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Effects of mixing metal ions for the thermal runaway reaction of TMCH
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[bookmark: OLE_LINK109][bookmark: OLE_LINK110][bookmark: OLE_LINK105][bookmark: OLE_LINK79][bookmark: OLE_LINK80]Abstract 1,1-bis(tert-Butylperoxy)-3,3,5-trimethylcyclohexane (TMCH) is commonly used as a crosslinking agent or an initiator of the heat curing agent for polybutadiene rubber. Metal ions that remain in the pipelines or containers of manufacturing processes may affect the thermal stability of the organic peroxides. Moreover, pipelines or metal containers may contain some metal ions because of inner corrosive chemicals or surface deterioration, which may induce a chemical reaction while TMCH is mixed with them. To avoid these unexpected chemical reactions, we focused on the thermal hazard analysis of TMCH mixed with metal ions, such as nickel (II) bromide or copper (II) bromide. The experiments can determine thermokinetic parameters, including exothermic onset temperature (T0), maximum temperature (Tmax), and heat of decomposition (ΔHd), under non-isothermal conditions by differential scanning calorimetry (DSC). Non-isothermal experimental results combined with isoconversional kinetic analysis can acquire further safety parameters, such as apparent activation energy (Ea) and time to maximum heating rate (TMR). The results of this study could be used as a proactive case for the storage of TMCH mixed with metal ions.
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Introduction

[bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK81][bookmark: OLE_LINK82][bookmark: OLE_LINK124][bookmark: OLE_LINK125][bookmark: OLE_LINK85][bookmark: OLE_LINK99][bookmark: OLE_LINK100][bookmark: OLE_LINK88][bookmark: OLE_LINK89][bookmark: OLE_LINK95][bookmark: OLE_LINK96][bookmark: OLE_LINK86][bookmark: OLE_LINK87][bookmark: OLE_LINK94][bookmark: OLE_LINK103][bookmark: OLE_LINK104][bookmark: OLE_LINK413][bookmark: OLE_LINK416][bookmark: OLE_LINK417][bookmark: OLE_LINK420][bookmark: OLE_LINK128][bookmark: OLE_LINK129][bookmark: OLE_LINK120][bookmark: OLE_LINK121][bookmark: OLE_LINK118][bookmark: OLE_LINK119]Organic peroxides (OPs) play important roles in many chemical sectors, such as resin, glass fiber, plastics, or chemical materials. However, they are essentially dangerous when the peroxy functional group (–O–O–) is broken by exposure to thermal sources, impurities, or even mechanical impact. There have been many accidents worldwide related to OPs by external decomposition that induced enormous amounts of heat. These accidents include fires, explosions, or toxic gas releases, which cause environmental pollution and injuries or deaths [1]. 1,1-bis(tert-Butylperoxy)-3,3,5 trimethylcyclohexane (TMCH) is frequently used as a catalyst in the petrochemical industry, as an initiator for the polymerization of styrene, and a crosslinking agent or an inducer of the heat curing agent for polybutadiene rubber [2–4]. Moreover, many metal ions may affect the thermal stability of the OPs mixed with metal ions. The metal ions usually remain in the manufacturing process of aging pipelines, rotating machinery, or metal containers [5–8]. Because most pipelines, rotating equipment, or metal containers are composed of iron, nickel, aluminum, or copper, those pipelines, machinery, or containers will inevitably encounter aging or rusting, when the metal ions mixed with TMCH trigger an incompatible reaction. According to previous studies, metal ions have the characteristic of being a catalyzer for OPs, which accelerates OPs’ decomposition while the metals are blended with OPs. There are some incidents related to organic waste solvents that have caused thermally hazardous accidents, because those mixtures of organic waste solvent may have induced further a decomposition reaction without regulative disposal management on those waste solvents. Therefore, our aim was to compare the influence of TMCH mixed with different metal ions, and further discuss the thermal hazard characteristics and incompatible reactions of TMCH with metal ions [9]. 
[bookmark: OLE_LINK138][bookmark: OLE_LINK139][bookmark: OLE_LINK142][bookmark: OLE_LINK175][bookmark: OLE_LINK176][bookmark: OLE_LINK30][bookmark: OLE_LINK31][bookmark: OLE_LINK148][bookmark: OLE_LINK149][bookmark: OLE_LINK145][bookmark: OLE_LINK146][bookmark: OLE_LINK143][bookmark: OLE_LINK144][bookmark: OLE_LINK26][bookmark: OLE_LINK27][bookmark: OLE_LINK64][bookmark: OLE_LINK65][bookmark: OLE_LINK167][bookmark: OLE_LINK166]The thermokinetic parameters and exothermic phenomenon, for instance, exothermic onset temperature (T0), maximum temperature (Tmax), and heat of decomposition (ΔHd) under non-isothermal conditions, can be detected by differential scanning calorimetry (DSC) [10]. Furthermore, non-isothermal experimental results combined with isoconversional kinetic analysis can further determine safety parameters, such as time to maximum heating rate (TMR) and apparent activation energy (Ea) [11, 12]. TMR lets us know that the required time of a reaction is approaching the maximum heating rate while the cooling system has failed or caused a thermal runaway reaction, as a typical upset scenario. Therefore, TMR can be a reference for transportation and storage of TMCH. In essence, these thermokinetic parameters are important in providing recognition of chemical process safety.


