Both inorganic acids, such as H2S04 and phosphoric acid (H3POa), as
well as aromatic and aliphatic sulfonic acids, can be used as catalysts [21,61,62].
However, the most preferred catalyst is para-toluene sulfonic acid (p-TSA), which does
not lead to an increase in mechanical impurities present in the resin.

Table 3. Test results pertaining to rubber compounds [21].

Methylene <R R/DCPD/S R/DCPD/S R/DCPD/S
acceptor: (1.0:0.4:1.0) (1.0:0.3:1.2) (1.0:0.25:1.25)
Fuming at 120° C | Very High | None None None
Dynamic Properties - 0.2% Strain

G', MPa 18.92 23.83 23.34 21.93
tg A 0.089 0.079 0.085 0.086
Dynamic Properties - 2.0% Strain

G', MPa 9.96 13.25 12.75 12.03
tg A 0.239 0.228 0.244 0.245
Hardness, Shore | 77 80 79 78

A

Tensile Properties

100% Modulus, | 4.23 4.43 4.24 4.18
MPa 17.15 17.23 16.35 16.34
300% Modulus,

MPa

Strength, MPa 26.57 26.83 26.65 25.89
Elongation, % 451 459 471 455
Energy to Break, | 23.94 24.36 25.37 23.38
N-m

Tear Strength

(Die-C), KN/m 118.3 129.1 117.0 122.8
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The R:DCPD molar ratio is important for obtaining a resin with the desired softening
point and free R content. Figure 4 shows one of the possible reactions resulting from the
interaction of R with DCPD and S.

The comparative properties of vulcanised rubbers obtained using R and resorcinol-
dicyclopentadiene-styrene resin (RDS) synthesised with different molar ratios of the
components [21] are shown in Table 3 to enable their comparison. The comparison
demonstrated the behaviour of the rubber composite with the addition of R and RDS
separately during curing, along with its physical and mechanical properties.

Table 3 shows that the incorporation of RDS into the rubber composite results in an
improvement in the sub-vulcanisation time along with a slight increase in the cure time.
The results of mechanical and dynamic tests also indicate the improvement of the
important properties of the composites containing RDS. Particularly, the strength,
hardness, and dynamic modulus of elasticity (G) of the composites are improved, while
the tangent of the dielectric loss angle (tg A) is reduced. As a result, rubber composites
in which RDS has been used have higher efficiency and better performance compared
with rubber composites containing R.

1.3 Summary of the literature review and aim of the thesis

The literature review demonstrates the possibility of producing formaldehyde,
acetaldehyde, and non-aldehyde resins using monoatomic phenols or R. The search for
more environment-friendly raw materials that can be used in resin production has
revealed the advantages that R and ARs have over phenol.

The aim of the early studies employing the alkylresorcinol fractions (ALKYREZ and
HONEYOL 80) produced from oil shale at the Viru Keemia Grupp in Estonia was to
produce formaldehyde resins. To improve technological conditions and elucidate the
impact of S to oil shale ARs the reaction mechanism of S addition to ARs on the reaction
of polycondensation; the structure and the composition of new acetaldehyde and non-
aldehyde resins; as well as the thermal behaviour of formaldehyde, acetaldehyde and
non-aldehyde resins in inert and oxygen environments had to be studied. Information
should also be obtained on the physicochemical and technological characteristics of new
resins. The full physicochemical and technical characteristics of the (alkyl)resorcinol
resins obtained from oil shale raw materials are required to optimise the technological
process as well as for finding their new applications.

The aim of this study was to obtain novel environmentally friendly resins
(formaldehyde, acetaldehyde, and non-aldehyde resins) using local raw materials, such
as oil shale ARs, both individually (5-MR, 2.5-DMR) and as a part of industrially produced
fractions (REZOL, HONEYOL 50, and HONEYOL 80 fractions).

To achieve this aim, the following tasks had to be performed: replacement of Ph
present in phenol-formaldehyde resins with R or ARs; reduction of the amount of volatile
and unreacted compounds in resin using S modification; replacement of F in the
composition with other less toxic aldehydes, such as Ac; removal of aldehydes from the
resins using S or DCPD (for improved compatibility with rubber); studying the structure
of the resins using NMR, TLC, GC-MS, and GPC; and studying the physicochemical and
technical characteristics of the resins obtained under optimal synthesis conditions.
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2 Experimental

This chapter presents the characteristics of the raw materials, analytical methods,
formulations, and methods of synthesis related to aldehyde and non-aldehyde resins
described in Publications I-III.

2.1 Materials used in experiments

Individual resorcinol components, such as R (99.9 wt%), 5-MR (99.97 wt%), and 2.5-DMR
(99.43 wt%), were used as the raw materials. In addition, the study was conducted using
the industrial fractions of water-soluble oil shale ARs, which have boiling points >270 °C
for REZOL and in the range of 270-320 °C for HONEYOL 50 and HONEYOL 80. The contents
of the main ARs in the fractions that were determined using GC are presented in Table 4.

Table 4. Characteristics of the fractions of water-soluble oil shale alkylresorcinols.

Fraction
Component, wt% HONEYOL 50 HONEYOL 80 REZOL
(To=270+320 °C) |(Tb=270+320 °C) | (Tb 2 270 °C)
Monatomic phenols 0.02 0.02 0.4
Resorcinol (R) 2.9 0.6 2.8
5-methylresorcinol (5-MR) 55.2 88.7 43.0
5-ethylresorcinol (5-ER) 9.1 5.2 12.0
2.5-dimethylresorcinol (2.5-DMR) 8.2 2.8 4.1
2-methylresorcinol (2-MR) 0.4 0.1 0.3
4-methylresorcinol (4-MR) 2.5 0.1 1.7
4.5-dimethylresorcinol (4.5-DMR) 7.6 1.2 8.3
Nitrogen (N) 0.3 0.3 0.3

The composition of HONEYOL 50 and REZOL is comparable, but HONEYOL 80 exhibits
an approximately two-fold increase in 5-MR content and a reduced concentration of R,
5-MR, and 4.5-DMR.

Formaldehyde (formalin containing 37.4 wt% F) and acetaldehyde (99.5 wt%) were
used as the condensing agents; dicyclopentadiene (>93 wt%) and styrene (>99 wt%) were
used as the modifiers in the resin synthesis. Before the synthesis, S and DCPD were
distilled and purified.

A 1M solution of H2SOsand p-Toluenesulfonic acid was used as the catalyst. The catalyst
was neutralised using a 40% NaOH solution.

Industrial fractions, individual R, ARs, and p-TSA were provided by the Viru Keemia
Grupp. All other chemicals (e.g., toluene, acetone, and ethanol) were purchased from
Sigma Aldrich, Penta and were of analytical grade.

2.2 Synthesis of resins

2.2.1 Formaldehyde resins

The synthesis recipes to be followed were selected based on the data obtained from a
preliminary patent [15,20,25,30,37,39,63-65]. It is known that novolac (thermoplastic)
oligomers are synthesized by reacting (alkyl)resorcinol with F in the presence of acid
catalysts. As a result of the reaction, novolac formaldehyde oligomers with predominantly
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linear structures have been formed [17,24]. If cross-linking and/or gelation are to be
prevented in novolac resins [65], the molar ratio of R to aldehyde would have to be >1.
The amount of styrene present affects the completeness of the reaction with
(alkyl)resorcinols. A large excess of styrene with respect to the resorcinol component can
lead to a significant amount of unreacted styrene remaining in the finished resin that
must be removed by distillation. Moreover, polystyrene could also form [66]. This
phenomenon would negatively affect the resin properties.

The use of dibasic H2504 as the catalyst significantly reduces the amount of catalyst
introduced into the reaction mass. Moreover, because dibasic H2SOs inexpensive, it is
often used in the manufacture of chemicals.

Table 5. Molar ratios of the initial components used in preparing formaldehyde resins.

Sample name

Initial
comp:)r?ent, RF RFS*  RSF  5-MRSF  RooRezioSF  R7oRezzoSF  ReziooSF
[mol] 1 2 3 4 5 6 7
R 1 1 1 - 0.9 0.7 -
5-MR - - - 1 - - -
Fraction - - - - 0.1 0.3 1
REZOL
Styrene 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Formaldehyde 0.5 0.5 0.5 0.5 0.5 0.5 0.5
*Toute |

Formaldehyde resins (SF) are produced in two ways. In one method (hereinafter
referred to as the route 1), an aralkylating agent (styrene) is added to the entire calculated
amount of (alkyl)resorcinol. In the other method (hereinafter referred to as the route 1),
the total amount of (alkyl)resorcinol is divided into two parts: the first part is aralkylated,
and the second part of (alkyl)resorcinol is added to the reaction mass. At the end of the
synthesis, atmospheric distillation followed by vacuum distillation are conducted to
remove the water resulting from the polycondensation reaction as well as the water
added with formaldehyde (37.4%) and the catalyst (H2SOa4). The molar ratios of the initial
materials are listed in Table 5. The same amount of catalyst (0.023 mol) was used in each
synthesis. The synthesis block diagram is shown in Figure 5.

In Publications I, I, and lll, the resins SF were mostly obtained using the second
method, with the exception of Rez100SF. According to Publication |, unmodified R was
used to synthesise RF resins.

2.2.2 Acetaldehyde resins

Literature and patents referring to Ac resins indicate that they can be obtained either in
the presence of solvents (e.g., water) or by directly introducing pure Ac into the reaction
mixture [18,20,45,47,48,50,67]. However, once a reaction has been performed in a
solvent, it might not be possible to completely remove the solvent from the resin.
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Resorcinol

Formaldehyde or

component Styrene acetaldehyde Distillation
(I part) ﬂ ﬁ NaOH atmospheric
i i 140-145°C
. Aralkylation Condensation vacuum
Heatmgo 2”  30-90minat > 10045°C —> Neutralization [—>»| 003-0.09 MPa, until
125-135°C 150+10°C * 165°C
Catalyst H2SO4 Resorcinol Tar water with ¢
component unreacted R X
(Il part) resorcinol ea::’tlo:
component produc

novolac

. . X . structure resin
Resorcinol component — R, 5-MR, 2.5-DMR, fractions of oil shale ARs (fractions REZOL, HONEYOL 50)

Figure 5. Block diagram of the synthesis of formaldehyde and acetaldehyde resin (route Il).
The resulting resin exhibited poor technical characteristics, contained a large amount
of water, and was viscous. The drying of these resins is difficult. The polycondensation

reaction rate of the resin was several times lower than that obtained using pure Ac. Thus,
in all subsequent experiments, pure Ac was used.

Table 6. Molar ratios of the initial components used in the synthesis of acetaldehyde resins.

Sample name

Initial
comp:)r?ent, RSAc 5-MRSAc 2.5-DMRSAc Hon50100SAc R70Rez30SAc  ReziooSAC
[mol] 1 2 3 4 5 6
R 1 - - - 0.3 -
5-MR - 1 - - - -
2.5-DMR - - 1 - - -
Fraction - - - - 0.7 1
REZOL
Fraction - - - 1 - -
HONEYOL 50
Styrene 0.2 0.2 0.2 0.2 0.2 0.2
Acetaldehyde 0.5 1 0.75 0.75 0.75 0.75
Catalyst HoSO4  0.023  0.026 0.031 0.093 0.033 0.055

In Publication 1l, SAc was synthesised using the second method for producing SF
(Figure 5). Depending on the aldehyde used, the resorcinol/aldehyde ratio affects the
final softening point of resins [17]. The ratios of the initial substances and the synthesis
conditions used in the experiments are listed in Table 6. The use of an appropriate
reagent ratio ensured the production of thermoplastic solid resins. The amount of
catalyst used varied from 0.023 to 0.093 mol, depending on the initial resorcinol content.
It is known that industrial fractions (HONEYOL 50, REZOL) contained various pyridine
bases [68]. Their amount converted on nitrogen in the fractions is indicated in Table 4.
Pyridine bases interact with the acid catalyst. Thus, the calculated quantities of catalyst
should be increased based on the values of nitrogen presented in Table 4.
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2.2.3 Non-aldehyde resins

Non-aldehyde (DCPDS) resins were synthesised according to recommendations given in
the literature [21,61,69]. DCPD and S were used as modifiers. A block diagram is shown
in Figure 6.

Resorcinol

DCPD Styrene
component ﬂ NaOH
. Reaction Addition Distillation
Heatm% A for 60 min at y > for 60 min at > Neutralization > vacuum
125-135°C 140-145°C 150-160°C 7-17 mm Hg
Catalyst p-TSA Catalyst p-TSA unreacted ¢
DCPD and Reacti
styrene eaction
product
novolac
Resorcinol component — R, 5-MR, fractions of oil shale ARs (fraction HONEYOL 80) structure resin

Figure 6. Block diagram showing the synthesis of non-aldehyde resins

The initial materials used in the experiments were obtained based on the molar ratios
listed in Table 7. The catalyst used was p-TSA (0.005 mol). HONEYOL 80, containing
88.7 wt%, was selected as the raw material. 5-MR and a minimal amount of long-chain
(nine or more carbon atoms) ARs [70].

Table 7. Molar ratios of the initial components used in the synthesis of non-aldehyde resins.

Initial component, [mol]

Sample name

R 5-MR HONEYOL 80 DCPD Styrene
RDS:1 1.0 - - 0.4 1.0
RDS: 1.0 - - 0.4 1.0
RDS3 1.0 - - 0.4 1.0
RDS4 1.0 - - 0.5 0.7
RDSs 1.0 - - 0.5 03
5-MRDS - 1.0 - 0.5 0.3
H80100DS - - 1.0 0.5 0.3
R70Hon8030DS 0.7 - 0.3 0.5 0.3
RsoHon80s0DS 0.5 - 0.5 0.5 0.3

The number of moles in REZOL, HONEYOL 50, HONEYOL 80 was calculated based on
their average molecular weight Mn:

_ T (NxMy) (1)
Mn - Z?;1Ni

where N;-the number of moles of the i-th component of the HONEYOL or REZOL fraction,
M - the molecular weight of the i-th component of the HONEYOL or REZOL fraction.
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2.3 Analysis methods used in experimental studies

This chapter presents data on physicochemical and analytical methods used in studying
the properties of the resin samples, describing the preparation of the initial resorcinol
components (R, 5-MR, 2.5-DMR, REZOL, HONEYOL 50, and HONEYOL 80) and synthesised
resins required for chromatographic analyses.

2.3.1 Analytical methods

The main physicochemical resin parameters, such as the softening point [71], moisture
content [72], volatile content [73,74], ash content [75,76], coke number [75], and the
amount of unsaturated compounds in the distillate [77], were determined using standard
methods.

The softening point was determined using a modified ring-and-ball method [73].
In this study, glycerine was used in the heating bath instead of water, considering the
softening point of the resins (~100 °C).

The moisture contents in RF and SF resins (Publications | and Il) were coulometrically
determined using the Karl Fischer method [72].

To study the volatile content at 105 °C [73,74], ash content [75,76], coke number [27]
of the resulting resins, gravimetry or TGA were used in both inert (N2 or Ar) and oxidising
environments (air). Publications I-lll provide the details of the analytical parameters
used.

The nitrogen contents of the initial alkylresorcinol fractions were determined using
the ASTM D5291 method [78]. This indicator is important for calculating the amount of
catalyst.

The thermal stability, thermal-oxidative destruction, thermal effects, and resin
decomposition products were studied using TGA and TG/DTA-MS methods (Publications
).

The structures of the resins SF were studied using NMR *H and NMR 3C, and GC-MS
(Publications I-Il). SF samples were analysed based on the NMR *N and NMR 13C spectra
obtained using a Bruker spectrometer operating at 500 MHz. The resins were first
dissolved in deuteroacetone (acetone D6). The spectra were processed based on the
information obtained from databases and the literature [20, 29, 68, 79-84].

TLC and GPC results (Publications I-lIl) were used to characterise and determine the
structural parameters, such as the molecular weight distribution (MWD) and average
chain length, of the oligomers.

The chromatographic parameters were calculated, and the results required for TLC
were evaluated using the software Sorbfil TLC View (Publication 1) and JustTLC
(Publications Il and Il1).

Most of the resin analyses were performed at the Laboratory of Fuels Technology and
the Educational Laboratory of Virumaa College. The other analyses were performed at
the Laboratory of Inorganic Materials, Department of Materials and Environmental
Technology, Tallinn University of Technology (TG/DTA-MS), Polymer Institute in Slovakia
(GPC), Saint Petersburg Institute of Technology (NMR), and St. Petersburg State
University of Economics (GC-MS).
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Preparation of sample required for chromatography analyses

Samples preparation for thin layer chromatography

To carry out a qualitative analysis of unreacted R and ARs using the TLC method, they
were extracted from resin samples. The sample preparation technique for the analysis of
aldehyde (F and Ac) resins is described in detail in Publication Il, and for non-aldehyde
resins in Publication Il

Samples preparation for gas chromatography

To determine their purities, individual R, 5-MR, 2.5-DMR, and oil shale alkylresorcinol
fraction compositions were subjected to derivatisation. Using a mixture made of ARs
and aralkylated R, 5-MR, and 2.5-DMR molecules, the nature of the interactions of
styrene with R, 5-MR, 2.5-DMR, and alkylresorcinol fractions was determined (Figure 7).
The silylation process is described in Publication Il.

The first step in quantifying unreacted R and ARs using GC was their extraction from
the resin samples, performed as in TLC (Publications Il and Ill). The extracted unreacted
R and ARs were first silylated with 1.1.1.3.3.3-hexamethyldisilazane, converting them
into esters with lower boiling points than those of initial R and ARs. This technique allows
the evaporation of heavy alkylresorcinols from the chromatograph injector and the
determination of their compositions.
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3 Results and Discussion

This chapter presents and analyses the results of the studies on aldehyde and non-
aldehyde resins based on the contents of R, individual oil shale ARs (5-MR and 2.5-DMR),
and the commercial fractions of oil shale ARs (HONEYOL 50, HONEYOL 80, and REZOL).
Options for the interactions of resorcinol components with S in the presence of an acid
catalyst and the formation of polymer molecules with novolac structures were
considered. Physicochemical and technical characteristics of the resins were determined
using the standard methods (for example, determination of softening point and moisture
content) and TGA, TLC, GPC, and NMR. The results are published in Publications I, Il, and
1.

3.1 Formaldehyde and acetaldehyde resins

3.1.1 Chemical reactions and structure

When the R molecule is aralkylated, three types of substituted molecules can form [17].
This finding was based on NMR and TLC studies (R and 5-MR) and literature data, which
indicated that when styrene is added, it predominantly occupies the ortho- and para-
positions of the (alkyl)resorcinol molecules. Moreover, as a rule, in the molecules of R,
5-MR, and 5-ER, two types of aralkylated molecules are formed (Figure 8 — 1,2,5,6) while
in the molecules of 2.5-DMR, one type of aralkylated molecules is formed (Figures 8-9)
depending on the electronic charges on the carbon atoms in the (alkyl)resorcinol
benzene ring (Table 2). Although options for the addition of a second S molecule to the
aromatic units 5-MR and 5-ER and to 2.5-DMR, are available, they are unlikely to succeed
owing to the spatial structures of the aralkylated molecules and the molar ratio of
the R component to S. Notably, when aralkylation occurred in an acidic environment,
the amount of raw material (R) required exceeded five times the amount of S required
(Tables 5 and 6). These quantities of R and S influenced the type of formation of
aralkylated molecules.

