2 M processes

Article

A Method to Derive the Characteristic and Kinetic Parameters of
1,1-Bis(tert-butylperoxy)cyclohexane from DSC Measurements

Tung Chang !, Kuang-Hua Hsueh ?, Cheng-Chang Liu 3, Chen-Rui Cao ! and Chi-Min Shu 1*f

check for
updates

Citation: Chang, T.; Hsueh, K.-H.;
Liu, C.-C.; Cao, C.-R.; Shu, C.-M. A
Method to Derive the Characteristic
and Kinetic Parameters of
1,1-Bis(tert-butylperoxy)cyclohexane
from DSC Measurements. Processes
2022, 10, 1026. https://doi.org/
10.3390/pr10051026

Academic Editor: Francisc Peter

Received: 22 March 2022
Accepted: 14 May 2022
Published: 20 May 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Graduate School of Engineering Science and Technology, Nation Yunlin University of Science and
Technology (YunTech), No. 123, Sec. 3, University Rd., Douliou 64002, Taiwan;

d10010023@yuntech.edu.tw (T.C.); harvettsao@foxmail.com (C.-R.C.)

Department of Safety, Health, and Environmental Engineering, Chung Hwa University of Medical
Technology, Wenhua 1st St, Rende District, Tainan City 71703, Taiwan; suhua@mail.hwai.edu.tw

Graduate School of Design, Nation Yunlin University of Science and Technology (YunTech), No. 123, Sec. 3,
University Rd., Douliou 64002, Taiwan; g9632722@yuntech.edu.tw

*  Correspondence: shucm@yuntech.edu.tw; Tel.: +886-937-200-570

t Current address: Center for Process Safety and Industrial Disaster Prevention, Nation Yunlin University of
Science and Technology (YunTech), No. 123, Sec. 3, University Rd., Douliou 64002, Taiwan.

Abstract: A differential scanning calorimetry (DSC) experiment was carried out to determine the
thermal characteristics of harmful substances. Most experimenters only use the results of measure-
ment and rarely conduct in-depth research on the variety of information behind the measurement.
This study used Wolfram’s Mathematica as a DSC measurement research tool to plot the peak curve
and derive the characteristic parameters graphically for 1,1-Bis(tert-butylperoxy)cyclohexane. The
research steps included raw data cleansing, peak curve normalization, characteristic parameter
derivation, and total reaction heat calculation. The kinetic parameters of individual data were derived
through the Borchardt and Daniels method, and the autocatalytic model was also verified. We
applied the derived characteristic parameters to simulate the peak curve through the Gaussian curve
model, which can be used for estimating the peak curve of other heating rates. The derived kinetic
parameters were used to observe the effects on the peak curve. The simulation can be used to plan the
test results at other rates in a similar temperature range and can also be used to explore the influence
of different kinetic parameters on the configuration of the shape of the peak curve and a preliminary
model test of materials for materials DSC research.

Keywords: differential scanning calorimetry (DSC); 1,1-Bis(tert-butylperoxy)cyclohexane (BTBPC);
characteristic parameters; Gaussian curve; autocatalytic model; kinetic parameters

1. Introduction

Organic peroxides (OP) have been widely applied in the chemical industry since
the twentieth century, often in the form of a catalyst such as an initiator, cross-linking
agent, or oxidizer because of their specific functional group, the oxygen—oxygen (O-O)
bond [1]. The object hazard material of this study was a commercial OP material: 1,1-
Bis(tert-butylperoxy)cyclohexane (BITBPC).

BTBPC is an asymmetrical difunctional peroxide (two sets of symmetrical O-O bonds)
with low volatility and yellowish liquid formation [2]. It is usually applied as an initiator
during the styrene polymerization process to generate a lower residual styrene content
and a higher degree of polymerization, mainly used for polystyrene in Taiwan’s chemical
plants. In thermal analysis research, the experimental data analysis commonly used in
academia is mainly carried out through the following two methods: through software
attached to the instrument and software in a related domain [3]. However, to use these
professional software packages, we need to understand the relevant knowledge involved
in the operation of each software, which means that professionals are needed to operate it.
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The experimenter acquires only a series of data analyzed by software, and we can only trust
these data. Therefore, for situations where we want to study the knowledge within the
original test data in detail, a feasible method is to design our own computer languages or
use an existing mathematical software package to perform the data analysis and present the
results in graphics and tables. Another reason is that a laboratory accumulates numerous
test data, but it is only to be archived in the computer’s directory, and no one will likely
reuse it. These big data are a type of resource [4-7] and worthy of putting effort into to
enhance our knowledge. In this study, Wolfram’s Mathematica [8] software was adopted to
convert data into graphics, and its dynamic interactive functions were applied for real-time
editing. Data input, parameter derivation, table, graph creation, and output were completed
in the same software interface. The substance studied was the commercial material 1,1-
bis(tert-butylperoxy)cyclohexane (BTBPC). It is an asymmetrical bifunctional peroxide,
with volatility, light yellow liquid [9], usually used as an igniter in styrene polymerization
to produce a lower residual styrene content and a higher polymerization rate; the test data
were taken from the laboratory’s DSC database. The method of extracting characteristic
parameters followed the steps described in the section of differential scanning calorimetry
in “Practice of Thermal Analysis” [10], and Mathematica was used to convert data into
peak curves and extract characteristic parameters based on this. The method comprises
the following steps: (1) converting the original peak curve into a normalized peak curve
through the generated baseline, (2) calculating the intersection point between the baseline
and the edge tangent of the curve for obtaining the characteristic temperature, such as onset
temperature (Ty), extrapolated temperature (Tp-ext), end set temperature (Tenq), full width
at half maximum (FWHM) temperature, and total heat of reaction (AH4) by integrating the
area under the peak curve. For the derivation of the kinetic parameters, we referred to the
steps described in the international standard ASTM E2041 (Borchardt and Daniels) method,
and linear model fitting function to calculate pre-reference factor (A), appearance activation
energy (E,), and reaction order (1) for individual data set. The peak curve simulation could
be accomplished using the Gaussian curve method, nth order, and auto-catalytic models
using the derived characteristic parameters. The simulation results showed compliance
with the original peak curve. The procedures used in this study can be applied to the DSC
data research [11-14] of other substances in the laboratory, and simulations can also help
us plan further measurements at other rates of a similar temperature range.