Experimental method

Samples

[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK155][bookmark: OLE_LINK154][bookmark: OLE_LINK132][bookmark: OLE_LINK116]88 mass% of TMCH was purchased from the ACE Chemical Corp., Taiwan, and then stored in a refrigerator at 277 K. The commonly used metal ions, NiBr2 and CuBr2, were purchased from Alfa Aesar, A Johnson Matthey Company, Taiwan. This study focused on the incompatibility of TMCH reacting with metal ions, hence we employed three metal bromide mixtures with the same mass% to observe decomposing reactions for TMCH mixed with metal ions. The concentration of metal ions was diluted from 99.95 to 5 mass% in distilled water by magnetic stirrer, and then the aqueous metal ion solution was applied at room temperature in this study.
 
Differential scanning calorimetry (DSC)

[bookmark: OLE_LINK36][bookmark: OLE_LINK54][bookmark: OLE_LINK59][bookmark: OLE_LINK57][bookmark: OLE_LINK58][bookmark: OLE_LINK55][bookmark: OLE_LINK56][bookmark: OLE_LINK66][bookmark: OLE_LINK67][bookmark: OLE_LINK72][bookmark: OLE_LINK73][bookmark: OLE_LINK200][bookmark: OLE_LINK201][bookmark: OLE_LINK90][bookmark: OLE_LINK91][bookmark: OLE_LINK17][bookmark: OLE_LINK18]Differential scanning calorimetry (DSC) combined with the STARe software (Mettler TA8000 system) can be used to measure the chemical substances in the temperature program scan in which the observation of material energy changes, such as endothermal, exothermal, and basic thermal safety parameters. The main feature of the DSC test is the reference cell in which materials need to be measured in the same oven at the same time. A discernible temperature difference between the reference cell and the sample cell causes the materials in the sample cell to release energy during thermal decomposition [15–21]. A system of programmable temperature control is applied in DSC, which is used to acquire the various heating and cooling rates from 0.01 to 373 K min–1 and detect the range of temperature of the target sample from 273 to 973 K. As planned, the heating rate in this study was set at 0.5, 1.0, 2.0, 4.0, and 8.0 K min–1, and the temperature range was chosen from 303 to 573 K.

