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Abstract

The composition of gases emitted from commercial resin-based binders, under the influence of high temperatures of liquid metal (up to
1500°C), is determined in this summary with a view to assessing the potential harmfulness of these gases to the environment and workers.
Mesaurements have been carried out using coupled analytical techniques, such as e.g. HS-GC/MS (Headspace/Gas Chromatography/Mass
Spectrometry) or TG/DCS/FTIR (simultaneous Thermogravimetry/Differential Scanning Calorimetry coupled with Fourier Transform
Infrared spectroscopy), which allow the simulation of conditions during casting production. A review of the existing literature indicates
that the thermal decomposition of commercial resin-based binders is typically characterized by a multi-step process involving a series of
sequential reactions, depending on the type of atmosphere. The process of decomposition has been observed to result in the release of
various compounds, including water, carbon monoxide, carbon dioxide, phenol, BTEX (benzene, toluene, ethylbenzene and xylenes) and
PAHs (polycyclic aromatic hydrocarbons) groups and others, from the tested binders. The composition and quantity of these gases have
been found to be contingent on the type of binder, the temperature, and the heating rate of the sample. The decomposition of the binder has
been demonstrated to occur through different mechanisms, which depending on the heating rate of the samples.
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environment, with excess of phenol over formaldehyde), which
can be cured by a gaseous or liquid curing agent [3, 4]. The
polymerisation process of resols, takes place with an alkaline

1. Introduction

Phenolic resins were the first completely synthetic polymeric
materials synthesized. Until today they are the most widely used
as binders and adhesives in the production of wood-based panels,
moulds and cores technologies, heat-insulating materials,
laminated plastics, paints and varnishes and abrasive, refractory,
and other materials (Figure 1) [1, 2]. They are formed during the
synthesis of phenol and formaldehyde. Depending on the nature
of the environment in which the synthesis of the resin has taken
place, we obtain (Figure 2) either novolaks (acidic environment
and excess of formaldehyde over phenol) or resols (basic

catalyst/curing agent [1-13]. Due to the presence of various
reactive functional groups, the resins are capable of crosslinking
under heat and in the absence of crosslinking agents (one-step
resins) [3-14].

In the case of industrial-grade resins, manufacturers
frequently incorporate additions [3-11] into the formulation eg. to
reduce the viscosity of the liquid polymer or slows the reaction
kinetics and prolongs sedimentation times [12] which affect the
economics of the production process [3-12].
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However, some functional properties, especially strength
properties, of phenol resin are weak, and for their strengthening
additions of other resins are introduced. In this way are obtained
phenol-formaldehyde (PF) resins, phenol-formaldehyde-furan
(PFF) resins, which meet the requirements of users [3, 4, 5,
13,14]. Another way of improving properties of PF resins is the
addition of polymers. These polymers are widely used in
structural adhesives, coatings an advanced composite matrices in
aerospace and electronic industries, because they offer high fire
resistance, high char yield, and solvent resistance [1, 4, 14-18]
The above investigations concern tests of PF within the
temperature range of up to 1000 °C, whereas only not much data
concern their behavior at high temperatures, above 1000 °C.

35%
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149% ,
13% 12%

35% - Woodworking industry (production of plywood, fiberboard, chipboard, etc.)
14% - Injection molding products
13% - Thermal insulation materials
12% - Laminated plastics (fiberglass, ect.)
26% - Others (production of paintwork materials, foamed plastics, ect.)
Fig. 1. Application of phenol - formaldehyde resins
[based on 1, 2]

The basic feature of phenol resin is its resistance to high
temperatures under conditions of mechanical stresses at minimal
deformations. Hardened phenol resin has the required dimensional
and structural stability. Because of their excellent ablative
properties and structural integrity they can be used as high-
temperature polymers [19]. Therefore thermal degradation of PF
resins is an important research topic specifically their heat
resistance, thermal stabilization and degradation kinetics
[16, 20-24].
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Fig. 2. Diagram of phenol-formaldehyde resin formation: resol
and novolak type [based on 14]

Using PF resin as a binding element is its main application.
Phenol resin easily penetrates and adheres to structures of several
organic and inorganic fillers and reinforcements. A short thermal
exposition, in order to finish the cross-linking or thermo-
hardening process, causes obtaining final properties. The unique
ability of PF resin to wetting and cross-linking of fillers and
reinforcements provides means for obtaining needed mechanical,
thermal and chemical properties. Such properties as hardness and
thermal and chemical resistance of phenolic resins is utilised in
production of grinding wheels, abrasive lining, refractory
materials and other elements formed and used at high
temperatures or in aggressive environments
[1, 14, 25-27]. Since many years, PF resins with cellulose feelers
have been used in productions of chipboards, plywoods,
fibreboards. Also composites needed for demanding applications,
such as drilling rig platforms, elements of rackets and thermal
coatings are produced with the usage of phenolic resins. Liquid
phenolic resins penetrate and saturate paper and other bases,
providing good mechanical strength, electric properties and
filtrating abilities. Typical examples of such applications are:
electric and decorative laminates, papers, clutches and gears as
well as filtration products. The above mentioned applications of
PF resins are proceeding at temperatures of several dozen to
maximum 200 - 300 °C. These resins are well known within this
temperature range [3, 28, 29]. Products based on PF resins find
applications as binders of moulding and core sands at the
production of metal castings. Moulding sands with PF resins
based binders constitute a significant fraction in the group of
sands with chemical binders. Data concerning the share of
individual technologies of the casting moulding sands with
chemically hardened binders in EU are shown in Table 1 (sands
with binders based on phenol-formaldehyde resin are separated)
[3, 28, 30].