2. Materials and Methods

The DSC measure data were collected by testing 70 mass% BTBPC in an iso-paraffin
hydrocarbon solvent, which was purchased directly from ACE Chemical Corp., Taiwan.
It was stored in a refrigerator at 4 °C to maintain its stability and keep it away from any
unexpected heat exposure. It is a low volatility, yellowish liquid peroxy ketal peroxide. The
test equipment was a Mettler TA8000 system with an extra pure nitrogen purge and the
differential scanning calorimetry (DSC), a DSC821¢ instrument with high pressure, gold-
plated measuring test crucible (Mettler ME-00026732) [15] was used, along with STARe
software to obtain thermal curves. The DSC is the prevailing thermoanalytical device that
is used to detect the temperature difference between the sample and reference. First, the
DSC has to be blank stabilized for at least half an hour. Then the sample crucible is put onto
the heating plate and started. After the test, the crucible mass is measured again to verify
no leakage during the experiment. To assess the sensitivity of thermal equilibrium [16,17],
we used low heating rates in the dynamic mode of operation with nitrogen (50 mL min~!)
as the carrier gas. About 4.5-5.2 mg of the sample was used for acquiring the experimental
data. The temperature rise range for each test was to be from 30 to 300 °C.

2.1. Calculating Characteristic Parameters from Recovered Peak Curve Data

Software procedures recovered the tested information, and the derived results were
compared with the original data to assess their similarity. There were 0.5, 1, 2, 4, 6, §,
and 10 °C min~! seven low heating rate (8) DSC data, and samples weighed 4.5-5.2 mg.
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The overall procedure was first to derive characteristic parameters and then calculate the
kinetic parameters. DSC peak curve recovery procedures involved data cleaning, peak
curve recovery, peak curve normalization, characteristic temperature calculation, and total
reaction heat calculation. Before applying the original data to Mathematica software, the
original data were subjected to data cleansing to ensure the consistency of the loaded data
schema prior to their application in Mathematica software. Figure 1 shows that the original
data contains two pieces of information: peak curve-related data and analysis result from
STARS®. The time (t), sample temperature (Ts), and heat flow (value) fields were read into
the program for processing.

1CH70-KHH-20110718-30-300-0.5-G-4.5mg-li File : BTBPC_0.5-data.dat
: (DSC measurement)
Index t Ts Tr Value BPTC 20110718 30 300 05

Isl I1 [ | [mW] Index VWVsec To°C To°C Value/mW

0 623 35.184 35.1917-6 4358 1e-005 0 623 35.184 35.1917 -0.0000644

318 911 378335 378417  -0.0206486 318 91 37.8335 378417 -0.0206186

636 1259 40.483 40.4917  -0.0368459 636 1259 40483 404917 -0.0368459

954 1577 43.1326 43.1417  -0.0528235 954 1577 43,1326 43.1417 -0.0525235

1272 1895 45.7821 45.7917 -0.0687499 1272 1895 45.7821 45.7917 -0.0657499

1590 2213 484316 454417 -0.0848452 1590 2213 484316 454417 -0.0848452
30210 30833 286.93 286942 -0.0623856 30210 30833 28693 286942 -0.0623856
30528 31151 289.58 289.592 -0.0735935 30528 31151 289358 289.592 -0.0735955
30846 31469 29223 292242 00636525 30846 31469 29223 292242 -0.0636525
31164 31787 294,881 204592 -0.047842 3164 31787 294881 294892 -0.047842
31482 32105 297533 297542 -0.0259452 3482 32105 297533 297542 -0.0259452

:(STAR® analysis results)

File : BTBPC_0.5-STARe.dat

Integral  3609.45 m] BPTC 20110718 05
normalized  802.10 Jg*-1 . Integral 360945 m]
Onset 122.98 DSC measurement and STAR Normalized 8021  Jg*-1

Peak Height 151 mW

analysis results have different Onset 12298 °C

formats and are separated into

Peak 12458 oo Sies PeakHeight 151 mW
Extrapol. Peak 129.03 Peak 12458 °C
Endset 13639 ExtrapolPeak 12903 °C
Peak Width  19.89 Endset 13659 °C
Left Area 57.74% PeakWidth 1989 °C
Right Aread42.26 % LeftArea 05774

: RightArea 04226
CH70-KHH-20110718-30-300-0.5-G~4.5mg, 4.5000 mg Massd5 mg

Figure 1. DSC data structure and data cleansing for BTBPC.

