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Abstract

To analyze the feasibility of phosphorus-containing ionic liquids used as flame retardants on flammable materials, thermal
stability and pyrolysis kinetics of 1-butyl-3-methylimdazolium dibutyl phosphate ([Bmim][DBP]) were investigated using
nonisothermal thermogravimetry. The apparent onset decomposition temperature (7) and mass fraction of residual carbon
were 275.2-297.3 °C (£ 0.5 °C) and 8.6-10.2% (£ 0.1%), respectively. The apparent activation energy (E,), pre-expo-
nential factor (A), and most probable kinetic function [G(x)] were calculated using thermokinetic methods as
E,=152-164 ki mol™" (£ 2kImol™"), In A=2774+ 045", and G(o) = — In(1 — ). The maximum operation
temperature was estimated as 166.0 £ 0.2 °C, which was considerably lower than T,. The pyrolysis products were
identified through gas chromatograph/mass and Fourier transform infrared spectrometers. As a novel finding, the main
flame-retarding mechanism of [Bmim][DBP] occurred primarily in condensed phase. Complementally, [Bmim][DBP] was
testified to have the flame-retardant effect on epoxy resin by limited oxygen index and vertical burning tests.

Keywords Phosphorus-containing ionic liquid - Pyrolysis kinetics - Maximum operation temperature - Pyrolysis products -
Flame-retardant effect
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[MHim]" 3-Methyl-1 H-imidazole

[Mim]* Methyl imidazole

MOT Maximum operation temperature (°C)

MOT, g4, Mass loss less than 1.0% of MOT (°C)

R Universal gas constant (8.314 J mol ' K71

R? Regression coefficient

t Time of reaction (min)

T Temperature (°C)

Tos Temperature at the conversion of 0.5 (°C)

Teq End temperature (°C)

T Maximum temperature (°C)

Ty Apparent onset decomposition temperature
°C)

T, Peak temperature (°C)

yi(a) Standard curve

vo(r) Experimental curve

Introduction

Tonic liquids (ILs) are organic molten salts at temperatures
lower than 100 °C. They are entirely composed of cations
and anions and have wide liquid range (e.g., [Ca.
mim][NTf,]: — 89 to 450 °C) [1]. They have attracted
immense interest because of their extraordinary properties,
particularly high thermal stability, negligible vapor pres-
sure, and nonflammability [2]. Moreover, ILs have been
described as “designer solvents” because they can acquire
various special properties if their constituent cations or
anions are varied [3]. The use of specific ILs may improve
the flame-retardant properties of polymers.

As an example of the most extensively used materials in
various fields, conventional polymers such as polyurethane,
polystyrene, polypropylene and epoxy resin have several
useful properties. However, the inherent flammability of
unmodified polymers largely prohibits their application in
numerous crucial situations [4, 5]. Hence, reducing the
flammability of polymers by adding flame retardants or
grafting flame-retardant elements onto the polymers is
necessary [6]. Historically, the use of nonhalogen flame
retardants has been investigated. Phosphorus-containing
flame retardants, considered to be the most promising
halogen-free substitutes, have recently been favored by
investigators [7, 8]. However, the flame-retardant effi-
ciency of these phosphorus-containing retardants is low
and large amounts of the retardants need to be added to the
polymers for obtaining the desired effect. However, this
addition deteriorates the mechanical properties of the
polymers [9]. Hence, phosphorus-containing ILs have been
suggested. Smaller amounts of the phosphate-containing
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ILs are required; thus, these ILs have a higher flame-re-
tardant efficiency. Such ILs efficiently enhance the flame-
retardant properties of polymers by combining the advan-
tages of phosphates and ILs [10].

Although studies have reported that some phosphorus-
containing ILs markedly improve the flame-retardant
properties of polymers, the thermal properties of these ILs
have not been thoroughly explored. Moreover, the thermal
stability, carbon-forming properties, pyrolysis mechanism,
and decomposition products of ILs were reported to
directly affect the mechanics and flame-retardant efficiency
of the polymers to which they were added [11]. Therefore,
investigating the thermal properties of ILs that could be
used to modify polymers is necessary. In the literature, the
short-term thermal stability of an IL is always character-
ized by its apparent onset decomposition temperature (7),
peak temperature (T},), and end temperature (7q), which
are typically measured through ramped temperature ther-
mogravimetry (TG) [12]. For instance, Ullah et al. [13]
conducted ramped temperature TG to determine the short-
term thermal stability of a benzimidazolium-based IL.
Ramped temperature TG can preliminarily measure the
carbon-forming tendency of ILs by observing the mass
fraction of residual carbon.