Table 1.
Comparison of the share of individual technologies of the casting
moulding sands used in the EU [based on 3, 4, 30]

Individual technologies of the casting moulding UE, %
sands

Furan No-Bake 44
Phenol - urethane cold - box (gas amine) 32
Phenol hardened by ester no-bake (Alphaset) 14
Phenol —urethane no-bake (liquide amine) 3
Croning process 3
Inorganic binders 2
Hot — box system 2
Other 1

Along with the industry development and new technologies,
especially automotive and cosmic industries, the demand for
phenol-formaldehyde resins able to work at high temperatures is
growing. Therefore investigations at temperatures above 1000 °C
are so important. Difficulties are mainly consisting in the access
to the equipment able to operate at such temperatures. The results
of investigations of the thermal destruction process of PF resins at
a temperature range up to 1100 °C are presented in the hereby
study (including several studies performed by M. Holtzer et al.
and A. Kmita et al. [4, 6-8, 24, 31, 32-35]). As the forecasts

184 ARCHIVES of FOUNDRY ENGINEERING Volume 25, Issue 2/2025, 183-195



indicate the market of phenol resins in 2026 will reach 14.4
billion USD in relations to 11.7 billion USD in 2021 [36]. One of
the faults of PF resins is toxicity of some main initial components
[37, 38], which either can directly release from resins at
surrounding temperature or can be forming at high temperatures
(e.g. formaldehyde). Therefore a high caution should be exercised
when working with these resins. In order to improve a stability of
PF resins at high temperatures, thus to widen their application
range, investigations of their thermal degradation in different
atmospheres (eg. nitrogen or air), at temperatures near the ones at
which they will operate, are necessary. An important indicator of
the resin thermal stability is the final amount of ashes in tested
samples. The higher amount of solid remains the more stable is
the given resin. Main investigations on products of resin thermal
degradation were performed in the air and/or inert (nitrogen,
helium) atmospheres as well as in the vacuum [3, 4, 8, 16, 34, 35,
39-44]. Results of wide investigations of the thermal degradation
effects of PF resin performed in the air and in inert atmosphere at
temperatures up to 1100 °C as well as the kinetics of the thermal
decomposition of these processes, are presented in a further part
of this study. Production of metal castings is the practical example
of PF resins application under the specified above conditions.

2. Phenol-formaldehyde (PF) resins in
the moulding sand technology

In the field of moulding sand technology, the chemical
character of binders is a key differentiating factor. These can be
broadly classified into three main categories: inorganic binders
(e.g. water glass, aluminosilicates), organic binders (e.g. PF resin,
urea formaldehyde resin, phenol-furan resin) and materials of a
natural origin (bentonite). Hardening can be achieved through the
application of chemical or physical factors [4, 45]. The necessity
to maintain high dimensional stability is becoming increasingly
important in the production of castings with increasingly complex
shapes. Consequently, modern foundries are increasingly utilising
moulding and core sands with synthetic resins that are chemically
bonded, due to the advantageous characteristics they possess,
including ease of formation, the attainment of a superior final
surface quality for castings, and their malleability [4, 45]. The
type of bonding material used will determine the dimensional
stability of the final product. It can be observed that the
application of chemically bonded sands ensures a higher degree of
fulfilment of the aforementioned parameters than that achieved
with sands containing bentonite [4, 45]. A significant attribute of
synthetic resins is their capacity to withstand elevated
temperatures and the diverse range of gases produced under such
conditions. The production of castings from metal alloys,
including aluminium, copper and iron (iron casting and steel
casting), provides examples of the use of resins at high
temperatures (up to 1500°C) [4, 45]. To optimise the properties of
resins, their mixtures are employed, thereby widening the range of
their application. This includes the enhancement of high-
temperature resistance, increased strength, and the limitation of
the generation of harmful gases. The compositions of moulding
sands bonded by PF resins are listed in Table 2 [4, 45].

Table 2.
Phenolic resins used in foundry industry [based on 4, 45]
Process Phenolic Hardener/Catalyst
resin
e Croning Process; HMTA
o Shell sands; Novolak  (hexamethylenetetramine)
o Hot-box. + heat
o Phenolic ester no Esters - liquid
bake (Alphaset).
e COz resol/Betaset Gas hardener
proces. Resol (CO2/methyl formate)

Two-component binder
e.g. with polyisocyanate,
hardener - amine

e Phenolic urethane;
e Cold-box (Ashland
process).

