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Factors affecting the thermal behavior of butyl acrylate for thermal hazard evaluation and safe handling.
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1. Introduction
Monomers are widely used in the chemical industry as materials for plastics, paints, film, etc. On the other hand, they can generate radicals through self-initiation reactions, which may lead to runaway polymerization. In Japan, the explosion and fire occurred in the acrylic acid storage tank in 2012. Since then, it has been recognized that proper thermal hazard evaluation is important for safe handling of monomers.
During the storage process of monomers, inhibitors are typically added to avoid self-polymerization reactions. Commonly used hydroquinone type inhibitors require oxygen to be effective, so they are stored in an atmosphere where oxygen present. The effect of these inhibitors depends on both their concentration and the dissolved oxygen concentration. The interaction between these parameters complicates the measurement and prediction of the thermal behavior of the monomers [1]. If thermal analysis is performed under inappropriate conditions without considering these effects, it can lead to incorrect thermal hazard assessments. Therefore, it is important to reveal the influence of these parameters on the thermal behavior of monomers.
The purpose of this study is to investigate the impact of these parameters on the thermal behavior of monomers. Butyl acrylate with 15 ppm 4-methoxyphenol (MEHQ) was used as a model monomer. The work examined factors affecting the thermal behavior, such as the atmosphere in the gas phase and the liquid level height. The effects of these factors were discussed in terms of the polymerization reaction mechanism and the change in dissolved oxygen concentration.

2. Methods
2.1 Theory
2.1.1 Polymerization reaction mechanism
　The radical polymerization of a butyl acrylate is started by self-initiation reaction as shown in Eq. (1) [2].

where M is a monomer, R･ is a primary radical.
In the presence of oxygen, R･ react with oxygen to form peroxy radicals as shown in Eq.(3), instead of the normal radical reaction as shown in Eq.(2) [3]. 


These peroxy radicals react slowly with monomer as shown in Eq. (4) and copolymer is generated as shown in Eq. (5) [4].


Inhibitors can stabilize radicals, but hydroquinone type such as MEHQ react much more rapidly with polyperoxy radicals as shown in Eq. (6), than with radicals (R•) [5]. 

where IH is inhibitor. This is why the oxygen is necessary for the hydroquinone type inhibitors. 
Also, in the presence of oxygen, the auto-oxidation of the monomer also occurs as shown in Eq. (7) [6].

Furthermore, the peroxides formed in Eq. (6) and (7) decompose to produce radicals at high temperatures as shown in Eq. (8) [7]. These radicals then react with the monomer, as shown in Eq. (9a) and (9b).




2.1.2 Change in the dissolved oxygen concentration
　The rate of the consumption of dissolved oxygen concentration in butyl acrylate with 15ppm MEHQ is expressed by Eq. (10), based on the study by Holger et al. [4]. 

where  is the dissolved oxygen concentration [ppm], k is the rate constant [ppm s-1], t is time [s]. The rate constant k at 90°C is 4.63×10-5 ppm s-1[4].
For the diffusion of dissolved oxygen concentration, it is assumed to diffuse in one direction. The analysis was performed using the Finite Volume Method, as shown in Figure 1. C is the dissolved oxygen concentration in each cell, subscript t is time, and i represents the i-th cell. Δx is the distance between cells, and S is the contact area between cells. 
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Figure 1.  Unsteady-state diffusion analysis using the Finite Volume Method.
According to Fick's law of diffusion, the diffusion flux J is given by:

where J is the diffusion flux [mol m-2 s-1], D is the diffusion coefficient [m2 s-1], C is the dissolved oxygen concentration [mol m-3], x is position [m].
Considering the change in the dissolved oxygen concentration in the small volume SΔx between positions x and x+Δx, the difference in diffusion flux at each position is equal to the diffusion flux accumulated in cell i. This can be expressed by Eq. (12). 

where S is the contact area between cells [m2], t is time [s].
Dividing by both side Δx, Eq. (13) is given:

When Eq. (11) is substituted into Eq. (13), Eq. (14) is given:

To solve for C, integrating both sides over the interval from x to x+Δx yields Eq. (16):


When solving for each analysis step Δt, Eq. (16) can be transformed as follows:

The concentration gradients at positions x+Δx and x on the right-hand side of Eq. (16) are represented by equations (18) and (19).


Eq. (17) can be transformed as follows:

From Eq. (20) and (11), the dissolved oxygen concentration of the i-th cell at time t+Δt can be expressed by Eq. (21).

As boundary conditions, at t=0, C=C0, and at x=0, C=Cs, where C0​ is the initial oxygen concentration and Cs​ is the saturated oxygen concentration. The diffusion coefficient is set to D=2.42×10-5 cm2 s-1, and the analysis is performed with Δt=30s, Δx=0.1cm.

