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Abstract: Structural elements in buildings exposed to high temperature may lose their original
stability. Application of steel structures has several advantages; however, deflection under exposure
to high temperatures may be a potential obstacle. Therefore, the aim of the study was to determine
how temperature affects decomposition of protective paints applied in the construction. A dedicated
installation for the analysis of the combustion process of protective coating paints in a laboratory
scale was prepared. The experimental device consisted of the following parts: top-loading furnace
connected to the gas conditioner, the LAT MG-2 gas mixer, and portable gas analyzer GASMET DX-4010.
The following type of the protective powder coating paints were analyzed: alkyd and polyurethane.
The obtained results indicated that during thermal decomposition of paints, formaldehyde, benzene,
heptane, and butanol were released, however in different concentrations. Moreover, decomposition
temperature affected the type and amount of released gas mixture components. With increasing
temperature, increased release of formaldehyde and benzene was noticed, while the concentration of
butanol and heptane decreased. Finally, the product of thermal decomposition emitted in the highest
concentration was formaldehyde, which can cause irritation and sensitization in humans.
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1. Introduction

Passive fire protection includes coatings and inherently flame-retardant materials [1]. Traditional
fireproofing coatings are cementitious, based on Portland cement, magnesium oxychloride cement,
vermiculite, gypsum, and other minerals [2]. In the field of structure engineering, intumescent paints
are usually applied as protection material for steel structure that may be exposed to fire. Regardless
of the covered surface, intumescent compounds basically have the same chemical composition [3,4].
A new approach for manufacturing superior thermal insulative/intumescent steel paint comprises
exploiting phosphorous-containing copolymer as a fire-retardant additive [5,6].

Application of protective coating may minimize the risk of severe safety and environmental
hazards, i.e., corrosion appearance [7]. In some areas, salty environments are the main agents that lead
to corrosion [8]. Many techniques have been developed to minimize the corrosion effect [9]. Usage of
iron oxides as protective pigments is common for anticorrosion paints [10]. Alkyd-based coatings are
the most commonly used in solvent-based paints [11]. Moreover, incorporation of nanoferrite particles
in soya alkyd coating may enhance their physico-mechanical properties [12].

Of note, intumescent fire-protective paints are one of the most common instruments for ensuring the
fire protection of modern buildings [13]. In the recent years, the preparation and characterization of new
products for improving the flame retardancy have attracted the attention of academic researchers [3,14].
Those products are available as solvent or water-based systems applied with a thickness of up to
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3 mm [15]. Intumescent systems consist generally of three compounds, i.e., an acid source (ammonium
phosphate—APP), a carbon source (pentaerythritol—PER), and a blowing agent (melamine) [16].
Moreover, acrylics are difficult to be hydrolyzed, well recognized to exhibit good weather resistance,
and are commonly utilized for coating applications, due to their outstanding outdoor durability [17].
While vinyl chloride and chlorinated rubber coatings did not perform well at low temperatures,
zinc-rich paints and zinc sprayed coatings along with epoxy/polyurethane systems were found to
perform suitably. The performance of high-performance composite coatings (HPCC), suitable for
protecting pipelines, is under a wide range of temperatures, up to 100 °C [18].

The composition, size, geometry, quantity, and distribution play important role in the overall
pigment performance and its inter-play with the coating resin [19]. Structural elements in buildings
exposed to high temperature may lose their original stability. Application of steel structures has several
advantages; however, deflection under exposure to high temperatures may occur [20,21]. Fire resisting
materials can be employed as a physical barrier, in order to reduce the energy transferring rate as well
as absorb a great portion of the thermal energy, to produce a new thermal protection interface [22,23].
For solving this problem, steel structures are coated with different heat resistant coatings to provide
heat-resistance property [24,25]. An example of thermal resistance materials are intumescent paints,
which, when subjected to elevated temperatures, undergo various endothermic reactions. Application
of protective coating paint may not require any additional substrates for attaching to the structure and
does not affect the structure’s mechanical properties [17,26]. In the recent years, the preparation and
characterization of new products for improving the flame retardancy have attracted the attention of
academic researchers. In particular, the topic of toxic substances which may be released from paints
simultaneously with increasing temperature was studied [5,27]. Therefore, the aim of the study was
to determine how temperature affects decomposition of protective paints with the use of alkyd and
polyurethane powdered paints commonly used as a protective coating in the construction.

In Section 2, Material and Methods, the analyzed material, experimental installation, and statistical
analysis applied in the paper are described. Section 3, Results, presents the results of combustion
process for two types of protective coatings. In Section 4, Discussion, the results obtained are discussed,
while Section 5, Conclusions, concludes the paper.

2. Materials and Methods

A dedicated installation for the analysis of the combustion process of protective coating paints in
a laboratory scale was prepared. The experimental device comprised the following parts: top-loading
furnace (Nabertherm company) (Figure 1a) connected to the gas conditioner (Figure 1b), the LAT MG-2
gas mixer (Figure 1c), and the GASMET DX-4010 (Figure 1d).

