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Abstract
They were analyzed the thermal and rheological behavior of several varnishes and paints, used for wood protection, available 
on the market. The thermogravimetric analysis coupled with mass spectrometry and Fourier transform infrared spectrometry 
technique revealed that the degradation mechanism is complex and includes two to five decomposition stages depending on 
the composition. The analysis of the gases resulting from the decomposition processes of the water-based samples showed 
that carbon dioxide was the main potentially harmful product, whereas for those containing solvent these harmful agents 
were as follows: benzene, xylene and carbon dioxide. The decomposition of the sample containing urea-alkyd resins also 
results in hydrocyanic acid. The rheological tests showed a viscoelastic solid behavior in the case of water-based film-forming 
products, and a viscoelastic liquid behavior in the case of solvent-based ones. The microscale combustion calorimetry 
technique confirmed that this sample has the lowest thermal stability and can contribute the most to the triggering of fires.
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Introduction

Wood has been used extensively both in refurbishing exist-
ing dwellings and also in the construction of new dwell-
ings. This building material meets current requirements for 
energy efficiency and optimum indoor air quality. It can 
also help significantly reduce the noise level for additional 
comfort.

In order to enjoy these advantages of wooden build-
ings for as long as possible, they must be properly treated 
with different types of varnishes and paints. Varnishes 
and paints are complex systems that consist of three main 
components, namely a liquid phase (consisting of water 
or organic solvent), a polymer used to form the film and 
pigments. Paints also contain additives that contribute to 
the improvement of their properties. The components of 
any paint must be in proper quantities so as to obtain fin-
ished products with suitable viscosity to allow their storage 
in containers. They must also be easily transferable from 

the container in which they are stored and applied to the 
surface to be protected, and form a weather-resistant film 
which enhances shine, color and protection (Hester and 
Squire 1997). Viscosity is a very important property of 
coating products. Performing tests on how paints behave 
during storage and application is closely related to deter-
mining the dependence between viscosity and the shear 
phenomenon and to assessing changes in viscosity and vis-
coelastic properties during the shear phenomenon, respec-
tively (Deka and Dey 2013). During paint application by 
brush or roll, a minimum shear effect must be achieved, 
the paint must be easy to apply without affecting the flow 
of the paint and the degree of coverage. Paint application 
must be carried out in such a way as to obtain even coat-
ing without runoff due to gravity. In essence, a paint must 
be a solid that becomes a viscous liquid when applied and 
which solidifies back at constant rate, which is low enough 
to allow achieving an even coating. At the same time, the 
dry rate should be fast enough to prevent paint runoff on 
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vertical surfaces due to gravity. Special attention must be 
paid to the rheological characteristics in order to obtain a 
resistant paint film and appropriate behavior during stor-
age and application. All these requirements that must be 
met are checked by rheological measurements conducted in 
varnish and paint factories. These measurements are very 
important in the process of finding and formulating new 
coating products (Deka and Dey 2013; Eley 2005). Water-
based paints are preferred due to their reduced environmen-
tal impact, to the fact that they are odorless and also to their 
simple application method. However, from a rheological 
point of view, solvent-based paints are preferred because 
water-based paints may exhibit lower flow and drying rate 
than solvent-based paints. In order for water-based paints 
to act in the same way as solvent-based paints, rheological 
modifiers need to be added. Thickening agents are used 
to obtain higher viscosities at high shear rates with good 
results in obtaining proper paint films. If both viscosity 
and shear are lower, better flow, faster drying and better 
shine are achieved. The successful application of the coat-
ing product and the formation of the paint film depends on 
ensuring a high degree of flow control. Understanding and 
controlling the rheological aspects is very important when 
analyzing and characterizing some coating products. Stud-
ies have concluded that more than half of the costs related 
to the formulation of a new product recipe is spent on 
achieving correct rheological characteristics (Eley 2005).

Another important aspect that should be considered 
when choosing a coating product for wood protection is 
its thermal behavior. The thermogravimetric analysis, 
coupled with mass spectrometry and Fourier transform 
infrared spectrometry (TG/MS/FTIR) technique applied to 
different types of varnishes and paints provides informa-
tion on their composition and also on potentially harmful 
degradation products that may result during the thermal 
decomposition process in an inert or oxidative atmosphere. 
Tao L. et al. applied the thermogravimetric analysis (TG) 
technique coupled with Fourier transform infrared spec-
trometry (FTIR) to describe the pyrolysis process of some 
paint and slag waste (Thao et al. 2010). The results that 
it obtained revealed the existence of three stages in the 
pyrolysis process. The authors conducted tests at different 
heating rates, different waste particle sizes and different 
final temperatures in order to investigate the characteris-
tics of pyrolysis and gas composition. They identified the 
presence of carbon monoxide, carbon dioxide, ammonia, 
methane, nitric oxide, hydrocyanic acid and other alkanes 
with different lengths of the carbon chain. Ploeger R. et al. 
used pyrolysis–gas chromatography–mass spectrometry 
(Py-GC–MS) or thermally assisted hydrolysis and methyla-
tion (THM)-GC–MS for the analysis of some commercial 
artists’ alkyd paints (Ploeger et al. 2010,2008). The pyroly-
sis–gas chromatography–mass spectrometry (Py-GC–MS) 

technique was also used by Scalarone D. and Chiantore O. 
to characterize some acrylic emulsion paints (Scalarone 
and Chiantore 2008). Please note that we have not found 
any literature studies that use the TG/MS/FTIR technique 
to characterize different types of commercial paints in oxi-
dative atmosphere.

Another extremely important aspect for the thermal 
characterization of some varnishes and paints is the study 
of their fire behavior, which allows us to determine how 
they may be used indoors in order to have a minimal nega-
tive fire safety impact. Using a cone calorimeter, Staggs 
et al. analyzed the ignition of construction materials such 
as plywood and chipboard, on which one or more coats of 
paint were applied (Staggs et al. 2003). They have shown 
that if the walls and ceiling are lined with wood-based 
building materials on which two coats of paint have been 
applied at the most, the ignition time increase is two-fold. 
When a large number of paint coats is used, the igni-
tion resistance of the analyzed material is significantly 
reduced, and this may contribute to the much faster spread 
of the flame in case of a fire. Microscale combustion calo-
rimetry (MCC), which uses a small calorimeter, may be 
an alternative to cone calorimeter tests. It was developed 
to assess the heat release properties of different types of 
polymeric materials. This piece of equipment has proved 
its usefulness in the analysis of the fire behavior of dif-
ferent types of materials, because it has the advantage of 
using small amounts of samples (milligrams) for testing 
(Wilkie et al. 2006). The method simulates sample flame 
burning by pyrolysis in an N2 environment, and the result-
ing gases are then oxidized in an O2-rich environment (Lin 
et al. 2007). Higher heating rates are used to simulate the 
fire behavior of a material than in thermal analysis. The 
reason is the need to quickly obtain decomposing gas 
streams that are mixed in the combustor at 900 °C with 
a measured amount of oxygen to achieve the heat release 
rate of volatile agents.