The pyrolysis kinetic analysis of ILs is crucial in ther-
mal analysis. However, studies typically calculate only the
apparent activation energy (E,) for a specific temperature
range, which does not describe the entire thermal decom-
position process. Moreover, pyrolysis kinetics is the para-
mount factor in effective process design [14, 15]. This
study provided the complete and accurate calculation of the
pyrolysis kinetics of an IL. It determined the precise E,,
pre-exponential factor (A), and most probable kinetic
function [G(x)] using multiple kinetic models.

The short-term T,, frequently used as an evaluation
index, has been overestimated in the technical applications
of ILs [16, 17]. In brief, although some ILs demonstrated
remarkable thermal stability (high short-term T7,), as
determined using nonisothermal TG, an enormous mass
loss occurs in ILs long periods at low temperatures in
isothermal TG [18, 19]. Thus, the maximum operation
temperature (MOT) of ILs was proposed to represent their
long-term thermal stability [20]. The MOT can be calcu-
lated using an empirical model, which has been verified to
be accurate by Navarro et al. [21], and it has been widely
used by other researchers [22].

Analysis of IL decomposition products is essential
because some components of these products might affect
the properties of modified composites [23]. Specifically,
the suitability of an IL for improving the flame-retardant
properties of polymers may depend strongly on whether its
decomposition products are nontoxic and nonpolluting
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[24]. In the present study, gas chromatograph/mass spec-
trometer (GC/MS) and Fourier transform infrared (FTIR)
spectrometer were used to determine the components of the
decomposition products.

In this study, the thermal properties of 1-butyl-3-
methylimdazolium dibutyl phosphate ([Bmim][DBP]) were
comprehensively investigated. First, its short-term thermal
stability and carbon-forming property were measured using
ramped temperature TG. Second, its pyrolysis kinetics [E,,
A, and G(o)] were accurately calculated using various
analysis methods. Moreover, the MOT was calculated
using an empirical equation and compared with the anal-
ysis of isothermal TG curves. Finally, the decomposition
products of [Bmim][DBP] were analyzed through GC/MS
and FTIR spectrometers. In addition, relevant flame-retar-
dant capacity of [Bmim][DBP] was also simply tested by
the limited oxygen index (LOI) and vertical burning tests.
In this study, we performed a preliminary analysis of the
feasibility of [Bmim][DBP] as a flame retardant and pro-
vided theoretical references for additional research on its
applications.

Experimental
Materials

The reagents used in this research are listed in Table 1 and
applied without further purification.

TG experiments

The ramped temperature and isothermal TG experiments
were performed using Pyris 1 (PerkinElmer, Shelton,
Connecticut, USA) with platinum crucibles. The mass of
the samples used in TG experiments was 8.0 = 0.2 mg.
Ramped temperature TG experiments were performed at
30.0-500.0 °C, with heating rates of 4.0, 8.0, 12.0, and
160 Kmin~' wunder a nitrogen flow rate of
20.0 mL min~'. The dynamic TG curves were used to
analyze the pyrolysis and pyrolysis kinetics of
[Bmim][DBP]. Isothermal TG experiments were performed
under a nitrogen atmosphere at fixed temperatures of 166.0,
170.0, 180.0, 190.0, and 200.0 °C for 24.0 h. Moreover,
the obtained isothermal TG data were used to validate the
long-term thermal stability of [Bmim][DBP].

GC/MS and FTIR spectrometers

The gaseous pyrolysis products of [Bmim][DBP] were
analyzed using an Agilent 6890 N gas chromatograph
equipped with an Agilent 5973 network mass selective
detector (Agilent Technologies, California, USA) under a

helium atmosphere with a flow rate of 100.0 mL min~".

The [Bmim][DBP] samples were maintained at 500.0 °C in
a sealed vacuum tank, and the gaseous pyrolysis products
were subsequently injected into the chromatograph by a
syringe. Furthermore, the residual solid layers of
[Bmim][DBP] were evaluated with a FTIR spectrometer
(Spectrum 100).

