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Abstract

:

A kinetic model is proposed to fit isothermal thermogravimetric data obtained from cellulose in an inert atmosphere at different temperatures. The method used here to evaluate the model involves two steps: (1) fitting of single time-derivative thermogravimetric curves (DTG) obtained at different temperatures versus time, and (2) fitting of the rate parameter values obtained at different temperatures versus temperature. The first step makes use of derivative of logistic functions. For the second step, the dependence of the rate factor on temperature is evaluated. That separation of the curve fitting from the analysis of the rate factor resulted to be very flexible since it proved to work for previous crystallization studies and now for thermal degradation of cellulose.
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1. Introduction


Cellulosic biomass is the most abundant bioresource produced on earth and cellulose is one of the common compounds in ordinary life [1]. Pulp is used in a vast number of different end-uses, but the main applications areas are tissue, board, printing, and specialty paper manufacturing as well as in textiles [2]. Cellulosic materials are generally considered to have a low static propensity, and hence fabrics such as cotton are the preferred materials for use in applications where electrostatic discharges must be avoided [3]. There has been increased social awareness in promotion of environmentally friendly materials, paving the way for further cellulose-based research [4].



Thermal degradation of cellulose has been of interest for a longtime. A number of studies were focused on thermal degradation kinetics of cellulose, hemicellulose, and lignin [5,6,7,8,9,10,11,12,13,14]. As described for other materials, in open system, the initial water content should not affect the decomposition temperature if all water had evaporated from samples prior to reaching the decomposition temperature [15]. However, the presence of hemicellulose, lignin, and other impurities or additives would radically affect the thermal behavior of cellulose and chemical reactions occurring during pyrolysis [16]. Thermogravimetry (TG) was even tested as an alternative method for the characterization of archaeological wood [17]. It is one of the most frequently used techniques to evaluate thermal stability and degradation kinetics of polymeric materials. A system based on radiative heat transfer allows for the continuous monitoring of the sample temperature and weight, while the heating rates are much faster than those usually encountered in standard thermogravimetric analyses [18,19]. Pyrolysis of cellulose was studied from thermogravimetric data through several kinetic models and procedures. In general, an Arrhenius dependence of the rate factor on temperature is assumed and activation energies in the 50 to 300 kJ mol−1 range were reported [20,21,22]. Most kinetic methods can be classified into the model-fitting or into the model-free groups. Advantages and drawbacks of the methods were commented in a previous work of the authors where a model was proposed to account for isothermal and non-isothermal data [11]. While a number of studies provide reasonably good matching of measured and estimated conversions in a relatively broad range of conversions or temperatures, the author’s aim with this work was to improve and extend the matching to all reliable experimental data. Some works demonstrated that some differences of temperature may exist into the sample when using non-isothermal conditions [20,23]. Those differences can be relevant in kinetic studies. Thus, the present study is exclusively based on isothermal experimental data.



The aim of the work is to obtain an accurate mathematical description of the degradation rate with respect to the temperature. For that, using a similar approach to that described in a recent crystallization kinetics study [24], optimal fittings of individual isothermal TG curves are performed. The method for the fittings was previously described [11,25,26]. In this work the average squared error (ASE) is independently minimized in the different fittings [27]. Thus, values of the rate parameter were obtained at different temperatures, and then, the temperature dependence of the rate parameter was evaluated. In addition, it is sought that all parameters used in the model have a clear physical meaning. In fact, one of the goals of the parametric regression models against the nonparametric model fitting alternatives is the interpretability of their parameters from a chemical-physical point of view. The regression models used for the fittings in this work are parametric and nonlinear, based on the logistic and exponential functions [28]. The model-fitting approach used in this work is new and consists of using a different function for fitting the rate parameter than for the isothermal time derivative thermogravimetric (DTG) curves. Moreover, no reports have been found on multi-temperature fits as good as those presented here. In the end, this work allows estimating, with relative accuracy and precision, the rate of cellulose degradation at a given temperature.




2. Materials and Methods


The material used is a micro-granular high-purity cellulose powder for partition chromatography purchased from Sigma-Aldrich (St. Louis, MO, USA). It has a density of 0.6 gcm−3 and was certified as a 0.0% residue on ignition, 3 ppm of Iron and 0.l ppm of Copper.



Thermogravimetric experiments were performed in a TA Instruments SDT 2960 device. That instrument is a simultaneous TG-differential scanning calorimetry (DSC) device in which the sample temperature is measured through a thermocouple, which is located in contact with the sample platform.