Figure 2a shows the peak curve recovery process, in which the upward recovery curve
illustrates that the process is an exothermic reaction. The graph selected the temperature
range through the manipulate [18] function. The primary graphics processing method used
the manipulate function to obtain the optimal solution. Figure 2b shows the selection of
the spline type and the start and endpoints of the baseline to form the normalized peak
curve [19]. In Figure 2¢, the inflection points on both sides of the peak curve are calculated
first. Then the intersection points between the baseline and the tangent on both sides
are intended to obtain the characteristic temperature of To, Tend, Tp-ext, Tp, and FWHM
temperature. Finally, in Figure 2d, we integrated the area under the peak curve with time
to achieve AH4 and the ratio of the left to right composition with the centerline.
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Figure 2. The procedure of DSC characteristic parameters derivation. (a) Peak curve recovery;

(b) peak curve normalization; (c) characteristic temperature calculation; (d) total heat of decomposi-
tion (AHy) calculation.

Forming Peak Curve Using the Characteristic Parameters

A simulation model of a peak curve may represent a practical desktop method for
assessing reactive chemical hazards because it can offer an easy method of conducting a
first evaluation prior to performing a complete experimental investigation. For example, a
Gaussian curve could be used as an approximate method of a simple DSC peak curve [20];
only three thermal parameters are required: the peak height (gmax), Tp and the FWHM,
as illustrated in Figure 3a. Equation (1) presents the function of the Gaussian curve and

portrays the distribution of the Gaussian curve after the loading of temperature data, as
formulated in Equation (1).

—(T—T,)?
f(T) = gmax exp(%) 1)
a2 L FWHM
Since the peak curve is asymmetric, we simulated two Gaussian curves with dou-
ble values of the left and right half-peak and extracted the left and right halves of the

corresponding Gaussian curves to form the full peak curve, respectively, as shown in
Figure 3b.
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Figure 3. Gaussian curve simulation method. (a) Gaussian curve’s simulation parameters; (b) Gaus-
sian curve simulation.

2.2. Calculating Kinetics Parameters of nth-Order Model from a Single DSC Measurement
A formal chemical reaction can be described in a simple form [21] which include the
reactant (R), the process time (t), the process temperature (T), the normalized conversion
percentage of the reaction (), and the Product (P) that is de-scribed as Equation (2):
R4 p @)
The basic kinetic equation can describe the reaction in derivative form where the rate

constant k(T) is represented the dependency of the reaction rate on temperature, and the
reaction model of the mechanism function f(«) as Equation (3):

da
& = kD)) ©

The temperature dependence of the reaction rate constant, K, is described by the
Arrhenius equation [22] where the pre-exponential factor(A) is represented the rate constant
at infinite temperature, and the universal gas constant(R) as Equation (4):

k(T) = Ae Ea/RT 4)

Since the k(T) is the temperature dependence of the reaction rate, we find the rela-
tionship between k(T) and T by Equation (4) by taking in the logarithmic form as shown

Equation (5):
Ink(T) =InA RT (5)
Taking Equation (3) in the logarithmic form, the value of Ink(t) can be calculated by
Equation (6):
Ink(T) = ln(%) ~In f(a) ©)

To resolve kinetic parameters from a single DSC measurement, we can use the
method described in ASTM E2041, also known as the Borchardt and Daniels (B/D)
method [23-26]. The process derives the kinetic parameters of the E,, A, n, and the re-
action model f(«) = (1 — a)" [27,28]. The thermal parameters of the peak curve, such as
heat flow (dHt/d¢), specified temperature (T), and heat of decomposition, remained at T
(AHT), AHg4, and the conversion degree at T (AHt/AH,), are as shown in Figure 4a. The
AH4 value can be calculated by integrating the area under the peak curve. The temperature
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range from the starting point to the end point can be divided into 50 equal parts. The
curve area from the starting point temperature to the peak value of each temperature range
point T can be defined. Divide the value of the curve area by AH to obtain the degree of
conversion &; and link it with the temperature of the segment point T; to form the record
as shown in Figure 4b. Convert the {T, a} record into the T-« function to calculate the
corresponding temperatures of & = 0.1 and a = 0.9; afterwards, create 50 equal segments
between these temperature intervals also.

Peak curve a versus T plots
qq Z(HI[/(“

$=0.5 °C min!
1.0 H

0.8
0.6
0.4
: 0.2 :
: a=0.085 -
AHd 0.0 sosesssesseeseest™ i 4 sy
) ) 60 80 40
120 140 160 .
Temperature — Temperature/°C
(a) (b)

Figure 4. Procedures of B/D method. (a) Schematic diagram of related characteristic parameters;
(b) calculated {T, a} record with equally spaced values between the temperature limits determined.

Each fraction area of each interval of T; was then determined, and the corresponding
heat flow gi was calculated using Equations (7) and (8) as follows:

AHT,
1—ar)= ! 7
( T;) Ay 7)
d‘xTi _qmn
dt  AHy4 ®

Equation (9) was combined from Equations (6) and (8) in logarithmic form of
f@)=(1 — ay":
qT
AHg

The next step was to plot Ink(T) versus 1/T, with an initial value of n = 1, and
sliding it to adjust the value of n, as shown in Figure 5. The straight line is the result
of a linear regression calculated using the LinearModelFit [29] function of Ink(T;) versus
1/T;. As n is adjusted, the plot on the righthand shows the DSC measured peak curve
and the superposition of the simulated peak curve instantly. The simulated peak curve is
plotted by fitting the {T, a} record (Figure 4b) with Equation (10) that is combined from
Equations (3) and (8):

Ink(T;) = In(

) —nIn(l—ar) )

dart
g1, = —3;"OHg = k(T) (1 — ar)"AH (10)
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Eq.