3. Thermal characteristic of organic
foundry binders

The rate of thermal decomposition of polymers depends on
many factors, including the structure of the polymer, the type of
atmosphere (oxidising, reducing or anaerobic) and many others
[3, 4, 6, 11, 16, 46-55]. Typically, the end products of polymer
degradation are char and small molecule compounds such as CO,
CO2, H20, toluene and its derivatives, phenol and its derivatives
and others [7, 8, 11, 31].

Figure 3 shows a general decomposition scheme for
polymeric materials [46], which essentially consists of two stages.

‘ Decomposition #ymers ‘

The first stage of d ion (the beginning of decomposition):
the reaction of hydrogen disproportionation between the chain fragments

Tarred and gaseous
Solid residue: products: hydrogen
low in hydrogen entiched chain

fragments

The second stage of decomposition: dehydrogenation reaction
gaseous products:

a solid residue:

mainly carbon mainly hydrogen

Fig. 3. Diagram of the thermal decomposition of the polymer,
[based on 11, 46]

In the field of moulding sand technology, binders based on
organic resins are the most commonly used method for binding
matrix grains next to bentonite. Phenolic resins (resols or
novolaks) are among the most frequently used. This is primarily
due to the favourable technological properties of the moulding
bounded by them [4, 44, 45]. However, the selection of a binder
should also consider the potential risks associated with the
formation of harmful pollutants [34, 35, 44, 56-59]. The results of
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the analysis of the primary sources of industrial emissions

indicate that these originate primarily from industrial parks. The

highest volatile organic compounds (VOCs) emissions were

identified in the foundry production (approximately 60%),

refractory production (approximately 25%) and printing

production (approximately 20%) sectors. The identification of

VOCs in casting, refractory and printing processes has been

widely documented [4, 60]. Xylenes, amines, phenols and esters

have been identified as the main VOCs species in these processes,
respectively [60]. The generation of gaseous pollutants has been
observed at virtually every stage of casting production, including
mould making, casting and knock-out cast, as evidenced by

numerous studies [4, 5, 7, 8, 30, 31, 35, 38, 44, 61].

Two distinct categories of operations can be distinguished
during the metal casting process, which pose inherent risks to
both human health and the environment [4, 11]:

a) at room temperature: the process of mould and core
production during which, for example, evaporation of the
volatile components of the moulding sand occurs;

b) in high-temperature processes: which include pouring,
cooling and knock-out. During these stages, gaseous
compounds such as benzene, phenol and dust are often
emitted [4, 5,7, 8, 11, 14, 16, 19, 24, 31, 38, 62].

It is therefore important to recognise the quantity and quality
of the compounds produced in order to protect human health and
the environment.

Thermal analysis technologies are widely employed for the
determination of thermal stability and the investigation of thermal
decomposition kinetics, mechanisms, and interactions in a
multitude of materials, including foundry binders. The continuous
advancement of these techniques enables an ever-wider range of
research, including the assessment of gas-formation reaction
kinetics, the analysis of the qualitative composition and quantity
of gases released under ambient conditions and at elevated
temperatures. As demonstrated by the findings of the studies
referenced in [5, 6, 14, 19, 31, 38, 62], the casting production
process gives rise to the formation of a number of harmful
gaseous products at various stages. The formation of these
compounds is dependent on temperature, with the resulting
compounds exhibiting varying degrees of toxicity.

Among these gaseous products, polycyclic aromatic
hydrocarbons (PAHs) or compounds from the BTX group
(benzene, toluene and xylenes) are by-products of incomplete
combustion of organic components (from the moulding sand) that
may be carcinogenic and/or mutagenic [8, 31, 34, 35, 43, 44, 52,
56].

The aim of this summary is to provide a concise overview of
the thermal characteristics of phenolic binders based on resol
resins utilised in metal casting for mould production, as
determined through thermal analysis technologies. The results of
the research are presented, including the composition of the
gaseous products emitted from binders at room temperature and at
elevated temperatures. Moreover, the evolution volume and rate
of these binders were also examined. In particular,
thermogravimetric analysis (TG), differential thermal analysis
(DTA) and differential scanning calorimetry (DSC) have been
employed extensively to assess the thermal behaviour of foundry
binders and to investigate the kinetics of thermal decomposition.

Conversely, coupled thermoanalytical techniques, including
headspace-gas chromatography/mass spectrometry (HS/GC/MS),
thermogravimetry/gas chromatography/mass spectrometry
(TG/GC/MS), thermogravimetry/Fourier transform infrared
spectroscopy (TG/FTIR), and pyrolysis/gas chromatography/mass
spectrometry (Py/GC/MS) was employed to ascertain the
composition of the gaseous products emitted from binders at room
temperature and elevated temperatures [3-8, 11, 28, 31-35, 43, 44,
61, 63-73]. The aforementioned tests were conducted as part of an
evaluation of the potential harmfulness of the applied binders,
specifically those based on PF resins.