A linearly heating ramp experiment at 20 °C/min was conducted with a zinc sample for temperature calibration.



All experiments were conducted with a 100 mL min−1 nitrogen purge using open alumina crucibles. In all cases, sample mass was in the range from 8.5 to 9.5 mg.



The experimental setup consisted of a 30 °C min−1 heating ramp up to the isothermal temperature, followed by an isothermal step. Duration of the isothermal step was programmed in excess. Experiments were manually stopped when most of the degradation process seemed to be completed.



Temperatures for isothermal tests were chosen from a preliminary ramp test at 10 °C/min. The temperatures were chosen along the raising part of the DTG peak in the range from 279 to 301 °C, as displayed in Figure 1. Using a wide range of temperatures would result in very different mass losses at each temperature, which can be explained through competitive degradation reactions of cellulose [19]. However, this work aims to analyze a single process and, thus, a narrow range of temperatures is chosen.



The experimental data were analyzed through a model fitting method in two steps:




	
Fitting of single time-derivative thermogravimetric curves obtained at different temperatures versus time. The curves are fitted to time derivative logistic functions, (Equation (1)). The fittings were performed with the Gnumeric software.



	
Fitting and analysis of the rate parameter values obtained at different temperatures versus temperature. For this task, the R software was used, and Equations (2) and (5) were tested and compared.








Thus, a specific non-linear function is used to fit isothermal data, whereas the second step consists of identifying, describing, and modelling the strong non-linear relation between the degradation rate, estimated from the isothermal experiment fittings, and temperature. While for the first task a time derivative logistic function is used, providing accurate fittings of experimental data, for the second task an exponential function will be tested. Thus, the resulting model in this case is fully described when the exponential function is embedded into the time derivative logistic.




3. Results


Figure 1 and Figure 2 show the TG and DTG curves obtained in a temperature ramp and in an isothermal experiment, respectively. For isothermal tests, a few temperatures were chosen in the range indicated in Figure 1. Theoretically, the area of the DTG peak represents the mass loss involved in that process. Figure 2 shows how the mass loss of the process is measured in the isothermal experiment. It is important to note that the first point was taken after the dehydration process but before establishing the isothermal condition.



Figure 3 shows an isothermal DTG curve along with the temperature and the fitting of the DTG curve obtained with a derivative of a generalized logistic function. The fittings of all curves are displayed in the Appendix A Section. The parameter values resulting from the fittings are displayed, along with the average squared error (ASE) on Table 1.



Figure 4 shows the plot of the rate factor, b, versus temperature. A clear exponential trend can be observed. In fact, a very good fitting was obtained with the Arrhenius expression.



A graphical comparison of the fittings obtained with the exponential parametric model and the non-parametric one is displayed in Figure 5.



Figure 6 shows how the typical plot of the natural logarithm of the rate factor versus 1/T follows a linear trend in agreement with the Arrhenius equation. An activation energy, Ea, of 2.16 × 105 kJ mol−1 was obtained along with a frequency factor, A, of 4.91 × 1020 s−1. In case of using the alternative expression to that of Arrhenius, a characteristic temperature Tc = 2.60 × 104 K and a characteristic time, tc, of 5.5 × 10−21 s at that temperature are obtained.




4. Discussion


Only isothermal data were used for fittings in this work because important differences of temperature can exist into the sample when using heating ramps, as published elsewhere [23].



Isothermal temperatures were chosen from Figure 1 with the aim of ensuring that the reaction is neither too fast nor too slow. A high temperature would imply a very fast reaction rate so an important part of the process would occur before the isothermal condition is established. Only the data recorded under the isothermal condition can be used for the fitting. On the other hand, a very low temperature would imply a very slow reaction and thus a too long experimental time.



The mass loss rate, represented by the DTG curve, is assumed to be proportional to the reaction rate. Thus, that signal is used for the kinetic analysis. As demonstrated in previous works of the authors, DTG curves can be generally fitted by time-derivative generalized logistic functions of the form


y(t) = [c·b·exp (−b·(tapm − t))]/[1 + τ·exp(−b·(tapm − t))]·(1 + τ)⁄τ



(1)




where tapm is the time at the peak maximum, c represents the area of the peak, τ is the symmetry factor, with τ = 1 for perfect symmetry, and b is a rate factor that depends on the temperature. Since the area of the peak, c, represents the mass loss involved in the process, the value of that parameter can be measured from the TG curves and should be similar in all samples except for differences between the samples or from their initial moisture content. In practice, that amount was directly measured on the TG curves as indicated in Figure 2. The first point was taken just after conclusion of the drying process, before establishment of the isothermal condition. The last point was taken at the end of experiment, when the mass was almost constant.