1nA

Ea =
= 1.
2 - 9.999641
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Figure 5. The Arrhenius plot showed the left side was derived by the B/D method, the right side was
the real-time dynamic simulation curve which the curve was plotted by fitting the derived kinetic
parameters into the DSC measurement records {T, «}.

2.2.1. Simulations Using nth-Order Kinetic Parameters
Isothermal Simulations
In theoretical terms, two predictive curves can be obtained from B/D kinetic modelling:
the isothermal curve and isoconversional curve. The isothermal curve provides time con-
ditions and degree of conversion information for unique isothermal temperatures [16,30,31].
There are two considerations to obtain acceptable results from the B/D method. First, no mass
loss occurs during the reaction. Second, the heating rates are not exceeding 10 °C min .
From Equation (2), the conversion function is set as f(«) = (1 — «)", and the equation is
rearranged as Equation (11):

F(a) ™" da = k(T) dt (11)
Integrate both sides and set g(«) as integrated form of f(x)~! as Equation (12):

() = 0/ (1_1“),101« — K(T) 0/ dt (12)

The right hand of the integrated format can be solved numerically, as Equation (13)
shows:

~—

(13)

_ 8le
h=5

(7))
where k(Tj) is the linear equation derived from the outcome of Equation (9), Tj is the reaction
time corresponding to the conversion a;, and Tj is the chosen isothermal temperature

between 10-20 °C below the onset temperature and the intermediate peak temperature [12].

Isoconversional Simulations

The isoconversional curve provides time conditions and temperature information for a
specific degree of conversion [16,32-34]. Equation (14) delineates the relationships between
conversion reaction and specified conversion level through isoconversional simulation:

~ 8(wy)

) (9

where k(T}) is the linear equation derived from the outcome of Equation (9), T; is the
reaction corresponding to the temperature, and g; is the specific conversion level.
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2.3. Calculating Kinetics Parameters of the Autocatalytic Model from a Single DSC Measurement

An autocatalytic model of chemical reaction can be described in the form [21] as
illustrated by Equation (15):
R+P "4 2p (15)
The reaction model would be in the form of f(a) = a(1 — a)" [20,35-39]. Combine
Equations (6) and (8) in logarithmic form of f(x) = a™(1 — a)" into Equation (16):

m%) — Ink(T)+ In(a"(1 — a)") (16)
Combine from Equations (6) and (8) in logarithmic form of f(x) = ™ (1 — a)" into
Equation (17):

Ink(T) :ln(ZlT[i{) — mnag, —nln(1—ar,) (17)

Plot Ink(T) versus 1/T, with an initial value of m = 0.5 and n = 1 sliding it to adjust the
value of m and #n, as shown in Figure 6. The straight line is the result of a linear regression
calculated using the LinearModelFit [29] function of Ink(T;) versus 1/Tj. As n is adjusted,
the plot on the right-hand shows the DSC measured peak curve and the superposition of
the simulated peak curve instantly. The simulated peak curve is plotted by fitting the {T-«}
record (Figure 4b) with Equation (10) that is combined from Equations (3) and (8):

dacT

qr, = —g; AH = k(T)ag" (1 - az)"AH (18)
Arrhenius plot (autocatalytic model) Autocatalytic model simulation plot
£=0.5 °C min-! i $=0.5 °C min!

29.3694 - 14465.1x

29.3694
120.262 k)
0.15

1.
0.999684

0.,00250

-

— Origional peak curve

----- Simulated from B/D test results

mol

ME-0.00025
SD- 0.0082

Heat flow/W g1

0.0

0.00255 0.00260 0,00265 60 80 100 120 140

TYK Temperature/°C

Figure 6. The Arrhenius plot showed on the left side was derived by the autocatalytic model method,
the right side was the real-time dynamic simulation curve which the curve was plotted by fit-ting the
derived kinetic parameters into the DSC measurement records (T, a}.

2.4. Calculating nth Order Kinetics Parameters from Multiple DSC Measurements
2.4.1. ASTM698 and Flynn/Wall/Ozawa Method

The ASTM E698 method adopts multiple DSC test data to determine the overall kinetic
parameters of the exothermic reaction [40,41], under the assumption that the reaction order
equals one. This technique is suitable for reactions in which behavior can be described
by the Arrhenius equation and the general rate law. The B from the recovery data for this
study were 0.5, 1.0, 2.0, and 4.0 °C min—!, which the reaction order was calculated by B/D
test and was equal to one already. The next step was to plot logjo B; (heating rate, K min 1)
versus Tpj, where Tp; is the maximum temperature in Kelvin. Furthermore, the Tp;, the
Tp.exti is used in calculation also. The four sets of data were subjected to regression analysis
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via the LinearModelFit function, where the E, is determined from the slope value of the
plot Equation (19) and the A is computed by Equation (20):

E,2-219 R(M) (19)
d(r)
Ea
_ PEaert
A= (20)