Based on the NMR results, TLC analysis, and literature data, the predicted structures
of the compounds present in SF and SAc are shown in Figure 8.

First of all, the R molecule will react with aldehyde (F and Ac). According to literature
data [82], the reactivity of R in Positions 4 or 6 is higher than that at Position 2.
This change in reactivity was facilitated by the spatial structure of the R molecule.
The -OH groups in the R benzene ring can initially hinder the formation of methylene
bridges at Position 2 in the presence of a two-fold excess of R. For this reason, the
predominant product of the reaction will be the molecules containing 4.4'-methylene
bridges. After the formation of a methylene bridge at Position 4.4°, the reactivity of
the R molecule centres at Position 2 under the action of an acid catalyst increases
[85-87]. The formation of methylene bridges begins at Positions 2.4 or 2.2°. The reactivity
at Position 6 simultaneously increases.

Considering the presence of unreacted R, the same compounds present in RF resin
can be expected to be present in RSF, RooRez10SF, and R7oRez3oSF. It has been established
that the structures of 5-MRSF and Rez100SF components correspond to those of the
components of resins obtained using R. The main difference is the presence of an alkyl
substituent at Position 5 (Figure 8).
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It has been established that in SF and SAc, a certain amount of unreacted initial
resorcinol components as well as compounds obtained during the aralkylation process
are present; that is, their interactions with F and Ac do not occur completely. Although F
and Ac should have completely reacted at the molar ratio used, unreacted R and ARs
were present in the resin. This presence of unreacted materials is due to the slow
aralkylation between R and S and condensation with F in the first stage. According to RSF
resin spectra (Figure 10 - b, b’), the aralkylation of R mainly occurs at Positions 2, 4, and
6. No products resulting from the aralkylation of R with S were detected at Position 5.

NMR H spectra NMR 13C spectra
RF resin

a) a')
RSF resin

Rez100SF resin

c) c')
Figure 10. Nuclear magnetic resonance ‘H and 13C spectra of the SF resins.
Based on the results of TLC (Figure 11) and NMR (Figure 10 — a, a’), and literature data
[20,29,68,80-84], the structures of the main components of RF were determined.

The chemical shifts of the protons and carbon atoms of the established structures fully
correspond to signals similar to those in the spectra shown in Figures 10 — a and a’.
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The resins RF contain significant amounts of unreacted R, slightly fewer amounts of
trimers, even fewer amounts of tetramers and oligomers, and a small amount of dimers
(Figure 11). This ratio of the condensation products (with a twofold molar excess of R)
can be attributed to the formation of dimers, the slowest stage of the reaction.
Therefore, a significant amount of R does not have time to enter the condensation
reaction. Dimers are more reactive than R, and thus, they can quickly turn into trimers
and then into tetramers and oligomers.

R PS RF RSF RSAc
-
-

Figure 11. Thin-layer chromatography images: resorcinol (R), polystyrene (PS), resorcinol-formaldehyde
resin (RF), resorcinol-formaldehyde resin modified with styrene (RSF) and resorcinol-acetaldehyde
resin (RSAc) modified with styrene.

The interactions between R and F are theoretically possible at the ortho-, para-, and
meta-positions of the aromatic ring of R. Based on the results of the NMR analysis, it was
established that if the condensation of R with F proceeds to position 5, then the spectra
would contain signals with carbon atoms (-CH2- group) that would chemically shift in the
22-14 ppm region. Moreover, in the presence of the methylol group -CH2-OH,
the spectrum would have signals in the 49—60 ppm region. However, NMR analysis
showed that condensation predominantly occurred at Positions 4 and 6, where the
signals were found. The negative charge at the ortho-position (Table 2) of the R molecule
enables the addition of F. Despite this, the spatial structure of the R molecule can hinder
the formation of methylene bridges at the ortho-position in the initial stage of the
process when a two-fold excess of R is present.

The H and 3C NMR spectra (Figure 10 b, b’) of the RSF revealed that the S added
occupied the ortho- and para-positions of the aromatic ring of the R molecule. S became
attached to R at the a-carbon atom to form a -CH-bridge. This phenomenon was
confirmed by the presence of a quartet in the *H NMR spectrum in the 4.5-4.6 ppm
region — the signal of the methine group. The split signal (doublet) in the 1.5 ppm region
corresponds to the methyl group (-CHs). Splitting of the methyl group signal into a
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doublet occurred because of the influence of the hydrogen atom in the tertiary carbon
atom (-CH-).

The intense signals in the region of 7.2—7.9 ppm correspond to the protons of the S
aromatic ring. The signals of the aromatic ring of R are in the region of 6.5-8.0 ppm.
The interaction between S and R was confirmed by the data obtained using 3C NMR.
In the region of 31-39 ppm, the signals corresponding to the CH- and -CHz-group-bridging
structures were present in the resin. The signal in the 142-144 ppm region indicates the
presence of a tertiary carbon atom linking the aromatic rings of R and S in the resin.

In the H and 3C NMR spectra of the samples of 5-MRSF, RsoRezsoSF, and ReziooSF,
characteristic signals in the regions of the hydroxyl groups (8—10 ppm), protons of
aromatic structures (6—8 ppm), methylene bridges (3.5-4.5 ppm), methyl groups
(0.5-1.8 ppm), aromatic carbons (100—160 ppm), methylene bridges (20—-40 ppm), and
methyl groups (9—20 ppm) were present. The presence of these characteristic signals
confirmed that the 5-MRSF, RsoRezsoSF, and RezigoSF structures were similar to the
resorcinol-derived resin structures. The only main difference is the presence of an alkyl
substituent at Position 5.

In the resins obtained based on 5-MR, a mixture of the AR fractions (REZOL and
HONEYOL 50) and R was prepared based on the molar ratios indicated in Tables 5 and 6,
and the AR fractions (REZOL and HONEYOL 50), unreacted R, 5-MR, 5-ER, and 2.5-DMR
were also present (Table 9). As with RSF, the aralkylation steps of styrene with R, 5-MR,
5-ER, and 2.5-DMR and the associated condensation of R, 5-MR, 5-ER with aldehydes
were the slowest.

3.1.2 Properties of the formaldehyde and acetaldehyde resins

Chemical composition

Table 8 lists the physicochemical properties of SF and SAc. The preliminary modification
of the initial components made it possible to increase the softening points and reduce
the volatile contents of the (alkyl)resorcinol-formaldehyde resins. Styrene-modified RSF
has been shown to have a higher softening point at ~20 °C compared with unmodified
RF. The modification of initial components using styrene leads to the formation of
molecules and oligomers with a higher molecular weight. The introduction of a modifier
significantly reduced the hygroscopicity of the resin.

The condensation of aralkylation products with F and Ac was performed at molar
ratios of 2:1 and 2:1.3, respectively. The softening point of RSAc (73.0 °C) is lower than
that of RSF (84.0 °C) with an R:aldehyde ratio of 2:1. According to [17], to obtain the same
softening point using Ac, the amount of aldehyde has to be increased (Figure 3).

Among synthesised SF, the best in terms of technical characteristics was the resin
obtained by replacing 10% of R on the oil shale alkylresorcinol fraction REZOL
(RooRez10SF). A further increase in the alkylresorcinol fraction content led to a
deterioration of resin properties. This deterioration has been attributed to the absence
of a catalyst, which has been spent on neutralising the pyridine bases present in the resin.
In addition, industrial fractions contain ARs coming from oil shale tar, with a boiling
temperature that can reach up to 430 °C. These compounds with high boiling
temperatures have alkyl chains, each with nine or more atoms, as well as cyclic side
chains, such as the cores of tetralin, indane, and biphenyl. Their contents in the fraction
that boils between 300 and 330 °C are significant [70]. The presence of these substituents
can spatially hinder the aralkylation and polycondensation of the components.
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Table 8. Resin characteristics.

Characteristics

Water released during

Content of the unreacted .
the polycondensation

Physical and chemical characteristics .
resorcinols [wt%]

S¢

process
Sample name . Ash at 830 °C
Volatile . Styrene
. [wt%] Coke lodine
Softening point [c] <°TPonents  Motsture TGA number R 5-MR  S5ER - Number  Comtent
at105°¢ [wt%] Gravimetric  (in [wt%] DMR [g1,/100g] [wt% by
[wt%] air) GC]
RF 66.0 1.47GA 2.0 - 0.7 26.4 19.1 - - - - -
RSF* 86.3 0.976A 0.3 - 0.3 25.6 3.2 -
RSF 84.0 0.676A 0.2 - 0.3 24.0 7.7 - - - 0.0 0.0
RSAc 73.0 6.8 1.2 3.7 - - 8.6 - - - - 0.0
RDSa 80.5 <0.0176A - 0.2 - - 0.9 - - - - -
RDSs 97.0 <0.0176A - 0.4 - - 1.9 - - - - -
ReoRez10SF 89.0 0.4T6A 0.3 - 0.2 23.9 5.6 8.1 2.7 - 0.0 0.0
R70Rez30SF 78.0 0.676A 0.5 - 0.4 19.4 5.4 10.4 4.4 - 0.0 0.0
R70Rez30SAC 102.5 0.8T6A 0.8 0.2 0.5 204 0.5 2.8 0.9 0.3 0.0 -
R70Hon8030DS 95.0 <0.0176A - 0.2 - - 0.5 - - - -
RsoRezsoSF 69.0 0.7T6A 0.5 - 0.4 18.9 5.4 10.4 4.4 - - -
RsoHon80s50DS 88.0 <0.01T6A - 0.04 - - 2.1 - - - -
Rez100SF 69.3 0.9T6A 0.5 - 0.1 13.8 21 12.1 4.5 - 67.8 -
Rezi00SAc 69.5 0.676A 0.3 0.1 0.0 6.9 <0.01 1.5 0.6 0.2 - 2.0
Hon50100SAC 80.5 0.976A 0.9 0.7 0.9 11.3 <0.01 2.6 0.7 1.3 - 3.7
Hon80100DS 75.0 <0.0176A - 0.2 - - 1.8 - - - -
5-MRSF 81.5 1.776A 0.9 - 0.6 17.9 - 6.4 - - - -
5-MRSAc 103.0 5.05 2.6 1.1 - - - 2.0 - - - 0.1
5-MRDS 94.0 <0.0176A - 0.2 - - 0.6 - - - -
2.5-DMRSAc 51.5 4.0 0.5 0.3 - - - - - 56.7 - 0.2
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In the next series of syntheses, the catalyst volume was increased to calculate the
content of the alkylresorcinol fraction. Owing to this, a resin in which synthetic R had
been replaced by 30 mol% of the REZOL fraction (R7oRez30oSAc) could be obtained.
The resin R7oRez30SAc has a softening point that is 24.5 °C higher than that of the resin
R70Rez30SF, and the total contents of unreacted R and ARs in R7oRez30SAc are less than
that in R7oRez30SAc by almost five times. The remaining physicochemical parameters of
the resins were within the reproducibility limits of the methods used.

Table 9. Free resorcinol content in the resins and the degree of polycondensation.

Initial content Content of
Components of free free Depth of the
Sample name of the raw . resorcinolsin  polycondensat
) resorcinols . .
mixture [Wt%] the resin ion process [%]
[wt%]
RF R 100.0 19.1 80.9
RSF* R 100.0 11.0 89.0
RSF R 100.0 7.7 92.3
RSAc R 100.0 8.6 91.4
RooRez10SF R 87.5 5.6 93.6
5-MR 9.7 8.1 16.5
5-ER 2.8 2.7 3.6
R70Rez30SF R 66.9 6.4 90.4
5-MR 25.8 7.8 69.8
5-ER 7.3 3.5 52.1
R70Rez30SAc R 70.0 0.5 99.3
5-MR 12.9 2.8 78.5
5-ER 3.6 0.9 75.0
RsoRezsoSF R 46.5 5.4 88.4
5-MR 41.7 10.4 74.6
5-ER 11.8 4.4 62.7
Rez100SF R 2.1 2.1 0.0
5-MR 74.3 12.1 83.7
5-ER 25.7 4.5 82.5
Rez100SAc R 34 0.0 100.0
5-MR 70.3 1.5 97.9
5-ER 19.5 0.6 97.0
2.5- DMR 6.8 0.2 96.8
Hon50100SAc R 2.9 0.0 100.0
5-MR 73.2 2.6 96.5
5-ER 12.0 0.7 93.9
2.5-DMR 10.9 1.3 87.7
5-MRSF 5-MR 100.0 6.4 93.6
5-MRSAc 5-MR 100.0 2.00 98.0
2.5-DMRSAc 2.5-DMR 100.0 56.5 435
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The results presented in Table 9 indicate a more complete interaction of the
components using the AR fractions in ReziooSAc than in ReziooSF. The degree of
conversion of 5-MR and 5-ER increased as the REZOL content increased. The conversion
of the main components of the resin R7zoRezsoSAc resin (R, 5-MR, and 5-ER) was higher
than that of the resin R7oRez3oSF when both had the same REZOL content. 2.5-DMR
exhibited the lowest conversion during polycondensation.

Thermal properties

According to TGA data (Figure 12), all of the SF behaved almost identically. In RF,
a significant loss of sample weight began in an inert environment at 140 °C. Modified S
resins synthesised based on individual substances (RSF*, RSF, and 5-MRSF) decompose
in one stage in the temperature range of 150-400 °C (Figure 12). At ~220 °C, intensive
decomposition of oligomers begins to occur. For resins with REZOL fraction additives,
decomposition begins at ~190 °C.
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Figure 12. Thermogravimetry, derivative thermogravimetry, and differential thermal analysis
curves of RSF, RooRez10SF, and 5-MRSF in (a) an inert atmosphere and (b) air at a heating rate of
5deg min.
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The maximum decomposition rate of the oligomeric structure was achieved at
temperatures in the range of 220-255 °C and was characterised by the inflection point
of the TGA curve. Resins RSF*, RSF and RgoRezioSF have the highest temperatures
(~255°C) at maximum decomposition rates.

In the initial stage of thermal destruction, side groups, such as -OH, -CHs, and -CzHs, in
the macromolecules are eliminated under the influence of heat, or bridge groups (-CHz)
that are part of the structure of the oligomer molecule. The aromatic groups in the
macromolecules of RF increase the rigidity of the chains and the number of
intermolecular interactions among them. Thus, it becomes difficult for free-radical
destructive processes to occur. In addition, aromatic cyclic macromolecules prevent
depolymerisation from occurring because of the high strength of the C—H bond in the
benzene ring and the non-separation of hydrogen molecules from the core. The primary
decomposition of the methylene bridges and the elimination of the side chains occur up
to ~320 °C [88,89]. With the destruction of the macromolecules, unreacted resorcinols
were removed completely and simultaneously. According to literature data, this removal
occurs in the temperature range of 100 °C to 250 °C [17]. In the heat flow graphs, small
endothermic effects can be seen in the temperature range of 80-120 °C, which are
associated with the release of water and volatile components, as well as in the
temperature range of 200-270 °C, associated with the melting and decomposition of
components that have not reacted (5-MP, 5-ER, and other low molecular weight
oligomers). With a further increase in temperature, thermal decomposition of the
benzene ring was observed, along with the simultaneous destruction of the bridging
groups connecting the phenylene rings. The intense exothermic effect above 400 °C
indicates the oxidation reactions of the remaining resin components.

In RF without styrene, a 10% weight loss occurs at 158 °C within an inert environment.
The addition of styrene causes the resin to lose 10% of its mass at 201 °C.

Table 10. Mass-loss temperatures of different resins in air.

Sample name

e B8
L

Parameter L s A o % K 5‘-1’ g
. < %) o N 0 (%]

= 2 g 2 3 5 & & s

voow & 2 %

o= ~

o

Tstartofdec, [°C] 115 155 80 170 162 182 155 105 150
T, [°C] 174 213 194 302 214 241 205 247 289
Tso, [°C] 409 467 459 440 422 421 461 397 400
Too, [°C] 527 565 543 520 561 521 554 599 480

Radical-chain oxidation reactions occur during the thermal-oxidative destruction of
resins in polymer systems. The hydroxyl groups present in the macromolecules of RF
first undergo oxidation, followed by methylene fragments [89]. As Figure 13 shows,
the oxidation process involves the formation of water, carbon dioxide, carbon monoxide,
and low-molecular-weight carbon-containing volatile products. Each bond break leads to
the volatilisation of chain fragments. The destruction process occurs in two stages, which
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are characterised by two steps in the thermogram curve (Figure 12b). The unreacted R
and ARs, as well as dimers, trimers, and alkyl groups, are first exposed to oxygen.
The second stage involves the decomposition of long-chain resin molecules.

No selectivity was present during thermo-oxidative destruction. Low selectivity during
the oxidation of an oxygen-containing polymer implies that both functional groups and
C-H bonds are affected, along with the valence bonds of the macromolecular chain.

The maximum decomposition rates of most of the resins in the first stage were within
the temperature range of 240-250 °C. In the resins RF and Rezi00SF, the maximum
decomposition rate occurred at 215 °C. The resins that had the highest thermal
resistance to oxidising environments were RSF, 5-MRSF, and RooRez10SF.
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Figure 13. Gas evolution during the heating of the resins in an Ar+20%0, atmosphere at a heating
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The decomposition temperatures of the resins RF, RSF, 5-MRSF, and RSARF (10%)
increase in an oxidising environment. This increase could be due to the presence of
macromolecules with n 25 in the resin composition, which can branch under the
influence of heat and oxygen, followed by cross-linking. Cross-linking of the
macromolecular polymer structures can lead to a 50% mass loss at temperatures
significantly higher than the temperature of an inert environment. This trend was not
observed in resins obtained by adding more than 30% REZOL. The absence of this trend
in the resins mentioned can be attributed to the presence of large amounts of unreacted
ARs with long alkyl chains and cyclic groups that do not participate in the
polycondensation reaction. Long-chain structures were practically absent. The resins
primarily comprised dimers, trimers, and tetramers, which is consistent with the TLC,
GPC, and NMR data.

The thermal decomposition of SAc that occurs when the resins are heated in an inert
nitrogen environment showed that the resin RzoRez3oSAc had the highest thermal stability.
The maximum decomposition rate of SAc occurs in the temperature range 210-270 °C.