Thermal simulations of isoconversional kinetic analysis
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[bookmark: OLE_LINK190][bookmark: OLE_LINK191][bookmark: OLE_LINK169][bookmark: OLE_LINK170][bookmark: OLE_LINK188][bookmark: OLE_LINK189][bookmark: OLE_LINK194][bookmark: OLE_LINK195]The DSC, differential thermal analysis (DTA), thermogravimetry (TG), or thermogravimetry-mass spectrometer (TG-MS) experimental data are imported to a simulation model by Advanced Kinetics and Technology Solutions (AKTS). It requires five heating rates and baseline curves, and then kinetic results are obtained from the models, such as Ozawa-Flynn-Wall and ASTM calculating some thermal safety parameters. Otherwise, the model can also be used to predict the response mode isothermally and non-isothermally, and can obtain TMR or limits of experimental conditions. Isoconversional kinetic analysis was adopted to estimate the thermal stability under the temperature range and thermal conditions [22].
Results and discussion

Thermal analysis of DSC tests

[bookmark: OLE_LINK378][bookmark: OLE_LINK379][bookmark: OLE_LINK386][bookmark: OLE_LINK395][bookmark: OLE_LINK396][bookmark: OLE_LINK374][bookmark: OLE_LINK375][bookmark: OLE_LINK384][bookmark: OLE_LINK385][bookmark: OLE_LINK380][bookmark: OLE_LINK381][bookmark: OLE_LINK370][bookmark: OLE_LINK371][bookmark: OLE_LINK376][bookmark: OLE_LINK377][bookmark: OLE_LINK372][bookmark: OLE_LINK373][bookmark: OLE_LINK393][bookmark: OLE_LINK394]The DSC results showed not only the thermokinetic parameters but also exothermic profiles. Thermal programming parameters include exothermic onset temperature (T0), maximum temperature (Tmax), and heat of decomposition (ΔΗd) under five heating rates. Thermal decomposition of TMCH and TMCH mixed with various metal ions at 0.5, 1, 2, 4, and 8 oC min–1 is shown in Fig. 1. The T0 of TMCH, TMCH mixed with CuBr2, NiBr2, or ZnBr2 by DSC was determined to be 121, 126, 122, or 123 oC, respectively. The T0 of pure TMCH was lower than TMCH mixed with CuBr2, NiBr2, or ZnBr2, as listed in Table 1. The ΔΗd of TMCH, TMCH mixed with CuBr2, NiBr2, or ZnBr2 averaged 1033, 1285, 1195, or 1134 J g–1, respectively. TMCH mixed with CuBr2 showed that ΔΗd was higher than TMCH. Figures 2–5 show the results with different heating rates of TMCH, TMCH mixed with CuBr2, NiBr2, or ZnBr2. With increase of the heating rates, the corresponding T0 was also initiated at a later stage and the ΔΗd as well as experimental reaction became significant.
[bookmark: OLE_LINK397][bookmark: OLE_LINK398][bookmark: OLE_LINK399][bookmark: OLE_LINK400][bookmark: OLE_LINK403][bookmark: OLE_LINK488][bookmark: OLE_LINK482][bookmark: OLE_LINK483][bookmark: OLE_LINK404][bookmark: OLE_LINK405][bookmark: OLE_LINK478][bookmark: OLE_LINK479][bookmark: OLE_LINK444][bookmark: OLE_LINK445][bookmark: OLE_LINK454]Numerous methods can be applied to calculate the apparent activation energy. Among them, Ozawa-Flynn-Wall can be adopted based on the different heating rates under isoconversional degree condition that may include equations as illustrated by Eq. (1) [21–25]. TMCH and TMCH were mixed with CuBr2, NiBr2, or ZnBr2 for individual apparent activation energy at heating rates of 0.5, 1, 2, 4, and 8 oC min–1 under isoconversional degrees at 10, 20, 30, 40, 50, 60, 70, 80, and 90%. In addition, we obtained various heating rates and peak temperature by Kissinger as shown in Table 6. After obtaining nine isoconversional temperatures and heating rates into a natural logarithm function, we had the trend line and slope (Figs. 7–10). The apparent activation energy of TMCH, TMCH mixed with CuBr2, NiBr2, or ZnBr2 was 122.3, 109.4, 114.8, or 74.8 kJ mol–1, as given in Table 7.
                                                 (1)
                                                            (2)