The fittings of the b, τ, and tapm parameters for each individual isothermal curve was performed through the Gnumeric software using the Nlsolve algorithm implemented in that software [29].



It can be observed that the fittings presented in Figure 3 and in the Appendix A Section are very good except for the initial part of the curve, which was not included in the fitting since it corresponds to the period of time before reaching the isothermal condition. The ASE values displayed on Table 1 also confirm that visual appreciation. Being c the mass involved in the whole process, a similar value is theoretically expected at any temperature, regardless if the process started to be recorded in isothermal conditions at a different extent in each case. As mentioned before, the approach used here consisted of directly measuring the mass loss from a point just after the dewatering step to the end of the experiment, where the process was almost completed. The differences observed in the τ parameter come from little changes in the symmetry of the DTG peak. The changes are usually related little changes in sample placement.



It can be observed in Figure 4 how the b parameter values calculated from different tests clearly follow an exponential trend. While in crystallization processes, a Gaussian dependence of the rate factor, b, on temperature was found [24]; now it follows an exponential trend. That is not surprising since it is well known that crystallization and thermal degradation are intrinsically different and while the crystallization rate has a maximum somewhere in the middle of the glass transition temperature and the melting temperature, the degradation rate always increases with temperature.



One of the most used exponential expression is the Arrhenius one, which makes use of a frequency factor, A, and an activation enthalpy, Ea.


k = A·exp((−Ea)/(R·T))



(2)




where k represents the rate factor and R is the gas constant.



According to the determination coefficient obtained for nonlinear models, the regression model as a function of temperature explains the 99.2% of the overall information of the b parameter. It means that the b parameter can be determined exclusively based on the value of temperature.



The statistical analysis of Equation (2) with respect to the b parameter values obtained from the isotherms displayed in Table 1 was performed with the DEoptim package of the R software [30].



As a measure of goodness of fit, the determination coefficient for nonlinear models has been calculated [31]. The fitting obtained by the exponential model was compared with the regression obtained by the application of a nonparametric thin-plate spline model, which was fitted by means of the mgcv R software package for Generalized Additive Models [32]. The nonparametric fitting does not assume any expression that defines the relationship between the two variables. In theory, it is the most flexible model, the one that best fits the data. Therefore, the closer the fit of any parametric model to the non-parametric one, the better the quality of the parametric fit. It can be observed in Figure 5 that both fittings are almost matching along the whole range of temperatures. In addition, the parametric model is inside the confidence interval developed by adding and subtracting 2 standard errors from the nonparametric fitting (green area). Thus, we can assume that the two fittings are equivalent and, therefore, the exponential regression fit is the best of possible fittings. This fact supports the use of the exponential model based on the Arrhenius function, or any one mathematically equivalent, to define the relationship between b and temperature.



Figure 6 shows how the typical plot of the natural logarithm of the independently obtained rate factor values versus 1/T follows a linear trend in agreement with the Arrhenius equation. Using the Arrhenius expression, an activation energy, Ea, of 2.16 × 105 kJ mol−1 can be obtained along with a frequency factor, A, of 4.91 × 1020 s−1. It deserves mention that these values cannot be compared to that obtained from other non-logistic models, even in the case of using the Arrhenius expression, too. The reason for that is that the rate parameters, regardless of whether or not they follow an Arrhenius trend, are intrinsically different if the models from which they come are different. Most Arrhenius based models can be written as


dα/dt = k·f(α)



(3)




where α is the conversion and k is the rate factor, described by the Arrhenius expression, Equation (2). The model used here, described by Equation (1), can be re-written as a function of the conversion [24]:


dα/dt = c⋅b⋅exp[−b⋅(tapm − t)]·[(1 − α)]1 + τ



(4)




where c is the amount of sample involved in the process, b is the rate factor, and tapm the time at the peak maximum. A simple comparison of Equations (3) and (4) shows that the rate factors used in both equations are intrinsically different. While in Equation (3), the rate factor simply multiplies a function of α, in the logistic model, Equation (4), the rate factor appears both in the exponential and the pre-exponential terms. Thus, the parameters describing that rate factors cannot be compared regardless of whether or not they follow an exponential trend.



