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Abstract The non-isothermal degradation kinetics of N,N'-di(diethoxythiophosphoryl)-1,4-phenylenediamine in N,
was studied by TG-DTG techniques. The kinetic parameters, including the activation energy and pre-exponential factor
of the degradation process for the title compound were calculated by means of the Kissinger and Flynn-Wall-
Ozawa(FWO) method and the thermal degradation mechanism of the title compound was also studied with the
Satava-Sestak methods. The results indicate that the activation energy and pre-exponential factor are 152.61 kI/mol and
9.06x10" s™' with the Kissinger method and 154.08 kJ/mol with the Flynn-Wall-Ozawa method, respectively. It has
been shown that the degradation of the title compound follows a kinetic model of one-dimensional diffusion or parabolic
law, the kinetic function is G(a)=0” and the reaction order is n=2.
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1 Introduction

In recent studies, phosphorus-, nitrogen-, and
silicon-containing compounds are considered as envi-
ronment-friendly fire-retardants(FRs), because their
generations bring no or less harm to ecology when
they are burning in a fire! ™), so there is a rapid de-
velopment of this type of FRs. Sulfur-containing
compounds are another type of effective FRs!'®='4,
although few researches have been directed to them.
However, many applications of new FRs are limited,
because of the synthesis method, the cost and the
flame retardant elements coming from various com-
pounds. There are less studies on the FR, which con-
tains phosphorus, nitrogen and sulfur simultaneously
in recent ycars’reports[w""‘5_”}. N,N'-Di(diethoxy-
thiophosphoryl)-1,4-phenylenediamine contains phos-
phorus, nitrogen and sulfur fire-resistant elements. Its
synthesis, characterization!"®], crystal structure!'' have
been reported. Compared to the usual FRs, N,N-Di
(diethoxythiophosphoryl)-1,4-phenylenediamine  has
rich acid and carbon sources; it can perform its flame
retardancy in the condensed phase and gas phase and
increase the amount of carbonaceous residue or char
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rather than the formation of poisonous halides, CO,
CO, or other compounds during the process of de-
composition, which can hinder the transfer of mass
and heat during a fire and can provide materials with
flame retardancy. In this article, its thermal decompo-
sition is explored, because it can, in many cases, be
used to determine the upper temperature limit of a
material used. The kinetics of the decomposition of
the title compound was examined in detail with
TG-DTG methods. It is quite useful for the evaluation
of the thermal stability of the title compound under a
non-isothermal condition in the study of its thermal
changes at high temperatures. Thermal decomposition
of the title compound undergoes intrinsic chemical
reaction steps for the preparation of the products, the
investigation into the kinetics is important for opti-
mizing the process and achieving good material prop-
erties; it is also necessary for numerical simulation of
the decomposition process. To improve the under-
standing in stabilization or degradation control of the
product, it is essential to reveal reactivity of the com-
ponents, and thermal decomposition kinetics of the
product. The data from the thermogravimetric expe-
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riments provide an important information about the
stability of the product and the calculated values of the
activation energy can be used as an alternative to the
accelerated stability test results in predicting the life
of the product, on the basis of which thermal stability
and thermal decomposition mechanism of the title
compound can thus be obtained.

2 Experimental
2.1 Material

N,N"-Di(diethoxythiophosphoryl)-1,4-phenylene-
diamine was synthesized according to the method re-
ported in reference [11], and recrystallized from ace-
tone.

2.2 Experimental Apparatuses and Conditions

The TG and DTG analyses for the title compound
were conducted on a NETZSCH STA 409 PG/PC type
thermal analyzer under the following conditions: at-
mosphere: pure nitrogen at a flow rate of 20 mL/min;
sample mass: (11.5+0.1014) mg; heating rate: =5, 10,
15, 20 K/min; temperature range: from room tempe-
rature to 900 °C; reference material: Al;Os.

2.3 Kinetic Methods

According to the reaction theory, kinetic equation
for solid degradation, B(s)——D(s)+C(g) is usually
expressed as

da

M kf (o) M
where, a is the extent of conversion of B decomposed
at time ¢, f{a) is the reacting mechanism function, & is
the reaction rate constant, and obeys an Arrhenius
equation:

k = Aexp(- E/RT) 2
where, A is the pre-exponential factor, £ is the appa-
rent activation energy, R is the gas constant, and T is
the absolute temperature. Combining Eq.(1) with
Eq.(2) gives the following relationship:

‘2—‘: = Aexp(- E/RT) f(a) 3)

If the heating rate constant is f=d77/d, then the
reaction rate is defined as follows:

j—? — (4 Byexp(- E/RT) f(@) (&)

In this aticle, Kissinger method[?], Flynn-Wall-
Ozawa method® ! and Satava-Sestak method"™!
were used to study the degradation kinetics of the title

compound.
The Kissinger equation and the Flynn-Wall-
Ozawa equation are listed, respectively, as follows:
n
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where, 7}, is the temperature at the maximum weight
loss.

Ing=1g| 2L _|_2315-0.4567-% (6)
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where, G(a) is the integral function of conversion.

Rearranging Eq.(6), the Satava-Sestak equation,
is obtained

InG(a) = lg[

When plotting 1g8 vs. 1/T, E, can be obtained.
Thirty types of kinetic model functions® were used
in Satava-Sestak. The E; and A and linear correlation
coefficients r of different model functions were calcu-
lated from a plot of 1gG(a) vs. 1/T.
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3 Results and Discussion

3.1 Degradation Process of the Title Compound

The TG-DTG curves of the title compound are
shown in Figs.1 and 2.
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From Fig.1, it can be seen that the original de-

gradation temperatures are all over 280 °C at the dif-
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