The TG/MS/FTIR technique was used for the first time 
in this research, on a series of commercial varnishes and 
paints used for wood protection, in order to obtain infor-
mation on their thermal stability, but also to identify the 
resulting degradation products at different temperatures. 
The research continues with the carrying out of rheologi-
cal tests to obtain various correlations between paint flow 
and some specific features of these coatings, such as run-
off, coating capacity and behavior after application. The 
paint and varnish coats formed on wooden surfaces were 
detached with a cutter and were analyzed for the first time 
by the microscale combustion calorimetry (MCC) tech-
nique. The aim was to determine some important param-
eters regarding the fire behavior of the analyzed paint 
and varnish coats, namely: HRC—Heat release capacity; 
THR—Total heat released; char Yield—Percentage of 



6302	 International Journal of Environmental Science and Technology (2022) 19:6299–6314

1 3

residual mass and decomposition rate. The experimental 
determinations were performed in the period 2019–2020 
in laboratories from Romania, in the “Gheorghe Asachi” 
Technical University of Iasi, “Petru Poni” Institute of Mac-
romolecular Chemistry and “Alexandru Ioan Cuza” Police 
Academy in Bucharest.

Materials and methods

Materials

A number of commercially available varnishes and paints 
containing water-based or solvent-based alkyd and/or 
acrylic resins that are recommended by manufacturers for 
wood protection have been analyzed.

Yacht lake (LYP) is an protective lake with very good 
properties, of ureo-alkidic type. It is a special type of pro-
tective coating which contains special components for 
ensuring a high degree of wood protection. This product 
is used for varnishing and protect wood surfaces inside and 
also outside. Inside is used to protect wood structures like 
boat suprastructures. Outside is used to protect exterior 
doors and windows, garden furniture, cottages, railings 
and fences. It is an resistant product due to the urethanic 
component which confers a hard and shiny film with a 
high resistance to the weather conditions and abrasion. 
Also is a very good and useful product thanks to the next 
aspects: drying process is fast, adhesion on wood surface 
is very good. An aspect which can be mentioned is that 
the product doesn’t contain lead and has very good and 
durable results. The specification sheet and the safety data 
sheet indicate the presence of medium aliphatic naphtha 
solvent (petroleum), xylene in a concentration of between 
25 and 50%, 2-butanone oxime and cobalt bis (diethylhex-
anoate) in a concentration of less than 1%. The density of 
the product is 952 kg/m3, and the content of non-volatile 
substances is 57–59%.

Acrylic impregnant (IAC) is an impregnation primer 
water-based which contains biocides and fungicides 
substances. This product confers protection for all wood 
types, for every essence including hardwood and soft-
wood. It can be used to protect wood exploited indoor and 
also outdoor, this aspect is possible thanks to the prod-
uct properties to penetrate deep into the wood fiber. The 
impregnant provides microbiological protection and also 
protect the wood substrate against fungi, molds, insects 
and blue stains. Also offers protection against the atmos-
pheric factors and also against to the UV radiations. The 
producer offers information about application process 
and about the conditions which need to be respected to 
obtain the desired protection, like an environment relative 

humidity of maxim 70%, temperature between 10 and 
300C. Also is very important to know that the product 
can be applied only if the wood substrate is dry. The 
product contributes to reduce the phenomenon of drying 
and swelling of the wood substrate. Water-repellent wood 
characteristic is achieved using the impregnant in addi-
tion to optimize the adhesion between the substrate and 
the finish applied later. According to the safety data sheet 
and specification sheet, IAC contains acrylic dispersion, 
transparent pigment pastes, water, additives, 2-methoxy-
methylethoxy propanol and zirconium 2-ethylhexanoate in 
percentages between 3 and 5%, while 3-Iodo-2-propynyl 
Butyl Carbamate is present in percentages less than 1%, 
and permethrin in less than 0.1%. The density of the prod-
uct is 1020–1040 kg/m3, and the content of non-volatile 
substances is 27–32%.

The protective lake with teflon (SLT) is a type of lake 
which ensures very good results thanks to the teflon used in 
his composition. Using of this product ensures the forma-
tion of a shiny and resistant film, which confers a long time 
resistance against UV radiations and weather conditions. It 
can be succesfully used inside and also outside. Teflon offers 
very good properties of the product, like a high resistance 
to stain and dirt, in this way, the surfaces can be cleaned 
easily. This type of lake it is based on alkydic resins, pig-
ments, organic solvents and additives. The protective lake 
which contains teflon has high resistance to weathering and 
against the solar radiation action. Also, it can be observed 
that the product has a good adhesion to the substrate, a wear 
resistance and also provides protection against moisture. The 
density of this lacquer containing Teflon is 900–950 kg/m3, 
and the content of non-volatile substances is 58–62%. The 
specification sheet and safety data sheet show that SLT con-
tains medium aliphatic naphtha solvent (petroleum), hydro-
treated heavy naphtha (petroleum), C9-C11 hydrocarbons, 
N-alkanes, isoalkanes, xylene, less than 2% cyclic aromatic 
hydrocarbons.

Water-based ecolasure (ECM) is a thick lasure which 
contains water and also it can be observed an addition of 
pigments resistant at UV radiations, and also at weathering 
conditions. This product also can be used inside and outside 
to protect any type of wood, by providing resistance at the 
atmospheric and biological factors like fungi, mold, blue 
stains, insects and also after this product application, the 
wood substrate doesn’t swell or contract. Ecolasure contains 
an UV filter that protects against solar radiation. The for-
mated film is drying fast and ensures wood ignifugation. The 
specification sheet and safety data sheet show that water-
based ecolasure (ECM) contains 1-methoxy-2-propanol in a 
concentration of less than 2.5%, 1,3-iodo-2-propynyl butyl-
carbamate, permethrin, 1,2-benzisothiazole-3(2H)-one in a 
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concentration of less than 1%. The density is 950–1050 kg/
m3, and the content of non-volatile substances is 14%.

Protective lake (LPM) is an product assimilated to a 
azure, it can be used for any type and for any essence of 
wood. It is destinated to protect wood inside and also out-
side, can be used in conditions of high temperature and 
humidity, conditions that intensifies the microbian attack 
against the wood substrate. The product penetrate deep into 
the wood fiber providing a very good and long-term resist-
ance, ensures a high protection of wood against weather-
ing and UV radiations. According to the specification sheet 
and safety data sheet, the protective lacquer (LPM) contains 
medium aliphatic naphtha solvent (petroleum), and xylene 
in a proportion of 10–25%, aromatic hydrocarbons and 
naphthenes, butan-1-ol in concentrations of 2.5–10%, and 
in concentrations less than 1%: 3-iodo-2-propynyl butylcar-
bamate, 2-ethylhexanoic acid, zirconium salt, 2-butanone 
oxime, cobalt bis (diethylhexanoate) and permethrin. The 
density of the product is 920–960 kg/m3, and the content of 
non-volatile substances is 57%.