2.4.2. ASTM2890 and the Kissinger Method

ASTM E2890 is a method adopted to determine the apparent activation energy from
multiple test data under the assumption that the order of reaction is equal to one [42,43].
The rate of exothermic heat generated by the chemical reaction is proportional to the rate of
reaction and measured according to temperature and time. Recovered data with 0.5, 1.0,
2.0, and 4.0 °C min~! rates were utilized for the same reason as ASTM E698. The test data
were employed to plot In[S;/T pi] versus 1/Tp;, where Tp; is the maximum temperature
in Kelvin. The Tp;j, Tp.exti Were used in calculation also. The LinearModelFit function was
used to assess E, from the slope value of the plot by Equation (21) and InA by Equation (22):

din(£)
Ea = —R(— 1) (21)
a d(%
AR R
InA=1In E. —lnE—&1 (22)

3. Results
3.1. Derived Characteristic Parameters

In this study, seven heating rate DSC measurements (0.5, 1, 2, 4, 6, 8, and 10 °C min—1)
were collected and plotted to peak curves by Mathematica as shown in Figure 7a. The
normalized peak curve of heat flow versus temperature or time is shown in Figure 7b,c.

Table 1 compares the calculated values of the normalized peak curve and the DSC
measurement values in terms of characteristic temperature. A positive average error
indicates that the calculated value is higher than the experimental value. The Ty, Teng,
and Tp.ex are calculated from the intersection of the baseline and the curve tangents. The
peak temperature T}, occurs at the point of maximum heat flow gmax. The value of FWHM
represents the intersection midpoint of the maximum heat flow on both sides of the peak
curve, which is related to the shape of the peak curve. The red letter represents the source
of the main difference. Table 2 compares the calculated values and DSC measurement
values in terms of reaction heat flow and total enthalpy. The left and right areas represent
the ratio of enthalpy of the peak curve from the start of the reaction to the maximum heat
flow. The enthalpy from the maximum heat flow to the reaction end can also be divided
by the total enthalpy. The red letters represent the source of the significant differences. It
can be seen from Tables 1 and 2 that there is a big difference between the calculated value
and the DSC measurement value occurring on Ty, FWHM, qmax, and AHy, the left area and
right areas of the 8 values were 0.5 and 1, respectively. However, from the calculated values
of these corresponding fields, we can find that the computed values change smoothly
corresponding with §, and they varied with the B according to the same trend. After
comparing the seven calculated values with DSC measurement data, this study could
conclude that the calculated values reflect the accurate results.
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Figure 7. Peak curve plot (a) peak curve of the original DSC data (heat flow versus temperature);
(b) normalized peak curve (heat flow versus temperature), (c) normalized peak curve (heat flow
versus time).
Table 1. Differences of characteristic parameter on temperatures between Mathematica calculated
data and DSC measurement of BTBPC. (The numbers in red represent the values derived by this
study that were significantly different from the DSC measurements).
B/°C min—1 Source To/°C Tp/°C Tp_ext/°C Tena/°C FWHM/°C FWHM/s
05 Calculated 100.250 124.840 126.370 139.470 22.770 2732.522
’ DSC measurement 122.980 124.580 129.030 136.590 19.890
1 Calculated 108.270 131.770 132.990 146.620 22.350 1340.775
DSC measurement 111.530 131.630 132.930 144.660 20.170
5 Calculated 115.100 138.690 139.930 153.750 22.480 674.230
DSC measurement 115.870 138.680 139.850 153.420 22.030
4 Calculated 121.890 146.840 148.190 162.090 23.400 351.192
DSC measurement 121.950 146.920 148.050 162.230 23.600
6 Calculated 128.470 151.900 153.380 167.950 23.030 230.393
DSC measurement 128.550 151.890 153.300 167.890 23.110
8 Calculated 132.490 156.760 158.040 173.580 23.570 176.835
DSC measurement 132.720 156.720 157.980 173.530 23.700
10 Calculated 135.880 159.870 160.970 177.080 23.270 139.399
DSC measurement 135.750 159.860 160.930 177.230 23.510
Total Mean Error —3.857 0.056 —0.314 0.713 0.694
difference Standard deviation 8.404 0.111 1.035 1.207 1.291
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Table 2. Differences of characteristic parameter on heat between Mathematica calculated data and
DSC measurement of BTBPC. (The numbers in red represent the values derived by this study that

were significantly different from the DSC measurements).

B/°C min—1 Source GmaxddW g~1 AHg4l) Left Area Right Area L/R Area Ratio
Calculated 1.81 1232.183 0.624 0.376 1.661
0.5 DSC measurement 1.51 802.100 0.577 0.423 1.366
Calculated 3.65 1141.903 0.611 0.389 1.568
1 DSC measurement 3.1 821.820 0.600 0.401 1.497
Calculated 7.98 1133.963 0.610 0.390 1.566
2 DSC measurement 7.7 1034.600 0.605 0.395 1.530
Calculated 134 1031.033 0.606 0.394 1.539
4 DSC measurement 13.38 1020.990 0.605 0.395 1.532
6 Calculated 18.8 984.570 0.570 0.430 1.326
DSC measurement 18.83 979.760 0.570 0.430 1.325
Calculated 23.6 1011.177 0.572 0.428 1.338
8 DSC measurement 23.6 1003.300 0.571 0.430 1.328
Calculated 31.9 1093.774 0.560 0.440 1.273
10 DSC measurement 32.08 1106.860 0.558 0.442 1.262
Total Mean Error 0.140 122.739 0.010 -0.010 0.061
difference Standard deviation 0.248 178.979 0.017 0.017 0.106

Simulation Using Characteristic Temperatures

Since the results obtained by the method of this study are in sound agreement with
the measurement curves, simulations would assist in understanding in advance the results
of planned measurements at other temperature rates. A way to simulate the exothermic
peak curve is to use the characteristic temperatures, including gmax, Tp, and FWHM fitted
in a Gaussian curve according to Equation (1). A single smooth bell-shaped peak would
be formed from the simulation results. The FWHM and the area under the peak curve is
unequally divided into left and right regions by the 7p vertical line. The Gaussian curve
could be corrected using the left/right ratio or area to adjust FWHM. When comparing
the graphical results with the experimentally obtained curves, the similarity between the
two methods is exceptionally high. The relevant parameters of the Gaussian curve and the
values of the left/right half-peak ratio and the left/right area ratio are shown in Table 3;
the Gaussian simulation curve comparison plots are shown in Figure 8 with modified
models FWHM.