LOI and UL-94 experiments

LOI tests were performed using an HC-2 oxygen index
meter (Nanjing Jiangning Analytical Instrument Co., Ltd.,
Nanjing, China), and the dimensions of the measured
specimen were 130.0 mm x 6.5 mm x 3.2 mm, as spec-
ified in ASTM D2863-77. Similarly, UL-94 tests were
performed using a CZF-3 instrument (Nanjing Jiangning
Analytical Instrument Co., Ltd., Nanjing, China), and the
dimensions of the measured specimen were 130.0 mm x
13.0 mm x 3.2 mm, as specified in ASTM D3801.

Kinetic models

According to the recommendations of the Kinetics Com-
mittee of the International Confederation for the Thermal
Analysis and Calorimetry, the pyrolysis process can be
expressed as follows [25, 26]:

%:kf(oc) or G(o) = kt (1)
where 7 is the reaction time, « is the conversion degree at a
specific time, do/dt is the mass loss rate, and f(o) and G(«)
are the differential and integral forms, respectively, of the
mechanism function. The reaction rate constant k can be
described as follows:

- Aexp(_ %) @)

where A is the pre-exponential factor, T is the absolute
temperature, E, is the apparent activation energy, and R is
the universal gas constant (8.314 J mol ! K_l).

Nonisothermal methods were used for the pyrolysis
kinetic analysis of [Bmim][DBP]. The kinetic analysis
methods used in this study were as follows:

Integral isoconversional method of Starink method
[25, 27]:

E'cl
In {Tﬁu} = C — 1.0008 x AT (3)
where f is the heating rate, and C is a constant. E, can be
calculated from the slope of the plot of In[f/(T"%)] against
1000/T.
Differential
method [28]:

isoconversional method of Friedman
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Table 1 Information of reagents used in this research

Material 1-Butyl-3- Bisphenol-A-based Diethylenetriamine Polypropylene glycol Melamine
methylimidazolium epoxy resin diglycidyl ether
dibutyl phosphate

Abbreviation [Bmim][DBP] EP (E-44) DETA PPGDE MA

Formula C16H33N204P - C4H|3N3 (C3H60)H.C6H1003 C3H6N6

Purity/% 96.0 - 99.8 - 99.0

Supplier Shanghai Macklin Shandong Deyuan Shanghai Lingfeng Shanghai Macklin Shanghai Lingfeng

Biochemical
Technology Co., Ltd.
(Shanghai, China)

Epoxy Resin Co.,
Ltd. (Shandong,
China)

Chemical Reagent
Co., Ltd. (Shanghai,
China)

Biochemical
Technology Co., Ltd.
(Shanghai, China)

Chemical Reagent
Co., Ltd. (Shanghai,
China)

In {%] =l

1
>

E,
R x T%i

(4)

where the index i is introduced to denote various temper-
ature programs. The value of E, at each given o can be
determined from the slope of a plot of In(da/d?),, ; against
UT,, .

A model-free method, the compensation effect, was
used to determine the accurate mechanism function. The
method is described as follows [25]:

First, a model-fitting method of Coats-Redfern method
[29] was used to obtain kinetic parameters of (E, ;, A;).

G Ai R Ea.i
|G| _pAixR B 5)
T2 BxT RxT

The tentative functions of G(x) were substituted in
Eq. (5), and the least squares fitting method was used to
perform linear regression of ln[G(oc)/TQ] versus 1000/T.
Accordingly, G(«) was derived, and the corresponding
kinetic parameters of (E, ;, A;) were obtained. However,
because of the inherent flaws of the model-fitting method,
the obtained G(o) was unreliable. Therefore, a compensa-
tion effect has been considered.

InAg =aEy+ b (6)

The aforementioned kinetic parameters of (E, ;, A;)
were used to determine the parameters of a and b. Subse-
quently, the average value of the model-free apparent
activation energy (E;) was substituted in Eq. (6), and the
pre-exponential factor Ay was estimated.

Then, an integral form was used to numerically recon-
struct the mechanism function.

ApTx

G(a) == { exp (%) dr (7)

where T, is the temperature corresponding to a given o. A
set of numerical values of G(«) at different values of o was
obtained using Eq. (7). Therefore, an analytical form of the
mechanism function was established by plotting the

@ Springer

numerical G(x) values. Subsequently, the most suit-
able matching mechanism function was selected through
comparison against the theoretical dependencies.

Finally, the Malek method was used to verify the reli-
ability of derived G(«) [30, 31].