A comparison of the results of the TA analysis of the resins RSAc and 5-MRSAc (Figure
14) indicates the significant influence of 5-MR on the thermal properties of Ac, despite
its lower content of unreacted components (Table 8). Decomposition of SAc in an inert
atmosphere also occurs in a single stage, similar to that of SF. A significant change in the
mass loss of RSAc can be seen in the temperature range from 150 to 300 °C, while no
noticeable thermal effects occur in 5-MRSAc at temperatures below 400 °C.
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Figure 14. Thermogravimetry, derivative thermogravimetry, and differential thermal analysis
curves of the resins RSAc and 5-MRSAc in (a) an inert atmosphere and (b) air at a heating rate of
5deg min.
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As the resins decomposed in the air, the thermal analysis curves became more
complex. Thus, many decomposition reactions, particularly in 5-MRSAc, would have
occurred at temperatures below 400 °C. The intense decomposition reactions were
particularly noticeable in 5-MRSAc at temperatures above 400 °C. The higher weight loss
of RSAc within the temperature range of 80-200 °C would have occurred owing to its
large moisture content (Table 8).

Physical properties/characteristics (colour, solubility)

Synthesised SF are light crimson to dark crimson in colour and have a brownish tint. SAc
can be yellow, orange, or crimson. With the presence of increasing amounts of oil shale
alkylresorcinol fractions (HONEYOL 50 and REZOL) in the SAc formulations, their colour
became increasingly brownish. Almost all resins were transparent (Figure 15).

Figure 15. Resins appearance: a) formaldehyde resin, b) acetaldehyde resins, c) non-formaldehyde
resins

Table 11. Solubility of formaldehyde and acetaldehyde resins in various organic solvents.

Solvent
= (] ()

Sample name -‘% v 5 § § g
§ 78 5 g 3
<

RF ++ ++ ++ - e ++ ++

RSF ++ ++ ++ - - ++ ++

RSAc ++ ++ ++ - e ++ +-

R70Rez30SF ++ ++ ++ R ++ +-

R70Rez30SAc ++ ++ ++ - - ++ +-

Rez100SF ++ ++ ++ e ++ --

Rez100SAc ++ ++ ++ e ++ --

Hon50100SAc ++ ++ ++ - e ++ +-

5-MRSF ++ ++ ++ - e ++ +-

5-MRSAc ++ ++ ++ R ++ +-
2.5-DMRSAc ++ ++ ++ - - ++ +-

RDSs  eeeeee- ++ ++ e +- ++ -

RDSs eeeeee- ++ ++ e +- ++ -

R7o0Hon8030DS ~  -------- ++ +H - +- ++ -

5-MRDS = - ++ e +- ++ -

++ - soluble, + - soluble by heating, +- - partially soluble, -- - insoluble
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Table 11 shows that SF and SAc exhibit different solubilities in organic solvents. SF and
SAc possess good solubility in polar (acetone and EtOH) and moderately polar (THF)
organic solvents at a room temperature of 20-22 °C. RF and RSF are soluble in water.
The water solubility of these resins could be due to the high content of unreacted
low-molecular-weight (alkyl)resorcinols (R, 5-MR, 5-ER, etc.) with OH-groups they
contain. The resins of all formulations had good water solubility in acetone.

3.2 Non-aldehyde resins

3.2.1 Chemical reactions and structure
The interaction of DCPD with R, 5-MR or other ARs can proceed according to the scheme

(Figure 16).
OH OH
Sy
OH Rt OH

where R' is indepedently H or alkyl (- CH;, - CH,-CH, etc.)

Figure 16. The structures of resin units obtained at molar ratios of resorcinol component:
DCPD:S—-1:0.5:0.3

Based on the literature data [17] and the results of the experiments (RSDs, 5-MRDS,
H80100DS, R70Hon8030DS), the synthesis of non-aldehyde resins based on DCPD, and S
could proceed based on the scheme presented in Figure 19.
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Figure 17. Gel permeation chromatography Figure 18. Gel permeation chromatography
traces of the RDSs; RDSs, and 5-MRDS traces of the RzRezsoSac, R;oHon8030DS, and
samples converted into molecular weight RzRez3SF samples converted into molecular
distribution through calculations using weight distribution through calculations using
polystyrene calibration curve. polystyrene calibration curve.
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The MWD results for SF, SAc, and DCPDS are presented in the GPC elution curves
(Figures 17 and 18) and TLC curves (Figure 11). In DCPDS, except in Hon80100DS,
macromolecules with predominantly linear characteristics had higher molecular
weights. An increase in the molar content of the alkylresorcinol fraction decreased the
number-average molar mass. This phenomenon could be due to an increase in the
number of branched macromolecules of the same molecular weight in the resin.
The molecular weight of the non-aldehyde resin R7o0Hon8030DS was significantly higher
than that of either of the two aldehyde resin samples (R70Rez30SF and R7oRez3oSAc).

The highest molecular weight achieved in the HONEYOL 80 sample was higher than
that achieved in the REZOL sample by almost two times. The molecular weight
characteristics of the resins are listed in Table 12. SF and SAc had lower dispersibilities
than DCPDS. The dispersibility depends on the contents of the low-molecular-weight
compounds. According to TLC and GPC analyses, R70Hon8030DS contained a large
number of dimers, which strongly affected the molecular weight of the resins. GPC
revealed that the use of F or Ac led to branching in the polymer molecules through
methylene bridges.

Table 12. Molecular-weight characteristics of the samples.

Sample name M Mw D MW range Low-MW content [%]
5-MRDS 420 610 1.45 120 - 3900 14
Hon80100DS 370 520 1.41 120 - 2600 30
Rz7oRez3oSF 320 380 1.20 110-1200 10
R70Rez30SAC 330 450 1.36 110 - 1900 20
R70Hon8030DS 450 840 1.85 120 - 7000 25
RsoHon80s0DS 450 790 1.76 110-5700 22

The highest conversions of ARs were observed in the resins RzoHon8030DS and
5-MRDS. In SAc (except 2.5-DMRSAC), the condensation depths of R and ARs were higher
than those of SF. The resin 2.5-DMRSAc exhibited the lowest polycondensation depth.
Therefore, the condensation of the aralkylated 2.5-DMR molecule with aldehyde is
difficult owing to its spatial structure. With an increase in the alkylresorcinol fraction in
the resin formulation, the depth of conversion of R and ARs decreases. This could be
attributed that the first stages of interaction between aldehyde and DCPD with R raw
materials are the slowest. In the non-aldehyde resins, a high conversion of the initial
components was observed.

43



OH

OH OH OH OH
X N
+ | T >—- +
= =
R OH HO R' R oH gt

DCPD
(alkyl)resorcinol

OH OH OH
A, S @Q—'/
HO R Rl OH Rl OH
n
Ho=CH,

e

styrene

' '

OH OH
N N
T 5+
[ | =
HO R Rl oH Rr!

HC—CHgy

OH

OH OH OH
S AT
\/Al I/ I/
HO R Rl OH Rl OH
n
H

C—CHjg
where R* is indepedently H or alkyl (- CH,, - CH,-CH, etc.)
Figure 19. Synthesis reactions of (alkyl)resorcinol-dicyclopentadiene resins modified with styrene.

3.2.2 Properties of the non-aldehyde resins

Chemical composition

Among the formaldehyde-free resins, R7oHon8030DS and 5-MRDS exhibited optimal
characteristics (Table 13). Unreacted R and 5-MR contents were less than 1.0 wt%.
In addition, in contrast to polycondensed formaldehyde resins, not all formaldehyde-free
resins contain volatile components. They were completely moisture-free.
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Table 13. Depth of the polycondensation process.

Initial Content of
Components content of free Depth of the
Sample name of the raw free resorcinols polycondensation
mixture resorcinols in the resin process [%]
[wt%] [wt%]
RDS4 R 100.0 0.9 98.0
RDSs R 100.0 1.9 96.3
R70Hon8030DS R+5-MR 96.8 0.5 98.9
RsoHon80s0DS R+5-MR 94.5 2.1 95.6
Hon80100DS R+5-MR 89.3 1.8 95.8
5-MRDS 5-MR 100.0 0.6 98.8

It should be noted that the DCPDS resins obtained had a low ash content. The lowest
ash content values observed for RDS and RsgHon80s0DS were 0.04 and 0.06 wt%,
respectively. The TGA method (Figures 20 and 21) shows that volatile compounds in the
DCPDS resins are negligible.

From the results obtained (Table 13), it follows that the highest conversion of
alkylresorcinol (~ 99%) is achieved in 5-MRDS and R70Hon8030DS resins. Increasing the
amount of alkylresorcinol fraction in the formulation led to a decrease in the conversion
rate of R and 5-MR. For RsoHon8050DS and Hon80100DS resins, the conversion rates
remained almost at the same level and were 95.6 and 95.8%, respectively.

Thermal properties

The TA results presented in Figures 19 and 20 show that in the temperature range from
70 °C to 150 °C, the release of water (m/z = 18) is negligible. In this temperature range,
virtually no weight loss could be observed for the resin sample. The resulting DCPDS
remained stable up to 200 °C. Among the samples tested, RDSs showed the highest
stability and minimal weight loss, while Hon10oDS was the most unstable. Starting at a
temperature of 350 °C, strong boiling of the sample was observed, as evidenced by the
decomposition curve shown in Figure 20.
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Figure 20. Thermogravimetry and differential thermal analysis curves of DCPDS in an Ar+20% O,
atmosphere at a heating rate of 5 deg min.

All samples exhibited mass loss, which occurred in three stages. Figure 19 shows that
light hydrocarbons, including styrene, begin to release during the decomposition of
resins in the temperature range 230-300 °C. The intensity of this process depends on the
resin compositions. In more stable resins, such as RDSz, RDSs, and RsoHon80s0DS,
the release of components with cyclic structures (m/z = 78) occurs in the temperature
range of 300—350 to 450 °C. For unstable resins, the temperature at which the release of
components with cyclic structures (m/z = 78) occurred was lower by approximately
100 °C.

The oxidation (combustion) process was established by detecting the exothermic
effect on the differential thermal analysis (DTA) curve and the release of CO2 and H:O.
For DCPDS resins using R, the process became predominant at ~350 °C. For resins
obtained using the alkylresorcinol fraction of HONEYOL 80, this process was evident
between 400-430 °C.

Using the TGA method, the shelf life of a polymer can be preliminarily estimated [90].
This is demonstrated by the data on the behaviour of the resin when heated. Generally,
the higher the decomposition temperature, the longer the polymer retains its technical
and operational characteristics during storage. Table 11 shows that DCPDS begin to
degrade at higher temperatures (%) compared with SF and SAc.

Physical properties/characteristics (colour, solubility)
The colour of DCPDS resins ranges from dark crimson to brown. The brown colour
originated from the alkylresorcinol fraction of HONEYOL 80. DCPDS resins are opaque
(Figure 12).

According to the data presented in Table 11, DSPDS are slightly soluble in toluene and
insoluble in water. Their solubility in ethanol, acetone, and tetrahydrofuran are same as
those of SF and SAc.
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Conclusions

Novel aldehyde (formaldehyde and acetaldehyde) and non-aldehyde resins were
successfully synthesized using oil shale alkylresorcinols (5-MR and 2.5-DMR) and
industrial oil shale alkylresorcinol fractions (REZOL, HONEYOL 50, and HONEYOL 80),
their technical characteristics, and their structures and MWDs were studied in detail.
The resins SF, SAc, and DCPDS were analysed using GC, GC-MS, TLC, GPC, TGA,
TG/DTG/DTA methods, and NMR spectroscopy. The following conclusions can be drawn
from the studies conducted:

1.

The optimal amounts of oil shale fractions in the resin synthesis were determined.
The resin with 10% replacement of R to the REZOL fraction (ReoRez10SF) exhibited the
best performance compared to other SFs obtained by adding more REZOL (softening
point 89.0 °C, moisture content 0.3 wt%, ash content 0.2 wt%, and total contents of
unreacted R 5.6 wt%, 5-MR 8.1 wt%, 5-ER 2.7 wt%, high thermal stability).

The possibility of synthesizing high-quality polycondensation resins without F,
replacing it with Ac, has been shown. The resin synthesised with Ac (R70Rez30SAc)
has a higher softening point (102.5 °C) than the resin synthesised with F (R7oRez3oSF,
78 °C).

The use of pure Ac in the synthesis significantly decreases the volume of condensed
moisture in SAc resin. This low volume of condensed moisture leads to reduction in
the waste produced, requiring further purification and disposal. SAc contains 3—4
times fewer unreacted initial resorcinol components than SF.

The best conditions for the synthesis of non-aldehyde resins with their softening
points in the range of 94-97 °C are discovered: molar ratio of R (5-MR) : DCPD: S =
1: 0.5: 0.3, temperature 135-170 °C, and synthesis time: 30 min—5 h. The resin
(R70Hon8030DS) obtained using HONEYOL 80 has the best technical parameters:
softening point 95 °C, ash content 0.2 wt%, total content of unreacted R and 5-MR
0.5 wt%. The synthesised non-aldehyde resins did not require any additional vacuum
treatment. Insignificant amounts of water and volatile substances enable resin
moulding without using additional ventilation for vapour removal.

The aralkylation of ARs molecules produces mainly a mixture of ortho- and para-
substituted ARs that impact the oligomeric composition.

It has been shown that SF, SAc, and DCPDS resins are a mixture of oligomers with
different chain lengths depending on the conditions of synthesis. The heterogeneity
of resins was studied by TLC in the visible region of the spectrum for the first time.
The TLC method provides successful separation of isomeric resin oligomers, which
can subsequently be studied by NMR spectrometry.

Non-aldehyde resins contain many low-molecular-weight compounds (such as dimers
and trimers), as determined by GPC and TLC. Their proportions can be as high as
30%.

All the resins (SF, SAc, and DCPDS) obtained were soluble in organic solvents such as
acetone, THF, and EtOH. In addition, the RF and RSF resins were highly soluble in
water, the SAc resins were only partially soluble in water, and DCPDS were generally
insoluble in water.

The positive impact of the oil shale fractions to the resin properties was shown.

Therefore, the production of SAc- and formaldehyde-free resins based on the industrial
fractions of HONEYOL 50, HONEYOL 80, and REZOL can be considered promising, allowing
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the reduction of environmental damage during their synthesis and use in composites.
This will open new prospects for multifunctional polymer products.

The next step will be introducing these resins to the industry, considering the modern
requirements. Improving their properties leads to expanding areas of application, such
as in the production of adhesive components and additives, electrical, paint and varnish,
rubber products, composite materials.
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Abstract

Synthesis of modified resins based on resorcinol and oil shale
alkylresorcinols: structure and properties

Modern developments in the polymer industry have drawn attention to the production
of polymers that are environmentally friendly and have minimal negative impacts on the
environment, both during their production and use. Widely used phenol-formaldehyde
resins do not meet the present technological requirements because of their high
hygroscopicity, volatile substance content, including moisture content, and limited
storage period. The toxicity of polycondensation resins can be reduced by replacing
the phenol (Ph) and formaldehyde (F) in them with eco-friendly chemicals, such as
resorcinol (R), alkylresorcinols (ARs), and other aldehydes, such as acetaldehyde (Ac).
The production of non-aldehyde resins is also considered promising.

The substitution of raw materials for production of resins, including the use of oil shale
ARs and various modifiers, improves the physicochemical, mechanical, ecological, and
technical properties of resins. The addition of aliphatic or aromatic alkenes to the
aromatic ring of (alkyl)resorcinols reduces the number of components released during
resin processing and improves the interactions among polymer compound components.

The aims of this study were to (1) synthesize polycondensation formaldehyde (SF),
acetaldehyde (SAc), and non-aldehyde (DCPDS) resins based on oil shale ARs
[5-metylresorcinol (5-MR), 2.5-dimethylresortsinol (2.5-DMR)], industrial fractions of AR
of Viru Keemia Grupp (HONEYOL 50, HONEYOL 80, and REZOL), and their blends
comprising R pre-modified with styrene (S); (2) study the chemical structure of the resins
obtained and the routes of their formations; and (3) determine the technical and
physicochemical properties of those resins.

Aldehyde resins were synthesised in two stages. In the first stage, R was alkylated with
styrene. In the second stage, F or Ac, was added to the mixture containing the alkylated
molecules. The non-aldehyde resins were prepared according to the following scheme:
the condensation of the resorcinol component using dicyclopentadiene (DCPD), followed
by the addition of styrene to the oligomer molecules.

The catalyst mass required for the alkylation and polycondensation of the industrial
fractions of ARs was calculated by considering the pyridine bases (0.3 wt% in terms of
nitrogen).

The softening point, ash content, coke number, moisture content, volatile content,
and the solubility of the synthesised resins in various polar and non-polar solvents were
determined using standard methods. Qualitative and quantitative analyses of the resins
were performed using gas chromatography (GC), thin-layer chromatography (TLC), and
nuclear magnetic resonance (NMR) spectroscopy. GC and TLC were used to determine
the content of unreacted (alkyl)resorcinols. The change in the styrene concentration
during the aralkylation of (alkyl)resorcinols and their presence in the distillate after resins
have been dried were determined using GC and iodometry. The thermal analysis and
simultaneous determination of the released gases were performed to determine the
thermal stability of the resins. The molecular weight distributions in the resins were
determined using GPC and TLC.

It was revealed that the aralkylation of oil shale alkylresorcinol fractions under
synthetic conditions occurred over a period that was two times the corresponding period
of the individual ARs. It was observed that S reacted with R within 30 min. The reaction
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between S and 5-MR occurred almost instantaneously. The products of the alkylation
reaction were predominantly monosubstituted (alkyl)resorcinols.

The nature of interaction of individual resorcinols (R, 5-MR and 2.5-DMR) and oil shale
ARs with styrene and the nature of condensation pre-modified R, 5-MR and 2.5-DMR
with a cross-linking agent - F and Ac have been studied for the first time.

Aralkylation taking place in several directions has been established. Although, the
addition of styrene to 5-MR, 5-ER and 2.5-DMR molecules predominantly takes place at
the ortho- and para-position of the aromatic ring.

Synthesized SF resins have a deep crimson colour, SAc - from yellow to crimson, DCPDS
- from crimson to brown. With increasing proportions of the ARs fractions (HONEYOL 50,
HONEYOL 80, and REZOL) in the formulation, the resin acquired a brown colour. The
resins obtained were hard, brittle, or plastic substances with softening points of 51.5-
103 °C. The 2.5-DMRSACc resin has the lowest softening point of 51.5 °C. The use of DCPD
as a cross-linking agent enabled the production of low-ash resins with softening point in
the range of 75-97 °C.

The use of industrial oil shale ARs resulted in SF resin that had the best performance
and high thermal stability when 10 mol % R was replaced by the REZOL fraction
(RSARF-1/R9oRez10SF). Its characteristics were as follows: softening point: 89.0 °C, volatile
content at 105°C: 0.4 wt. %, ash content: 0.2 wt. %, moisture content using the Karl
Fischer: 0.3 wt. %, unreacted resorcinols (R and 5-MR): 13.7 wt. %, coke number:
23.8 wt. %. When the alkylresorcinol fraction (REZOL) in the formulation increased,
the technical characteristics of the resin decreased.

The best technical parameters of SAc resins were obtained by replacing 30 mol % R
with REZOL fraction: softening point: 102.5 °C, volatile content at 105 °C: 0.8 wt. %, ash
content: 0.2 wt. %, moisture content: 0.8 wt. %, coke number: 20.4 wt.%, total content
of unreacted resorcinols (R and 5-MR): 3.3 wt. %.