On the other hand, the statistical analysis is equally valid if the Arrhenius expression is replaced by a mathematically equivalent one which makes use of a characteristic temperature instead of an activation energy:


b = A·exp((−Tc)/T)



(5)




where Tc is a characteristic temperature. A characteristic time, tc, can also be obtained as the inverse of b at that temperature


tc = e/A



(6)







A characteristic temperature, Tc, of 2.60 × 104 K and a characteristic time, tc, of 5.5 × 10−21 s at that temperature were obtained. Thus, the temperature dependence of the rate factor can be equally well described through Arrhenius-like parameters or through a characteristic temperature and a characteristic degradation time at that temperature.




5. Conclusions


A kinetic model was successfully tested on isothermal pyrolysis of cellulose at several temperatures. This model represents the degradation rate by a time derivative logistic function which includes a rate parameter that was observed to follow an exponential trend. The rate parameter values obtained by this model cannot be compared to those obtained from other intrinsically different models, even in the case of both following a formally equivalent trend. The other parameters account for the process symmetry and for the amount of sample involved in the process.



Both an Arrhenius expression and an exponential function based on a characteristic temperature are mathematically equivalent to produce a very good fitting of the rate factor obtained from the logistic fittings of individual isothermal curves.



A comparison with a previous study of crystallization kinetics from DSC data shows that, although the reaction rate has in both cases a completely different temperature dependence, the isothermal curves are still accurately described by time derivative logistic functions. Thus, leaving the rate factor analysis for a second step provides flexibility to the method and allows to extend it to different processes.
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Figure A1. Plots of all DTG curves with their corresponding fittings at the indicated temperatures: 279.2 °C (a), 284.1 °C (b), 288.1 °C (c), 291.1 °C (d), 294.1 °C (e), 296.0 °C (f), 298.0 °C (g), and 300.9 °C (h). 






Figure A1. Plots of all DTG curves with their corresponding fittings at the indicated temperatures: 279.2 °C (a), 284.1 °C (b), 288.1 °C (c), 291.1 °C (d), 294.1 °C (e), 296.0 °C (f), 298.0 °C (g), and 300.9 °C (h).



[image: Processes 09 00551 g0a1]







References


	



Fukaya, Y.; Ohno, H. Chapter 8—Energy-Saving Biomass Processing with Polar Ionic Liquids. In Research Approaches to Sustainable Biomass Systems; Tojo, S., Hirasawa, T., Eds.; Academic Press: Boston, MA, USA, 2014; pp. 205–223. ISBN 978-0-12-404609-2. [Google Scholar]

	



Cellulose Products—Epis. Available online: https://epis.org/cellulose-products (accessed on 30 January 2021).

	



Roy Choudhury, A.K. Antistatic and Soil-Release Finishes. In Principles of Textile Finishing; Elsevier: Amsterdam, The Netherlands, 2017; pp. 285–318. ISBN 978-0-08-100646-7. [Google Scholar]

	



Joseph, B.; Sagarika, V.K.; Sabu, C.; Kalarikkal, N.; Thomas, S. Cellulose Nanocomposites: Fabrication and Biomedical Applications. J. Bioresour. Bioprod. 2020, 5, 223–237. [Google Scholar] [CrossRef]

	



Bradbury, A.G.W.; Sakai, Y.; Shafizadeh, F. A Kinetic Model for Pyrolysis of Cellulose. J. Appl. Polym. Sci. 1979, 23, 3271–3280. [Google Scholar] [CrossRef]

	



Shafizadeh, F.; Bradbury, A.G.W. Thermal Degradation of Cellulose in Air and Nitrogen at Low Temperatures. J. Appl. Polym. Sci. 1979, 23, 1431–1442. [Google Scholar] [CrossRef]

	



Antal, M.J.; Varhegyi, G.; Jakab, E. Cellulose Pyrolysis Kinetics: Revisited. Ind. Eng. Chem. Res. 1998, 37, 1267–1275. [Google Scholar] [CrossRef]

	



Varhegyi, G.; Grønli, M.G.; Blasi, C.D. Effects of Sample Origin, Extraction, and Hot-Water Washing on the Devolatilization Kinetics of Chestnut Wood. Ind. Eng. Chem. Res. 2004, 43, 2356–2367. [Google Scholar] [CrossRef]

	