_ S0 xg(@)
" 703 <505 o
2 d
w0 = () %[ 74 )

(&),

where y(«) and y,(x) are defined as the standard and
experimental curves, respectively. The proposed mecha-
nism function can be substituted in Eq. (8), and the
experimental data can be fitted to Eq. (9). Therefore, an
accurate f(o) can be determined by comparing the consis-
tency between the standard and experimental curves.

Results and discussion
Dynamic TG analysis

Figure la presents the ramped temperature TG and DTG
curves of [Bmim][DBP] at heating rates of 4.0, 8.0, 12.0,
and 16.0 K min~'. The changes in the curves of TG at
different heating rates were clearly consistent. Considering
the TG curve corresponding to the heating rate of
4.0 K min~"' as an example, three relatively discrete stages
in the decomposition process were discernible in the entire
TG curve. The first stage occurred between 30.0 and
125.0 °C (£ 5.0 °C; Fig. 1b), which resulted in the
vaporization of moisture and residual reactant from the
sample. The second stage was identified as the dominant
stage in the decomposition; it occurred between 247.0 and
318.0 °C (£ 5.0 °C; Fig. 1c) and corresponded to the
active pyrolysis of [Bmim][DBP]. The final stage occurred
between 318.0 and 450.0°C (£ 5.0°C) and was



Analysis of thermal stability and pyrolysis kinetic of dibutyl phosphate-based ionic liquid... 493

a
(\D) 100 ] ——4.0 K min™!
% 80 ——8.0 K min"!
S 60l —— 120K min’
= | ——16.0 K min™!
Z 40
= 20
00
T /
g 0.14
o -4
5 02] |
é ] \
= 034
3 ]
3 0.4
T T T T T T T T T
100 200 300 400 500
Temperature/°C
(b)
——4.0 K min™
100

——28.0 K min™
——12.0 K min™
——16.0 K min™*

95 1

Mass/mass%
o
(=]
1

=
[N
1

80

T T T T T T T T T T
50 100 150 200 250 300 350
Temperature/°C

(¢)100
] ——4.0K min™
——8.0 Kmin™
——12.0 K min™
——16.0 K min™

Mass/mass%

T T T T T T T T
280 300 320 340 360
Temperature/°C

Fig. 1 a Ramped temperature TG and DTG curves of [Bmim][DBP]
at heating rates of 4.0, 8.0, 12.0, and 16.0 K min~'. b A zoom of the
decomposition of [Bmim][DBP] from 80.0 to 100.0% at heating rates
of 4.0, 8.0, 12.0, and 16.0 K min~'. ¢ A zoom of main degradation of
[Bmim][DBP] from 10.0 to 90.0% at heating rates of 4.0, 8.0, 12.0,
and 16.0 K min ™"

characterized by the decomposition of the phosphate-con-
taining products of [Bmim][DBP]. However, the pyrolysis
of the partial products may also have occurred in the sec-
ond stage. Therefore, the temperature ranges of pyrolysis

process were only defined for the convenience of the
subsequent analysis. Typically, these features of the
decomposition process (identified at a heating rate
4.0 K min~") were also observed at other heating rates.

The apparent onset decomposition temperature of
[Bmim][DBP] was identified as the point of intersection of
the baseline mass and the tangent to the TG curve as the
decomposition occurs [32]. The T values derived from the
dynamic TG/DTG curves were 275.2, 285.6, 292.9, and
297.3 °C (£ 0.5 °C) at heating rates of 4.0, 8.0, 12.0, and
16.0 K min™", respectively. The T, values increased from
2752 to 297.3 °C (£ 0.5 °C), and the decomposition
curves shifted to higher temperatures with an increase in
the heating rate. The maximum [Bmim][DBP] decompo-
sition rate and the corresponding temperature, determined
using the DTG curves, increased when the heating rate
increased. This phenomenon may be ascribed to the limited
heat transfer when a high heating rate was used, given that
a high heating rate reduced the total heating time; thus,
lower temperatures were maintained for a relatively short
duration [33, 34].

The T, value obtained using dynamic thermal analysis is
commonly used as an indicator of the short-term thermal
stability of ILs. Moreover, the carbon-forming property of
[Bmim][DBP], which was described by the mass fraction
of residual carbon, has also been analyzed through TG
experiments. The mass fractions of residual carbon of
[Bmim][DBP] were 8.6%, 9.3%, 9.6%, and 10.2%
(£ 0.1%) at heating rates of 4.0, 8.0, 12.0, and
16.0 K min~', respectively. The formation of residual
carbon might occur mainly because of the presence of
phosphorus in the anion of [Bmim][DBP]. Therefore,
ramped temperature TG revealed that [Bmim][DBP]
exhibits high thermal stability and favorable carbon-form-
ing properties.