Thermokinetic parameters by isoconversional kinetic analysis

[bookmark: OLE_LINK418][bookmark: OLE_LINK419]The kinetic evaluation of the thermokinetic parameters was based on the experimental data from DSC trials. The relationship between TMR and apparent activation energies can be found from prediction by DSC experiments at different heating rates data by inputting isoconversional kinetic analysis as shown Figs. 6–10. The prediction falls into three parts, including the fact that the experiment was had certain limits of instrument detection, such as lower or higher temperatures under isothermal conditions, or comparison of experimental data with the predicted data. 
[bookmark: OLE_LINK448][bookmark: OLE_LINK449][bookmark: OLE_LINK450][bookmark: OLE_LINK451][bookmark: OLE_LINK466][bookmark: OLE_LINK467][bookmark: OLE_LINK446][bookmark: OLE_LINK447]With the pure TMCH, the TMR was reduced from 25 to 2 hr under predicting of isothermal temperatures at 343, 348, 353, 358, and 363 K, as shown in Figs. 11–14. As TMCH was mixed with CuBr2, TMR was dramatically reduced from 34 to 3 hr. TMR will decrease along with an increase in temperature; the reaction time increased its TMR about ten–fold. However, a shorter TMR appeared on TMCH mixed with NiBr2 than the others under isothermal temperatures of 358 and 363 K. TMR was not only advanced but the exothermic peak of TMCH mixed with CuBr2 was significantly higher than for other metal ions. Although the TMR obviously changed under different isothermal conditions, the highest heat flow did not increase. 
[bookmark: OLE_LINK464][bookmark: OLE_LINK465][bookmark: OLE_LINK462][bookmark: OLE_LINK463][bookmark: OLE_LINK455][bookmark: OLE_LINK456][bookmark: OLE_LINK457][bookmark: OLE_LINK458][bookmark: OLE_LINK460][bookmark: OLE_LINK461][bookmark: OLE_LINK133][bookmark: OLE_LINK134][bookmark: OLE_LINK198]From Tables 8–12, the highest heat flow of TMCH, TMCH mixed with NiBr2, or ZnBr2 was 0.02 W g–1, but TMCH mixed with CuBr2 was 0.04 W g–1 under predicting 363 K at isothermal conditions. Therefore, the highest heat flow of pure TMCH and TMCH mixed with NiBr2, or ZnBr2 was smaller in comparison to TMCH mixed with CuBr2. Moreover, when TMCH was mixed with CuBr2, the TMR was not only earlier than pure TMCH or other metal ion bromide, but also the highest heat flow rose about two–fold. 
[bookmark: OLE_LINK297][bookmark: OLE_LINK298][bookmark: OLE_LINK156][bookmark: OLE_LINK157][bookmark: OLE_LINK255][bookmark: OLE_LINK197][bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK160][bookmark: OLE_LINK161]The computation of isoconversional kinetic analysis is described in the following [28]. After gathering the data from the test, we took the natural logarithm of different heating rates and then substituted into the formula versus peak temperatures received from DSC experiments. According to linear regression, we can obtain the slope and calculate the apparent activation energy. Response modes under isothermal and non-isothermal conditions, such as TMR and Ea, can be obtained. The relationship was between conversion rate and heating rates through the ASTM E698 method [18]. Eq. (3) can be used to determine the apparent activation energy Ea (α):
                                        (3)
[bookmark: OLE_LINK265][bookmark: OLE_LINK266][bookmark: OLE_LINK480][bookmark: OLE_LINK481][bookmark: OLE_LINK293][bookmark: OLE_LINK294][bookmark: OLE_LINK158][bookmark: OLE_LINK159][bookmark: OLE_LINK196][bookmark: OLE_LINK192][bookmark: OLE_LINK193]The apparent activation energy of TMCH, TMCH mixed with CuBr2, NiBr2, or ZnBr2 was 116.7, 109.4, 120.6, or 111.3 kJ mol–1, respectively, as shown in Fig. 15 by ASTM E698 method. By using Ozawa-Flynn-Wall and ASTM E698 methods to evaluate apparent activation energy, the results were different except for TMCH mixed with CuBr2. It is demonstrated that CuBr2 is an incompatible substance for TMCH. If TMCH is mixed with CuBr2 during the manufacturing process or transportation, it can quickly generate a large amount of heat in a shorter time than pure TMCH to court explosion, fire, or gas release.