Super-glossy enamel (ESI) is an alkydic product based 
on fatty alkyd resins with multiple application possibilities, 
like applications on multiple types of surfaces. It can be 
used to protect and decorate wood surfaces, to protect metal 
surfaces but also to protect the masonry inside and also out-
side. The film formed is characterized by a high gloss, a fast 
dry and also a very good resistance against the weathering, 
temperature variations and humidity. The product is used 
in the case of new surfaces and also it can be used suc-
cesfully in the case of the surfaces that have been painted 
before. Super-glossy enamel (ESI) has a non-volatile sub-
stance content of 52% and a density of 980–1080 kg/m3. 
From the specification sheet and safety data sheet it appears 
that this product also contains medium aliphatic naphtha 
solvent (petroleum) in a concentration of 10–25%, xylene in 
a proportion of 2.5–10%, and cobalt bis (diethylhexanoate), 
2-ethylhexanoic acid, zirconium salt, 2-butanone oxime in 
concentrations less than 1%.

TG/MS/FTIR tests and rheological behavior were used 
for fresh paints characterization. Microscale combustion 
calorimetry (MCC) tests were applied to paint films dried 
under laboratory conditions for 8 weeks and removed from 
the wood disks using a cutter.

Equipment and measurements

TG/MS/FTIR technique

Thermal degradation and evolved gas analyses of the 
samples were performed using a TG/FTIR/MS system 
equipped with a thermogravimetric balance model STA 
449F1 Jupiter (Netzsch–Germany) coupled online with 

spectrophotometer FTIR model Vertex-70 (Bruker) and 
mass spectrometer model QMS 403C Aёolos (Netzsch). 
The thermogravimetric analyzer was calibrated on tem-
perature and sensitivity using the melting-point of the 
standard metals (Hg, In, Sn, Bi, Zn, Al) from − 38.5 to 
700 °C temperature. Samples mass ranging from 9.2 to 
18.5 mg were heated from 25 to 670  °C, with a heat-
ing rate of 10  °C/min in air atmosphere of 40 ml/min 
flow rate. Data collection was carried out with Proteus® 
software (Netzsch). The gases released during thermal 
decomposition processes are transferred by two isother-
mal transfer lines to FTIR and mass spectrometer. The 
transfer lines are heated to constant temperatures of 190 
and 240 °C, respectively. The gases are introduced in 
TGA-IR external modulus of the FTIR spectrophotom-
eter, and the spectra are recorded on 600–4000  cm−1 
range with a resolution of 4  cm−1. The acquisition of 
FT-IR spectra in 3D size was done with Opus 6.5 soft-
ware that performs the starting and synchronization of the 
three apparatus. The mass spectra were recorded under 
10–5 mbar vacuum and electron impact ionization energy 
of the 70 eV. The acquisition of data was achieved with 
Aeolos® 3.2 software in the range of m/z = 1–200, meas-
uring time of 0.5 s for one channel.

Rheological measurements

The rheological tests were performed using a Physica MCR 
501 modular rheometer (Anton Paar, Austria) equipped 
with a Peltier temperature control system. The parallel 
plate with 50 mm diameter was used for all measurements. 
All experiments were carried out at 25 0C, and each sample 
was left to rest on the device for 5 min before starting the 
rheological test. Three types of oscillatory tests (amplitude 
sweep, frequency sweep and time test) and two rotational 
tests (flow curve and time test) were performed for the rheo-
logical characterization of the paint samples. The amplitude 
sweep was performed at constant frequency (10 rad/s) with 
an amplitude variation within the 0.01–100% range. This test 
allows the determination of the linear viscoelastic range of 
the analyzed samples. Frequency sweep was performed at 
constant amplitude in the linear viscoelastic range with a fre-
quency variation between 0.1 and 100 rad/s. Both oscillatory 
tests were performed at constant temperature (25 °C). The 
time oscillation test was performed at constant amplitude 
(within the linear viscoelastic range) and constant frequency 
(10 rad/s). Rotational tests (flow tests) were recorded at 
25 °C with a shear rate variation within the 0.01—5000 s−1 
range.
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Microscale combustion calorimetry (MCC) technique

The six types of paint and varnish were applied on fir wood 
boards. After 8 weeks of drying in laboratory conditions 
(temperature of 23 ± 2 _C and humidity of 40 ± 5%), the 
paint was removed with a cutter and analyzed by MCC. 
This technique was developed by researchers to assess the 
flammability of different types of materials. The tests were 
performed according to ASTM D7309-2007 (method A), 
i.e., the degradation of the samples weighing 3.2–4.7 mg in 
nitrogen atmosphere at a 1 °C/s rate, within the 25—900 °C 
temperature range. The gases resulting from the combus-
tion were placed in a high temperature combustion furnace 
(900 °C). The volumetric flow rate and volumetric oxygen 
concentration of the gas flow leaving the combustion furnace 
are measured continuously during the test to calculate the 
heat release rate using oxygen consumption. It should be 
noted that this standardized method measures the combus-
tion heat of the volatile components in the sample under 
analysis, but not the solid residue combustion heat. Com-
bustion heat is considered a fire hazard indicator (Method 
and for Determining Flammability Characteristics of Plastics 
and Other Solid Materials Using Microscale Combustion 
Calorimetry, ASTM D,  xxxx).

Results and discussion

Fresh paints characterization

TG/MS/FTIR studies

The TG/MS/FTIR technique in air atmosphere was applied 
to analyze the thermal stability and to identify the main 
potentially harmful degradation products resulting from the 
thermal decomposition of six types of commercial varnishes 
and paints.

The DTG (Fig. 1) curves obtained in air reveal that the 
degradation mechanism is complex and consists of two 
to five decomposition stages depending on the composi-
tion. According to literature (Ploeger et al. 2009; Duce 
et al. 2014), oxidative decomposition of alkyd resin occurs 
within the 250—380 °C temperature range, and the deg-
radation rate reaches its peak at about 330 °C (Tpeak). A 
peak temperature value (Tpeak = 331 °C, 337 °C, 333 °C 
and 337 °C, respectively) very close to the temperature 
reported by other researchers was determined for the ECM, 
LPM, ESI and LYP, which contain alkyd resins. This value 
is higher by about 20 degrees (Tpeak = 353 °C) for commer-
cial paint containing alkyd resins and Teflon (SLT). ECM 
water-based ecolasure containing both alkyd and acrylic 
resins underwent a stage corresponding to the oxidative 
degradation of acrylic components within the 268–300 °C 
range, with a peak at 275 °C (Crespi et al. 2007; Guo et al. 
2018). The volatilization of the organic fraction in paints 
takes place during the thermal oxidation stages within 
the 380—560 °C temperature range (Ploeger et al. 2009). 
According to the DTG curves in Fig. 1, if we disregard the 
sample water or solvent evaporation stage, we find that the 
LYP sample containing urea-alkyd resins and the ECM 
and IAC samples, which also contain acrylic resins, have 
the lowest thermal stability. The best thermal stability was 
detected in the SLT sample containing alkyd resins and 
Teflon. This sample also has the smallest amount of sol-
vent. Water and solvent evaporation takes place up to about 
200 °C.