In the synthesis of non-aldehyde resins, it was possible to replace 30 mol % R with the
HONEYOL 80 fraction. A further increase of the alkylresorcinol fraction led to a decrease
of the technical characteristics. The resin R70Hon8030DS had optimal technical
parameters: softening point: 95 °C, ash content: 0.2 wt%, volatility at 105 °C: 1.2 wt%,
and the amount of unreacted R and 5-MR in the resin: 0.5 wt%.

The softening point of the acetaldehyde resins R7oRez3SAc and 5-MRSAc and the
formaldehyde resins R70Rez30SF and 5-MRSF changed from 78 to 102.5 °C and from 81.5
to 103.0 °C, respectively [Publications Il and lll]. The resin SAc contained ~3—10 times less
unreacted resorcinol components than the resin SF.

The TLC analysis showed that the resins SF, SAc, and DCPDS comprised a set of
oligomeric structures with different chain lengths. The resins DCPDS has a more
homogeneous composition than aldehyde resins. Resins SF, SAc, and DCPDS resins were
soluble in organic solvents, such as acetone, acetonitrile, THF, and EtOH. RF and RSF are
highly soluble, SAc are only partially soluble, and DCPDS are insoluble in water. Thermal
stability (10 % mass loss) was observed for SF up to 196-204 °C, SAc up to 194-238 °C,
and DCPDS up to 250-302 °C. The oxidation of DCPDS began at temperatures above
200 °C.

Based on the study results, we could conclude that oil shale ARs could serve as an
alternative to known raw materials (Ph and R). The possibility of replacing formaldehyde
with acetaldehyde to obtain formaldehyde-free resins was demonstrated. The possibility
of obtaining non-aldehyde resins has been demonstrated. The molar ratios of the initial
components affect the characteristics of the resins and the molecular composition of the
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final product. It should be noted that the synthesis of SAc requires special equipment
because of the low boiling point of Ac (~20 °C) [Publication Il]. By pre-alkylating the
resorcinol components with an aromatic alkene (S), it was possible to reduce the amount
of volatiles released from the aldehyde resin during its processing and storage. The resins
obtained using DCPD instead of aldehydes and modified with styrene contained less than
0.05 wt% ash and less than 1 wt% unreacted R and 5-MR. This has improved the thermal
properties of the resins, and thus, during storage, they are more stable compared to
aldehyde resins. The use of DCPD enables the formation of resins whose production does
not require water stripping [Publication IIl].

Thus, the production of SAc and DCPDS resins based on individual R, 5-MR, which can
partially be replaced by the industrial fractions HONEYOL 50, HONEYOL 80, and REZOL
produced at the Viru Keemia Grupp, can be considered a very promising direction.
The synthesis of resins based on such raw materials will allow expansion of the
application area and improve their properties in comparison with traditional resins. Thus,
prospects for obtaining not only the products listed in this study but also several other
multifunctional polymer products have opened up. The presence of reactive functional
groups and fragments in the resins allows their modification with other organic
compounds. The next step of the study was to study the behaviour of these resins in
various composites.
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Liihikokkuvote

Modifitseeritud vaikude siintees resortsinooli ja podlevkivi
alkiiilresortsinoolide alusel: struktuur ja omadused

Kaasaegne polliimeermaterjalide toostuse areng on suunatud keskkonnasdbralike
polimeeride loomisele, millel on minimaalne negatiivne mdsju keskkonnale nii
tootmisprotsessis  kui ka kasutamise ajal. Laialdaselt kasutatud fenool-
formaldehiitidvaigud ei vasta tdnapdevastele tehnoloogilistele nduetele suure
hugroskoopilisuse, lenduvate ainete, sealhulgas niiskusesisalduse ja piiratud sailivusaja
t6ttu. Polikondensatsioonvaikude toksilisust saab vahendada asendades fenoolid (Ph) ja
formaldehitdid (F) keskkonnasdbralikumate komponentidega nagu resortsinool (R),
alktilresortsinoolid (ARs) voi teised aldehtitidid [nt atsetaldehiitid (Ac)]. PaljutGotavaks
peetakse ka aldehlldide vabade vaikude tootmist.

Praegu toodetakse pdlevkivist, peale elekrienergia, peamiselt pdlevkivioli, mida
kasutatakse laevakituse lisandina, kittekatelde ja toostuslike ahjude kitteks ja
keemiatoOstuse toorainena. Lisaks tootakse pdlevkivist nii peenkeemia tooteid, nagu
2-metidlresortsiin, 5-metidlresortsiin-anhidriit ja 5-metiilresortsiin-monohiidraat
jne, kui ka alkilresortsinoolide toostuslikke segusid — Honeyol™, Rezol™. Tanu segu
koostisele vdivad pdlevkivi alkiilresortsiinid asendada resortsiini, bisfenoole ja
slinteetilist fenooli polimeeride siinteesis.

Tooraine asendamine, sealhulgas polevkivi ARs kasutamine, ja erinevate
modifikaatorite kasutamine vdimaldab parandada vaikude fiilisikalis-keemilisi,
mehaanilisi, 6koloogilisi ja tehnilisi omadusi. Modifikaatorite kasutamisega alifaatsete
vOi aromaatsete alkeenide sisseviimine (alkiiil)resortsinoolide aromaatsesse tsiiklisse
voimaldab vahendada vaigu to6tlemise kaigus vabanevate Ghendite hulka ja parandada
polimeermaterjalide komponentide vastastikmoju.

Kdesolevas t606s (1) uuriti formaldehitid-, atsetaldehiiiid- ja aldehiitidivabade vaikude
poliikondensaatsioonsiinteesi kasutades toorainena pdlevkivist toodetud ARs
[5-metiitlresortsinool (5-MR), 2,5-dimetlilresorsinol (2,5DMR)] ja Viru Keemia Grupp
AS to0stuslike ARs-ide fraktsioone (REZOL, HONEYOL 50 ja HONEYOL 80) ning nende
segusid R-ga. Resortsinoolide eelnevaks modifitseerimiseks kasutati stiireeni (S);
(2) wuuriti saadud vaikude keemilist struktuuri ja nende moodustumise kemismi;
(3) maarati vaikude tehnilised ja fiilisikalis-keemilised omadused.

Aldehiilidvaikude siintees viidi |abi kahes etapis. Esimeses etapis alkdliti resortsinool
lahteaine S-ga. Parast seda lisati alktitilitud molekulide segule F véi Ac. Aldehiitidivabad
vaigud valmistati jargmise skeemi kohaselt: esmalt kondenseeriti resortsinool ldhteaine
ditstiklopentadieeniga, mille jarel lisati oligomeeri molekulile S-i.

AlkGdlimis- ja poliikondensatsioonprotsesside jaoks vajaliku katallisaatori massi
arvutamisel vOeti arvesse ARs-de toostuslikes fraktsioonides sisalduva puridiinaluste
(~0,3 %) sisaldust.

Siinteesitud vaikude pehmenemispunkt, tuhasisaldus, koksiarv, niiskusesisaldus,
lenduvate komponentide sisaldus, lahustuvus erinevates polaarsetes ja mittepolaarsetes
lahustites méaarati standardmeetoditega.

Vaikude kvalitatiivne ja kvantitatiivne anallils viidi 1abi gaaskromatograafia (GC) ja
Ghukese kihi kromatograafia (TLC) meetoditega, *H ja *C NMR spektroskoopiaga. GC- ja
TLC-meetodeid kasutati ka reageerimata jaak (alklGll)resortsinoolide sisalduse
madramiseks. S-i kontsentratsiooni muutus (alkiil)resortsinoolide alkitlimise kaigus ja
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sisaldus destillaadis pdrast vaigu kuivatamist maarati GC ja jodomeetria meetoditega.
Vaikude termilise stabiilsuse uurimiseks kasutati termilist anallisi koos eraldunud
gaaside samaaegse madramisega. Molekulaarmassi jaotumine vaikudes madrati geel
kromatograafia (GPC) ja TLC abil.

Ndidati, et pdlevkivi ARs-de fraktsioonide alkiilimine toimub vaikude siinteesi
tingimustes kaks korda kauem kui individuaalsete ARs-idega. Leiti, et S reageerib R-dega
kuni 30 minuti jooksul. S-i reaktsioon 5-MR-ga toimub peaaegu kohe.
Alkuulimisreaktsiooni produktid on valdavalt monoasendatud resortsinoolid. Tekivad
peamiselt kahte tlilipi asendatud alkidlitud molekulid, kus asendamine toimub
aromaatse ringi orto- ja/v3i para- positsioonides.

Sinteesitud vaikude varvus varieerub: formaldehildvaikud (SF) on tume
karmiinpunased, atsealdehiidvaigud (SAc) kollasest karmiinpunasenija aldehilidivabad
vaigud (DCPDS) karmiinpunasest pruunini. AR fraktsioonide (HONEYOL 50, HONEYOL 80,
REZOL) osakaalu suurenemisega stinteesisegus muutub vaik pruuniks. Saadud vaigud on
kovad, rabedad voi plastilised ained, mille pehmenemistemperatuur on 51,5-103 °C.
2.5-DMRSAc vaigu madalaim pehmenemistemperatuur on 51,5 °C. DCPD kasutamine
ristsiduva ainena vOimaldab saada vahese tuhasisaldusega vaike, mille
pehmenemistemperatuur on 75-97 °C.

Toostuslike pSlevkivi ARs-de kasutamine suurendas SF vaigu tootmise tulemuslikkust
jaomadusi. 10 mol% R asendamisel REZOL fraktsiooniga (RSARF-1/RsRez1,SF) saadi kdrge
termilise stabiilsusega vaik, mille pehmenemistemperatuur oli 89,0 °C, lenduvate
komponentide sisaldus temperatuuril 105 °C — 0,4 %, tuha sisaldus 0,2 %, niiskus (Karl
Fischer) 0,3 %, jaak resortsinoolide (R ja 5-MR) sisaldus 13,7 %, koksi arv 23,8 %. ARs
REZOLi fraktsiooni koguse suurendamine siinteesi segus vahenedas vaigu tehnilisi
omadusi.

Parimate tehniliste parameetritega SAc vaigud saadi R asendamisel 30 mol% REZOL
fraktsiooniga: pehmenemistemperatuur 102,5 °C, lenduvate komponentide sisaldus
105°C juures — 0,8 %, tuhasisaldus 0,2 %, niiskus 0,8 %, koksi arv 20,4 %, jaak
resortsinoolide (R ja 5-MR) Gldsisaldus 3,3 %.

Aldehiiiidivabade vaikude siinteesimisel oli vdimalik 30 mol% R asendada
fraktsiooniga HONEYOL 80. Parima vaigu tehnilised parameetrid:
pehmenemistemperatuur 95 °C, tuhasisaldus — 0,2 %, massikadu 105 °C juures 1,2 %,
jdak R voi 5-MR sisaldus <0,5 % olid vaigul R;xHon80s5DS. AR fraktsiooni sisalduse
suurendamine alandas vaigu tehnilisi omadusi.

Atsetaldehiiiidvaikude (R.oRezsSAc ja 5-MRSAc) pehmenemistemperatuurid tSusid
vorreldes formaldehiiidvaikudega (R»Rez:SF ja 5-MRSF) vastavalt 78-It 102.5 °C-le ja
81.5-103.0 °C-le. SAc vaigud sisaldavad ~3-10 korda vahem reageerimata
resortsinoolkomponente vorreldes SF-vaikudega.

TLC analiilis nditas, et SF, SAc ja DCPDS vaigud koosnevad erineva ahela pikkusega
oligomeersetest struktuuridest. DCPDS-vaikudel on vérreldes aldehiidvaikudega
Uhtlasem struktuur. SF, SAc, DCPDS vaigud lahustuvad orgaanilistes lahustites nagu
atsetoon, atsetonitriil, tetrahtidrofuraan ja etitilalkohol. RSF vaigud lahustuvad hasti,
SAc lahustuvad ainult osaliselt ja DCPDS on vees lahustumatud. SF, SAc ja DCPDS vaigud
on termiliselt stabiilsed (10% kaalukadu) vastavalt temperatuurini 196-204 °C, 194-238 °C
ja 250-302 °C. DCPDS-vaikude oksiideerumine algab temperatuuril Gle 200 °C.

To6 tulemused lubavad jareldada, et pdlevkivi ARs kasutamist vGib kasitleda
alternatiivina teadaolevatele toorainetele (Ph ja R). Naidati vdimalusi formaldehiidi
asendamiseks  atseetaldehtiidiga  formaldehiildivabade vaikude  saamiseks.
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Lahtekomponentide molaarsuhe md&jutab vaikude omadusi ja produkti molekulaarset
struktuuri. Tuleb markida, et SAc-vaikude siintees nduab Ac madala keemistemperatuuri
(umbes 20 °C) tottu spetsiaalset varustust [Publikatsioon I1]. Resortsinooli komponentide
eelnev alkidlimine aromaatse alkeeniga (S) voib vahendada to6tlemise ja ladustamise
kdigus aldehlldvaigust eralduvate ainete hulka. See vdoimaldab siinteesida madala ARs
sisaldusega vaiku ilma nende tehnoloogilisi omadusi alandamata. Aldehiilidide asemel
DCPD-d kasutamisel saadud ja S-ga modifitseeritud vaigud ei sisalda tuhka rohkem kui
0,05 %, reageerimata R ja 5-MR vahem kui 1 % ning neil on aldehiilidvaikudega vdrreldes
paremad termilised omadused ja on ladustamisel stabiilsemad. DCPD kasutamine
vBimaldab tootmist |abi viia ilma vee eraldamiseta destilleerimisega.

Seega vOib vaga perspektiivikaks suunaks pidada R ja 5-MR baasil valmistatud SAc ja
DCPDS vaikude tootmist, asendades R ja 5-MR osaliselt Viru Keemia Grupp AS toodetud
toostuslike fraktsioonidega HONEYOL 50, HONEYOL 80 ja REZOL. Sellistel toorainetel
pohinevate vaikude siintees laiendab nende kasutusala ja parandab omadusi vorreldes
traditsiooniliste vaikudega. See avab valjavaated mitte ainult t60s loetletud toodete, vaid
ka paljude muude multifunktsionaalsete polimeertoodete valmistamiseks. Reaktiivsete
funktsionaalriihmade ja fragmentide olemasolu vaikudes vdimaldab neid modifitseerida
teiste orgaaniliste Ghenditega. Jargmised sammud on selliste vaikude kditumise uurimine
erinevates komposiitides.
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Publication |

A. Yurkevichyute, L. Grigorieva, V. Vassiljev. “Synthesis of Solid Resorcinol-Formaldehyde
Resin Modified with Styrene with the Use of a Shale Phenol Fraction with a Boiling
Temperature Higher Than 270 °C”, Solid Fuel Chemistry, 50(1), 64-68, 2016, DOI
10.3103/50361521916010122

65






ISSN 0361-5219, Solid Fuel Chemistry, 2016, Vol. 50, No. 1, pp. 64—68. © Allerton Press, Inc., 2016.
Original Russian Text © A.S. Yurkevichyute, L.S. Grigor'eva, V.V. Vasil’ev, 2016, published in Khimiya Tverdogo Topliva, 2016, No. 1, pp. 66— 70.

Synthesis of Solid Resorcinol—Formaldehyde Resin Modified
with Styrene with the Use of a Shale Phenol Fraction
with a Boiling Temperature Higher Than 270°C

A. S. Yurkevichyute?, L. S. Grigor’eva“, and V. V. Vasil’ev?
? Virumaa College, Tallinn University of Technology, Kohtla-Jirve, 30322 Estonia
e-mail: ana jurkeviciute@ttu.ee; larisa.grigorieva@ttu.ee
b St. Petersburg State University of Economics, St. Petersburg, 191023 Russia
e-mail: vasvalvs@mail.ru
Received February 25, 2015

Abstract—The synthesis of modified solid resorcinol—formaldehyde resins based on resorcinol and a fraction
of water-soluble shale alkylresorcinols (7}, > 270°C) was studied. Styrene was used as a modifier. Data on the
quality of the target products depending on a molar ratio between the initial components were acquired.

DOI: 10.3103/S0361521916010122

Resorcinol—formaldehyde resins are widely used in
many branches of industry, such as woodworking, tire,
and mechanical rubber industries. The high cost of
resorcinol—formaldehyde resins leads to the rise in
price of the products on their basis. A possible version
decreasing the cost is the replacement of an initial
component (resorcinol) by shale alkylresorcinols,
which are formed as a by-product during the thermal
processing of shale. This leads to the expansion of the
areas of their application and the reduction in the
price of resin with the retention of high consumer
indices.

It is well known that the resorcinol—formaldehyde
resins are obtained by the polycondensation of resor-
cinols and aldehydes. The polycondensation of resor-
cinol and formaldehyde is a complex set of sequential
and simultaneous reactions. Depending on the chem-
ical structure of source materials, the molar ratio
between components (resorcinol/alkylresorcinol
formaldehyde), and the nature of a catalyst (alkaline
or acid), the following two types of resins are formed:
thermoplastic (novolak) and thermosetting (resol) res-
ins [1].

The novolak resins (thermoplastic oligomers) are
obtained on the heating of a resorcinol compound
with a substoichiometric amount of aldehyde, usually,
in the presence of an acid catalyst. The molar ratio of
the resorcinol compound to the aldehyde should be
higher than unity. This is necessary in order to avoid
crosslinking and/or gel formation during the synthesis
of resins.
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An aromatic or aliphatic alkene is introduced into
the aromatic nucleus of the initial resorcinol in the
synthesis of resin in order to decrease the amount of
the volatile products of resorcinol—formaldehyde
resin degradation in the processing of rubber mixtures
and to increase intermolecular interaction between
the components of rubber mixtures based on butadi-
ene—styrene rubbers.

Aralkylresorcinols are the derivatives of resorcinol.
Usually, they are obtained by interaction of resorcinol
with aromatic olefins or allyl compounds. A vinyl
compound such as styrene is widely used as a modifier
for the production of resins with improved character-
istics [2, 3]. The resorcinol : styrene molar ratio plays
an important role because it leads to the formation of
three types of compounds with different softening
temperatures [4]. As is well known, the softening tem-
perature is an important technological characteristic
of resins.

In this work, we present the results of preliminary
studies on the production of qualitatively new solid
alkylresorcinol—formaldehyde resin modified with sty-
rene, in which expensive resorcinol is partially replaced
by a fraction of water-soluble shale phenols with a boil-
ing point higher than 270°C from VKG Oil AS.

EXPERIMENTAL

Source materials for the production of resins were
resorcinol (99.9 wt %), S-methylresorcinol (99.9 wt %),
a fraction of water-soluble shale phenols, which boiled
away at a temperature of >270°C (Table 1), formalin
(37.4 wt %), and styrene (99.99 wt %). A 2N solution
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of sulfuric acid was used as a catalyst. A 2N solution of
sodium hydroxide was used for its neutralization.