Gaussian simulation curve comparison plots

P T05°Cmin ) (o 05°Cmint
q Sir e
~10"Cmin | | .
= 20°C min
= 40 °C min-
4 = 60 °C min-
=8.0°C min
10.0 °C min

Heat flow/W g !

== 10°C { min === 10 °C / min

o0 80 100 120 140 160 180
Temperature/°C

Figure 8. Gaussian simulation curve and DSC measurement curve comparison plots.
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Table 3. Relevant parameters of Gaussian curve simulation tests on BTBPC data.

L/R FWHM L/R Area
¢) o1 o -1 o

B/°C min FWHM/°C qmax/W g Peak/°C Ratio Ratio
0.5 22.770 1.807 124.840 1.494 1.661

1 22.350 3.653 131.770 1.439 1.568

2 22.480 7.975 138.690 1.423 1.566

4 23.400 13.388 146.840 1.478 1.539

6 23.030 18.825 151.900 1.308 1.326

8 23.570 23.645 156.760 1.312 1.338

10 23.270 31.889 159.870 1.282 1.273

3.2. Derived Kinetics Parameters

3.2.1. Derived Kinetics Parameters of nth Order by B/D Method (ASTM E2041)

The view of the kinetic model is concerned with the degree of conversion. Referring to
Figure 4a, the « versus T, the a versus t, and the conversion rate (da/dt) versus « are plotted

on Figure 9a—c.

Conversion on temperature plots

B
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Figure 9. The degree of conversion-related plots (a) & versus T plots; (b) a versus ¢ plots; (c) (da/dt)

versus « plots.

The kinetic method of Borchardt and Daniels is based on establishing a specified kinetic
model f(a) = (1 — a)" [22] for each DSC measurement. Figure 10a illustrates Arrhenius
plots. Derived kinetic parameters are shown in Table 4. The simulation plots by nth order
kinetic parameters are shown in Figure 10b.



Processes 2022, 10, 1026

13 of 20

InK(7)/In (s7)

Nth order simulation Arrhenius plots

0.0023

0.0024 0.0025
TYVK?!

@)

8
# 10.0 °C min*

4 8.0°C min™
+ 6.0 °C min™
¢ 4.0°C min™
© 2.0 °C min™
v 1.0°C min™*

* 0.5 °C min™

0.0026

Heat flow/W g1

—10.0 °C min-
— 80°C min~
— 60°C min-t
— 40°C min
— 20°C min~
— 1.0°C min-
— 0.5 °C min-

Nth order simulation plots

Simulation curve
=++ 10.0 °C min~

wee 80°C min
«es 6.0°C min-
«er 40°C min-
wes 20°C min
<+ 1.0 °C min-
«++ 05°C min

100

120

Temperature/°C

(b)

Figure 10. B/D method (ASTM E2041) plots (a) Arrhenius plots; (b) simulation curves by nth order
kinetic parameters.

Table 4. Kinetic parameters of B/D method simulation result of BTBPC.

B/°C min—1 Mass/mg InA E,/kJ mol—1 n R? Mean Error Stand Derivation
0.5 4.5 33.572 134.431 1 0.9996 0.001 0.010
1 4.6 36.276 143.402 1 0.9999 0.008 0.009
2 52 37.122 146.515 1 0.9997 0.011 0.019
4 5.0 37.066 146.780 1 0.9999 0.018 0.034
6 4.8 43.202 168.464 1.15 0.9998 0.006 0.036
8 4.6 42.491 166.832 1.16 0.9995 0.021 0.063
10 4.6 44.292 173.542 1.21 0.9989 0.058 0.149

Convrsion o

0.8

0.6

3.2.2. Isothermal and Isoconversional Simulation

From the results of B/D test, isothermal predictive curves can be simulated by the rate
constant at given temperature near T and between Ty and Ty, solving the g(«) to acquire
the corresponding conversion rate («) (Equation (13)). The DSC measurement of g = 0.5
was used for simulation where g(x) = —In(1 — «) (Figure 11a). The isoconversional curves
were calculated by fitting with the specific temperature T at given conversion fraction («),
and k(T) yielded the corresponding reaction time (Figure 11b).

Isothermal plots
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a
— 20%
B = 0.5 °C min?! — g9
n =1 Sh%
E, = 134.394 kJ mol™ | — 50%

100 105 110 115
Temperature/°C
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Figure 11. Application of rate constant k(T): (a) isothermal simulation result plots; (b) iso-conversional

simulation result plots.
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3.3. Ozawa Analysis Method (ASTM E698)

The ASTM E698 method was employed to derive values for the kinetic parameters E,,
A, and n by at least four heating rates (8 =0.5,1,2,and 4 °C min’l) with peak curve data
under the assumption of a first-order reaction. We used two peak temperatures, Tp and
T'p.ext, for calculation, respectively; the test results of E, were 125.53 and 127.23 k] mol—1,
the test results of InA were 34.90 and 34.78, and the corresponding R? values were 0.9993
and 0.9986, respectively. Table 5 presents relevant information obtained using the ASTM
E698 method, the resulting curves for which are depicted in Figure 12a,b.