Pyrolysis kinetics analysis
Determination of E, and A

Apart from the apparent onset decomposition temperature,
the apparent activation energy was a crucial and effective
indicator of the thermal stability of [Bmim][DBP]. E, was
calculated using the Starink and Friedman methods at
various conversion fractions («). The TG/DTG tests
revealed that the dominant pyrolysis process occurred at
conversion fractions of approximately 10.0-80.0%. The E,
was calculated for experiments at heating rates of 4.0, 8.0,
12.0, and 16.0 K min~" and a single o. The fitting curves
determined using the two models at various conversion
factors were notably similar. The E, values obtained using
the two methods at the various conversion fractions were
similar (Table 2). Taking the results of the Starink method
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Table 2 E, values obtained

using two methods and different Conversion/mass% 10.0

20.0 30.0 40.0 50.0 60.0 70.0 80.0

conversion fractions Starink method

E,/kJ mol™! 158

R? 0.9945
Friedman method

E,/kJ mol™! 159

R? 0.9938

0.9993

0.9992

152 157 159 160 161 163 153
0.9994  0.9988  0.9970  0.9979  0.9978  0.9928

155 159 160 160 162 164 156
09993  0.9986  0.9966 09976  0.9976  0.9918

The standard deviation of E, calculated by two methods was & 2 kJ mol™'

as an example, the example of E, at o = 10.0% was
157.59 4 1.50 kJ mol ™', which was slightly greater than
that at o = 20.0%; this indicated that the initiation of
pyrolysis required a high energy input to overcome the
energy barrier. Thus, the apparent activation energy
increased with an increase in the conversion fraction. The
E, reduced substantially at a conversion fraction of 80.0%,
probably because of the third stage of pyrolysis when the
pyrolysis of partial products occurred. Moreover, the value
of E, calculated using the Friedman method was slightly
higher than calculated using the Starink method; however,
the changes in both trends were consistent for the values
obtained using both methods. Assuming the conversion
fractions 10.0-70.0% in the main degradation step, E,
values calculated by the Starink and Friedman meth-
ods were 152-163 kJ mol ™" (£ 2 kJ mol™") and 155-163
kI mol™' (& 2kJmol™"), respectively. Notably, the
regression coefficients (R?) of all fitting curves exceeded
0.99. [Bmim][DBP] exhibited a higher value of E, than did
similar ILs such as [Bmim][Cl] or [Bmim][NTf,] [1, 35].
Therefore, [Bmim][DBP] was concluded to have excellent
thermal stability because of its high apparent activation
energy.

The pre-exponential factor A of [Bmim][DBP] was
determined using the following assumption [25]:

E E.
A:ﬂ>< S X exp 2 (10)
Rng R x T,

Therefore, A at a specified ff could be estimated through
the obtained E, and T},. According to Table 2, the value of
E, calculated using the two methods did not vary

significantly with different o. Therefore, the mean of E,
(159 + 2 kJ mol™") at 10.0-70.0% calculated using the
Starink method was used to estimate A at different f.
Subsequently, In A of [Bmim][DBP] was calculated to be
27.7 £ 04 s~" at the heating rates 4.0, 8.0, 12.0, and
16.0 K min~".

Determination of f(«)

According to the value of E, calculated using the Starink and
Friedman methods, the variation in the values of E, at
10.0-70.0% with o was negligible. Therefore, the most prob-
able kinetic function of [Bmim][DBP] during the dominant
thermal pyrolysis process could be estimated by following
some analytical steps. First, a probable mechanism function of
G(x) = — In(1 — o) was proposed using the Coats-Redfern
method. The kinetic parameter of E,, ; was relatively close to E,
(159 + 2 kJ mol™'; the average value of E, obtained using the
Starink method) and is listed in Table 3. The values of (£, ;, A;)
were then introduced in Eq. (6), and the relationship of the
compensation effect was observed as follows:

InAg = 0.2238E, — 7.9720 (11)