The synthesis of resorcinol—formaldehyde resins
was carried out in a round-bottom three-neck flask
supplied with an Allihn reflux condenser, a separatory
funnel, and a temperature control device. The tem-
perature and stirring rate of a mixture during the syn-
thesis were maintained with the aid of a magnetic stir-
rer with adjustable heating and rotation rate (IKA
RCT basic). A calculated quantity of resorcinol,
S-methylresorcinol, or a mixture of resorcinol and the
phenol fraction was loaded in the flask. The contents
of the flask were melted. 0.2 wt % of an acid catalyst
was added to the melt. Then, freshly distilled styrene
was added drop by drop. The reaction was carried out
for 30 min at 150°C. At the end of the aralkylation
reaction, a solution of formaldehyde (37.4 wt %) was
added drop by drop to the mixture. After the introduc-
tion of the entire quantity of the solution of formalde-
hyde, the mixture was kept for 1 h at a temperature of
100 + 2°C. After the completion of the reaction, the
catalyst was neutralized by an equivalent quantity of
NaOH. Water and unreacted components were dis-
tilled from the reaction mass initially at atmospheric
pressure and then in a vacuum (~0.08 MPa). The rate
of stirring was maintained at a level of 150 rpm. The
resulting hot resin was poured out into a metallic vessel
and cooled. The resin was crushed before the determi-
nation of physicochemical characteristics.

In the synthesis of resorcinol—formaldehyde resins
with the partial replacement of resorcinol by the phe-
nol fraction, this latter was preliminarily heated and
added into the reaction flask after the aralkylation of
resorcinol with styrene.

In the synthesis of resin based on 100% phenol
fraction (ARSF), styrene was added directly to this
fraction.

The molar ratios between the initial components
for conducting the experiments and the temperature
and time parameters were chosen in accordance with
the results obtained in a patent search [3—10]. Table 2
summarizes the experimental data.

In this work, we synthesized polycondensation
resorcinol—formaldehyde resins modified by styrene
based on resorcinol (RSF) and 5-methylresorcinol
(5-MRSF) and with different resorcinol : phenol frac-
tion ratios (RSARF-1, RSARF-3, RSARF-5, and
ARSF) and resorcinol-formaldehyde resin without
styrene modification (RF). Numbers in the designa-
tions of resins (1, 3, and 5) indicate the phenol fraction
content of the formula of resin instead of resorcinol
(10, 30, and 50%, respectively).

For the final product, we determined the softening
temperature (°C) according to a ring-and-ball
SOLID FUEL CHEMISTRY
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Table 1. Characteristic of the fraction of water-soluble shale
phenols (7, > 270°C)

Composition Concentration, wt %
Moisture 0.3
Monohydric phenols 10.2
Resorcinol (R) 2.1
5-Methylresorcinol (5-MR) 41.0
5-Ethylresorcinol (5-ER) 11.4
Pyridine bases 0.3

*On a pyridine basis.

method [11], the concentration of volatile compo-
nents at 105°C according to [12], the ash content at
830°C according to [13], and the coke values by ther-
mogravimetric analysis (TGA). According to pub-
lished data [14], it is possible to make a preliminary
conclusion on the heat resistance of the polymer. The
integral TGA curves were measured in a temperature
range from 25 to 830°C at a heating rate of 5 K/min on
a TGA instrument from Mettler Toledo. The moisture
content of the resin samples was determined by cou-
lometer titration on a C30 Compact Karl Fischer
Coulometer from Mettler Toledo. The titration cell
was filled with a solution of the reagent Hydranal Cou-
lomat AD from Sigma-Aldrich. Thin-layer chroma-
tography (TLC) was used for the qualitative determi-
nation of unreacted resorcinols and alkylresorcinols
and semiquantitative ratios between of dimers, trim-
ers, and other oligomers in the resins. The 1 wt % solu-
tions of resins in acetone were prepared for TLC. The
spots obtained on TLC plates (Silica gel/TLC-cards,
Fluka) were processed by densitometry with the aid of
the Sorbfil software. The quantitative composition of
the phenol fraction and the unreacted alkylresorcinols
of resin (Table 2) was determined by gas—liquid chro-
matography (GLC). The 1 wt % solutions of the phe-
nol fraction and the ether extracts of the end products
were chromatographed. Analysis was carried out on a
Thermo Finnigan TRACE GC chromatograph with a
flame-ionization detector. The analytes were sepa-
rated with the use of an RTX-5 capillary column in a
temperature range of 100—270°C with a heating rate
of 5 K/min.

The degree of styrene interaction with resorcinol,
5-methylresorcinol, and the phenol fraction in an
aralkylation reaction was determined based on the
iodine number of distillate after the synthesis of resins
in accordance with a published procedure [15]. The
nitrogen content was determined by the combustion of
the phenol fraction in a flow of oxygen with the subse-
quent detection of the released gases by a katharome-
ter [16]. The values obtained were converted to the
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Table 2. Effect of a molar ratio between raw material components on the physicochemical properties of resins and the concen-

trations of unreacted substances in them

Resin
Initial component/characteristic RF RSF 5-MRSF | RSARF-1 | RSARF-3 | RSARF-5 ARSF
1 2 3 4 5 6 7
Molar ratios between the initial components used in the synthesis of resins
R 1.5 1.5 — 1.35 1.05 0.75 -
5-MR — — 1.5 — — — —
Fraction of water-soluble shale phenols — — — 0.15 0.45 0.75 1.5
(T, >270°C)
Styrene — 0.3 0.3 0.3 0.3 0.3 0.3
Formaldehyde 0.75 0.75 0.75 0.75 0.75 0.75 0.75
Physicochemical indices of resorcinol—formaldehyde resins
Softening temperature, °C 66.0 84.0 81.5 89.0 78.0 69.0 69.3
Volatile components at 105 °C, wt % 1.4 0.6 1.7 0.4 0.6 0.7 0.9
Ash content, wt % 0.7 0.3 0.6 0.2 0.4 0.4 0.1
Moisture content, wt % 2.0 0.2 0.9 0.4 0.3 0.5 0.5
Coke number, wt % 26.4 24.0 17.9 23.9 19.4 18.9 13.8
Concentration of unreacted components in resins, wt %

R 19.1 7.7 - 5.6 6.4 5.4 2.1
5-MR — — 6.4 8.1 7.8 10.4 12.1
5-ER — — — 2.7 3.5 4.4 4.5

quantity of pyridine bases present in the phenol frac-
tion [17].

RESULTS AND DISCUSSION

The introduction of styrene into the formula makes
it possible to increase the softening temperature of
resin by a factor of 1.3 and also to sharply decrease the
moisture content by a factor of 2—10. At the same
time, the amount of unreacted resorcinol in RF and
RSF resins decreases by a factor of 2.5.

Thus, the RF resin obtained without modification
by styrene is characterized by a low softening temper-
ature and increased concentrations of moisture, vola-
tile components, and unreacted resorcinol. It should
be noted that the RF resin is most hygroscopic among
all of the obtained resins. According the data given in
Table 2, the moisture content of this resin exceeds the
content of volatile substances to confirm its hygro-
scopicity.

The amount of the phenol fraction introduced into
the formula instead of resorcinol influences not only
the softening temperature of resin but also other char-
acteristics. As shown above, the phenol fraction con-
tains pyridine bases. In the versions of the synthesis
with the use of a small additive of the phenol fraction
(to 10%), the influence of pyridine bases was almost

absent because the reaction of polycondensation was
performed in an acidic medium. A further increase in
the phenol fraction in the formula affects the quality of
resins to worsen them. Thus, an increase in the quantity
of'this fraction in the formula by 20% leads to a decrease
in the softening temperature of resin by 10°C. Simulta-
neously, the concentrations of volatile components and
low-molecular-weight oligomers (dimers and trimers)
increases. In the course of the polycondensation reac-
tion, the amount of a macromolecular structure poly-
mer in the resin decreases as the phenol fraction : resor-
cinol molar ratio is increased from 0.0 : 0.15to 1.5: 0.0
mol : mol. An increase in the concentration of the low-
molecular-weight oligomers in the resin was found
with the use of TLC.

This phenomenon can be explained, on the one
hand, by an insufficient amount of an acid catalyst for
the polycondensation reaction. A portion of this cata-
lyst is neutralized by pyridine bases, which occur in the
fraction of water-soluble shale phenols (Table 1).
On the other hand, the amount of alkylresorcinols
with long-chain linear and cyclic groups increases
simultaneously with the amount of this fraction in the
formula [18]. They are spatially hindered and have
screened active centers. This prevents the formation of
macromolecules on their interaction with formalde-
hyde.

SOLID FUEL CHEMISTRY

Vol. 50  No. 1 2016



SYNTHESIS OF SOLID RESORCINOL-FORMALDEHYDE RESIN MODIFIED 67

Table 3. Degree of conversion in the process of polycondensation

Resin Resorcin.01. components Initial congentration Amouljt of free resorcinols Conversion leyel
of the initial mixtur of free resorcinols, wt % in resin, wt % of polycondensation, %
RF R 100.0 19.1 80.9
RSF R 100.0 7.7 92.3
5-MRSF 5-MR 100.0 6.4 93.6
RSARF-1 R 87.5 5.6 93.6
5-MR 9.7 8.1 16.5
5-ER 2.8 2.7 3.6
RSARF-3 R 66.9 6.4 90.4
5-MR 25.8 7.8 69.8
5-ER 7.3 3.5 52.1
RSARF-5 R 46.5 5.4 88.4
5-MR 41.7 10.4 74.6
5-ER 11.8 44 62.7
ARSF R 2.1 2.1 0.0
5-MR 74.3 12.1 83.7
5-ER 25.7 4.5 82.5

Upon the addition of 30—50% phenol fraction,
resin with a lower softening temperature was obtained;
this fact is indicative of an insufficient degree of the
reaction. In this case, both of the factors could affect
the softening temperature of resin: the presence of
alkylresorcinols with long-chain linear and cyclic
groups in the phenol fraction [18] and an increased
concentration of pyridine bases.

Upon conducting the synthesis based on 100%
phenol fraction without the addition of resorcinol,
resin with a low softening temperature (69°C) was
obtained. The distillate contained a large amount of
unreacted styrene. In this case, the influence of pyri-
dine bases could play a decisive role. The amount of
pyridine bases was almost entirely consumed the neu-
tralization of the reaction catalyst (H,SO,); therefore,
the aralkylation and polycondensation reactions
occurred in a neutral medium, but this is undesirable
in this case.

Deficiency in a catalyst and the presence of pyri-
dine bases and long-chain alkylresorcinols in the com-
position of the phenol fraction affect the degree of
conversion of styrene in the synthesis of resins, which
is responsible for their softening temperature. In the
synthesis of ARSF resin, the conversion of styrene was
as high as 42%, whereas it was 100% in the synthesis of
resins 2—5. In RSARF-5 resin, the degree of styrene
conversion was 96%.

The ratio and type of initial components influence
the concentration of coke residue in resins. The RF,
RSE and RSARF-1 resins are characterized by an
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increased carbon content. They are more inclined to
carbonization than 5-MRSF, RSARF-3, RSARF-5,
and ARSE This was confirmed by the obtained values
of coke numbers for the synthesized resins. According
to Kalinina [14], the most thermally stable resins are
RE, RSE and RSARF-1.

The highest conversion of alkylresorcinols was
observed in 5-MRSF resin; this can be explain by an
increased reactivity of 5-MR, from which it was
obtained. The lowest degree of conversion in the pro-
cess of polycondensation was noted in the course of
experiments with RF and ARSF resins.

From the data given in Table 3, it follows that the
greatest degree of R conversion was reached in the syn-
thesis of resin with the replacement of a 10 wt %
amount by the phenol fraction. In this case, the mini-
mum degrees of conversion were observed in 5-MR
and 5-ER. With increasing the amount of a phenol
fraction in the formula, the degree of conversion in the
reaction of polycondensation decreased in resorcinol
and increased in alkylresorcinols (5-MR and 5-ER).

Thus, in the course of this study, we found that solid
resorcinol—formaldehyde resins modified with styrene
can be synthesized based on the mixtures of resorcinol
and a water-soluble shale phenol fraction (7}, > 270°C).
This can lead to a significant reduction of the prices of
resin formulas with the retention of consumer charac-
teristics, and will extend the applicability of the frac-
tion.
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CONCLUSIONS

We carried out the preliminary syntheses of modi-
fied solid resorcinol—formaldehyde resins with the
partial or complete replacement of resorcinol by the
fraction of water-soluble shale phenols (7, > 270°C).
Styrene was used as a modifier. Data on the reactivity
of raw material components in the formulas with sty-
rene were acquired. The effect of the resorcinol : phe-
nol fraction and styrene : phenol fraction molar ratios
on the quality of the target product was studied. It was
found that the pyridine bases that occur in the phenol
fraction have an essential effect on the conversion of
alkylresorcinols and styrene in the polycondensation
performed in an acidic medium.
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Abstract

Reducing the amount of volatile compounds in alkylresorcinol-aldehyde resins, reducing the impact
of their components on the environment, and improving their performance can be achieved by
replacing formaldehyde with acetaldehyde and by preliminary aralkylation of the resorcinol
components of the raw material. To prove this, a comparative analysis of the properties of resins
synthesized based on oil shale alkylresorcinols pre-treated with styrene, formaldehyde, or
acetaldehyde was carried out. The effects of the molar ratio of feedstock/aldehyde and the amount of
catalyst on the yield and characteristics of the resins were considered. Both individual alkylresorcinols
(R, 5-MR, 2.5-DMR) and industrial fractions (REZOL, HONEYOL) were used as the raw materials.
The following indicators were used to compare the obtained resins: softening point, ash content, coke
number, moisture content, volatile substances, and solubility in organic solvents. The thermal
properties of the resins were studied by TG/DTG/DTA in inert and oxidative atmosphere. Qualitative
and quantitative analyses of resins and distillates for the content of unreacted resorcinol, individual
alkylresorcinols, and styrene were carried out using iodometry, thin-layer chromatography (TLC),
and gas chromatography (GC). It has been shown that the use of acetaldehyde makes it possible to
obtain resins with the stated characteristics. The formaldehyde (SF) and acetaldehyde (SAc) resins
obtained consist of oligomers with different chain lengths. Synthesized SAc resins are solids with a
softening point of 51 °C-103 °C. Resins are soluble in acetone, EtOH, acetonitrile, and THF, and
insoluble in benzene. SAc resins contain 3—4 times less unreacted original resorcinol components
compared to SF resins. The conversion of styrene in the synthesis of Rez,oSF resins was 42 wt%,
Rez,0oSAc and Hon;gpSAc are 98 and 97 wt%, respectively. A comparative analysis of resins
synthesized using acetaldehyde instead of formaldehyde helped identify both the advantages and
disadvantages of the proposed synthesis variation.

Abbreviations

HONEYOL fraction of oil shale alkylresorcinols with a boiling point 0of 270-320 °C

REZOL fraction of oil shale alkylresorcinols with a boiling point >270 °C
SF general designation of resins with formaldehyde

SAc general designation for resins with acetaldehyde

RF resorcinol-formaldehyde resin

RSF resorcinol-formaldehyde resin modified with styrene

5-MRSF 5-methyl-resorcinol-formaldehyde resin modified with styrene

©2023 The Author(s). Published by IOP Publishing Ltd
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RggRezoSF  resorcinol-alkylresorcinol-formaldehyde resin modified with styrene, with replacement of 10
mol % resorcinol by REZOL fraction

RyoRez30SF  resorcinol-alkylresorcinol-formaldehyde resin modified with styrene, with replacement of 30
mol % resorcinol by REZOL fraction

Rez;oSF alkylresorcinol-formaldehyde resin styrene-modified based on the REZOL fraction
RAc resorcinol-acetaldehyde resin
RSAc resorcinol-acetaldehyde resin modified with styrene

RyoRez30SAc  resorcinol-alkylresorcinol-acetaldehyde resin modified with styrene, with replacement of 30
mol % resorcinol by REZOL fraction

Rez,0SAc resorcinol-alkylresorcinol-acetaldehyde resin modified with styrene based on REZOL fraction

Hon;gpSAc  resorcinol-alkylresorcinol-acetaldehyde resin modified with styrene based on the HONEYOL
fraction.

5-MRSAc 5-methyl-resorcinol-acetaldehyde resin modified with styrene
2.5-DMRSAc 2,5-dimethyl-resorcinol-acetaldehyde resin modified with styrene

1. Introduction

Currently, in the construction, paint, varnish, woodworking, and tire industries, both natural and synthetic
polymers are used to produce aerogels, rubber, and electrical products.

The main advantages of using synthetic polycondensation resins are their high adhesion to a large spectrum
of materials, water resistance, mechanical strength, and chemical and thermal stability. Among synthetic
polymers, the most common are polycondensation resins based on phenol (Ph) and formaldehyde (F) [1, 2].

However, the production and use of phenol-formaldehyde resins do not meet modern environmental
requirements [3, 4]. According to the World Health Organization, the resin components Ph and F are highly
toxic, carcinogenic, and mutagenic [5-7]. When released into water bodies, Ph negatively impacts natural
biocenoses. This causes several environmental problems. While F negatively affects the genetic apparatus of all
the living organisms.

One way to reduce the impact of F and Ph on the environment is to replace them with more environmentally
friendly compounds, including the lower members of the homologous series of aliphatic aldehydes, such as
acetaldehyde, propionaldehyde, butyraldehyde, and resorcinol (R) or alkylresorcinols (ARs) [8, 9]. The use of
aliphatic aldehydes in the reaction of R and its derivatives enables the synthesis of resinous novolac products
[10]. Novolac resorcinol-formaldehyde (RF) resins are produced without F relative to R [11].

By preliminary aralkylation of the resorcinol components of the resin with an aromatic alkene (S), itis
possible to reduce the amount of emitted volatile substances in the RF resin at the time of processing as well as
during its storage and operation. As shown in previous research [12], RF resins without S modification are
characterized by a low softening point, high moisture content, volatile components, and unreacted R. It is the
most hygroscopic among SF resins modified with S. Preliminary aralkylation of the HONEYOL alkylresorcinol
fraction with S makes it possible to obtain resins with alow content of ARs without compromising their
technological characteristics. It should be noted that the content of the main component (5-MR) in the fraction
is 84 wt% [13].

Earlier studies [10, 13—19] have shown the possibility of obtaining Ph- and R-acetaldehyde resins. However,
there are no data in the literature on the synthesis of polycondensed SAc resins based on the alkyl(aralkyl)
derivatives of R. The properties of resins are described in [10]. Resorcinol-acetaldehyde resins without
preliminary modification of resorcinol with styrene have a softening point of 100 °C-130 °C, content of
unreacted R is 9—15 wt%. An increase in the softening temperature of the resin above the melting point of
resorcinol (>110 °C) leads to the release of resorcinol on the surface of the resin.

As a phenolic raw material for production, biooil fractions of beech wood are also studied [19]. They are rich
in monatomic phenols (phenol, o-cresol, m-cresol, 2,6-dimethylphenol, 2,4-dimethylphenol, catechol,
3-methylcatechol, creosol ets.). Despite their natural origin, such phenols are more toxic than resorcinols.