3.1. Volatilization gases of resole resin-bonded
sands at ambient temperature

From point of view casting production the emission of
gaseous air pollutants occurs at the moulding and pouring process.
Therefore, it is important to identify both qualitatively and
quantitatively the emitted major sources of air pollutants from
industrial parks has practical significance in emission gases over
the entire temperature range from the environment to the pouring
temperature of the moulds. As it is known, at ambient
temperature, at the stage of making foundry moulds, volatile
components of the binder may evaporate, e.g. from a resin and/or
a hardener. The HS-GC/MS technique was used to analyze gases
emitted at ambient temperature from resin bonded sand [63, 68,
74]. Headspace (HS) it consists in collecting volatile gaseous
products through volatilization and their analysis, e.g. with the use
of GC/MS. In the work of Qian et al. [44] studied gas evolution
and composition of the gaseous products emitted from 3 kind of
foundry binders: furan resin; phenolic urethane and alkaline
phenolic no-bake resin-bonded sands at room and high
temperature. Research by HS-GC/MS conducted in [44] showed
that the gaseous products of alkaline PF and furan no-bake resin-
bonded sands showed no gas volatilization. Whereas in the case
of phenolic urethane no-bake resin-bonded sands among
voltalization gases have been identified such compounds as:
monocyclic (MAH) and polycyclic aromatic hydrocarbons
(PAHs) and heterocyclic aromatic compounds (HAC).
Comparative studies have shown that alkaline PF no-bake resin-
bonded sand are more environmentally friendly.

3.2. Thermal decomposition of binders -resole
resins under flash pyrolysis conditions

The pyrolysis temperature depends on the kind of foundry
alloy. This temperature varies from 700 °C (aluminium alloys) to
1550 °C (ferrous alloys). Results of investigations of the flash
pyrolysis (Py) of a commercial binder based on PF resin,
hardened by a mixture of organic esters at temperatures 500, 700,
900 and 1100 ° C, are presented in papers [6-8, 31, 35, 75]. The
obtained pyrolysis products were evaluated by Py/GC/MS method
and are shown in Table 3 [7]. The presence of acetic acid or
acetone is the effect of the thermal decomposition of organic
catalyst/hardener [7, 76-82]. Moreover, it is known that certain
catalyst/hardener components such as dimethyl ester are not — in
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practice - undergoing a thermal decomposition under analysed
conditions, which is manifested by their high fraction in pyrolysis
products. CO2 was formed only at a lower temperature of the
pyrolysis (500 °C), while above this temperature it was not
present among products. Phenol and its methyl derivatives,
nitrogen-containing compounds and small amounts of acetic acid
were detected within the whole tested temperature range. At 500
°C the o-cresol fraction was equal nearly 22% and this was the
highest fraction among released compounds (Table 3) [7]. At
700 °C phenol and its methyl derivatives dominated among
pyrolysis products but also other products occurred, e.g. toluene
[7]. At the pyrolysis temperature of 900 °C acetone and nitrogen
compounds were still identified [7]. Carcinogenic and mutagenic
compounds such as benzene and benzofuran were observed at the
pyrolysis temperature of 900 °C [7]. An increase of the pyrolysis
temperature to 1100 °C caused, among others, an increase of the
presence of such substances as: benzene, toluene and phenol
(Table 3) [7]. Additionally, compounds containing two aromatic
rings such as fluorene were detected. The presence of this type of

Table 3.

substances was also confirmed in studies of other scientists [7, 82-
93]. The presence of nitrogen compounds is the most likely a
result of the urea or amine addition during production of PF resin
[3,4,7]

On the bases of the performed studies it can be stated, that the
temperature of pyrolysis essentially influences the composition of
generated gases. Within the tested temperature ranges of pyrolysis
the effect of forming benzene and its methyl derivatives occurs. It
is possible to determine the temperature range at which certain
substances are forming. This provides the eventual possibility of
controlling the pouring process of moulds by liquid metals in such
a way as to avoid the most dangerous temperatures (e.g. 900 °C)
[3,4,7,11].

The described above investigations constitute the part of wide
studies concerning thermal destructions of casting binders,
including nanocomposites, carried out in AGH University of
Science and Technology in a context of assessing their
harmfulness [3, 4,7, 8, 11, 24, 61, 69, 72, 73, 94-97].

Pyrolysis products of PF resol binder at selected temperature, identified by GC/MS method [7]. Table reprinted from Journal
of Analytical and Applied Pyrolysis, 129, A. Kmita et al. “Pyrolysis of organic ester cured alkaline phenolic resin: Identification

of products., 6-12, 2018, with permission from Elsevier.