In the research, the following types of the protective coating paints were analyzed: powder paint
with alkyd and powder paint with polyurethane. To standardize the process of materials, preparation
paints were deposited with a brush on a flat surface. At each time point, paint was deposited with one
move of brush to have the same layer thickness. To minimize the risk of thermal decomposition of
wooden surfaces, steel plates (6 cm x 6 cm) (Figure 1f) were used as a surface for the analyzed samples
of paints. A total of 24 samples were prepared for analysis (12 samples for each of the analyzed paints).
The following thermal conditions were considered: 80 °C, 90 °C, 100 °C, and 110 °C. Each sample
was analyzed in triplicate. At each time point, the analyzed material was placed inside the furnace
through the opening surface at the top. Inside the furnace, a chamber with a volume equal to 2 dm?
was localized. The temperature was controlled with an accuracy of + 1 °C. Furthermore, at the top
surface, two steel pipes (Figure le), one for air supply and the other for the combustion products
discharge, were connected.
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Figure 1. The experimental device composed of: (a) top load furnace, (b) gas conditioner device, (c) gas
mixing device, (d) portable gas analyzer GASMET DX-4010 device, (e), A—air supply to combustion
chamber, B—combustion products discharge pipe, and (f) steel plates applied as a surface for the
deposition of investigated paints.

At the beginning of the analysis, gas conditioner device was applied for the preparation of dry and
clean from solid particle air. The cleaning process was made with the use of mechanical filters, while the
drying process was made by condensation of humidity. Next, with the use of a gas mixing device,
specified concentrations of air and nitrogen were prepared. Finally, the portable gas analyzer GASMET
DX-4010 (Gasmet Technology Oy, Finland), with Fourier-transform infrared spectroscopy (FT-IR)
methodology for simultaneous determination of all compounds, was used. The system was equipped
with a measuring probe, a heated pipe, as well as a heated gas conditioning system, which allowed
measurements of hot gases. The results from the portable gas analyzer GASMET DX-4010 (Gasmet
Technology Oy, Finland) were recorded with the use of the CALCMET software.

Data are presented as mean =+ standard error (SEM) and calculated with Statistica 12.0 software.
Data were considered statistically significant when p < 0.05 [28].

3. Results

By using the FT-IR measurement method and CALCMET software, the concentrations of selected
thermal decomposition products of the two tested paints were determined. An experimental analysis
of the combustion process for two paints was performed (Figure 2). First, polyurethane paint samples
were analyzed. At a temperature equal to 80 °C, four substances with the highest concentration were
detected: butanol, formaldehyde, benzene, and heptane. The average butanol concentration was equal
t0 9.3 + 0.6 ppm, formaldehyde 30.3 + 0.6 ppm, benzene 5.3 + 0.6 ppm, and heptane 4.3 + 0.6 ppm. At the
temperature of 90 °C, the average value of butanol decreased to 6.3 + 0.6 ppm, heptane concentration
decreased to 4.0 + 1.0 ppm, formaldehyde concentration increased to 35.3 + 0.6 ppm, and benzene
concentration increased to 8.7 + 0.6 ppm. The average butanol value at 100 °C did not change, while an
increase in the concentrations of formaldehyde (42.3 + 1.2 ppm), benzene (12.0 + 1.0 ppm), and heptane
(1.3 + 1.2 ppm) was recorded. At the final test for the temperature equal to 110 °C, the butanol
concentration decreased to 4.3 + 0.6 ppm, formaldehyde concentration increased to 45.7 + 1.5 ppm,
benzene concentration increased to 14.7 + 1.2 ppm, and heptane concentration did not change.
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Figure 2. Concentrations of four main substances (butanol, formaldehyde, benzene, and heptane) as a
function of temperature. Concentration was measured in ppm and temperature was measured in °C.

Next, alkyd paint samples were analyzed. The average value of butanol concentration at 80 °C
was equal to 12.3 + 1.2 ppm, for formaldehyde, it was equal to 34.3 + 1.2 ppm, for benzene, equal to
7.3 £ 1.2 ppm, while for heptane, equal to 6.3 + 0.6 ppm. At the temperature of 90 °C, the value
of butanol and heptane concentration decreased to 7.7 + 0.6 ppm and 4.7 + 0.6 ppm, respectively.
However, the value of formaldehyde and benzene increased to 40 + 1.0 ppm and 9.7 + 0.6 ppm,
respectively. At the temperature of 100 °C, the concentration of butanol and heptane was again reduced
to 4.7 £ 0.6 ppm and 3.0 + 0.0 ppm, respectively, while the concentration of formaldehyde and benzene
increased to 45.3 + 1.2 ppm and 15.7 £+ 1.5 ppm, respectively. The test carried out at the temperature
of 110 °C showed a slight decrease in the concentration of butanol to 2.7 + 0.6 ppm and of heptane
to 1.3 + 0.6 ppm, while the concentration of formaldehyde and benzene increased to 50.0 + 1.0 and
19.7 £ 0.6, respectively.