The TG/MS/FTIR technique applied to varnish and paint 
samples used for wood protection allows the identification 
of degradation products that result at different temperatures 
and that can provide information on their components, and 
also on the risks they put to the environment.

Water‑based alkyd/acryl products (ECM)  The MS spec-
tra obtained at different temperatures for the ECM sam-
ple are shown in Figure S1 Supporting Information. The 
ionic current variation with temperature chart for the 
m/z = 18 (H2O+) fragment in Fig. 2 proves that water is 
the predominant solvent in ECM. At temperatures lower 
than 200 °C within the MS spectrum (figures S1 a and b) 
of the resulting gases, the m/z = 28 (N2

+) and m/z = 32 
(CH3OH+) fragments were found, which may result from 
the decomposition of 3-iodo-2-propynyl butylcarbamate 
and 1-methoxy-2-propanol, which the manufacturer 
claims are components of this coating product. The pres-
ence of the m/z = 100 (C5H8O2

+) ionic fragment in the MS 
spectra at temperatures higher than 200 °C may confirm 
the existence of the acrylic component in the ECM paint, 
in other words, it may indicate the presence of the methyl 

Fig. 1   DTG comparative curves
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methacrylate component (Tsuge et  al. 1000; Germinario 
et al. 2016). The intensity of the ionic current was found 
to be higher in the m/z = 91 (C7H7

+) fragment at 364.2 °C, 
which indicates the presence of substituted benzene rings 
in the decomposition gases. The m/z  =  127 ionic frag-
ment is also present, which may be associated with the 
presence of certain naphthalene derivatives (C10H7

+) or 
iodides (I+). The thermal oxidation process of the organic 
components present in the ECM paint occurs within the 
268–500 °C range, and H2O and CO2 are released (Fig. 2 
and Fig. 3).

Additional information about the thermal decomposi-
tion of the ECM sample was collected after the analysis 
of the FTIR spectra for the gaseous phase at different tem-
peratures, shown in Figure S2 Supporting Information. The 
results obtained are consistent with those established from 
the analysis of MS spectra. Water-specific bands range 

between 4000–3500 cm−1, aliphatic structure bands between 
3095–2886 cm−1 (attributed to the C–H stretching vibrations 
of methylene and methyl groups) and carbonyl compound 
bands between 1780 and 1660 cm−1(Gawdzik et al. 2019; 
Worzakowska 2017). Please also note the stretching vibra-
tions of C–O for the 1170–1072 cm−1 range (Worzakowska 
2017) and aromatic compound-specific bands within the 
1590–1280 cm−1 range. The 931 cm−1 peak corresponds 
to the –N–H bond vibration, which confirms the presence 
of nitrogen, and the 2352 and 667 cm−1 peak correspond to 
CO2 (Lisa et al. 2019).

The MS and FTIR spectra obtained from the analysis of 
gas decomposition in air of water-based alkyd/acrylic resin 
(ECM) paints indicate carbon dioxide as the major poten-
tially harmful product.

Water‑based acrylic products (IAC)  Water predominates 
in IAC paints (Fig. 2a). The thermal oxidation of organic 
components of IAC paints occurs within the 320–420  °C 
temperature range, and H2O and CO2 are released (Fig. 2a 
and Fig.  3). Other ionic fragments are not detected. The 
FTIR spectra obtained at different temperatures for decom-
position gases (Fig. 4) reveal water-specific bands between 
4000–3050  cm−1, aliphatic structure bands between 3050 
and 2886 cm−1 (attributed to the C–H stretching vibrations 
of methylene and methyl groups) and 2352 and 667  cm−1 
peaks corresponding to CO2 (Lisa et al. 2019). The 1605, 
1510 and 829 cm−1 peaks are specific for the aromatic deriv-
atives (Tudorachi and Mustata 2020).

Carbon dioxide was found to be the main potentially 
harmful product of the decomposition in air of the coating 
product marked IAC.

Fig. 2   Ionic current variation with temperature for the fragments m/z = 18 in air for ECM, IAC (a) and ESI, LPM, LYP, SLT (b)

Fig. 3   Ionic current variation with temperature for the fragments 
m/z = 44 in air for ECM, ESI, LPM, LYP, SLT and IAC
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Solvent‑based alkyd products (LPM)  The MS spectra 
recorded for the LPM sample decomposition gases at dif-
ferent temperatures are shown in Figure S3 Supporting 
Information. Those corresponding to the first two tempera-
tures confirm the presence of solvent naphtha (petroleum), 
medium aliphatic declared by the manufacturers, which 
consists mainly of saturated hydrocarbons with a predomi-
nant carbon number ranging between C9 and C12. It also 
contains aromatic hydrocarbons and naphthenes. Accord-
ing to literature, ionic fragments are obtained from the C–C 

splitting of aliphatic chains, grouped in triplets with the gen-
eral formula CnH2n-1, CnH2n and CnH2n+1 (Lisa et al. 2016). 
Peaks were detected in m/z  =  41, 42, 43 (C3H5

+, C3H6
+, 

C3H7
+), m/z = 55, 56, 57 (C4H7

+, C4H8
+, C4H9

+), m/z = 69, 
70, 71 (C5H9

+, C5H10
+, C5H11

+), m/z = 83, 84, 85 (C6H11
+, 

C6H12
+, C6H13

+), m/z  =  97, 98, 99 (C7H13
+, C7H14

+, 
C7H15

+), m/z = 111, 112, 113 (C8H15
+, C8H16

+, C8H17
+), 

m/z = 125, 126, 127 (C9H17
+, C9H18

+, C9H19
+), m/z = 139, 

140, 141 (C10H19
+, C10H20

+, C10H21
+) and m/z = 153, 154, 

155 (C11H21
+, C11H22

+, C11H23
+). Please note that the frag-

Fig. 4   FTIR spectra of the 
volatile products evolved during 
thermal decomposition of IAC

Fig. 5   Ionic current variation with temperature for the fragments m/z = 91 in air for ESI, LPM, LYP (a) and ECM, SLT, IAC (b)
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mentation of linear chains caused 14 u.a.m. spaced peaks. 
The most intense are the m/z = 43 (C3H7

+) and m/z = 57 
(C4H9

+) peaks, for the other fragments the intensity of the 
peaks decreases with the increase of the number of carbon 
atoms from n = 5 to n = 11.

Figure S3 a and b, Supporting Information, also reveals 
the presence of m/z = 91 (C6H5CH2

+) (Fig. 5), m/z = 105 
(C6H5CH2CH2

+) and m/z = 119 (C6H5CH2CH2CH2
+) frag-

ments, which clearly indicates the presence of a substituted 
benzene ring. As one may note, their mass increases progres-
sively by 14 u.a.m. According to literature (Hof et al. 2014), 
the m/z = 77, 91, 119 and 134 fragments may be attributed 
to the presence of t-butylphenyl fragments.