Temperature [°C]/

15;:2'}2321 CAS no. Name of compound Mvtzeicgl;lltar Fraction [%]
500 700 900 1100
206 17344-99-9 )Z-arnino—propionic acid ethyl ester (CsH11NO2 117 1.42 1.68
2.09 124-38-9 carbon dioxide (CO2) 44 243
2-propanamine.

2.11 37143-54-7 |-methoxy- (CsHiNO) 89 1.37
2.12 75-31-0 2-propanamine (C3HoN) 59 0.97
2.13 6168-72-5 1-propanol, 2-amino- (C3HyNO) 75 3.78
2.26 2919-23-5 cyclobutanol (C4HsO) 72 0.71
2.67 67-64—1 acetone (C3HeO) 58 2.13 1.51 1.30
2.75 542-92-7 cyclo-penta-1,3-dien (CsHe) 66 1.07
2.90 593-75-9 methyl isocyanide (C2H3N) 41 1.24 0.54 0.40
4.23 64-19-17 acetic acid (C2H402) 60 1.74 0.66
4.61 71-43-2° benzene (CsHe) 78 1.80 4.56
7.77 108-88-3 toluene (C7Hs) 92 1.37 3.30 5.20
11.63 95-47-6 benzene 1,2 dimethyl/ oxylene (CsHio) 106 4.90 4.48 4.54
14.23 79-16-3 acetamide N-methyl (CsH7NO) 73 3.49

15.23 526-73-8 benzene,1,2,3 trimethyl (CoHi2) 120 8.15 5.95 4.76
17.62 108-95-2° phenol (C¢HsO) 94 16.28 13.11 1994 11.70
17.86 271-89-6 benzofuran (CsHsO) 118 1.23

18.39 1758-88-9 2-ethyl-1,4-dimethyl benzene (CioHi4) 134 1.86 1.40
20.03 95-48-7 phenol, 2-methyl/ o-cresol (C7HsO) 108 21.63 20.79 1638 12.52
20.65 106-44-5 phenol, 4-methyl/ p-cresol (C7HsO) 108 14.80 9.90 6.35 9.26
21.68 95-87-4" phenol, 2,5-dimethyl (CsH100) 122 12.00 10.01 1042 5.66
22.45 620-17-7 phenol, 3-ethyl (sH100) 122 1.25 1.73
22.84 105-67-9 phenol, 2,4-dimethyl- CsH10O 122 15.78 11.61
22.92 526-75-0° phenol,2,3-dimethyl/ 2,3Xylenol (CsH100) 122 14.02  18.50
23.43 123-07-9 phenol, 4-ethyl (CsH100) 122 2.01 2.50
23.97 3855-26-3 phenol, 2-ethyl-4 methyl (CoH120) 136 1.42 2.48 1.65
24.43 2416-94-6 phenol, 2,3,6-trimethyl (CoH120) 136 6.44
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24.45 527-60-6 phenol, 2,4,6-trimethyl (CoH120) 136 10.56 7.73 8.25
25.43 1123-94-0 Phenol, 4-ethyl-3-methyl-(CoH120) 136 2.17
25.96 627-93-0? adipic acid, dimethyl ester 174
(CsH1404)
3-buten-2-one, 3-methyl-4-phenyl-a-

27.16 1901-26-4 methylbenzylideneacetone (C11Hi20) 160 2.29
27.29 106-61-62 1,2,3-propanetriol, 1-acetate (CsH1004) 134

a 1,2,3-propanediol-triacetate/ triacetin
27.51 102-76-1 (CoH1100) 218
29.54 102-62-52 glycerol 1,2-diacetate (C7H1205) 176
35.56 86-73-7 fluorene (Ci3Hio) 166 2.04
3774 721-45-9 1,4-dimethyl-2-[(4-methylphenyl) methyl] 210 345

benzene (CisHisg)

2 These compounds were not included in the analysis of the degradation products.

b Carcinogenic and mutagenic effect.

3.3. Thermal decomposition of PF binders
under slow pyrolysis - the influence of the
atmosphere

As the effect of the heat transfer into casting in further parts
of the mould the moulding sand is slowly warming and the
process atmosphere can be changing from inert via oxidizing to
reducing [4]. As it is well known, the character of the atmosphere
influences essentially the decomposition process of PF binders
and in consequence influences the quantitative and qualitative
composition of gases formed under the temperature influence [3,
7, 8, 31, 97-102]. Therefore it is essential in investigations of the
thermal resistance of casting binders based on PF resin, to take
into consideration not only the heating rate but also the influence
of the atmosphere. Thus, for a complete process description
investigations under inert, reducing and oxidizing conditions are
recommended [3,4, 7, 8, 31, 97-102].