Both R, 5-MR, and others preliminarily aralkylated with aromatic or aliphatic alkenes, as well as industrial
ARs fractions obtained by processing oil shale using the Kiviter technology, can be used as raw materials for the
synthesis of resins [10, 13, 20, 21]. The above sources provide data on the synthesis of resins and some
physicochemical characteristics. The results of the analysis of these resins by methods: TG/DTG/DTA, TLC,
GCare not available.
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Table 1. Content of the main components in HONEYOL and REZOL
fractions [wt%].

Fraction of oil shale alkylresorcinols

Component
HONEYOL REZOL
(T, =270 + 320 °C) (T;, >270°C)

Monatomic phenols 0.02 0.4

Resorcinol (R) 2.9 2.8

5-methylresorcinol 55.2 43.0
(5-MR)

5-ethylresorcinol (5-ER) 9.1 12.0

2.5-dimethylresorcinol 8.2 4.1
(2.5-DMR)

2-methylresorcinol 0.4 0.3
(2-MR)

4-methylresorcinol 2.5 1.7
(4-MR)

4.5-methylresorcinol 7.6 8.3
(4.5-DMR)

The main difficulty in the synthesis of resins based on industrial mixtures of oil shale ARs lies in the different
reactivity of the components [22, 23]. Consequently, the final product (resin) may contain unreacted ARs.

The purpose of this work was to study the synthesis of SAc resins based on R and ARs preliminarily modified
with S, to determine the technical and physicochemical characteristics of the resulting resins, and to compare
them in all respects with SF resins [ 12] synthesized under different conditions.

For the first time, acetaldehyde resins were synthesized from raw materials (R, 5-MR, and 2.5-DMR)
preliminarily modified with styrene and oil shale fractions of alkylresorcinols REZOL and HONEYOL,
containing 5-MR ~ 43 and ~ 55 wt%, respectively.

2. Experimental

2.1. Materials used in experiments

Individual pure substances: R (99.9 wt%), 5-MR (99,97 wt%), 2.5-DMR (99,43 wt%), industrial fractions of oil
shale ARs: HONEYOL (Tj, = 270-320 °C) and REZOL (T, = >270 °C), formaldehyde (Penta, 37.6 wt%),
acetaldehyde (Penta, 99.5 wt%) were used as raw materials. The content of the main components of the fractions
is presented in table 1.

The HONEYOL and REZOL fractions, in addition to the main components, also contain nitrogen (N) and
moisture (W). Their amounts were Nyongyor, = 0.3 wt% and Nygzop, = 0.3 wt%, Wrezor = 0.5 wt% and
Whoneyor = 0.2 wt%. These components influence the course of the synthesis.

Along with the listed ARs, HONEYOL and REZOL may contain other substituted ARs with an alkyl chain of
various lengths (9 or more carbon atoms) in the 5-position of the ring, as well as with cyclic side chains [24]. The
REZOL fraction contains more such compounds than HONEYOL. This can be explained by differences in their
boiling points. Styrene (99.9 wt%) was used as the aralkylating agent. The polycondensation reaction was carried
outin aslightly acidic medium using an inorganic catalyst (2N H,SO, solution). An equivalent amount of NaOH
was used to neutralize it.

2.2. Synthesis of resins

Polycondensation reactions for individual R, 5-MR, 2.5-DMR, HONEYL, and REZOL fractions, as well as
mixtures of R: REZOL (9:1 and 7:3 mol mol ") with formaldehyde (RSF, 5-MRSF, RggRez,(SF, R7oRezs0SF,
Rez;oSF) and acetaldehyde (RSAc, 5-MRAc, 2.5-DMRAc, R;gRez3SAc, HonyggSAc, Rez;0oSAc) were performed.

The resins were synthesized in two stages. In the first step, a mixture of R and oil shale ARs was aralkylated
with freshly distilled S in the presence of H,SO, as an acid catalyst.

In the process of aralkylation of R with styrene, mono-, di-, and trimethylbenzyl-substituted derivatives of R
can be obtained [10]. Figure 1 shows possible variants of the aralkylation reaction of alkylresorcinols (5-MR,
5-ER, and 2.5-DMR) with styrene. Subsequently, aldehyde, - F, or acetaldehyde (Ac) was added to the aralkylated
mixture. The structures of the novolak-type resins obtained using F and Ac with R and its derivatives are shown
in figure 2.

Preliminary experiments showed that the most complete interaction between S and R occurred when the
latter was fractionally introduced into the reaction flask. Therefore, all further experiments on aralkylation of R

3
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Figure 1. The reaction for obtaining aralkyl derivatives 5-MR, 5-ER and 2.5-DMR.

derivatives, individual ARs, and fractions of oil shale ARs were carried out as follows. The initial amount of the
resorcinol component was divided into two parts. The first part was placed in a reaction flask and allowed to
melt. Then, a calculated amount of acid catalyst was added, and S was added dropwise with constant stirring of
the reaction mixture. This avoids the occurrence of side and secondary processes and prevents the
polymerization of S. After introducing the entire volume of S, the second part of the initial resorcinol
component was added to the reaction flask. The aralkylation reaction was performed for 30-90 min at
150 + 10 °C. The completeness of the aralkylation reaction was controlled by both the decrease in the
concentration of S in the reaction mixture by GC and the content of S in the distillate. The end of the reaction
was considered as the time corresponding to the cessation of the change in S concentration.

The number of moles of the HONEYOL and REZOL fractions was calculated from their number-average
molar mass M,,, which was obtained using equation (1):

Do (Ni x My)

i=1" 1

M, = (1)

where N; - the number of moles of the i-th component of the HONEYOL or REZOL fraction, M; - the molecular
weight of the i-th component of the HONEYOL or REZOL fraction.

The molar ratios of the raw materials, aldehyde and catalyst are presented in table 2. The modifying agent (S)
was added in an amount of 0.2 mol per mol of the resorcinol component.

The conditions for the synthesis of SF resins (RSF, 5-MRSF, RogRez,(SF, R;oRez3oSF, and Rez,(SF) were
described in our previous paper [12].

When carrying out the synthesis with Ac, its low boiling point 0f 20.2 °C was taken into consideration.
Therefore, the temperature in the vessel from which Ac entered the reaction flask was maintained at
approximately 10 °C. Before the introduction of Ac, the reaction flask containing the mixture was preliminarily
cooled to 80 °C-90 °C, after that the calculated amount of Ac was added dropwise into it. After adding the entire
amount of Ac, the reaction was conducted for 2 h at a temperature of 100 & 5 °C. After the completion of the
reaction, the catalyst was neutralized with NaOH. The pH of the medium was determined using a universal
indicator paper. Next, distillation was performed to eliminate the reaction mixture of water and unreacted
components. Distillation conditions: atmospheric - temperature 140 °C~145 °C, vacuum - until the
temperature reached 165 °C in the flask and pressure 0.03-0.04 MPa. The mixing speed was 150 rpm. The hot
resin was then poured into a metal container. The temperature and stirring rate were adjusted and controlled
during synthesis using an IKA RET control-visc device (IKA®-Werke GmbH & Co. KG, Germany) with a

temperature setting range of 0 °C—340 °C at a heating rate of 7 K min ™",
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Figure 2. Possible molecular structures of formaldehyde (a) and acetaldehyde (b) novolac resins modified with styrene.

2.3. Methods used in experimental studies

2.3.1. Extraction of unreacted resorcinol and alkylresorcinols in the resins

The amounts of unreacted R and ARs in the resins were determined as follows: approximately 1 g of pre-crushed
resin was dissolved in 2 ml of acetone and added to a solution of 100 ml of distilled water. The mixture was boiled
for 10-15 min, filtered through a white ribbon filter and then through a blue ribbon filter using a vacuum pump.
Filtration was performed until the solution became clear. 10 ml of the filtrate was transferred to a separating
funnel, and an equivalent amount of diethyl ether was added, shaken, and allowed to settle until the two phases
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were completely separated. The resulting ether layer was evaporated to a constant weight in an oven at 105 °C
and then weighed again. The dry residue was subsequently used for qualitative and quantitative analyses of the
resin composition by TLC and GC.

2.3.2. Gas chromatography

The GC method was used to determine the composition of the initial fractions of the oil shale ARs and the
residual S content during aralkylation. Before entering the gas chromatographic system, the total ARs residue
obtained after extraction, starting material, and aralkylated mixture was silylated with 1.1.1.3.3.3-
hexamethyldisilazane (HMDS) (Sigma-Aldrich, USA). 0.004-0.005 g of the mixture to be analyzed was placed in
a test tube for derivatization, 0.2 cm® of acetonitrile and 0.5 cm® of HMDS were added, and the contents were
thoroughly mixed. The tube was stoppered with an air condenser, calcium chloride tube, and placed in a
thermostat or Labnet dry bath (USA), and maintained for 1 h at 130 °C. The tube was then cooled to room
temperature. The contents of the tubes were transferred to vials for chromatography. GC analysis was
performed using a Thermo Finnigan TRACE GC chromatograph (USA) equipped with a flame ionization
detector with electronic pressure and flow controls. GC conditions: Tjpia of the thermostat was 150 °C, with a
heating rate of 7.5 °C min ', and Tg, of the thermostat was 260 °C., Tevaporator Ad Tgetector were 260 °C and
split 70:1. Separation was carried out on a capillary column Petrocol TM DH (100m x 0.25 mm x 0.5 zm) with
anon-polar dimethylpolysiloxane phase at a He carrier gas feed rate of 2.5 ml min . The sample (volume 0.2 pl)
was injected using a Hamilton” syringe for chromatography (HAM80075, Germany).

2.3.3. Gas chromatography mass spectrometry
Gas-liquid chromatography with mass spectrometric detection (GC-MS) was used to identify the compounds
formed during the aralkylation of individual ARs (nt. 5-MR, etc.). The analysis was performed using an Agilent
7820 gas chromatograph (Agilent Technologies, USA) with an Agilent 5975 mass selective detector (Agilent
Technologies, USA).

The conditions for obtaining the chromatograms and column were identical to those used for the GC. The
pumping action was achieved through the electron impact ionization of gas molecules (ionization energy: 70
eV). Mass spectrum measurements were performed in scan mode over the entire m/z range from 10 to 500.

2.3.4. Thin layer chromatography

The qualitative determination of R, 5-MR in the resins, as well as the composition of the resins, was performed
by TLC. TLC was run on analytical Silica gel 60 GF,s, (Sigma-Aldrich) plates using a mixture of toluene, i-PrOH
and EtOH (85:4:11 V/V/V') as asolvent system. The plate was initially treated with hydrogen peroxide, followed
by drying in hotair. 2 yu of a solution of the original resin in acetone (1 wt%) was applied to the plate using a
microsyringe. It was then placed in a chamber with an eluent. The plates were then air dried. The dried plate was
dipped into 1 wt% ammonium peroxodisulfate (NH,4),S,0g) solution to develop the spots. Subsequently, it was
dried again using hot air. The resulting spots were scanned and processed using JustTLC program to determine
the Rfvalue.

2.3.5. Softening point
The softening point of the resins was determined by the standard method of Ring and Ball [25] with the
replacement of water with glycerin, because the softening points of some resins were above 100 °C.

2.3.6. Resin solubility

The solubility of the obtained polycondensation resins was investigated by dissolving 10 mg of the polymerin 1
ml of solvent containing different compounds (benzene, acetone, distilled water, lower alcohol, etc). The
solution was kept at room temperature for two hours, and the contents of the test tubes were occasionally
shaken. In the case of partial dissolution or swelling of the resin, its solubility during heating was evaluated. The
contents of the tubes were heated in a water bath for 15-30 min at the boiling point of the solution.

2.3.7. Thermogravimetric analysis

Thermal analysis (TG/DTG/DTA) was performed using equipment of Mettler Toledo (Switzerland) and
Setaram LabSys (France) in inert gas (N, or Ar) and air flow 60 ml min ' at a heating rate of 5 deg min ' with ~
10 mg of the sample.

2.3.8. Determination of styrene by the iodometric method
The iodine value in the distillate after polycondensation was determined according to the standard method
ASTM D1510[26].
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Figure 3. Chromatograms: alkylresorcinols: 5-MR (@), 2.5-DMR (b), oil shale ARs fraction HONEYOL (c); aralkylated
alkylresorcinols: 5-MR (7 =45 min) - (2’), 2.5-DMR (7= 60 min) - (b’), fraction HONEYOL (7 = 45 min) - (C’).
Table 3. Charge distribution (qc) in 5-MR, 5-ER, 2.5-DMR molecules [28].
Compound c! c? c’ ct c’ ct c’ ct
5-MR 0.214 —0.131 0.213 —0.106 0.102 —0.117 —0.099 —
5-ER 0.213 —0.119 0.213 —0.110 0.087 —0.110 —0.013 —0.008
2.5-DMR 0.184 —0.055 0.184 —0.107 0.089 —0.108 —0.077 —0.097

3. Results and discussion

The study results show that the aralkylation of oil shale ARs fractions takes twice as long as that of individual ARs
[27]. It was determined that S reacts with R within 30 min The reaction of S with 5-MR occurs almost instantly,
which explains the higher reactivity of the latter than that of R and other ARs.

The GC, GC-MS, and TLC analyses revealed that the reaction products were mainly monosubstituted
resorcinols. From the presented chromatograms (figure 3) in the process of aralkylation of 5>-MR and 5-ER, two
types of substituted aralkylated molecules were predominantly formed (figures 3—1, 2, 5, 6), with aralkylation of
the 2.5-DMR - I type (figure 3-9).

The direction of the ARs aralkylation process is determined by the magnitude of the negative charges on the
carbon atoms of the benzene ring. According to the digital values of the charges on carbon atoms [28], the
predominant direction of attack of the carbocation is the ortho-position 5-MR, 5-ER, and 2.5-DMR, where the
carbon atoms have the highest negative charge (table 3).

This does not exclude the possibility of simultaneous formation of para-substituted ortho-and para-
disubstituted ARs with para-substituted ones.

The possible acid polycondensation products of ARs with Fand Ac, leading to the formation of novolac
resins, are shown in figure 2. Addition of an aldehyde to the benzene ring occurred at the ortho-position.
Oligomers with different chain lengths were formed. Presumably, fragments of both the pure R and aralkylated
components can be included in the oligomeric chain structure.

The polycondensation reaction of 5-MR with F and Ac proceeded quite rapidly compared with the Rand
ARs fractions. This is since the rate of interaction of pure 5-MR with F is approximately 80 times greater than R
[29]. According to the relative increase in reactivity with F, the alkyl derivatives of R can be placed in the
following row:4.5-DMR < 5-ER < 2.5-DMR < 2-MR < 5-MR [30]. It should also be noted that the reactivity of
Acislower than that of F[31].

The HONEYOL and REZOL fractions contain nitrogen-containing compounds, predominantly pyridine
bases [32]. In turn, they interact with sulfuric acid to neutralize it. Therefore, to obtain resins in the formulation
in which REZOL and HONEYOL were used, the amount of catalyst was increased in proportion to the volume of
the added fraction. An increase in the amount of catalyst by approximately 1.5 times during the
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Table 4. Depth of the polycondensation process.

Components of the raw Initial content of free Content of free resorcinols Depth of the polycondensation
Sample name mixture resorcinols [wt%] in the resin [wt%] process [%]
RSF R 100.0 7.7 92.3
RooRez;oSF R 87.5 5.6 93.6
5-MR 9.7 8.1 16.5
5-ER 2.8 2.7 3.6
R;oRez3SF R 66.9 6.4 90.4
5-MR 25.8 7.8 69.8
5-ER 7.3 3.5 52.1
Rez,0SF R 2.1 2.1 0.0
5-MR 74.3 12.1 83.7
5-ER 25.7 4.5 82.5
RSAc R 100.0 8.6 91.4
RyoRez30SAc R 70.0 0.5 99.3
5-MR 12.9 2.8 78.5
5-ER 3.6 0.9 75.0
2.5-DMR 1.2 0.3 73.3
Rezy00SAc R 34 0.0 100.0
5-MR 70.3 1.5 97.9
5-ER 19.5 0.6 97.0
2.5- DMR 6.8 0.2 96.8
Hon,goSAc R 29 0.0 100.0
5-MR 73.2 2.6 96.5
5-ER 12.0 0.7 93.9
2.5- DMR 10.9 1.3 87.7
5-MRSF 5-MR 100.0 6.4 93.6
5-MRSAc 5-MR 100.0 2.00 98.0
2.5-DMRSAc 2.5-DMR 100 56.5 43.5

polycondensation reaction with Ac made it possible to increase the content of the oil shale ARs fraction in the
formulation from 10 to 30 wt%. Compared to SF resins, the content of unreacted components in SAc resins
decreased by 3—4 times (table 2).

The data in table 4 show that more than 90 wt% conversion of the main components of the fraction (R,
5-MR, and 5-ER) can be achieved when the resin is synthesized using the REZOL fraction and Ac. In 2.5-
DMRSAc resin, the conversion of the main component is approximately 44 wt%. This can be explained by the
steric factor of the 2.5-DMR molecule. The degree of conversion of 2.5-DMR in the HONEYOL and REZOL
fractions ranged from 73 to 97 wt%. The 2.5-DMR content in the REZOL fraction was 2 times less than that in
HONEYOL. It can be assumed that, during aralkylation, it does not react with S and remains in its original state.
Such a2.5-DMR molecule has 2 free positions for the reaction with an aldehyde.

Qualitatively, TLC showed that the SF and SAc resins consisted of a set of oligomeric structures (figure 4). It
was found that the distillates obtained after polycondensation with Ac contained significantly less unreacted ARs
than those obtained after polycondensation with F.

The appearance of unreacted S in the resin and distillate was observed (table 2) when the HONEYOL and
REZOL fractions were used in the synthesis. In the case of the Rez,; ooSF resin, the conversion of styrene reached
42 wt%, while in the synthesis of the Rez,qoSAc and Hon, goSAc resins, it was 98 and 97.3 wt%, respectively.

The synthesized SF and SAc resins are solid-colored brittle or plastic substances with softening point of 51.5
°C-103 °C. SFresins have a rich crimson color, SAc - from yellow to crimson. An increase in the proportion of
the alkyl resorcinol fraction in the formulation led to a change in the color of the resin to brown. The main
characteristics of solid resins used in the rubber industry are their softening point (not lower than 80 °C) and
solubility in acetone.

The lowest softening temperature of 51.5 °C is 2.5-DMRSAc resin. The unreacted 2.5-DMR content
exceeded 50 wt%. This may be since the addition of the Ac molecule to the aralkylated 2.5-DMR molecule is very
difficult owing to the spatial structure of the latter (figure 5).