According to the derivative thermogravimetric (DTG) 
curves shown in Figs. 1, the thermal oxidation process starts 
at temperatures higher than 300 °C, and H2O and CO2 are 
released (Fig. 2 and Fig. 3). As shown in Figure S3c, Sup-
porting Information, the m/z = 26 (C2H2

+), 30 (CH2O+), 42 
(C3H6

+), 56 (C4H8
+) and 72(C4H8O+) fragments are also 

present, and they may result from the decomposition of the 
alkyd resin in the LPM paint. The m/z = 78 (C6H6

+) ionic 
fragment is also added at 405.9 °C and 457.5 °C (figure S3 d 
and e Supporting Information), which confirms the presence 
of benzene in the decomposition gases (Fig. 6).

The FTIR spectra shown in figure S4, Supporting Infor-
mation, were also recorded for the decomposition gases 
of the LPM coating product. The first two temperatures, 
namely 110 and 140 °C, also showed strong bands that 
are specific of aliphatic structures between 3050 and 
2886 cm−1 and of carbonyl compounds between 1780 and 
1660  cm−1 (Gawdzik et al. 2019; Worzakowska 2017). 
The aromatic compound-specific bands were also revealed 
within the 1590–1280 cm−1 range. The results obtained are 
consistent with the findings of the MS spectra analysis, 

confirming that this type of paint contains mainly solvent 
naphtha (petroleum), medium aliphatic. The 2352 and 
667 cm−1 peaks that correspond to CO2 were also revealed 
in the FTIR spectra (Lisa et al. 2019), and their intensity 
increases at temperatures higher than 300 °C, when the 
thermal oxidation process begins. The CO-specific bands 
are also present within the 2200–2040 cm−1 range, while 
water-specific ones occur between 4000 and 3500 cm−1 
(Tudorachi and Mustata 2020).

The MS and FTIR spectra of the LPM sample show ben-
zene and xylene as the main potentially harmful products at 
temperatures below 300 °C, and carbon dioxide at higher 
temperatures.

Fatty alkyd products (ESI)  At 100.2  °C, the MS spectra in 
Figure S5, Supporting Information, show solvent naphtha 
(petroleum), medium aliphatic declared by the manufac-
turers. Ionic fragments were detected resulting from the 
C–C splitting of aliphatic chains, grouped in triplets with 
the general formula CnH2n-1, CnH2n and CnH2n+1, with 
n ranging between 3 and 8. The presence of the m/z = 91 
(Fig.  5), m/z = 105 and m/z = 119 fragments indicate the 
presence of a substituted benzene ring, while the m/z = 77, 
91, 119 and 134 fragments may be attributed to the existing 
t-butylphenyl fragments (Hof et al. 2014). At 343.5 °C (fig-
ure S5b Supporting Information), the m/z = 26 (C2H2

+), 30 
(CH2O+), 39(C3H3

+), 41 (C3H5
+), 55 (C4H7

+), 67 (C5H7
+), 

70 (C5H10
+) and 82 (C6H11

+) also occur, and they may result 
from the decomposition of the alkyd resin in the ESI var-
nish. The m/z = 18 (H2O+) and m/z = 44 (CO2

+) (Fig. 2 and 
Fig. 3) fragments are obviously also present, and their inten-
sity increases at 467.5 °C (figure S5c Supporting Informa-
tion).

Fig. 6   Ionic current variation with temperature for the fragments m/z = 78 in air for ESI, LPM, LYP (a) and ECM, SLT, IAC (b)
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These findings are also supported by the FTIR spec-
tra obtained from the ESI sample decomposition gases at 
various temperatures (figure S6 Supporting Information). 
At 100 °C, we noted strong water-specific bands ranging 
between 4000 and 3500 cm−1, aliphatic structure-specific 
bands between 3050 and 2886 cm−1, carbonyl compound-
specific bands between 1900 and 1650 cm−1, aromatic com-
pound-specific bands between 1590 and 1280 cm−1, or alco-
hol-specific bands between 1000 and 1200 cm−1 (Ma et al. 
2018). There are also strong peaks at 2352 and 667 cm−1 
corresponding to CO2 (Lisa et al. 2019), the intensity of 
which increases at temperatures higher than 300 °C, when 
the thermal oxidation process occurs.

The MS and FTIR spectra findings in the ESI sample 
show benzene and xylene as the main potentially harmful 
products at temperatures below 300 °C, and carbon dioxide 
at higher temperatures.

Urea‑alkyd resin varnish (LYP)  The MS spectra obtained 
for the LYP varnish at different temperatures are shown 
in Figure S7, Supporting Information. This sample also 
contains the solvent naphtha (petroleum), medium ali-
phatic declared by the manufacturers. Thus, as one may 
note, at the first temperature value, there are ionic frag-
ments resulting from the C–C splitting of aliphatic chains, 
grouped in triplets with the general formula CnH2n-1, 
CnH2n and CnH2n+1, with n ranging between 3 and 11. At 
110.4  °C, the MS spectrum also exhibits the m/z  =  91 
(Fig. 5), m/z = 105 and m/z = 119 fragments, which indi-
cates the presence of a substituted benzene ring, and also 
the m/z = 77, 91, 119 and 134 fragments, which may be 
attributed to the existence of t-butylphenyl fragments (Hof 
et  al. 2014). The m/z = 28 (N2

+) ionic fragment is also 
found at this temperature, and it confirms the presence 
of nitrogen, which may originate in the 2-butanon-oxima 
declared by the manufacturer. The m/z = 26 (C2H2

+), 30 
(CH2O+), 42 (C3H6

+), 56 (C4H8
+) and 72(C4H8O+) frag-

ments occur at 354.2 °C, and they result from the decom-
position of the alkyd resin in the LYP paint. From this 
temperature upward, the ionic current of the m/z = 27 
(HCN+) fragment intensifies, which may be the result, 
according to literature (Liu et al. 2016; Jiao et al. 2013), 
of the thermal decomposition of the polyurethane compo-
nent existing in this type of paint. The m/z = 18 (H2O+) 
and m/z = 44 (CO2

+) (Fig. 2 and Fig. 3) also occur at tem-
peratures above 300 °C, which are specific to the thermal 
oxidation process, but their intensity increase with tem-
perature increase (figure S7b, c and d, Supporting Infor-
mation). The presence of benzene in decomposition gases 
is confirmed by ionic current intensification in m/z = 78 
(C6H6

+) (see Fig.  6 and figure S7c Supporting Informa-
tion).