3.3.1. Inert atmosphere

Studies of the team A. Kmita and M. Holtzer [3, 4, 31, 7, §,
97, 98] are presenting systematic investigations of the slow
pyrolysis process of PF binder, hardened by the mixture of
organic esters (no-bake), by TG/DSC/FTIR or TG/GC/MS
method. The applied FTIR and MS methods are complementary
ones and provide fuller picture of achieved results. Investigations
[7] performed by TG/DTG method within the temperature range
from 25 to 1100 °C pointed out that the slow pyrolysis process of
PF binder can be divided into 7 stages, in which mass losses
occurred [7]. Observed mass losses are related to a gradual
thermal degradation of the binder. The identification of gases
emitted from the sample, as the temperature function, were
carried out by means of the FTIR method (Figure 4) [7].
Correlation the released product identity with the onset, maximum
and end-set temperatures of its release, and the corresponding
mass loss (%) and mass loss rate (%/min), established from the
TGA curve were presented in work [7].
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Fig. 4. FTIR spectra collected during decomposition of the PF
resol binder: A) 3D chromatographic plot; B) FTIR spectra at
temperature; C), D) spectra at different spectral ranges.

W (water); M (methane), CO2, CO, P (phenol), A (ammonia) [7].
Figure reprinted from Journal of Analytical and Applied
Pyrolysis, 129, A. Kmita et al. “Pyrolysis of organic ester cured
alkaline phenolic resin: Identification of products., 6-12, 2018,
with permission from Elsevier.

Significant losses of the sample mass were observed at
temperatures from approximately 100 °C to 550 °C. Heating the
PF binder sample in the initial stage (from 113 °C to app. 330 °C),
is associated with the thermal effect corresponding with the
reaction of an exothermal character [7]. At a further heating of the
sample several reactions, also of the exothermic character, were
occurring one after another [3, 7, 8]. Above a temperature of 800
°C to approximately 1100 °C the recorded TGA slope became
more gradual, no variations in the DSC curve were observed
associated with a carbonization of organic residues [7, 103-106].
Within the low temperature range to approximately 300 °C the
Authors identified, among the slow pyrolysis products, such
compounds as: H2O, CO2, CO and ammonia [7]. The presence of
ammonia indicates that nitrogen-containing substances were
utilised during the production of the PF resin [4, 7, 8, 11, 24, 31].
Often urea is applied, which in the temperature range 200 to 400
°C undergoes decomposition with evolving ammonia. However,
heating PF binder above 300 °C causes additionally releasing of
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phenol and its derivatives and also methane [7]. On the bases of
the achieved TG/FTIR results the hypothesis can be stated that the
slow pyrolysis leads to a total thermal degradation of resin, which
in effect constitutes relatively low emission of harmful substances
[7]. Probably a small abrupt temperature jump provides time for
reactions in between these substances, leading to more complete
decomposition process via slow pyrolisis [7].

It is, however, worth to note that FTIR is far less sensitive
than the MS and as such it would not have been able to detect all
of the trace compounds revealed via e.g. TG/GC/MS. Therefore,
on purpose of obtaining a wider knowledge concerning the
thermal decomposition of binders, complementary investigations
utilising mass spectrometer are often performed (TG/GC/MS)
[31].

Systematic investigations of the thermal decomposition of 2
kinds of PF resins originated from different producers performed
by TG/GC/MS method, are presented in paper [31]. Samples were
heated (TG) with a constant rate and emitted gases were
condensed and divided on the GC column and identified by MS.
The identification of individual gaseous substances emitted during
the slow pyrolysis was carried out with utilizing the Library of
Mass Spectra of the National Institute of Standards Technology
(NIST MS, 2000). Results of the MS analysis are shown in Table
5[31].

Table 5.

Slow pyrolysis products identified via MS analysis in cryo trap
mode [31]. Table reprinted from Arabian Journal of Chemistry,
11(3), A. Kmita et al. “Thermal decomposition of foundry resins:
A determination of organic products by thermogravimetry-gas
chromatography-mass spectrometry (TG-GC-MS).” 380-387,
2018, with permission from Elsevier.

Retention . Proba-
time, min. Database hit CAS No bility, %
99.832 Acetic acid 64-19-7 90
102.195 column material -- -
103.037 Benzene, 1,3-dimethyl  108-38-3 97
p-Xylene 106 -42-3 95
loagy  Benzene,lethyl-3- 60 144 g3
methyl
104935 ~ Deneene, L33 56738 97
trimethyl
105.194 Phenol 108-95-2 95
106.462 Phenol, 2-methyl 95-48-7 97
106528 benzene, d-ethyl-l2- g3 405 g9
dimethyl
Benzene, 1,2,4,5-
tetramethyl 93-93-2 %0
Benzene, 1-ethyl-2,3-
dimethyl 933-98-2 90
106.792 Phenol, 4-methyl 874-41-0 96
107.312 Phenol, 2,6-dimethyl 576-26-1 97
107.795 No clear identification  -- -
107.955 Phenol, 3,5-dimethyl 108-68-9 97
Phenol, 2,4,6-
108.808 trimethyl 527-60-6 95

CAS - number of chemical substance in Chemical Abstracts
Service Registry

Among identified compounds the Authors [31] found, with a
high probability, such gaseous products as: acetic acid, xylene,
phenol and its derivatives and benzene methyl derivatives.