Ding, Y.; Wang, C.; Chaos, M.; Chen, R.; Lu, S. Estimation of Beech Pyrolysis Kinetic Parameters by Shuffled Complex Evolution. Bioresour. Technol. 2016, 200, 658–665. [Google Scholar] [CrossRef]

	



Sfakiotakis, S.; Vamvuka, D. Development of a Modified Independent Parallel Reactions Kinetic Model and Comparison with the Distributed Activation Energy Model for the Pyrolysis of a Wide Variety of Biomass Fuels. Bioresour. Technol. 2015, 197, 434–442. [Google Scholar] [CrossRef]

	



López-Beceiro, J.; Álvarez-García, A.; Sebio-Puñal, T.; Zaragoza-Fernández, S.; Álvarez-García, B.; Díaz-Díaz, A.; Janeiro, J.; Artiaga, R. Kinetics of Thermal Degradation of Cellulose: Analysis Based on Isothermal and Linear Heating Data. BioResources 2016, 11, 5870–5888. [Google Scholar] [CrossRef]

	



Yang, H.; Yan, R.; Chen, H.; Zheng, C.; Lee, D.H.; Liang, D.T. Influence of Mineral Matter on Pyrolysis of Palm Oil Wastes. Combust. Flame 2006, 146, 605–611. [Google Scholar] [CrossRef]

	



Yang, H.; Yan, R.; Chen, H.; Lee, D.H.; Zheng, C. Characteristics of Hemicellulose, Cellulose and Lignin Pyrolysis. Fuel 2007, 86, 1781–1788. [Google Scholar] [CrossRef]

	



Leng, E.; Ferreiro, A.I.; Liu, T.; Gong, X.; Costa, M.; Li, X.; Xu, M. Experimental and Kinetic Modelling Investigation on the Effects of Crystallinity on Cellulose Pyrolysis. J. Anal. Appl. Pyrolysis 2020, 152, 104863. [Google Scholar] [CrossRef]

	



Liu, X.; Wang, Y.; Yu, L.; Tong, Z.; Chen, L.; Liu, H.; Li, X. Thermal Degradation and Stability of Starch under Different Processing Conditions. Starch-Stärke 2013, 65, 48–60. [Google Scholar] [CrossRef]

	



Mironova, M.; Makarov, I.; Golova, L.; Vinogradov, M.; Shandryuk, G.; Levin, I. Improvement in Carbonization Efficiency of Cellulosic Fibres Using Silylated Acetylene and Alkoxysilanes. Fibers 2019, 7, 84. [Google Scholar] [CrossRef]

	



Romagnoli, M.; Galotta, G.; Antonelli, F.; Sidoti, G.; Humar, M.; Kržišnik, D.; Čufar, K.; Davidde Petriaggi, B. Micro-Morphological, Physical and Thermogravimetric Analyses of Waterlogged Archaeological Wood from the Prehistoric Village of Gran Carro (Lake Bolsena-Italy). J. Cult. Herit. 2018, 33, 30–38. [Google Scholar] [CrossRef]

	



Di Blasi, C.; Branca, C. Kinetics of Primary Product Formation from Wood Pyrolysis. Ind. Eng. Chem. Res. 2001, 40, 5547–5556. [Google Scholar] [CrossRef]

	



Lanzetta, M.; Di Blasi, C.; Buonanno, F. An Experimental Investigation of Heat-Transfer Limitations in the Flash Pyrolysis of Cellulose. Ind. Eng. Chem. Res. 1997, 36, 542–552. [Google Scholar] [CrossRef]

	



Lin, Y.-C.; Cho, J.; Tompsett, G.A.; Westmoreland, P.R.; Huber, G.W. Kinetics and Mechanism of Cellulose Pyrolysis. J. Phys. Chem. C 2009, 113, 20097–20107. [Google Scholar] [CrossRef]

	



Cai, J.; Wu, W.; Liu, R.; Huber, G.W. A Distributed Activation Energy Model for the Pyrolysis of Lignocellulosic Biomass. Green Chem. 2013, 15, 1331. [Google Scholar] [CrossRef]

	



Şerbănescu, C. Kinetic Analysis of Cellulose Pyrolysis: A Short Review. Chem. Pap. 2014, 68, 847–860. [Google Scholar] [CrossRef]

	



Gracia-Fernández, C.; Álvarez-García, B.; Gómez-Barreiro, S.; López-Beceiro, J.; Artiaga, R. Significant Hidden Temperature Gradients in Thermogravimetric Tests. Polym. Test. 2018, 68, 388–394. [Google Scholar] [CrossRef]