To better understand the results obtained, a linear regression showing the changes in the
concentration of each of the analyzed substances as a function of temperature was prepared. Linear
regression for polyurethane paint showed that there was a strong relation between the scalar response
and exploratory variable (Figure 3). Depending on the analyzed substance, it was in the range
of 0.84-0.99. The lowest relation was observed for heptane, while the strongest was for benzene.
Furthermore, for the alkyd paint, the relation between the scalar response and exploratory variable
was greater (0.96-1.0) (Figure 4). A comparison of both paints indicated a similar tendency; however,
a stronger relation between variables was observed for the alkyd paint (Figure 4) compared with the
polyurethane paint (Figure 3).
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Figure 3. Linear regression for polyurethane paint for the following components: butanol, formaldehyde,
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Figure 4. Linear regression for alkyd pain for the following components: butanol, formaldehyde,
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benzene, and heptane. Concentration was measured in ppm and temperature was measured in °C.

4. Discussion

In our study, we analyzed different protective coatings for steal structures, by distributing one
layer of paint on a steel plate that was further burnt in a dedicated furnace. A similar approach
was used by Griffin who investigated two coatings, an epoxy-based material and a water-based
vinyl acetate material distributed on a steel plate inside a cone calorimeter [15]. Moreover, in our

study, the concentration of decomposition products as a function of temperature was investigated.
It was in line with a new approach for protection criterion determination presented by Hanan et al.,
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who analyzed steel structures by exposing them to elevated temperatures [20]. Similarly, Dai et al.
investigated the effects of partial fire protection on temperature development in steel joints saved by
intumescent coating [29].

In our paper, we studied the decomposition of two pigments for the range of temperature
between 80 °C and 110 °C, resulting in butanol, formaldehyde, benzene, and heptane fume release.
Recently, Zhao et al. used thermogravimetry (TG) and differential scanning calorimetry (DSC) for
investigation of polysiloxane resin and polysiloxane/Al coatings. They found that polysiloxane resin
began to decompose after 200 °C, and there was a continuous weight loss at 200-700 °C. Furthermore,
for the polysiloxane/Al coatings, the oxidation of aluminum powder only led to a weight gain of
coating at 600-700 °C [30]. In addition, Geoffroy et al. analyzed three intumescent coatings based
on three different chemistries (epoxy, acrylic, and silicone) and observed no improvement of the
fire protection of the steel substrate [31]. In line with those findings, Nguyen et al., who analyzed
an irreversible thermochromic material based on manganese violet, observed that, under heating,
the pigment simultaneously lost H,O and NHj in two successive steps at approximately 330-434.4 °C
and 434.4-527 °C, which correspond to the formation of an intermediate phase [32]. Moreover, in
another paper, Bourbigot et al. observed that intumescence occurred between 280 °C and 350 °C [33].

In our paper, a linear regression was used for the description of component combustion of fire
protective coatings. We found that, for both paintings, formaldehyde is produced in the highest
concentration. Additionally, the concentrations of formaldehyde and benzene are increasing with
higher temperature, while the concentrations of butanol and heptane are decreasing. Interestingly,
we noticed a strong correlation, the R? > 0.9, between the analyzed gas products and the temperature
for the alkyd paint, but not for the polyurethane paint. A linear regression comparison was also used
by Jimenez et al., who elucidated the mechanism of action of intumescent coatings [34]. In another
study, Bourbigot et al. prepared a mathematical model for the intumescence process with ammonium
polyphosphate and pentaerythritol in polypropylene [35].

Limitation to the Study

In this work, two types of protective coating paints in triplicates were analyzed: powder paint
with alkyd and powder paint with polyurethane. Moreover, only four temperatures were investigated.
In the future work, we plan to extend the analyzed group of protective coating paints, as well as the
number of decomposition products.

5. Conclusions

The obtained results indicated that, during thermal decomposition of paints, formaldehyde,
benzene, heptane, and butanol were released in the largest amount. However, decomposition
temperature affected the type and amount of gas released. With increasing temperature, an increased
release of formaldehyde and benzene was detected. Meanwhile, the concentration of butanol and
heptane decreased. Finally, the product of thermal decomposition emitted in the highest concentration
was formaldehyde, which can cause irritation and sensitization in humans.

Analysis of product concentration as a function of temperature indicated that the powder paint
with polyurethane was characterized with a lower amount of released formaldehyde, compared with
the powder paint with alkyd. Furthermore, the concentration of other analyzed compounds was
lower for the powder paint with polyurethane compare with the powder paint with alkyd. Therefore,
the study suggests that, based on the released formaldehyde concentration, paint with polyurethane
may be less harmful for humans.
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