Table 5. Relevant parameters for BTBPC simulation analysis tests using the Ozawa method.

Bl°Cmin~1 n log10f T,/K Tp.ext/K UTp Tp.ext /K1 (logiof Tp~1)? (log108 Tp-ext—1)?
0.5 1 —0.301 397.99 399.52 0.00251 0.00250 —0.0000019 —0.0000019
1 1 0.000 404.92 406.14 0.00247 0.00246
2 1 0.301 411.84 413.08 0.00243 0.00242 0.0000018 0.0000018
4 1 0.602 419.99 421.34 0.00238 0.00237 0.0000034 0.0000034
Ozawa method plot Ozawa method plot
0.6 0.6
£95 = 19202596893 900 Eq. - 17.1986 - 6987.32
04 £, - 125.53 kI mol 04 Ey = 127.23 k) mol
InA - 34.9008 1n4A - 34.7827
R? = ©.999289 R - 0.998639
Q: 02 Q_ 0.2
0.0 0.0
-0.2 =02
0.00238  0.00240 000242 0.00244: 000246  0.00248  0.00250 0.00238  0.00240  0.00242  0.00244  0.00246  0.00248  0.00250
Ty /K? Tpo VK
@) (b)
Figure 12. ASTM E698 method plot (a) log B versus 1/Tp, plot; (b) log B versus 1/Tp_ex; plot.
3.4. Kissinger Analysis Method (ASTM E2890)
This method was employed to derive values for the kinetic parameters E,, A, and
n using at least four heating rates (8 = 0.5, 1, 2, and 4 °C min~') with peak curve data
under the assumption of the reaction order to a unit. We used two peak temperatures, Tp
and Tp.ext, for calculation, respectively (Table 6); the test results of E, were 125.185 and
126.948 k] mol !, the InA were 34.7961 and 35.2006, and the corresponding R? values were
0.9992 and 0.9984, respectively. Table 6 presents relevant information obtained using the
ASTM E2890 method, and the resulting curves are depicted in Figure 13a,b.
Table 6. Relevant parameters for BTBPC simulation analysis tests using the Kissinger method.
B/°C min—1 Ing Tp/K Tp.ext/K In[B/Tp?] In[B/Tp_exi?] Tp /K1 Tp.ext VK1
0.5 —0.693 397.99 399.52 —12.666 —12.674 0.00251 0.00250
1 0.000 404.92 406.14 —12.007 —12.013 0.00247 0.00246
2 0.693 411.84 413.08 —11.348 —11.354 0.00243 0.00242
4 1.386 419.99 421.34 —10.694 -10.701 0.00238 0.00237
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Figure 13. ASTM E2890 method plot (a) InB/ Tp? versus 1/Tp plot; (b) Ing/ Tp? versus 1/ Tp_ext plot.
3.5. Derived Autocatalytic Model Parameters
An nth-order reaction rate is dependent only on its reactant concentration(l — «);
an autocatalytic reaction rate is dependent both on its reactant concentration(l — «), and
the product concentration («) establishes a specified kinetic model f(x) = #™(1 — a)" on
individual DSC data. Table 7 presents the kinetic parameters of the B/D method simulation
result, the resulting curves are depicted in Figure 14a,b.
Table 7. Kinetic parameters of B/D method simulation result of BTBPC.
B/°C min—1 Mass/mg InA E,/k] mol-1 n m R? Mean Error Stand Derivation
0.5 45 29.369 120.262 1 0.15 0.9997 0.000 0.008
1 4.6 29.206 119.592 0.93 0.15 0.9999 0.006 0.007
2 5.2 32.414 130.103 1 0.15 0.9998 0.005 0.013
4 5.0 32.520 130.622 1 0.15 0.9996 0.007 0.030
6 4.8 36.847 145.890 1.1 0.15 0.9997 —0.004 0.032
8 4.6 36.872 146.606 1.12 0.15 0.9993 0.006 0.065
10 4.6 38.552 152.782 1.16 0.15 0.9989 0.040 0.146
Autocatalytic simulation Arrhenius plots Autocatalytic simulation plot
»
é .
8 Simulation curve
5 == 10.0 °C min- *** 10.0 °C min-*
° — §.0°C min =++ 80°C min-
= - - 6.0°C min~ =** 6.0 °C min~
> "t — 40°C min* * 40°C min-
5 s
= ’; 3 = 2.0°C min~*
S = ~ 10°C min*
“ﬁ E‘ 2 = 05°Cmin |
£ CRE

Figure 14. Autocatalytic model method (a) Arrhenius plots; (b) simulation curves by autocatalytic

model kinetic parameters.
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3.6.

Prediction
We modeled the peak curves by applying the derived characteristic parameters

through the Gaussian curve model, and we also used these to estimate the peak curves
for other heating rates. The related parameters for Gaussian simulation were the peak
temperature (Tp), the maximum heat flow (§max), FWHM, and FWHM ratio. These values
varied with the heating rate shown in Figure 15.