The FTIR spectra of the gaseous phase resulting from 
LYP sample decomposition are shown at different tempera-
tures in Figure S8, Supporting Information. They are con-
sistent with the observations made based on the analysis of 
MS spectra. Thus, the FTIR spectrum reveals the following 
specific bands at 110 °C: for aliphatic structures between 
3050 and 2886 cm−1 and for aromatic compounds between 
1590 and 1280 cm−1, which confirms the presence of solvent 
naphtha (petroleum), medium aliphatic and xylene, declared 
by the manufacturer. At temperatures higher than 300 °C, 
the 2352 and 667 cm−1 peaks that correspond to CO2 (Lisa 
et al. 2019) and the water-specific bands between 4000 and 
3500 cm−1 are enhanced due to the thermal oxidation pro-
cess. The 1374 cm−1 peak is specific to the vibration of the 
(–CN) bond (Spranceana et al. 2017), which may be associ-
ated with the presence of HCN, the m/z = 27 (HCN+) ionic 
fragment.

According to the MS and FTIR spectra, benzene and 
xylene are the main potentially harmful products at tem-
peratures below 300 °C, and carbon dioxide and hydrocyanic 
acid at higher temperatures.

Products containing alkyds and Teflon (SLT)  Figure S9, Sup-
porting Information, shows the MS spectra obtained for 
the paint sample marked SLT, at different temperatures. 
The m/z = 14(N2

++) and m/z = 28 (N2
+) fragments clearly 

prove the presence of nitrogen, and the m/z = 16 (O2
++) 

and m/z = 32 (O2
+) fragments the presence of oxygen. 

At 99.9  °C, the m/z = 77 (C6H5
+), m/z = 91 (C6H5CH2

+) 
(Fig.  5), m/z = 105 (C6H5CH2CH2

+) and m/z = 119 (C6H5 
CH2CH2CH2

+) fragments occur, and their mass increases 
progressively by 14 u.a.m. and clearly indicates the pres-
ence of certain aromatic hydrocarbons. The fragments with 
the general formula CnH2n-1, CnH2n and CnH2n+1, with n 
ranging between 3 and 6, and the m/z = 41, 42, 43 (C3H5

+, 
C3H6

+, C3H7
+), m/z = 55, 56, 57 (C4H7

+, C4H8
+, C4H9

+), 
m/z = 69, 70, 71 (C5H9

+, C5H10
+, C5H11

+), m/z = 83, 84, 85 
(C6H11

+, C6H12
+, C6H13

+) fragments are also present. These 
fragments confirm the presence of solvent naphtha medium 
aliphatic. Temperatures higher than 320  °C also see the 
intensification of the ionic current in the m/z = 18 (H2O+) 
and m/z = 44 (CO2

+) (Fig. 2 and Fig. 3) fragments, which 
are specific to the thermal oxidation processes. Ionic current 
intensification was also noted in the m/z = 50 (CF2

+) frag-
ment at temperatures higher than 400 °C, which confirms 
the presence of Teflon in this coating product.

Figure S10, Supporting Information, shows the FTIR 
spectra of the SLT sample decomposition gases at various 
temperatures. Our findings are consistent with the previ-
ous ones resulting from MS curve interpretation. Please 
note the presence of solvent naphtha medium aliphatic 
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supported by the presence of the aliphatic structure-specific 
bands between 3050 and 2886 cm−1 and of the aromatic 
compound-specific bands within the 1590–1280 cm−1 range. 
Beyond 420 °C, they disappear or diminish significantly. 
However, we found the 2352 and 667 cm−1 peaks, which 
correspond to CO2, to intensify (Lisa et al. 2019). The FTIR 
spectra also show water-specific bands between 4000 and 
3500 cm−1, CO-specific bands within the 2200–2040 cm−1 
range and carbonyl compound-specific bands between 1780 
and 1660 cm−1(Gawdzik et al. 2019; Worzakowska 2017). 
According to literature (Odochian et al. 2014), the presence 
of the bands ranging from 1305 to 1368 cm−1 may be associ-
ated with the C-F bond vibration, which confirms the pres-
ence of Teflon in this type of coating product.

MS and FTIR spectra analysis reveals that benzene, 
xylene and carbon dioxide are the main potentially harmful 
products in the SLT coating product.

Rheological behavior

Amplitude sweep  The viscoelastic behavior of paints was 
described by the amplitude-dependent variation of dynamic 
moduli (G′—elastic component and G″—viscous compo-
nent) at constant frequency using the amplitude sweep. The 
structural characteristics of the samples within the linear 
viscoelastic (LVE) range were expressed by comparing the 
values of the G′ and G″ moduli. If G′ > G″, the samples have 
gel-like behavior, and if G″ > G′, the samples have liquid-
like behavior. The values of the dynamic moduli G′ and G″ 
allow to predict the properties of resistance to separation of 
paint components during long-term storage (Deka and Dey 
2013; Eley 2005).

The analyzed paints have viscoelastic properties, which 
correspond to paste-like suspensions (figure S11, Support-
ing Information). The point of intersection between the G′ 
elastic modulus and the G″ loss modulus may be consid-
ered as a measure of the paint flow and dispersion capac-
ity at small deformations. In the ECM and IAC samples 
(water-based products), the point of intersection occurs at 
low deformation values, which suggests a tendency to flow 
at low stresses, but G′ > G″ which have great importance for 

flow resistance, explain the balance between paint coverage 
and runoff (Deka and Dey 2013).

The ECM paint sample shows G′ > G″ values and inter-
section point at higher deformation values compared to the 
IAC sample, thus highlighting its predominantly elastic 
behavior. The point of intersection at a higher deformation 
also indicates a higher value of the yield point. High values 
of yield point, which may be due to the presence of a large 
number of interactions (hydrogen bonds, etc.) between sys-
tem components, indicate the ability of the paint to form 
a thicker film after application. In the IAC sample, with 
G′ > G″, the intersection point occurs at a very low defor-
mation value, which accounts for the lower stability to sedi-
mentation compared to the ECM sample.

In the water-based paints (IAC, ECM), the viscoelas-
tic solid behavior (G′ > G″) was observed, where as in the 
solvent-based paints (LPM, LYP, SLT, ESI) have the vis-
coelastic liquid behavior (G″ > G′) (Table 1 — G′ and G″ 
values at 0.1% deformation). The values of the dynamic 
moduli recorded for the solvent-based samples suggest the 
existence of an instability of the composition over time (the 

Table 1   Values of dynamic 
moduli at 0.1% deformation

Sample G′ (Pa) G″ (Pa)

IAC 2.367 0.881
ECM 181.038 83.705
LPM 2.546 5.507
LYP 2.813 6.486
SLT 2.265 2.579
ESI 7.060 29.391

Fig. 7   Flow curves

Table 2   Pseudoplastic behavior 
determination using the Casson 
I model

Sample Casson I model
b

IAC 0.764
ECM 0.439
LPM 0.898
LYP 0.964
SLT 0.927
ESI 0.811



6310	 International Journal of Environmental Science and Technology (2022) 19:6299–6314

1 3

sedimentation phenomenon occurs); therefore, these paints 
should be very well stirred before application.