The softening temperatures of the acetaldehyde resins R;oRez;,SAc and 5-MRSAc compared to
formaldehyde resins R;oRez3,SF and 5-MRSF changed from 78 to 102.5 °C and 81.5 °C to 103.0 °C, respectively.
Replacing 30 mol.% R with the REZOL fraction in the formulation results in an increase in the softening

point from 73 to 102.5 °C. This was due to the increase in the molecular weight of the obtained oligomers. The
softening temperature of SF resins begins to decrease with an increase in the composition of their fraction of oil
shale ARs. The low softening temperature of the Rez0oSF and Rez;oSAc resins (about 69 °C) is since the REZOL
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Figure 4. Thin layer chromatography images: resorcinol (R), polystyrene (PS), resorcinol-formaldehyde resin (RF), resorcinol-
formaldehyde resin modified with styrene (RSF) 1 resorcinol-acetaldehyde resin modified with styrene.

HC-CH,

Figure 5. Structure of the 2.5-DMR molecule.

fraction contains ARs, in the structure of which there are long alkyl chains and benzene rings [24], some of which
were subsequently aralkylated with S. The polycondensation reactions of such compounds are difficult.
According to the literature, the softening point of resins depends not only on the ratio of the initial resorcinol
component and aldehyde, but also on the amount of unreacted R present in the resin [10]. For resins based on
individual R (RSAc) and its derivatives 5-MR and 2.5-DMR (5-MRSAc, 2.5-DMRSAC), this pattern was
preserved (tables 2-5, 10, 11).

The results of the thermal analysis presented in figure 6 highlight that the resins based on (containing) SF
behave very similarly. Decomposition takes place in one step at 150 °C—400 °C in an inert atmosphere. The
decomposition maxima varied at 27 °C and the total mass loss at 600 °C varied 4 %. The decomposition of SF
samples in air occurs in two steps: between 170 °C-350 °C the mass loss is 40%—45% and between 400 °C-600
°C additionally 50%—55%. In the heat flow curves, small endothermic effects were followed at 80 °C-120 °C
related to the release of water and volatile components and at 200 °C-270 °C related to melting and
decomposition of unreacted components (5-MR, 5-ER ef al) and low-molecular-weight oligomers. The
intensive exothermic effect above 400 °C indicates oxidation reactions of the rest of the resins.

The TA analysis results of RSAc and 5-MRSAc (figure 7) indicate a greater impact of 5-MR on the thermal
properties of the Ac resins, despite the lower content of the unreacted part in the resin (table 5). The main
decomposition in the inert atmosphere also occurred in one step: for RSAc in the temperature interval of

10
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Figure 6. TG, DTG, and DTA curves in inert atmosphere (a) and in air (b) of RSF, RggRez,SF, and 5-MRSF resins.

Table 5. Temperatures of the mass loss levels in inert atmosphere and in the air.

Temperature [°C] of mass loss level [7 %]

Sample name
Ininert atmosphere In air atmosphere

T10 T20 T30 Ts0 T10 T20 T30 750
RSF 201 236 255 291 213 246 272 467
RooRez;oSF 196 229 253 290 205 235 258 461
RyoRez30SF 201 227 247 291 202 228 248 392
Rez,0SF 196 219 235 268 186 206 222 282
RSAc 165 208 228 275 194 229 278 459
R;oRez30SAc 241 261 278 325 237 258 280 387
Rez,00SAc 224 244 256 291 226 249 264 303
Hon,oSAc 227 250 266 302 227 250 268 337
5-MRSF 204 231 247 274 214 237 253 422
5-MRSAc 219 243 263 305 238 260 288 421

150 °C-300 °C but for 5-MRSAc up to 400 °C without remarkable thermal effects. The TA curves in air were
more complicated and indicated numerous decomposition reactions up to 400 °C, particularly for 5-MRSAc
resin. The oxidation reaction, which is more intensive for 5-MRSAc above 400 °C, led to a mass loss of 96 %. The

higher massloss of RSAcat 50 °C-200 °C can be explained by the higher water content (table 2).

The thermal stability of the resins was also evaluated based on the temperatures at certain mass-loss levels,
as presented in table 5. In the initial stage of heating in an inert atmosphere, a mass loss of 10 % was achieved at
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Figure 7. TG, DTG, and DTA curves in inert atmosphere (a) and in air (b) of RSAc and 5-MRSAc resins.

Table 6. Solubility of polycondensation resins in various organic solvents.

Solvent
Sample name
Acetonitrile THF EtOH Benzene Acetone Water

RSE ++ ++ ++ — ++ ++
RygRez5SF ++ ++ ++ — ++ +-
Rez,00SF ++ ++ ++ — ++ —
RSAC ++ ++ ++ — ++ +-
RooRezs0SAc ++ ++ ++ — ++ +-
Rez005A¢ ++ ++ ++ — ++ —
Hon,goSAc ++ ++ ++ — ++ +-
5-MRSF ++ ++ ++ — ++ +
5-MRSAc ++ ++ ++ — ++ +-
2.5-DMRSAc ++ ++ ++ — ++ +-

-+ - soluble, + - soluble by heating, - - partially soluble, — - insoluble

165 °C for RSAc, which is explained by the higher water content. For SF samples, 10 % was achieved at

196 °C-204 °C. The most stable are SAc resins with 7o at 219 °C-241 °C. By the mass loss level 75, the SAc
resins are more stable than the SF resins, except for RSAc. In air, the mass loss level 74 is obtained at 10 °C
higher temperatures for SF resins and at 20—30 deg higher temperature for RSAc and 5-MRSAc. For resins
with higher REZOL content, the temperature of 7, does not change in different atmospheres. The most stable
are SF, RSAc, and 5-MRSAc resins also according to the temperatures of 75,421 °C-467 °C.
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Table 6 shows data on the solubility of resins in various organic solvents. From the presented results, it
follows that almost all resins exhibit good solubility in polar (acetone, EtOH), aprotic (acetonitrile) and
moderately polar (THF) organic solvents at room temperature. The Rez;¢oSF and Rez;¢oSAc resins, which have
low softening points, are insoluble in water. Resins based on R and individual ARs are partially soluble in water.
This is caused by the high content of unreacted components with OH-groups in the resin and the presence of
oligomers whose molecules do not contain aralkylated components. Partial solubility in water makes possible to
introduce them into emulsion systems while maintaining stability. They remain in the aqueous phase and do not
migrate into the polymer phase.

To reduce the moisture content and volatile components of the RSAc, 5-MRSF, 5-MRSAc, and 2.5-DMR
resins, it is necessary to carefully distill and dry the resin. After aralkylation with S, the resins exhibited reduced
hygroscopicity compared to non-aralkylated resins.

4. Conclusions

In the present work, the possibility of aralkylated polycondensation resins synthesis based on R, 5-MR, 2.5-
DMR, with partial replacement of R by the oil shale ARs fraction (REZOL), as well as the REZOL and HONEYOL
fractions, and aldehyde - Ac, is shown.

The interaction patterns of individual resorcinols (R, 5-MR, and 2.5-DMR) and their mixtures with S were
studied. The SF and SAc resins were analyzed using GC, GC-MS, TLC, and TG/DTG/DTA methods. Their
various technical characteristics (softening point, moisture content, etc) were determined.

In the aralkylation process, the addition of S to the 5-MR, 5-ER, and 2.5-DMR molecules occurs at the 2-, 4,
or 6 positions of the aromatic ring.

It has been found that the use of Ac makes it possible to obtain resins with characteristics that are not inferior
to SFresins, and in some cases even better. Resins synthesized with Ac (R;oRez3,SAc, 5-MRSAc) had a higher
softening point than similarly formulated resins with F (R;oRez3,SF, 5-MRSF).

SAc resins contain 3—4 times less unreacted original resorcinol components compared to SF resins. It has
been shown that SF and SAc resins are formed by oligomers with different chain lengths.

All the prepared SF and SAc resins were soluble in organic solvents, such as acetone, acetonitrile, THF, and
EtOH. In addition, RSF resins have good solubility in water, whereas SAc resins are only partially soluble in it.

Upon the receipt of SAc resins, the volume of distillation decreases, and accordingly, less waste requires
further purification and disposal.

The use of environmentally friendly raw materials, natural shale ARs, and Ac can be considered as
alternatives to Ph, R, and F.

The synthesis of resins based on such raw materials will expand their range and improve their properties
compared to those of traditional resins. This opens prospects for obtaining not only those listed in the article but
also many other multifunctional polymer products. Thus, the presence of reactive functional groups and
fragments in the SAc resins makes possible to modify them with other organic compounds. The next steps will
be studies introduction of such resins into the industry, considering all the modern requirements. The
improvement of properties also leads to the expansion of the use of resins, for example, in the production of
adhesive components and additives, electrical, paint, varnish, rubber products, and composite materials.

Thus, obtaining SAc resins based on industrial HONEYOL and REZOL fractions can be considered a very
promising direction, which makes it possible to reduce environmental damage during their synthesis and
further use in composites.
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Abstract

The use of natural alkylresorcinols produced in Estonia (5-methylresorcinol, HONEYOLSO fraction)
instead of the expensive resorcinol reduces the cost of the synthesized resins while maintaining their
high technological characteristics. Resins based on resorcinol (R), 5-methylresorcinol (5-MR),
HONEYOLSO, dicyclopentadiene (DCPD), and styrene (S) were synthesized in the presence of an acid
catalyst. Their physical and chemical characteristics have also been studied. It was shown that
depending on the mole ratio of the components of the formulation, resins with different softening
temperatures (66 to 97 °C), ash content of 0.04 to 0.39 wt%, and a low content of volatile components
at 105 °C, including moisture, were obtained. The best conditions for the synthesis of resins with a
softening point of 94 °C-97 °C are molar ratio of R (5-MR): DCPD: S = 1: 0.5: 0.3 at temperature

135 °C-170 °C, synthesis time 5 h 30 min. The synthesized resins did not require additional processing
under a vacuum. The presence of unreacted resorcinol and 5-methylresorcinol (quantitatively and
qualitatively) in the final product, the homogeneity, and molecular weight characteristics of the resin
composition (qualitatively) were determined by TLC and GPC.

Abbreviations

HONEYOLSO0 fraction of oil shale alkylresorcinols with a boiling point 0f 270320 °C

DCPDS general designation of resins with dicyclopentadiene

RDS resorcinol-styrene-dicyclopentadiene resin

5-MRDS 5-methyl-resorcinol-styrene-dicyclopentadiene resin

Hon80,00DS  alkylresorcinol-styrene-dicyclopentadiene resin based on HONEYOLSO0 fraction

R;oHon803,DS resorcinol-alkylresorcinol-styrene-dicyclopentadiene resin with the replacement of 30 mol.%
resorcinol per fraction

RsoHon805,DS  resorcinol-alkylresorcinol-styrene-dicyclopentadiene resin with the replacement of 50 mol.%
resorcinol per fraction

TA Thermal analysis

TGA Thermogravimetric analysis

TLC Thin Layer Chromatography

DTG Derivative thermogravimetry

GPC Gel permeation chromatography

R resorcinol

5-MR 5-methyresorcinol

©2023 The Author(s). Published by IOP Publishing Ltd
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ARs alkylresorcinols

DCPD dicyclopentadiene

S styrene

NaOH sodium hydroxide

p-TSA para-toluenesulfonic acid
Na;[Co(NO,)e] sodium hexanitrocobaltate (I1I)
HMDS 1.1.1.3.3.3-hexamethyldisilazane
Titart of dec. start temperature of resin decomposition
Ty boiling temperature

G dynamic modulus of elasticity
tgA dielectric loss angle

T10> T50» T90 loss temperature 10, 50, 90 wt%
M, number average molecular weight
M,,, MW weight average molecular weight

1. Introduction

Polymers based on phenol (Ph) and resorcinol (R) condensations are widely used in the chemical industry. They
are used in the tire and rubber industry to increase adhesion, preparation of hot- and cold-curing adhesives,
sealants, and tire cord impregnation, in medicine, to obtain aerogels, in the manufacture of aerospace and
aviation equipment, etc [1-4]. Modification of the polymerization stage or the addition of modifiers to the
product can expand their field of application. Composite materials are the most promising materials from the
point of view of further development of production technologies and subsequent applications [5-8]. The matrix
of polymer composites can be either phenolic [9, 10] or resorcinol-formaldehyde (RF) resins [11, 12].

The resins produced by condensation with formaldehyde (F) have several disadvantages. They are unstable
due to increased volatile components content, are hygroscopic, and, accordingly, have a limited storage period.
The actual problem is to decrease toxic emissions to the environment [13, 14]. The possibility of replacing F for
environmentally and human-friendly acetaldehyde (Ac) was shown in previous studies [15, 16]. However, Acis
difficult to use because of its low boiling point (T}, ~ 20 °C). The production of such resins requires specialized
equipment with additional cooling.

Polycondensation reactions release low molecular weight substances. In our case, this is water, which can
remain in the synthesized resin even after drying. It is bound by hydrogen bonds to the OH-groups of the resin.
In the molding process, after breaking these bonds, residual moisture leads to the formation of water vapor in
the molten polymer mass. Voids are formed in the composite; therefore, the mechanical properties of the resin
arereduced[17, 18].

Currently, environmentally safe technologies for polymer production and manufacturing are becoming
apriority [19, 20]. Requirements for the performance characteristics of these materials based on them are
becoming stricter every year. To achieve this goal, the introduction of the vinyl compound styrene (S) into the
aromatic ring of (alkyl)resorcinols has been investigated [21, 22]. These studies demonstrated the possibility of
obtaining modified (alkyl)resorcinol resins with improved technical and environmental characteristics. The
addition of S to the polymer matrix of the composite reduced its viscosity. This facilitates the processing of the
resin and promotes better dissolution in the butadiene-styrene-rubber base of the composite.

Table 1 shows the comparative properties of vulcanized rubbers derived from R and resorcinol-
dicyclopentadiene-styrene resin (RDS) synthesized with different component molar ratios [23]. The results
illustrate the curing behavior and physical and mechanical properties of the composite with the addition of
individual R and RDS resins.

As turns out from the above data, RDS resins improve the sub-vulcanization time of rubber compounds,
with a slight increase in the vulcanization time. Mechanical and dynamic test results show that rubber
compounds containing RDS resins have improved properties, such as strength, hardness, and dynamic modulus
of elasticity (G’). The tangent of the dielectric loss angle (tg A) decreased.

Based on patent and literature searches, attempts to synthesize formaldehyde-free resins are considered the
most progressive trend [24—26]. A wide range of modifiers [25, 27, 28], including R-based resins [2, 23, 29], make
it possible to obtain polymer matrices with improved technical and environmentally safe characteristics. As a
substitute for F, dimethoxyethanal [24, 26] and lignin-based aldehyde compounds, such as
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Table 1. Test results of rubber compounds [23].

Methylene acceptor: R R/DCPD/S(1.0:0.4:1.0) R/DCPD/S(1.0:0.3:1.2) R/DCPD/S(1.0:0.25:1.25)
Fumingat 120°C Very High None None None
Dynamic Properties - 0.2% Strain

G',MPa 18.92 23.83 23.34 21.93
tgA 0.089 0.079 0.085 0.086
Dynamic Properties - 2.0% Strain

G’,MPa 9.96 13.25 12.75 12.03
tgA 0.239 0.228 0.244 0.245
Hardness, Shore A 77 80 79 78
Tensile Properties

100% Modulus, MPa 4.23 4.43 4.24 4.18
300% Modulus, MPa 17.15 17.23 16.35 16.34
Strength, MPa 26.57 26.83 26.65 25.89
Elongation, % 451 459 471 455
Energy to Break, N-m 23.94 24.36 25.37 23.38
Tear Strength

(Die-C), KN/M 118.3 129.1 117.0 122.8

4-hydroxybenzaldehyde, vanillin, syringaldehyde [25, 26], glyoxal, furfural, furfuryl alcohol [26],
hydroxymethylfurfural [26, 27], and dicyclopentadiene (DCPD) [23, 28, 29] etc are proposed.

One of the drawbacks of resins with a high free resorcinol content is its release during the preparation of
some compositions and the appearance of fumes [23]. The use of modifiers consisting of DCPD and S eliminates
this disadvantage [23, 29] and allows the production of resins with low R (< 1wt%) use. In addition, mechanical
properties such as the elastic modulus and relative elongation were improved. The use of (alkyl)resorcinol
increases the level of adhesion between the surfaces of the fibers, cords, and the polymer matrix [2, 22, 29]. The
method described in [23] does not produce a large amount of waste and is associated with the use of low
temperature and pressure.

Ph and R are typically used for the production of formaldehyde-free resins. However, Ph is a carcinogenic
substance with mutagenic properties. R can be used instead. It is mainly synthetically produced. This leads to a
significant increase in the cost of the product, despite its advantages over Ph. Natural alkylresorcinols (ARs) can
be asubstitute for expensive R. [15, 21, 22]. They are obtained during oil shale processing using the Kiviter
technology [30]. Replacing R with 5-methylresorcinol (5-MR), a fraction of the total alkylresorcinol
HONEYOLS80 (Viru Keemia Grupp AS, Estonia), and using DCPD and S opens opportunities to produce new
resins in oil shale chemistry plants.

The aim of this study was to investigate the possibility of obtaining an (alkyl)resorcinol-dicyclopentadiene-
styrene formaldehyde-free resin with improved characteristics based on industrial oil shale raw materials.

Natural ARs, such as 5-MR and HONEYOLSO0 oil shale alkylresorcinol fractions, have been used to produce
dicyclopentadiene-styrene resins for the first time.

2. Experimental

2.1. Materials used in experiments
The following compounds were used for the synthesis: individual R and 5-MR with basic substance
content > 99.9 wt%, natural ARs (commercial fraction HONEYOLS0, substances in fraction: R — 0.6 wt%,
5-MR — 88.7 wt%, 5-ER — 5.2 wt%), catalyst - p-Toluenesulfonic acid (p-TSA) - > 99.9 wt%, S, DCPD, NaOH.
Before the synthesis, S (> 99 wt%, Sigma-Aldrich) and DCPD (> 93 wt%, Sigma-Aldrich) were distilled and
purified. The catalyst was neutralized using a 40% sodium hydroxide (NaOH) solution.
In the analytical part, reagents from Sigma-Aldrich (USA) were used with an ACS reagent purity (= 99.5%).
Commercial fraction HONEYOLS80, R and 5-MR, and p-TSA were provided by Viru Keemia Grupp AS.

2.2. Synthesis of resins
(Alkyl)resorcinol-dicyclopentadiene-styrene resins were synthesized according to recommendations given in
the literature [29]. A block diagram is shown in figure 1.

The raw material for the first three syntheses, R, was used, which was later partially or completely replaced by
5-MR and the HONEYOLSO fraction. The formulations of the synthesized resins are shown in table 2.

Rwas placed in a four-neck flask equipped with a mechanical stirrer, a thermometer, a reflux condenser, and
adropping funnel and heated to 125 °C-135 °C. When R was completely melted, the first portion of the p-TSA
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DCPD Styrene
component —l —l NaOH
Heatin Reaction Addition Neutralization Distillation
125 - 13§°C 7 for 60 min at for 60 minat > —> vacuum 7-17
140-145°C 150-160°C mm Hg

Catalyst p-TSA

Catalyst p-TSA

unreacted DCPD

and styrene

Reaction product
novolac structure
resin

Figure 1. Block-diagram of the synthesis of DCPD resin.