Conclusions

[bookmark: OLE_LINK486][bookmark: OLE_LINK487][bookmark: OLE_LINK68][bookmark: OLE_LINK69][bookmark: OLE_LINK289][bookmark: OLE_LINK290][bookmark: OLE_LINK348][bookmark: OLE_LINK349]The results of this study disclose that the reaction of TMCH mixed with various metal ions decomposes readily because of the low apparent activation energy, which indicates that the reaction could occur readily while the energy of decomposition is higher than its apparent activation energy. Hence, the high heat flows emerging from the high temperature cannot be disregarded. From the DSC results, T0 did not occur early, but the heat flow ranked as TMCH + CuBr2 >TMCH + NiBr2 >TMCH + ZnBr2, which means heat flow increased as TMCH was mixed with CuBr2 at the non-isothermal temperature. TMR occurred earlier than others at lower temperature, and heat flow became significantly higher in TMCH mixed with CuBr2 by isoconversional kinetic analysis. The incompatible behaviors of the TMCH incompatible hazards should be considered carefully in industrial processes.
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Table 2 [bookmark: OLE_LINK76][bookmark: OLE_LINK77]Calorimetric data from the dynamic scanning experiments of 88 mass% TMCH by DSC at 0.5, 1.0, 2.0, 4.0, and 8.0 oC min–1
Table 3 Calorimetric data from the dynamic scanning experiments of 88 mass% TMCH mixed with CuBr2 by DSC at 0.5, 1.0, 2.0, 4.0, and 8.0 oC min–1
Table 4 Calorimetric data from the dynamic scanning experiments of TMCH mixed with NiBr2 by DSC at 0.5, 1.0, 2.0, 4.0, and 8.0 oC min–1
Table 5 Calorimetric data from the dynamic scanning experiments of TMCH mixed with ZnBr2 by DSC at 0.5, 1.0, 2.0, 4.0, and 8.0 oC min–1
Table 6 Apparent activation energy analysis graph for TMCH, TMCH mixed with CuBr2, NiBr2, or ZnBr2 heating rates of 0.5, 1, 2, 4, and 8 oC min–1 by Kissinger kinetic equation
Table 7 Thermal decomposition in various degrees of conversion 10, 20, 30, 40, 50, 60, 70, 80, and 90% by Ozawa-Flynn-Wall equation 
Table 8 [bookmark: OLE_LINK107][bookmark: OLE_LINK115][bookmark: OLE_LINK74][bookmark: OLE_LINK75]TMR and highest heat flow simulation on isothermal thermal curves of heat flow versus time for TMCH, TMCH mixed with CuBr2, NiBr2, or ZnBr2 decomposition at 343 K by isoconversional kinetic analysis
Table 9 TMR and highest heat flow simulation on isothermal thermal curves of heat flow versus time for TMCH, TMCH mixed with CuBr2, NiBr2, or ZnBr2 decomposition at 348 K by isoconversional kinetic analysis
Table 10  TMR and highest heat flow simulation on isothermal thermal curves of heat flow versus time for TMCH, TMCH mixed with CuBr2, NiBr2, or ZnBr2 decomposition at 353 K by isoconversional kinetic analysis
Table 11  TMR and highest heat flow simulation on isothermal thermal curves of heat flow versus time for TMCH, TMCH mixed with CuBr2, NiBr2, or ZnBr2 decomposition at 358 K by isoconversional kinetic analysis
Table 12  TMR and highest heat flow simulation on isothermal thermal curves of heat flow versus time for TMCH, TMCH mixed with CuBr2, NiBr2, or ZnBr2 decomposition at 363 K by isoconversional kinetic analysis