Frequency sweep  The frequency sweep reveal the viscoe-
lastic behavior of the analyzed samples (figure S12 Support-
ing Information). In the ECM sample, the high G’ modulus 
values indicate the formation of a stable structure (gel-like 
behavior) due to enhanced bonds between the components 
of the system.

Flow curves  Paints are subjected to different shear rates 
during manufacture, storage, dilution and application on 
surfaces. The flow curves represent the viscosity variation 
with shear rate and provide valuable information about the 
rheological behavior of the paints.

In the case of these paint samples, the flow curves 
obtained are specific to a pseudoplastic fluid with viscos-
ity dependent on shear rate. The ECM sample has a more 
pseudoplastic behavior than other samples, which means 
the shear rate variation greatly influences viscosity values 
(Fig. 7) (Deka and Dey 2013). The Casson I model may 
be used to measure the pseudoplastic behavior of the sam-
ples (Table 2): Ostwald I model: y = a·xb; x—input variable 
(shear rate); y—input variable (shear stress); a—factor; 
b—exponent.

According to Fig. 7, the viscosity of the ECM paint sam-
ple reaches a maximum value of 903 poise (P) when shear 
rate ranges between 0.01 and 0.1 s−1; this range is specific 
to very low gravity force and vibrations. A high viscosity 
value within this shear rate range is specific to stable sus-
pensions (the components do not separated over time) in 
storage conditions.

The viscosity values of the analyzed paints are low in 
the next measuring shear rate range (0.1–1 s−1). This values 
indicate very good flow and uniform layer of the paint after 
it is applied on a surface. This low viscosity value is due 
to the decrease of the number of interactions between the 
system components.

Time tests in oscillating and rotational mode  A slight insta-
bility over time was detected in the ECM paint when the 
rheological parameters of the sample (G′ and G″ dynamic 
moduli) were measured in oscillating mode (figure S13-a, 
Supporting Information). This drawback may be overcome 
by gently stirring the paint at certain time intervals, as evi-
denced by the rotational time test (Figure S13-b, Supporting 
Information), which clearly shows the structural stability of 
the analyzed paints at constant shear rate.

A rheometer can make shear rate measurements accord-
ing to paint flow. The rate with which a paint is applied to a 
surface is of major importance in the formation of the paint 
film.

The rheological behavior of water-based paints must be 
very well controlled so that paints with the best possible 
rheological characteristics may be obtained. As shown in 
Table 3, the best paint films are achieved only when paint 
viscosity is controlled at each stage of the process (the ECM 
and ESI samples have a good stability over time and, after 
they have dried, an uniform film of paint and minimum run-
off are achieved). Therefore, a good understanding and effec-
tive control of paint rheology are essential for high quality 
surface coating.

Table 3   Important rheological parameters (Hester and Squire 1997) for achieving a thin and even paint film

Shear rate (s−1) Reference viscosity 
range (poise)

Sample viscosity (Sample viscosity (poise))

IAC ECM LPM LYP SLT ESI

Storage 0.1  > 100 4.06 265.7 10.15 8.45 3.67 57.36
Drying with good coverage and mini-

mum deposits
1 50 ÷ 100 1.88 74.86 5.72 7.34 2.45 45.1

Transfer on the brush and no dripping 20  > 25 1.10 14.89 5.14 7.94 2.44 31.92

Table 4   Parameters calculated 
based on the MCC tests

Sample Mass (mg) Residue (mg) Char yield (wt%) Decomposi-
tion rate (%)

THR (kJ/g) HRC (J/(g.k))

ESI 3.92 0.63 16.07 83.93 17.36 113.44
LPM 2.56 0.40 15.63 84.37 16.75 143.09
SLT 4.59 0.21 4.58 95.42 19.48 154.73
LYP 4.70 0.52 11.06 88.94 22.20 236.66
ECM 3.88 0.34 8.76 91.24 15.63 236.73
IAC 3.24 0.66 20.37 79.63 5.86 84.60
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The rapid restoration of the structure after application 
helps to avoid the runoff phenomenon, but affects the degree 
of coverage of these paints. This drawback may be overcome 
by adjusting the viscosity by optimizing the amount of rheo-
logical additives included in the paint (Eley 2005). Due to 
the use of water as a solvent, viscosity will be very low if no 
thickeners are used. Any water-based coating product must 
have a pseudoplastic behavior. This behavior accounts for 
the better performance of water-based paints compared to 
solvent-based paints (Xu 2005).

In conclusion, the market success of product depends on 
its formulation, and its rheological behavior may underline 
its suitability for a particular purpose. The correct formula-
tion and choice of components allow the product to flow 
easily (yield point, τ0), can prevent sedimentation of solid 
particles during storage, can determine good stability (zero 
shear viscosity, η0) and good applicability on surfaces (pseu-
doplastic behavior). Moreover, certain properties of the paint 
film can be estimated, thus determining the occurrence of 
some uses of great interest for automotive industry but also 
for the constructions sector.

Dry paints characterization

MCC studies

The study of the fire behavior of some dry varnishes and 
paints is extremely important, as it allows us to determine 
how they may be used indoors in order to have a minimal 
negative fire safety impact.

Research in the field deals with improving fire perfor-
mance (reducing heat release, controlling flammability 
temperature, reducing the spread of flame) but also with 
identifying toxic gases released by their pyrolysis. Micro-
scale combustion calorimetry (MCC) tests have been per-
formed for a wide range of polymers (Lyon and Walters 
2004). In our research, we used the microscale combustion 

calorimetry (MCC) technique on dry paint films detached 
from wooden disks using a cutter, for the very first time. We 
analyzed samples with masses ranging from 2.5 to 4.7 mg. 
The tests allowed us to calculate a series of important 
parameters related to the fire behavior of the analyzed paints 
and varnishes. These parameters are: HRC—Heat release 
capacity; THR—Total heat released; char Yield—percent-
age of residual mass and decomposition rate—percentage 
of mass consumed during combustion. The results obtained 
are shown in Table 4.

Figure S14 of the Supporting Information shows HRC 
dependence on the amount of residue at the end of the 
test. The correlation was found to be very good, except for 
the SLT sample. A similar behavior was detected in THR 
dependence on the amount of residue. These findings con-
firm that the IAC sample has the best thermal stability dur-
ing pyrolysis and the LYP sample has the poorest thermal 
stability. The LYP sample containing urea-alkyd resins has 

Table 5   Parameters extracted from the data provided by MCC

1—the first peak heat release rate; 2—the second peak heat release; 3—the third peak heat release

Sample 1 2 3

PHRR (W/g) TPHRR (°C) Timp
(s)

PHRR (W/g) TPHRR (°C) Timp
(s)

PHRR (W/g) TPHRR (°C) Timp
(s)

ESI 112.05 385.28 237.50 – – – – – –
LPM 98.55 370.13 228.00 57.70 459.88 318.50 – – –
SLT 117.69 387.45 227.50 125.61 431.13 271.50 – – –
LYP 57.41 323.67 175.00 106.84 398.60 250.50 152.55 439.05 291.50
ECM 231.23 411.32 271.50 – – – – – –
IAC 51.92 363.20 219.50 42.50 413.99 270.50 – – –

Fig. 8   Temperature-dependent HRR curve representation for coating 
products
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a residue amount of 11.06%. It is one of the lowest values 
obtained for the samples that observe the linear depend-
ence HRC = f (Char yield) and one of the highest values for 
HRC, and also for THR. Linear dependencies between THR 
and char yield were obtained by Lin et al. (Lin et al. 2007) 
using MCC on a number of non-halogenated thermoplastic 
materials. They also found that, when halogens are present, 
THR is not influenced by the char yield variation. In our 
case, according to the manufacturers’ statements, the SLT 
paint sample, which does not observe the linear dependence 
HRC = f (Char yield), contains halogens, i.e., Teflon (F).