Table 2. Resins formulations and synthesis conditions.

Compounds, mol

Sample name R 5-MR HONEYOLS80 DCPD Styrene T, °C Time
RDS; 1.0 — — 0.4 1.0 140-200 8h
RDS, 1.0 — — 0.4 1.0 140-170 6h 20 min
RDS; 1.0 — — 0.4 1.0 125-157 6h
RDS, 1.0 — — 0.5 0.7 125-155 5h 30 min
RDS5 1.0 — — 0.5 0.3 120-155 5h 40 min
5-MRDS — 1.0 — 0.5 0.3 135-170 6h30min
H80,00DS — — 1.0 0.5 0.3 128-170 5h10min
R;oHon805,DS 0.7 — 0.3 0.5 0.3 125-175 5h10min
R5oHon805,DS 0.5 — 0.5 0.5 0.3 125-165 5h

catalyst was added, and the mixture was stirred for 5 min. Subsequently, a calculated amount of DCPD was
added to the reaction mixture using a drop funnel for 60-90 min at 135°C~145 °C. Then the contents of the flask
were incubated at 140 °C-145 °C for an additional 60 min. A second portion of p-TSA catalyst was introduced,
and styrene was slowly added using a dropping funnel for 60 to 90 min at 140 to 145 °C. The synthesis was
continued at 155 °C-160 °C for another 60 min. The reaction temperature was then slightly decreased and an
equimolar amount of NaOH (40 wt% solution) was added to neutralize the p-TSA catalyst. The removal of
unreacted DCPD and S was carried out under vacuum (7-17 mm Hg) at 150 °C-160 °C.

Based on the literature data [2, 29], the synthesis of a formaldehyde-free resin can proceed according to the
following scheme (Scheme 1).

2.3. Methods used in experimental studies

2.3.1. Extraction of unreacted resorcinol and alkylresorcinols in the resins

Unreacted R and ARs were extracted from the resins as follow: 1 g of resin was boiled in 100 ml of distilled water.
The suspension was filtered through a blue-ribbon filter. The mass and volume of the filtrate were measured.
The pH of the solutions was then checked because in a basic environment, there may be phenolates that are
insoluble in diethyl ether. These were destroyed by adding a weak solution of hydrochloric acid to pH 7. Then, a
20 ml aliquot of the filtrate was transferred to a separating funnel, 10 ml of diethyl ether was added, and the
mixture was shaken. The ether layer was poured into a bottle and evaporated in air until a constant weight was
reached. The resulting residue was used to determine the unreacted R and ARs using GC and TLC.

2.3.2. Gas chromatography

The component composition of the initial (alkyl)resorcinol (R and ARs fractions) was determined using an
Agilent Technologies 7890A chromatograph with a PID detector, a DB-1 capillary chromatographic column
with an inner diameter of 0.25 mm, length of 50 m, film thickness 0.25 m. Temperature program: Tiyjecior and
Tyetector — 260 °C, Tipitial — 150 °C (isotherm time — 3 min), Tepg — 260 °C (isotherm time — 15 min),
temperature rise rate — 7.5 °C-min-1, split ratio — 1:70. The mass content of individual components in the
sample was calculated automatically using ChemStation software. The initial resorcinol components of HMDS
were preliminarily derivatized according to the method described in the work [15].
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Scheme 1. Synthesis reaction of (alkyl)resorcinol-dicyclopentadiene resins modified with styrene.

2.3.3.Thin layer chromatography

TLC was used to determine unreacted R and 5-MR quantitatively and qualitatively in the resins, as well as to
establish the homogeneity of the resin composition. For this, Silica gel 60 GF,5,4 plates from Sigma-Aldrich were
used. Then, in two test tubes, 0.1 gof R and 5-MR were dissolved in 10 ml of diethyl ether. The solutions were
applied using a micro-syringe ata volume of 3 ul per plate and eluted using the ascending method. A mixture of
toluene, propanol, and ethanol taken in volume ratios of 46:3:9.5 was used as the eluent. The plates were then air
dried. The dried plate was lowered into a developer solution, Na;[Co(NO,)e]. Subsequently, it was dried again
with hot air until the appearance of brown spots. The resulting spots were scanned and processed using JustTLC
software to determine the R¢value of the standard and the R and 5-MR extracted from the resin. The obtained R¢
retention coefficients were used to calculate the amount of unreacted R and 5-Mr
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2.3.3. Softening point
The softening point of the resins was determined using the standard method of Ring and Ball [31] with the
replacement of water with glycerol, as the softening points of some resins were above 100 °C.

2.3.4. Resin solubility

Samples of the formaldehyde-free resin were ground to a particle size of 1-3 mm. One gram of crushed sample
was placed in test tubes, and 100 g of the solvent (distilled water, acetone, ethanol, toluene, and tetrahydrofuran)
was added to a measuring cylinder. The mixture was shaken and allowed to stand for 2 h at room temperature.
Periodically shaken, the degree of dissolution indicated fully dissolved, partially dissolved, not dissolved,
suspended, or settled particles. In the case of partial dissolution or swelling of the resin, its solubility upon
heating was evaluated. To achieve this, the contents of the tubes were heated in a water bath for 15 min at the
boiling point of the solution.

2.3.5. Thermal analysis

Thermal analysis (TG/DTG/DTA) was performed using equipment from Setaram LabSys (France) in 80%
Ar+20%0, flow 60 ml-min~" at a heating rate of 5 deg min ™' with ~ 10 mg of the sample. Thermal analyser was
coupled with the Pfeiffer OmniStar Mass Spectrometer (Pfeiffer Vacuum Technology AG, Asslar, Germany) by a
heated transfer line kept at T = 180 °C. The ion currents of the selected mass/charge (m/z) numbers were
monitored in multiple ion detection (MID) mode (Quadera version 4.20 software) with the collection time of 1 s
for each channel. The m/z ratios selected for analysis were 12 for C or CsHy; 18 for H,0, 26 and 27 for C,H, and
C,H3; 44 for CO,; 45 and 43 for C3Hy; 52, 78 and 106 for C¢Hg (styrene).

2.3.6. Determination of styrene and DCPD by the iodometric method
The unsaturated hydrocarbon content in the resin was determined using the standard method of iodometric
titration [33].

2.3.7. Gel permeation chromatography

Samples for GPC measurements were dissolved in THF and passed through a 0.22 yum PVDF filter to remove all
insoluble material. GPC measurements were performed on an Agilent Technology 1260 Infinity system with a
three-column configuration. The column set was provided by Polymer Standards Services GmbH, Mainz,
Germany and consisted of 8 x 300 mm SDV-type columns with 5 zm beads and porosities of 100000 A, 1000 A,
and 100 A, respectively. The system was operated at flow rate 1 ml-min ™" at 35 °C. An RI detector, poly(methyl
methacrylate) (PMMA), and polystyrene (PS) standards were used. Calibration sets were provided by Polymer
Standards Services GmbH (Mainz, Germany).

2.3.8. Volatile and ash content
Volatile and ash content were determined using the standard methods [34] and [35], respectively.

3.Results and discussion

The molar ratio of the initial components (table 2) affects both the characteristics of the resins: softening point,
ash content, the content of volatile and unreacted components, etc (table 3), and the molecular composition of
the final product (Scheme 2). An increase in the mole fraction of the resorcinol fraction in the resin formulation
to 30 mol% (R;oHon803,DS) led to an improvement in the technical characteristics of the resin. The content of
unreacted R (5-MR) decreases from 1.9 wt% (RDSs) to 0.5 wt% (R;oHon805,DS). The degree of conversion of
the initial resorcinol components reaches 98.9 wt%. A further increase in the content of the HONEYOL80
alkylresorcinol fraction lowered the softening point and increased the quantity of unreacted components;
therefore, the conversion of the initial (alkyl)resorcinols decreased. This is because the alkylresorcinol fraction
contains, in addition to the main component 5-MR, also other alkylresorcinols with different side chain lengths,
which are less reactive compared to 5-MR [15].

It was established that due to the ratios of the components of the formulations (table 2) during the processing
of the resin under vacuum (distillation), the distillate was not formed, and no unreacted unsaturated
compounds were present in the resin. Their concentrations were determined by iodometric titration [33]. From
this, we can conclude that DCPD and S fully reacted with (alkyl)resorcinol and that the resins obtained by this
synthesis method, described in this work, do not require the distillation stage. A comparison of the properties of
the resins (free R content and softening point) based on the molar ratio of the components are shown in table 4.

From the data shown in table 4, it follows that the results of the laboratory experiments differ from those in
the literature. This can be explained by differences in the quality of the starting substances used in the synthesis.
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Table 3. Characteristics of samples.

Characteristics

Sample name Softening point, °C Ash, wt% Unreacted R or 5-MR, wt% Conversion, %

RDS, 64.0 0.06 —

RDS, 71.5 0.1 2.2 94.7

RDS; 70.5 0.3 1.9 95.4

RDS, 80.5 0.2 0.9 98.0

RDS5 97.0 0.4 1.9 96.3

5-MRDS 94.0 0.2 0.6 98.8

Hon80,0oDS 75.0 0.2 1.8 95.8

RyHon803,DS 95.0 0.2 e 98.9

RsoHon805,DS 88.0 0.04 2.1 95.6
Table 4. Resin properties depending on the molar ratio of the components.

Patent data [25] Experiment data(RDS resins)

Molar ratio of componentsR: Content of free Content of free

DCPD: S R, wt% Softening temperature, °C R, wt% Softening temperature, °C
1.0:0.4:1.0 0.95 95.2 1.87 71.5
1.0:0.5:0.7 1.80 113.6 0.88 80.5
1.0:0.5:0.3 6.90 127.2 1.94 97.0
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Figure 2. GPC traces of samples RDS,, RDSs and 5-MRDS converted in MWD distribution by calculation using PS calibration.

Table 5. MW-characteristics of the samples.

Sample name M, M,, b MW range Low-MW content (%)
RDS, 430 620 1.44 110-4400 12
RDSs 440 840 1.90 110-6500 16
5-MRDS 420 610 1.45 120-3900 14
R;oHon805,DS 450 840 1,85 110-7000 25
RsoHon805,DS 450 790 1.76 110-5700 22
Hon80,0,DS 370 520 1.41 120-2600 30
RyoRez30SF[15, 18] 320 380 1.20 110-1200 10
RyoRez30SAc[18] 330 450 1.36 110-1900 20
R;oHon3oDS 450 840 1.85 120-7000 25

However, the softening temperature depends on the molar ratio of the resin components. Changing the molar
ratio made it possible to obtain resins with the desired softening point.

Notably, R reacts easily with DCPD in the presence of an acid catalyst at elevated temperatures. In the first
stage of the synthesis, resorcinol molecules interacted with DCPD, and a linear oligomer was formed (Scheme 1).
In the second stage, S was introduced. S and DCPD bound unreacted resorcinol molecules. The oligomer
molecules probably have different structures depending on the molar ratio of the components used for the
synthesis (Scheme 2).

The studied resins exhibited moderate molecular weights (table 5), which are typical for this class of
materials. By GPC analysis content of molecules with low-MW (180 g-mol ™' and 250 g-mol ") were detected,
which can be attributed to the starting compounds R, 5-MR, S, DCPD, or Hon80. Their content can be roughly
estimated from GPC. However, any detailed analysis is behind the scope of this study aimed at study of
replacement of formaldehyde-based materials with new resins with good/excellent properties.

Figures 2 and 3 shows a comparison of the MW of the samples based on the HONEYOL fraction. The
molecular weight of R;oHonzoDS was remarkably higher in comparison with samples R;oRez;,SF and
RyoRez;3pSAc. Highest MW achieved in the sample with HONEYOLSO0 was several times higher than for Rez/Ac
samples. Dispersity was also higher, which can be explained by the increased ratio of low-M,, compounds
(starting materials), which strongly affects the M, value. The higher values of DCPD and S-containing samples
can be explained with increased reactivity of the double bonds and the increased number of possible
connections. The second plausible explanation is the different characteristics of the macromolecular
architecture. Macromolecules with more linear character show higher molecular weight in GPC than its
branched counterparts with identical molecular weight. As shown in Schemes 1 and 2, the introduction of
DCPD and Sled to the formation of linear segments. The addition of F or Ac leads to branching through
methylene bridges.

The first three resins (table 3) were synthesized with the same molar ratio of R: DCPD: S = 1:0.4:1, but at
different temperature conditions and process times. The obtained resins exhibit low softening temperatures.
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Figure 3. GPC traces of samples RygRez3,SAc, R;0Hon803,DS and RyoRez3,SF converted into MWD distribution by calculation using
PS calibration.

The molar ratio of the components was adjusted to increase softening temperature. Table 3 shows that
simultaneous increase in DCPD amount from 0.4 to 0.5 mol and decrease in styrene amount from 1.0 to 0.7 mol
increase resin softening temperature by 10 °C. The RDSs resin synthesized with 0.3 mol of S has a softening point
at 97 °C. Varying the molar ratio of the components made it possible to obtain a product with the required
softening point. In the subsequent synthesis, 5-MR was used instead of R, which is characterized by increased
reactivity owing to the presence of an alkyl group at the meta-position of the benzene ring [36]. The introduction
of 5-MR instead of pure R hardly reduced the softening point. The complete replacement of R by the
HONEYOLSO fraction obtained by Viru Keemia Grupp AS resulted in a reduction of the softening point to

75 °C. This can be explained by the presence of alkylresorcinol compounds with long-chain and cyclic groups, as
well as the higher content of pyridine basesin HONEYOLS80 [21].

The TA results (figures 4 and 5) shows that the amount of water evolved at temperatures of 70 °C-150 °C is
inappreciable quantity, since in this temperature range, there is practically no loss of mass of the resin sample
and the release of H,O (m/z = 18). The synthesized resins were stable up to a temperature of 200 °C (table 6).
The RDS; resin exhibited the highest stability and lowest weight loss among the studied samples. The Hon4,DS
resin is unstable. Weight loss for all the samples occurred in almost three stages. In figure 4 is seen that because of
decomposition of the resin at a temperature of 230 °C-300 °C, light hydrocarbons, as well as styrene, begin to
release. The intensity of evolvement depended on the composition of the resin. From stable resins, the release of
components with a cyclic structure (m/z = 78) (RDS,, RDSs and RsoHon805,DS) occurred in the temperature
interval of 300-350 to 450 °C. For the unstable resins, this temperature was reduced by approximately 100 °C.
Oxidation (burning) was revealed by an exothermic effect in the DTA curve, as well as by the release of CO, and
H,O. Itbecomes dominant for resorcinol resins at approximately 350 °C, but for resins obtained using
HONEYOL fraction at 400 °C—430 °C.

The successful application of a polymer material under various conditions depends on its ability to maintain
its performance during long-term storage. Using the TGA method, it is possible to make preliminary
conclusions regarding the durability of the polymer [32]. The mass loss data convey this information most
accurately. As arule of thumb, the higher the decomposition temperature, the longer is the shelflife of the
polymer. The DCPDS resins can be operated at high temperatures. This was indicated by the mass loss
temperatures (7o,) obtained by TGA (table 6).

It should be noted that the obtained resins had low ash content. The ash content index is an important
technical characteristic of the resins. This affects the mechanical resistance of both the resin and the composite
when the matrix (resin) is added. The lowest values of ash content were noted for RDS, RsoHon805,DS —0.04
and 0.06 wt%, respectively. Thermogravimetric analysis (TGA) revealed that the volatile compounds in these
resins were insignificant.

Partial replacement of R by 5-MR or HONEYOLSO0 fraction (70/30 or 50/50) allows the synthesis of a
product with a softening point of 88°C-95 °C and a small content of unreacted R and 5-MR: R;0Hon803,DS —
0.5 wt%, 5-MRDS — 0.6 wt%.

The resins obtained were solid and brittle substances with a dark red or brown color. Red resins were
synthesized based on R and 5-MR and brown based on the fraction HONEYOLS0. The primary parameters are

9
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Figure 4. TG and DTA curves of DCPDS resins in Ar4-20% O, atmosphere at heating rate 5 deg min .

listed in table 3. The composition of such resins is more homogeneous than that of resorcinol-aldehyde resins
[15,21]. It should be noted that they practically do not contain volatile components, including moisture, at
105 °C, as shown by the results of TGA results (figure 4).

Resins have different solubilities in various organic solvents. They were soluble in acetone, ethanol, and
tetrahydrofuran; slightly soluble in toluene; and insoluble in water. Very good solubility of the resins of all
formulations was observed in acetone. It was found that the 1% solutions of the synthesized resins differed
sharply in color. This makes it possible to expand their application areas from the tire industry to the paper
industry [37, 38]. In the latter, in addition to a decrease of softening point, a low chromaticity of the adhesive
additive is required, the role of which is played by the resorcinol resins.

3. Conclusions

Natural alkylresorcinols, such as 5-MR and HONEYOLSO0 oil shale alkylresorcinol industrial fraction, have been
used to produce new non-aldehyde resins (dicyclopentadiene-styrene resins), and their physical and chemical
characteristics were determined. It was shown that depending on the mole ratio of the components of the
formulation resins with different softening temperatures (66 to 97 °C), ash content of 0.04 to 0.39 wt%, and a
low content of volatile components at 105 °C, including moisture, were obtained. The best conditions for the
synthesis of resins with a softening point at 94 °C—97 °C are molar ratio of R (5-MR): DCPD: S =1:0.5: 0.3 at
temperature 135 °C~170°C, synthesis time 5 h 30 min. The best technical parameters have the resin
(R70Hon8030DS) obtained using HONEYOLSO: softening point 95 °C, ash content — 0.2 wt %, and total
content of unreacted R and 5-MR in resins 0.5 wt %.

It has been shown that the synthesized resins do not require additional processing under a vacuum. The
negligible water and volatile content in the resins would allow to implement molding without additional
ventilation for vapor escape.

Variation in the initial composition is reflected in the MW characteristic of the final material. This is
observed in the resins with high double-bond content. Such resins are suitable for replacing synthetic materials
with natural ones. It has been proven that the combination of moderate-molecular-weight macromolecules and
oligomeric/monomeric fractions corresponds to the proposed chemical mechanisms.

Therefore, it is possible to replace (partial or fully) synthetic R with natural ARs (5-MR) or oil shale ARs
industrial fraction (HONEYOLS0) in the formulations of non-aldehyde resins. Depending on the molar ratio of
the initial components of the formulations, it is possible to synthesize resins with different properties without
using a solvent. This makes possible to achieve considerable energy savings.

10
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Table 6. Comparative characterization of the mass loss temperatures of different resins.

Sample name
Parameter RF[15] RSF[15, 18] RAc[18] RDS5 RggRez,(SF[15, 18] RyoRez30SAc[18] R;0Hon805,DS
Tyart of deo> - ©C 115 155 80 170 155 105 150
Ti0, °C 174 213 194 302 205 247 289
Ts0, °C 409 467 459 440 461 397 400
Top, °C 527 565 543 520 554 599 480
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