According to Eq. (11), In Ay corresponding to E, was
calculated tobe 27.5 s~ ', which most closely matched the pre-
exponential factor value, In A, obtained using Eq. (10). Sub-
sequently, the determined E, and A, were substituted into
Eq. (7) and the mechanism function in integral form was
numerically reconstructed. Therefore, numerical values of
G(a) corresponding to different values of o were obtained;
they are depicted in Fig. 2. The variation of analytical G(«)

1

Table 3 Kinetic parameters of (E;, A;) based on G(x) = — In(l — «) at heating rates of 4.0, 8.0, 12.0, and 16.0 K min™ " and the estimated

relationship of compensation effect

1

Model Heating rate/K min~ InAg=aEy+ b
G(a) = — In(l — o)
4.0 8.0 12.0 16.0 Average a b
Ei/kJ mol ™! 132 135 141 146 138.5 0.2238 - 7972
In Ay/s™! 21.5 222 23.5 24.8 23.0

The standard deviations of E, and In A were + 2 kJ mol~" and & 0.4 s™', respectively
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Fig. 2 Analytical G(x) plots for the mechanism function G(x) =
— In(1 — o) at heating rates of 4.0, 8.0, 12.0, and 16.0 K min~!

plots was negligible as f§ increased. The most suitably mat-
ched model was identified to be G(«) = — In(l — «) through
a comparison of analytical plots against theoretical depen-
dence [25]. Finally, the kinetic model was substituted into the
equation of the Malek method for comparing the resultant
curves with the experimental data (Fig. 3). As illustrated in
Fig. 3, the standard curves were consistent with the experi-
mental data for 10.0% < o < 70.0% but they substantially
deviated in 70.0-80.0% range. These deviations indicated that
partial products were pyrolyzed before the temperature
reached 318.0 & 5.0 °C, and they also confirmed that the
decrease in E, at o = 80.0% most likely resulted from the
pyrolysis of the partial products. Therefore, the kinetic model
of G(«) = — In(1 — o) was determined to be the most prob-
able mechanism function of [Bmim][DBP]. Furthermore, the

® Experimental data

l —— Standard curve

Fig. 3 Comparison curves of the Malek method with kinetic function
flo) = 1—0o at heating rates of 4.0, 8.0, 12.0, and 16.0 K min~!

proposed kinetic model could be helpful to analyze the flame-
retardant mechanism of [Bmim][DBP] for use in polymers.

Long-term thermal stability analysis

A conventional characterization parameter, T,, derived
using ramped TG overestimated the true thermal stability
of [Bmim][DBP]. Based on the ramped temperature TG
results, 24.0 h isothermal TG of [Bmim][DBP] at 170.0,
180.0, 190.0, and 200.0 °C was performed, as depicted in
Fig. 4. Although the apparent onset decomposition tem-
perature of [Bmim][DBP] was 289.9 + 0.5 °C, Fig. 4
shows that mass loss also occurred at temperatures of
170.0-200.0 °C during 24.0 h isothermal TG. In particular,
the mass loss of [Bmim][DBP] exceeded 10.0% at the
isothermal temperature of 200.0 °C for 24.0 h. Therefore,
the temperature for long-term thermal stability of
[Bmim][DBP] was considerably lower than that for short-
term thermal stability, and this observation was consistent
with previous reports [36]. Thus, this study proposed the
MOT, which specifies the long-term thermal stability of
ILs that may be used for prolonged periods. Furthermore,
an empirical model, which uses the parameters derived
from a short-term dynamic analysis, was introduced to
predict the MOT. The model can be expressed as follows
[20]:

_ Ea

" Rx {=In[In(™)] + In(A X tmax) }

m

MOT

(12)

where t,,x is the maximum time for which the IL is
stable at the calculated MOT, m is the residual mass, and
myg is the initial mass. E, and A can be calculated through
short-term dynamic analysis. For guidance in engineering
applications, the effective MOT is defined as the temper-
ature at which the [Bmim][DBP] mass loss is less than

100

98 4

96 4

94
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Fig. 4 Isothermal TG curves in the
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temperature range of
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Fig. 5 Calculated values of MOT ¢, after different time durations

1.0% over the time t,,,x. Equation (12) can then be modi-
fied as follows [22]:

E,

MOT g% = :
L0% = B [4.6 + In(A X fmax)] "