The analysis of the results provided by MCC enabled us 
to calculate the parameters shown in Table 5, which also 
characterize the combustion process of the analyzed var-
nishes and paints: PHRR—Peak heat release rate; TPHRR—
Peak heat release rate temperature; Timp—Peak heat release 
rate time. The first PHRR peak occurs after 175 s for the 
LYP sample, which confirms the lowest thermal stability 
during the pyrolysis process.

If one analyzes the graphical representations depending 
on temperature (Fig. 8) and on time (Figure S15 Supporting 
Information), one may note significant differences between 
the appearance of the curves and the number of peaks identi-
fied for the analyzed samples. The IAC and ECM samples 
are the extremes, as they have the lowest and highest HRC 
and PHRR, respectively.

Samples with one (ECM), two (LPM, SLT, and IAC) and 
three (LYP) peaks were found. The combustion virtually 
includes one, two or three stages, depending on the sam-
ple. This gradual degradation has also been found in other 
studies (Xu et al. 2016; Jin and Chung 2016). There are 
also notable differences as concerns the width of the curve; 
ECM and IAC, which are water-based coating products, 
have narrower curves (lower values for THR), while ESI, 
SLT, LPM and LYP, which are solvent- based varnishes and 
paints, have more extensive curves in both temperature and 
time range (higher THR). Thus, solvent-based varnishes and 
paints contribute more to the total amount of heat released 
during THR combustion (according to Table 4), thus sup-
porting the spread of fire. There is also a similarity between 
the shape of the curve at the beginning of the combustion 
process and at its end between ECM and IAC (water-based 
coating products), and between ESI, SLT and LPM (sol-
vent- based varnishes and paints). The LYP sample (urea-
alkyd resin varnish), which is the only sample with 3 peaks, 
has the lowest peak heat release rate temperature (TPHRR), 
namely 323 °C, after the shortest time elapsed since the 
beginning of combustion (175 s) and releases the highest 
total amount of heat (THR). This sample may contribute the 
most to the development of a fire.

The ECM sample takes the longest, i.e., 271.5 s (Timp), to 
reach the highest temperature (TPHRR) = 411.32 °C of peak 
heat release rate (PHRR) = 231.23 W/g, when the total heat 

released (THR) = 15.63 kJ/g is lower than in 4 other samples 
(LPM, ESI, SLT, LYP) and higher than in IAC.

As concerns the flammability of the substrate (wood) on 
which these varnishes and paints are applied, some research-
ers have shown that the ignition time is influenced by the 
amount of substance used, and by the number of coats (up to 
two coats of paint the ignition time increases by a factor of 
up to 2, and if the number of coats is increased by up to six 
the time decreases by a factor of up to 7) (Staggs et al. 2003). 
This means that no more than two coats of paint should be 
applied to increase the ignition time.

If we consider the TG/MS/FTIR results shown in the pre-
vious subchapter for all the types of varnishes and paints that 
we analyzed, carbon dioxide is the main combustion product 
at temperatures higher than 300 °C. Hydrocyanic acid was 
also released in the LYP sample.

According to the findings of our research, water-based 
paints should be preferred in small unventilated indoor 
locations, where there are users included in the risk cat-
egories (children, old individuals, bedridden individuals or 
individuals who cannot leave the premises by themselves). 
Solvent-based varnishes and paints contribute more to the 
total amount of heat released during THR combustion, thus 
supporting the spread of fire. The higher the amount of such 
coatings, the higher the risk of reaching dangerous concen-
trations of pyrolysis gases (Jodeh et al. 2020). Thus, when 
such varnishes and paints are used to achieve an aesthetic/
architectural effect on wooden constructions, such as cabins, 
appropriate compensatory fire safety measures (fire preven-
tion measures, high-performance pyrolysis gas detection 
systems, toxic gas exhaust systems, automatic extinguish-
ing systems, etc.) should be taken when finishing protected 
wooden surfaces and inside the facilities where such sub-
stances are manufactured and stored.

Conclusion

The TG/MS/FTIR technique used for analyzing the thermal 
behavior of certain commercial varnishes and paints has 
revealed that the degradation mechanism is complex and 
includes two to five decomposition stages depending on the 
composition. If we disregard the sample water or solvent 
evaporation stage, we find that the LYP sample containing 
urea-alkyd resins followed by the ECM and IAC samples, 
which also contain acrylic resins, have the lowest thermal 
stability. The best thermal stability was detected in the 
SLT sample-containing alkyd resins and Teflon. The MS 
and FTIR spectra obtained from the analysis of gas decom-
position in air of water-based alkyd/acrylic resin (ECM) 
and water-based acrylic resin (IAC) paints indicate carbon 
dioxide as the major potentially harmful product. Benzene, 
xylene and carbon dioxide were the main potentially harmful 
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products in the solvent-containing coating products LYP, 
LPM, ESI, LPM, ESI and SLT. Hydrocyanic acid was also 
detected in the LYP sample containing urea-alkyd resins.

Rheological tests revealed a viscoelastic solid behavior 
in the water-based paints (IAC, ECM), and a viscoelastic 
liquid behavior in the solvent-based paints (LPM, LYP, 
SLT, ESI). The flow curves for all samples are specific of a 
pseudoplastic fluid with viscosity dependent on shear rate. 
The ECM sample has a more pseudoplastic behavior than 
the other samples, and the high G’ modulus values indicate 
the formation of a stable structure (gel-like behavior) due 
to more bonds between the components of the system. The 
time tests in oscillating and rotational mode showed that the 
ECM and ESI samples enjoy good stability over time, and, 
after they have dried, an even coat and minimum runoff are 
achieved on the surface.

The MCC technique used on LYP sample revealed the 
lowest temperature of the first peak heat release rate (TPHRR), 
i.e., 323 °C, after the shortest time since the beginning of 
combustion (175 s) and releasing the highest total heat 
released (THR), which proves that this sample has the lowest 
thermal stability and may contribute the most to the develop-
ment of a fire. MCC tests showed the best thermal stability 
during pyrolysis for the IAC sample, which also had the low-
est HRC and THR values, and the highest amount of residue.
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