	



Díaz-Díaz, A.M.; López-Beceiro, J.; Li, Y.; Cheng, Y.; Artiaga, R. Crystallization Kinetics of a Commercial Poly(Lactic Acid) Based on Characteristic Crystallization Time and Optimal Crystallization Temperature. J. Therm. Anal. Calorim. 2020. [Google Scholar] [CrossRef]

	



López-Beceiro, J.; Gracia-Fernández, C.; Artiaga, R. A Kinetic Model That Fits Nicely Isothermal and Non-Isothermal Bulk Crystallizations of Polymers from the Melt. Eur. Polym. J. 2013, 49, 2233–2246. [Google Scholar] [CrossRef]

	



López-Beceiro, J.; Fontenot, S.A.; Gracia-Fernández, C.; Artiaga, R.; Chartoff, R. A Logistic Kinetic Model for Isothermal and Nonisothermal Cure Reactions of Thermosetting Polymers. J. Appl. Polym. Sci. 2014, 131. [Google Scholar] [CrossRef]

	



Wackerly, D.D.; Mendenhall, W.; Scheaffer, R.L. Mathematical Statistics with Applications, 6th ed.; Duxbury: Pacific Grove, CA, USA, 2002; ISBN 978-0-534-37741-0. [Google Scholar]

	



Tarrío-Saavedra, J.; López-Beceiro, J.; Naya, S.; Francisco-Fernández, M.; Artiaga, R. Simulation Study for Generalized Logistic Function in Thermal Data Modeling. J. Therm. Anal. Calorim. 2014, 118, 1253–1268. [Google Scholar] [CrossRef]

	



Nash, J.C. Spreadsheets in Statistical Practice—Another Look. Am. Stat. 2006, 60, 287–289. [Google Scholar] [CrossRef]

	



Price, K.V.; Storn, R.M.; Lampinen, J.A. Differential Evolution: A Practical Approach to Global Optimization; Natural Computing Series; Springer: Berlin, Germany; New York, NY, USA, 2005; ISBN 978-3-540-20950-8. [Google Scholar]

	



Robles-Bykbaev, Y.; Tarrío-Saavedra, J.; Quintana-Pita, S.; Díaz-Prado, S.; García Sabán, F.J.; Naya, S. Statistical Degradation Modelling of Poly(D,L-Lactide-Co-Glycolide) Copolymers for Bioscaffold Applications. PLoS ONE 2018, 13, e0204004. [Google Scholar] [CrossRef]

	



Wood, S.N. Generalized Additive Models: An Introduction with R, 2nd ed.; Chapman and Hall: London, UK; CRC: London, UK, 2017; ISBN 978-1-315-37027-9. [Google Scholar]








[image: Processes 09 00551 g001 550] 





Figure 1. Plots of the thermogravimetry (TG) and derivative thermogravimetric (DTG) curves obtained in ramp. The range of temperature into which isothermal tests are performed is marked with vertical dashed lines. 
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Figure 2. Plots of the TG and DTG curves obtained in an isothermal experiment at 279 °C. The points chosen for estimating the mass loss involved in the main degradation process are marked as squares on the mass % curve. 
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Figure 3. Plots of a DTG curve and its corresponding fittings. Temperature curve is also displayed. The data on the left side of the vertical dashed line were not used for fitting. 
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Figure 4. Plot of the rate parameter values obtained at different temperatures along with the fitting obtained through the Arrhenius equation. 
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Figure 5. Fittings obtained with the exponential and the non-parametric models. 
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Figure 6. Plot of ln(b) versus 1/T. 
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Table 1. Parameter values resulting from the fittings and the corresponding average squared error.
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	Temperature (°C)
	C (Mass %)
	τ
	b (min−1)
	ASE





	279.2
	80.18
	3.28
	0.03
	2.77 × 10−4



	284.1
	82.55
	3.52
	0.05
	3.99 × 10−4



	288.1
	83.17
	3.63
	0.07
	4.31 × 10−4



	291.1
	81.5
	3.78
	0.09
	1.08 × 10−3



	294.1
	83.22
	3.78
	0.11
	1.01 × 10−3



	296.0
	85.62
	3.89
	0.12
	6.08 × 10−4



	298.0
	84.68
	4.41
	0.14
	5.84 × 10−4



	300.9
	85.5
	4.43
	0.19
	6.13 × 10−4
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