The MOT) (4, at different time points calculated using
Eq. (13) is illustrated in Fig. 5. The predicted MOT at
240 h was 166.0 £ 0.2 °C. Figure 4 confirms that the
mass loss of [Bmim][DBP] under the isothermal tempera-
ture of 166.0 £ 0.2 °C was approximately equal to 1.0%.
Thus, the predicted MOT was consistent with the experi-
mental result obtained through isothermal TG. This con-
sistency also somewhat demonstrated the accuracy of the
calculated E, and A values. Therefore, the empirical model
is an accurate, effective, and convenient method for pre-
dicting the long-term thermal stability of [Bmim][DBP].
As Fig. 5 indicates, the MOT of [Bmim][DBP] after 1.0,
12.0, 24.0, 48.0, and 72.0 h was 200.6, 173.1, 166. O,
159.1, and 155.5 °C (£ 0.2 °C), respectively. In addition,
the MOT after a longer period of 8000 h was calculated to
be 114.3 & 0.2 °C. These calculated MOT values were
considerably lower than the calculated T, values, and the
long-term thermal stability decreased with an increase in
isothermal duration. Therefore, the desired operating tem-
perature can be adjusted by altering the operation duration.
For example, the melt-blending process for preparing the
epoxy resin and [Bmim][DBP] composite can be per-
formed at 173.1 & 0.2 °C if the process must be conducted
for 12.0 h.

Decomposition product analysis
The application of [Bmim][DBP] as a flame retardant for
polymers is largely affected by the decomposition products

of ILs, which should be nontoxic and nonpolluting.
According to the TG results, most [Bmim][DBP]

@ Springer

Fig. 6 Typical mass spectra of the gaseous products of [Bmim][DBP]
by GC/MS

decomposition products were released in the gaseous form,
with only a minute amount of residual solid. The gaseous
products and residual solids were analyzed through GC/MS
and FTIR spectrometers, respectively.

The typical mass spectra of the gaseous products of
[Bmim][DBP] are presented in Fig. 6, and the main anal-
ysis results are listed in Table 4. The gaseous constituent
analysis mainly revealed the following. First, a series of
alkyl or alkenyl groups with a carbon chain length of 14
was detected. The methyl and butyl signals were directly
generated by the pyrolysis of [Bmim][DBP], and the
remainder probably resulted from cracking at elevated
temperatures or from being broken during the GC/MS of
butyl chains. Second, 1 H-imidazole ([Him]"), methyl imi-
dazole ((Mim]"), and 3-methyl-1 H-imidazole ((MHim]")
were detected at m/z values of 68, 82, and 83, respectively.
The imidazole cations may have been produced by parallel
pathways of degradation of [Bmim][DBP], and the imida-
zolium rings might eventually be degraded into other
micromolecules. Finally, a macromolecule of tributyl phos-
phate and related esters (methyl ester, ethyl ester, and
butyl ester) were detected. Moreover, free radicals of
phosphorus oxygen were produced during pyrolysis,
indicating that [Bmim][DBP] can act as a gas-phase flame
retardant.

The FTIR spectra of the residual solids of [Bmim][DBP]
have several major absorption peaks (Fig. 7). The residuals
were mainly produced by the carbonization of phosphoric
acid free radicals at a certain temperature. The peak at
875 cm™' was assumed to be that of the C—H groups,
which may have been derived from the imidazolium rings.
However, the C—H groups corresponding to peaks at 1578
and 2731 cm ™' were separately derived from the butylene
and ester groups. Moreover, the peaks at 1170, 2321, and
3153 cm™! were assigned to the C-0O, C=0, and N-H
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Z? I;I:s:oxzﬁ?ogzig,sﬁs results PK RT/min Database Formula Ref. Qual.