In addition performed investigations of the PF resin sample by
means of the TG-GC/MS method in a quasi-continuous mode,
which allowed to determine the temperature range and
composition of emitted substances (Table 6) [31].

Table 6.

Slow pyrolysis products identified via MS analysis in
quasi-continuous mode [31]. Table reprinted from Arabian
Journal of Chemistry, 11(3), A. Kmita et al. “Thermal
decomposition of foundry resins: A determination of organic
products by  thermogravimetry-gas  chromatography-mass
spectrometry (TG-GC-MS).” 380-387, 2018, with permission
from Elsevier.

Retention . Proba
time, min. Database Hit CAS No bility/%
45.072 Toluene 108-88-3 91
p-Xylene 106 -42-3 97
45.134 Benzene, 1,3-
dimethyl- 108-38-3 97
45229 Benzene, - 1.3.3- 158678 95
trimethyl
45.330 Phenol, 2-methyl 95-48-7 94
Phenol, 4-methyl 874-41-0 93
45.364 Benzene,  1-ethyl-
3,5-dimethyl 934747 T4
Phenol, 2,3-
45.470 dimethyl 526-75-0 95
Phenol, 2,4-
45.549 dimethyl 105-67-9 93

As the Authors indicate [31] the first mass loss of the sample,
observed on TG curve is related to releasing of water (to 300 °C)
and some organic compounds including acetic acid and CO, COa.
The presence of carbon compound is justified by the fact that one
of the binder component was propylene carbonate, which is
decomposed above 240 °C [31, 76, 80, 81]. Further heating of the
sample caused 2 successive weight losses in the range to app. 600
°C and 1000 °C, which are related to further emitting of CO and
COa.

However, the main thermal decomposition of resin occurred
in the second stage (with mass loss equal app. 22%) it means in
the temperature range from app. 300 °C to 600 °C [31]. Among
products of the slow pyrolysis such substances as: benzene,
phenol and their derivatives (Table 5) were identified [31]. Phenol
and its methyl derivatives can be forming due to breaking of
bonds between the aromatic ring and methylene group together
with a hydrogenation of this group [4, 31, 77, 84-86, 88]. On the
bases of the investigation results obtained by the TG/FTIR
method as well as by the complementary TG/GC/MS technique it
can be stated, that in order to decrease amounts of emitted
harmful substances during the thermal decomposition of PF
binders the attention should be focused on decreasing amounts of
moulding sands, which reach a temperature above 400°C [8, 9,
24, 31, 83]. It is imperative that the contact time of the casting
with the moulding sand is kept to a minimum. Consequently, the
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casting should be knocked out from the sand mould as
expeditiously as is technologically feasible [4, 31].

3.3.2 Reducing and oxidizing atmosphere

In order to fully reflect conditions occurring in the mould
after its pouring with liquid metal, it is necessary to perform the
degradation in reducing and oxidizing atmospheres. The Authors
[3, 8] performed systematic studies of the influence of atmosphere
kind on the pathway of the thermal destruction reaction of
commercial binders (based on PF resin) applied in foundry
practice. It was proven that the atmosphere, in which samples
were heated, had a very essential influence on DSC and TG
curves (Figure 5) as showed Authors in [8]. In all tested samples,
regardless of the atmosphere kind, the mass loss as a temperature
function can be divided into 5 main stages [8]. The highest loss
was recorded for the sample heated in the oxidizing atmosphere
(in practice it was a total combustion). In the reducing atmosphere
the mass loss was app. 30%, while the smallest loss was recorded
for the sample heated under the inert conditions [8]. In
dependence of the atmosphere kind the shapes of TG/DSC curves
were different, which indicates that mechanisms of the thermal
degradation of tested samples were also different. The
degradation temperature of PF binder also depends on the
atmosphere [8]. All thermal effects observed on the DSC and TG
plots, supplemented with corresponding FTIR information are
presented in [8]. Investigations performed by TG/FTIR method
[8] indicated that kind and amount of gases emitted during the
thermal decomposition of binders based on PF resin to a high
degree depend on a temperature and atmosphere [8]. These are
very important information from the point of view of the
environment protection. It was pointed out, that slow heating of
the PF binder sample in oxidizing atmosphere (combustion) is the
most favorable for the environment, since under such condition
the smallest amounts of harmful volatile substances are formed
[8]. Among these substances dominate: COz, CO, carboxylic
esters, esters [8].
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Fig. 5. TG/DSC curves of the PF binder under different

atmospheres: nitrogen, air and CO [8]. Figure reproduced from
Journal of Thermal Analysis and Calorimetry, 140, A. Kmita et al.

“Evaluation of pyrolysis and combustion products from foundry

binders: potential hazards in metal casting.” 2347-2356, 2020,
with permission from Springer Nature.