Figure captions

Fig. 1 [bookmark: OLE_LINK37][bookmark: OLE_LINK38]DSC thermal curves of heat flow versus temperature for of 88 mass% TMCH, TMCH mixed with NiBr2, ZnBr2, or CuBr2, decomposition at heating rates of 4 oC min–1
Fig. 2 [bookmark: OLE_LINK181][bookmark: OLE_LINK182][bookmark: OLE_LINK392][bookmark: OLE_LINK401][bookmark: OLE_LINK402]DSC thermal curves of heat flow versus temperature for TMCH decomposition at heating rates of 0.5, 1, 2, 4, and 8 oC min–1
Fig. 3 [bookmark: OLE_LINK39][bookmark: OLE_LINK40][bookmark: OLE_LINK45]DSC thermal curves of heat flow versus temperature for TMCH mixed with CuBr2 decomposition at heating rates of 0.5, 1, 2, 4, and 8 oC min–1
Fig. 4 DSC thermal curves of heat flow versus temperature for TMCH mixed with NiBr2 decomposition at heating rates of 0.5, 1, 2, 4, and 8 oC min–1 
Fig. 5 DSC thermal curves of heat flow versus temperature for TMCH mixed with ZnBr2 decomposition at heating rates of 0.5, 1, 2, 4, and 8 oC min–1
Fig. 6 Apparent activation energy analysis graph for TMCH, TMCH mixed with CuBr2, NiBr2, or ZnBr2 at heating rates of 0.5, 1, 2, 4, and 8 oC min–1 by Kissinger kinetic equation
Fig. 7 [bookmark: OLE_LINK179][bookmark: OLE_LINK180][bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK46][bookmark: OLE_LINK47]Apparent activation energy analysis graphs for TMCH at heating rates of 0.5, 1, 2, 4, and 8 oC min–1 under α at 10, 20, 30, 40, 50, 60, 70, 80, and 90% by Ozawa–Flynn–Wall kinetic equation by DSC
Fig. 8 [bookmark: OLE_LINK141][bookmark: OLE_LINK147]Apparent activation energy analysis graphs for TMCH mixed with CuBr2 at heating rates of 0.5, 1, 2, 4, and 8 oC min–1 under α at 10, 20, 30, 40, 50, 60, 70, 80, and 90% by DSC
Fig. 9 Apparent activation energy analysis graphs for TMCH mixed with NiBr2 at heating rates of 0.5, 1, 2, 4, and 8 oC min–1 under α at 10, 20, 30, 40, 50, 60, 70, 80, and 90% by DSC
Fig. 10 Apparent activation energy analysis graphs for TMCH mixed with ZnBr2 at heating rates of 0.5, 1, 2, 4, and 8 oC min–1 under α at 10, 20, 30, 40, 50, 60, 70, 80, and 90% by DSC
Fig. 11 Simulation on isothermal thermal curves of heat flow versus time for pure TMCH decomposition at 343, 348, 353, 358, and 363 K by isoconversional kinetic analysis
Fig. 12 Simulation on isothermal thermal curves of heat flow versus time for TMCH mixed with CuBr2 decomposition at 343, 348, 353, 358, and 363 K by isoconversional kinetic analysis
Fig. 13 Simulation on isothermal thermal curves of heat flow versus time for TMCH mixed with NiBr2 decomposition at 343, 348, 353, 358, and 363 K by isoconversional kinetic analysis
Fig. 14 Simulation on isothermal thermal curves of heat flow versus time for TMCH mixed with ZnBr2 decomposition at 343, 348, 353, 358, and 363 K by isoconversional kinetic analysis
Fig. 15 TMCH, TMCH mixed with CuBr2, NiBr2, or ZnBr2 of apparent activation energy analysis graph by ASTM E698 with non-isothermal at heating rates of 0.5, 1, 2, 4, and 8 oC min–1
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