determined through GC/MS 1 1.503 1-Butene C.Hyg 172 9

1-Propene CsHg 182 9

2-Methyl-1-butene CsHo 173 9

2 1.654 2-Pentene CsH,o 548 59

(E)-Cyclopropane C;Hy 566 45

1,1-Dimethyl-2-pentene C;Hyy 540 42

3 2.922 Butanoic acid C4HgO, 4206 86

Methyl ester C,H40, 4205 78

4 4.093 Ethyl ester C3HeO, 41434 25

5 4.380 Propanoate C53HgO, 21057 64

6 7.647 Butane CsH,o 13311 33

7 10.405 1 H-imidazole C5H4N, 1128 90

3-Methyl-1 H-imidazole C4HeN, 1123 72

8 13.615 Propanoic acid C3HgO» 20188 83

Butyl ester CsH;00,» 57075 83

Butanoic acid C4HgO» 68383 83

9 18.311 Phenol C¢HqOH 16183 62

4-Methoxy-benzenemethanamine CoH3NO 16195 50

10 19.060 1-Cyclopentylethyl ester CoH,60, 82340 37

11 21.012 Pentyl ester CeH -0, 51083 46

Heptyl ester CgH;6c0, 71157 46

12 24.970 2-Amino-2-oxo-acetic acid C3HsO3N 71888 37

Ethyl ester C3HqO, 82773 32

13 28.929 Tributyl phosphate (C4Ho)3 POy 102223 83

14 34.252 2-Amino-1-methyl-cyclohexane C;HsN 21622 25

15 35.069 Methyl ester C,H,0, 105646 90

PK peak of GC/MS, RT retention time, Ref reference number, Qual quality

100

90—-
80—-
70—-
60—-

50 4

Transmittance/%

40 -

30 4

C-H

20 -—
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™

Fig. 7 FTIR spectra of residual solids of [Bmim][DBP] pyrolysis

)

groups, respectively. The C—O and N-H groups may have
been derived from the ester and [Him]" groups that were
formed during pyrolysis, whereas the C=0 group may have

been derived from carbonates because of the mixed air
atmosphere during pyrolysis. Moreover, some lower-
wavelength peaks were present in the FTIR spectra, such as
that at 1044 cm™' corresponding to the P=O group, which
was mainly derived from the phosphorous compounds.
Thus, the IL [Bmim][DBP] has high carbonization per-
formance and excellent flame-retardant properties in its
condensed phase.

Flame-retardant capacity analysis

To analyze the flame-retardant capacity of [Bmim][DBP], a
modified composite of EP/[Bmim][DBP] was prepared and
tested by LOI and UL-94 experiments. The flame resis-
tances of EP/[Bmim][DBP] composites are listed in
Table 5. The composite of EP with 10.0% MA was also
tested to serve as a reference. The lowest LOI (19.4) and
UL-94 (NR) indicated the high flammability of pure EP. As
can be inferred, the addition of [Bmim][DBP] distinctly
increased the LOI and upgraded the UL-94 to V-1 level,
meaning that [Bmim][DBP] considerably improved the
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Table 5. Flame res1stance .Of EP Sample Pure EP EP composites

composites determined using

LOI and UL-94 tests 5.0% 10.0% 15.0% 5.0%

[Bmim][DBP] [Bmim][DBP] [Bmim][DBP] MA

LOI test 19.4 21.6 229 24.0 22.1
UL-94 test NR V-1 V-1 V-1 V-1
NR no rating

flame resistance of EP. Moreover, the flame resistance References

(LOI as indicator) of EP composite was increased with the
increase in [Bmim][DBP] concentration. Particularly, the
LOI reached 22.9 when 10.0% [Bmim][DBP] was added,
which corresponds to that of a self-extinguishing material
[37]. By comparison, the LOI of 10.0% EP/[Bmim][DBP]
was slightly higher than that of 10.0% EP/MA. Further-
more, the UL-94 of EP/MA was V-2 level and lower than
that at the V-1 level of EP/[Bmim][DBP]. Therefore,
[Bmim][DBP] has an acceptable flame-retardant capacity
and is superior to MA.

Conclusions

The thermal stability, pyrolysis kinetics, decomposition
products, and flame-retardant capacity of [Bmim][DBP]
were investigated through TG, GC/MS, FTIR, LOI, and
UL-94. First, ramped TG revealed the apparent onset decom-
position temperature to be 275.2-297.3 °C (£ 0.5 °C) and
the mass fraction of residual carbon to be 8.6-10.2%
(£ 0.1%), indicating that [Bmim][DBP] has the desired
thermal stability and carbon-forming ability. Second,
according to obtained kinetic triplets, the thermal decom-

position kinetic model should be established as: %:

exp (27.7 - %) X (1 — o). The Ilong-term thermal

stability was then analyzed using isothermal TG, and the
MOT for various experimental durations was estimated
using an empirical equation. Furthermore, the analysis of
decomposition products suggested that [Bmim][DBP] acts
as a flame retardant mainly in its condensed phase and
slightly in its gas phase. Finally, the flame-retardant tests
verified that [Bmim][DBP] effectively improved the flame
resistance of epoxy resin. Therefore, results revealed that
[Bmim][DBP] is an applicable flame retardant for use in
polymers.
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