3.4. Study of thermal decomposition kinetics
of phenolic binders

A study of the kinetics of the thermal decomposition process
of resole resin-based casting binders is presented in reference
[24]. The authors of [24] estimated the activation energy (Ea) and
the value of the pre-exponential factor (A) of a given process
using the so-called "free kinetics" method, thus avoiding the
necessity of adopting the Friedmann and Kissinger - Akahira -
Sunose (KAS) model [4, 11, 24, 26, 107, 108]. The 'model-based'
method was also employed in the calculations, which entailed
fitting a model to the experimental TG and DTG data using
multiple non-linear regression techniques. This method is based
on NETZSCH's 'Thermokinetics 3' software package [24]. As
demonstrated in the authors' study [24], the activation energy (Ea)
values derived using both the Kissinger-Akahira-Sunose (KAS)
and Friedmann methods [24] exhibited mutual agreement (Table 7
and Table 8) [24]. The activation energy (Ea) of the thermal
decomposition process of a resin-based resin binder exhibited a
correlation with the degree of conversion, with an average value
of approximately 124 kJ/mol [24].

As reported by the authors, the results demonstrated a high
degree of correlation with the DTG experimental data within the
temperature range of up to 620°C, indicating that the adopted
model was an appropriate representation of the observed
phenomena. The analysis revealed that the decomposition process
entailed five distinct steps, each characterised by an n'"-order
reaction [24].

Table 7.

Activation energy (Ea) calculated via KAS method [24]. Table
reprinted from Applied Thermal Engineering, 156, A. Kmita et al.
“The decomposition process and kinetic analysis of commercial
binder based on phenol-formaldehyde resin, using in metal
casting., 263-275, 2019, with permission from Elsevier.

Fract. Mass Activation ~ Std. Deviation  Log (A/s™)
Loss Energy /(kJ/mol)
/(kJ/mol)

0.020 74.44 2.31 9.32
0.050 49.71 0.76 6.11
0.100 43.07 0.51 4.75
0.200 68.69 0.62 6.70
0.300 71.56 0.62 6.32
0.400 88.74 1.51 7.46
0.50 100.80 2.48 7.94
0.600 95.06 2.39 6.29
0.700 166.78 2.833 10.94
0.800 232.12 7.29 14.94
0.900 366.33 13.92 22.81
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Table 8.

Activation energy (Ea) calculated via Friedmann method [24].
Table reprinted from Applied Thermal Engineering, 156,
A. Kmita et al. “The decomposition process and kinetic analysis
of commercial binder based on phenol-formaldehyde resin, using
in metal casting., 263-275, 2019, with permission from Elsevier.

Fract. Mass  Activation Std. Log (A/s™)
Loss Energy/(kJ/ Deviation
mol) /(kJ/mol)

0.020 51.66 1.56 4.98
0.050 45.40 0.63 3.78
0.100 43.92 0.58 3.12
0.200 74.72 0.64 6.09
0.300 81.29 0.61 6.23
0.400 101.77 1.99 7.86
0.500 103.63 3.77 7.28
0.600 109.28 1.79 6.46
0.700 204.41 3.45 13.58
0.800 264.69 8.61 17.47
0.900 393.88 12.28 25.48

4. Summary of studies concerning the
thermal decomposition of PF binders

As has been shown in numerous studies, with particular
reference to [3, 4, 7, 8, 24, 31], the thermal decomposition of
commercial resin-based binders exhibited characterized multi-step
process involving a series of successive reactions. The quantity
and composition of the released gases were found to be dependent
on kind of resin and both temperature and the heating rate of the
sample, with flash pyrolysis and slow pyrolysis exhibiting distinct
behaviours [4, 7, 8, 11, 24, 31]. Interestingly, the results show the
presence of nitrogen compounds in the release products (both fast
and slow heating) of commercial resin-based binders [4, 7, 8, 11,
24, 31].

Qualitative analysis of the gases released during flash
pyrolysis [4, 7, 8, 11, 24, 31] revealed a change in composition
with increasing pyrolysis temperature [8]. Prior systematic
analyses have demonstrated that the high temperature range (700
to 1100°C) is associated with the highest generation of harmful
substances [7, 8, 31] e.g. from BTEX groups [8, 31].

As indicated by slow pyrolysis studies [3, 4, 7, 8, 11, 24, 31],
physical and chemical changes take place in PF binders during
this process, in the initial stage (up to about 200 °C) mainly
related to the removal of water (chemically and physically
bound). As the temperature increases (above 200 °C to approx.
600 °C), decomposition of the resin takes place, involving the
emission of e.g. phenol, ammonia, carbon monoxide, carbon
dioxide, BTEX compounds, nitrogen compounds, etc. In the
higher temperature range (above 600 °C), further release of
carbon monoxide and carbon dioxide associated with
carbonisation was observed.

The results presented herein may prove useful in foundry
practice, as they enable the identification and modification of the
most harmful stages of industrial-scale metal casting. This can
lead to an improvement in working conditions and the quality of
the environment.
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