2.2 Experiment
[bookmark: _Hlk187001253]　Isothermal measurements were conducted using a high-sensitivity calorimeter (C80). This experiment aimed to examine the effect of the atmosphere in the gas phase and the liquid level height on the thermal behavior. The gas phase atmosphere is estimated to influence the saturated dissolved oxygen concentration in the monomer. The liquid level height is estimated to affect the ease of oxygen diffusion from the gas phase to the bottom. The  atmosphere were Air and 2% O₂/N₂, and the liquid levels were 3.1 cm, 1.2 cm, and 0.3 cm. All measurements were performed at 90°C. Stainless steel pressure-resistant cells were used, and a glass liner was inserted to prevent reaction between the butyl acrylate and the metal. Table 1 presents the measurement conditions of C80. 
Table 1: The measurement conditions of C80 for butyl acrylate
	The gas phase atmosphere
	The liquid level height [cm]
	Sample mass [g]
	The liquid fill level [%]
	Temperature [℃]

	Air
	3.1
	2.5
	44
	90

	
	1.2
	1
	18
	

	
	0.3
	0.2
	4
	

	2%O2/N2
	3.1
	2.5
	44
	

	
	1.2
	1
	18
	

	
	0.3
	0.2
	4
	



3. Results and discussion
[bookmark: _Hlk186734774]3.1 Results of the thermal behavior under an air atmosphere
　According to the experimental data by Holger et al. [4], the saturated dissolved oxygen concentration butyl acrylate at 90°C is 66 ppm. Figure 2 shows the C80 results of butyl acrylate at 90°C under an air atmosphere. It suggests that as the liquid level decrease, the time until polymerization starts becomes shorter. Figure 3 shows the estimation results of the change in dissolved oxygen concentration at each liquid level. It indicates that as the liquid level decrease, the dissolved oxygen concentration at the bottom is higher because the diffusion of oxygen to the bottom is faster. These results imply that when the liquid level is lower, the concentration of peroxides formed by Eq. (7) in section 2.1.1 is higher due to the increased oxygen concentration. Consequently, more radicals are generated through the decomposition of peroxides, as shown in Eq. (8) in section 2.1.1, leading to a short time to polymerization initiation. However, since the reproducibility of the C80 experiments was low, it is necessary to increase the number of measurements in future studies.
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Figure 2.  The C80 results of butyl acrylate at 90℃ under an air atmosphere.
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[bookmark: _Hlk186984418]Figure 3.  The estimation results of the change in dissolved oxygen concentration at each liquid level under an air atmosphere.

3.2 The results of thermal behavior under a 2% O₂/N₂ atmosphere
　Since the experimentally measured saturated dissolved oxygen concentration of butyl acrylate at 90°C under air is 66 ppm [4], it is estimated to be 6.6 ppm under 2% O₂/N₂. Given that the inhibitor can stabilize two polyperoxy radicals [5], 15 ppm concentration of inhibitor is excessive relative to the 6.6 ppm of the dissolved oxygen. Once the initial dissolved oxygen is consumed, the diffusion from the gas phase becomes important. Figure 4 shows the C80 results of butyl acrylate at 90°C under a 2% O₂/N₂ atmosphere. It suggests that as the liquid level increase, the time until polymerization started becomes shorter. Figure 5 shows the estimation results of the change in dissolved oxygen concentration at each liquid level. It indicates that as the liquid level increase, the dissolved oxygen concentration at the bottom is lower because the diffusion of oxygen to the bottom is slower. These results imply that when the liquid level is higher, oxygen is insufficient at the bottom, leading to the start of radical polymerization as shown in Eq. (1) in section 2.1.1. However, since the reproducibility of the C80 experiments was low, it is necessary to increase the number of measurements in future studies.
Next, the cause of the different relationships between the liquid level and the time to polymerization initiation under air and 2% O₂/N₂ atmospheres will be discussed. This is suggested to be due to the different effects of oxygen on the monomer. Oxygen acts as an inhibitor for the monomer, as shown in Eq. (3) to (5) in section 2.1.1. On the other hand, oxygen also contributes to the initiation of polymerization by generating radicals through the decomposition of peroxide, as shown in Eq. (7)–(9b) in section 2.1.1. In the case of the air atmosphere, the saturated dissolved oxygen concentration is higher than 2% O₂/N₂. Under conditions of higher dissolved oxygen concentration, peroxide increases, and the effect of oxygen on polymerization initiation becomes greater. On the other hand, under 2% O₂/N₂, the impact of oxygen as an inhibitor is likely more significant. Under the air atmosphere with a higher saturated dissolved oxygen concentration, the peroxide concentration increased, leading to a greater effect of oxygen in initiating polymerization. On the other hand, under the 2% O₂/N₂ with a lower dissolved oxygen concentration, it is suggested that the effect of oxygen as an inhibitor is more significant.
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Figure 4.  The C80 results of butyl acrylate at 90℃ under a 2% O₂/N₂atmosphere.
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Figure 5.  The estimation results of the change in dissolved oxygen concentration at each liquid level under a 2% O₂/N₂atmosphere.

4. Conclusions
This study investigated the effect of the atmosphere in the gas phase and the liquid level height on the thermal behavior of butyl acrylate. The results suggest that as the liquid level decreases, the time until polymerization starts becomes shorter under an air atmosphere. This is because more radicals are generated through the decomposition of peroxides in the lower liquid level. On the other hand, as the liquid level increase, the time until polymerization started becomes shorter under a 2% O₂/N₂ atmosphere. This is due to the insufficient oxygen at the bottom in the higher liquid level. The different relationships between the liquid level and the time to polymerization initiation were suggested to be due to the different effects of oxygen on the monomer. These findings highlight the complex interaction between the atmosphere, the liquid level, and the dissolved oxygen concentration in determining the thermal behavior of monomers. Proper understanding and consideration of these factors are essential for accurate thermal hazard assessments and safe handling of monomers.
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