&

FWHM/°C

Peak temperature Imax

160 7
-~ (
150 (" :
140 ga 4
s 3
130 %
120 1!
2 4 6 8 10 2 4 6 8 10
p/°C min? p/°C min
FWHM FWHM ratio
23.6 -
23.4 41.55
23.2 =1.50
23.0 E 1.45
22.8 & 1.40
22.6 1.35
22.4
2 4 6 8 10 2 4 6 8 10’
p/°C min? p/°C min1

Figure 15. Plots of the characteristic temperatures and heat flux versus various of S.

The three predicted § values (5, 9, and 11 °C min~!) were chosen for simulation of

the peak curve of the estimated experiment and plotted as shown in Figure 16. Therefore,
these simulation results could be regarded as new DSC measurements from the figure.
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Figure 16. Forecast on different B of Gaussian curve simulation result.
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4. Discussion

This study was conducted through a model of graphical analysis by way of Mathe-
matica software to derive the associated values of the characteristic parameters and kinetic
parameters of the DSC measurements. Compared with the peak curve drawn by combining
the derived parameters with the measured values with the original curve, the results are
quite consistent.

e  Before deriving the characteristic parameters, the raw peak curve of DSC measurement
should be normalized first. Drawing a baseline to normalize the peak curve was the
first major task and all the characteristics could be derived afterwards.

e  We can make simulation predictions through the existing data set for the data of some

heating rate that have not been measured yet. The method of these parts could be
determined by Section 2.1. and Section 3.6.

There are three major methods for devising the kinetic parameters, described by
Sections 2.2-2.4. The derived kinetics are listed in Table 8. The reaction order of all methods
was equal to 1, except the B =1 of the autocatalytic models. The reactions of products of
the autocatalytic model were all equal to 0.15. The apparent activation energy of the nth
order was higher than the other methods, and the Ozawa and Kissinger methods were
close to the autocatalytic model of B = 2. Figure 17 compares nth order versus the Ozawa
and Kissinger method plots and the autocatalytic model versus the Ozawa and Kissinger
method plots.

Table 8. Derived kinetic parameters comparison.

B M nth Order Model Autocatalytic Model Ozawa Method Kissinger Method
ass InA E, x 103 n InA E, x 10° n m InA E, x 103 InA E, x 103
0.5 45 33.572 134.431 1 29.369 120.262 1 0.15
1 4.6 36.276 143.402 1 29.206 119.592 0.93 0.15
2 52 37.122 146.515 1 32414 130.103 1 0.15
4 5 37.066 146.780 1 32.520 130.622 1 0.15 34.934 125.530 34.796 125.185
6 48 43.202 168.464 1.15 36.847 145.890 1.1 0.15
8 4.6 42.491 166.832 1.16 36.872 146.606 1.12 0.15
10 4.6 44.292 173.542 1.21 38.552 152.782 1.16 0.15
Peak curve plots
Peak curve plots
p=2.0 °C min—
70 B $=2.0 °C min~
L5 P
60 1
50 . Peak curve i
b 4 . Poakecurve B0 ;;;l";mo:1 & ;
E Kiseingsr mathod % Autocatalytic method ‘; *
g 30 ... Ozawa method & . 3
= /D methad =] i
E 20 P E 05 % .
= i / !
10 v ‘,‘
0 .u-d'&..... R S T = AL ol it v--»r“.’"."‘:p‘...._._. 0.0 ..a-"-‘. ~-.,__.___.___.‘__;‘!_',..-.._,_.
100 20 140 160 100 120 140 160
Temperature/°C
Temperature/°C
(a) (b)

Figure 17. Comparison of nth kinetic model results. (a) nth-order versus the Ozawa and Kissinger
method plots; (b) autocatalytic model versus the Ozawa and Kissinger method plots.

e  Since identifying autocatalytic reactions is vital in terms of evaluating thermal risks,
through the comparison, we could say BTPBC would be ascribed to the class of

autocatalytic substances.



Processes 2022, 10, 1026

18 of 20

05

= = s
"~ - -

Heat flow/W g

0.0

ol

References

n

EFa = 134.431 K1

1nA

e.5

1

33.5719

mol

e  The variation of kinetic parameters, such as the apparent activation energy and the
reaction order, would affect the peak curve (Equations (3) and (4) and with reaction
model f(«) = (1 — a)"), as shown in Figure 18. Less reaction would cause peak curve,
expansion, and vice versa. Likewise, less apparent activation energy would cause
peak curve expansion and vice versa. The above-mentioned is shown in Figure 18a.

Borchardt & Daniels simulation

Borchardt & Daniels simulation

n=07ee s E, =131.743kJ mol™ =+..- g

Heat flow/W g1
3

vy 00 peaat T L E, 213702k mol™

= e T 60 80 100 120 140
Temperature/°C Temperature/°C
(a) (b)

Figure 18. Effects of varying nth kinetic parameter (a) variation on reaction order; (b) variation on
apparent activation energy.

5. Conclusions

This study shows that the derived characteristic parameters fit well with the original
experimental data. This is because the programs are developed through a general soft-
ware, and the execution is not limited by equipment and locations. We can spend more
time studying various DSC experimental data for those hazardous substances. Since the
developed procedures are only sound for simple single-peak DSC measurement, it will be
extended to multi-peak data research in the future. We could be sure the method can be
used to analyze and verify other different kinds of laboratory data systematically, and it is
expected to be able to do more in-depth research on the thermal properties of materials.
The procedures can be used to study the parameters for hazardous material in advance
and reduce the waste of unnecessary experiments.
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