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Solid paraformaldehyde is a source of formaldehyde that is preferred when anhydrous conditions in
chemical processes are required. In this contribution, several depolymerization models were proposed
for paraformaldehyde in powder (PFP) and prills (PFS), and they were validated with experimental
thermogravimetric analysis (TGA). For description of PFP depolymerization, a model of a single step was
adequate, and for PFS the best model included two simultaneous mechanisms. Kinetic models were
determined using Master Plot method; for PFS, small intervals of conversion were used in order to obtain
the best model at each finite point of the progress of reaction. Apparent activation energies (E;) were
obtained by isoconversional methods. For PFP, E, was 31.7kJmol~! and the model corresponded to
Avrami-Erofeyev 2 (A2). For PFS decomposition, the activation energy of the two mechanisms was
E.=105.4kJ mol ! for a contracting volume (R3) model and E,=48.4kJmol ! for the Avrami-Erofeyev
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1. Introduction

Formaldehyde, HCHO, is one of the simplest products of the
methanol partial oxidation and one of the most reactive organic
substances; hence, it is important in many reactions, for example
as a raw material in polymerization processes [1]. In 2012 formal-
dehyde global production stood at 46.4 million tons [2]. HCHO is
usually commercialized in aqueous solution, stabilized with
methanol to avoid its polymerization, and in solid form as
polymers: paraformaldehyde (PF) with 8-100 oxymethylene units
or polyoxymethylene homopolymer (POM-H) with higher molec-
ular weight, containing up to 500 or even more monomeric units
[3]. PF is typically used as HCHO source when anhydrous reaction
conditions are mandatory; for instance, for obtaining homoallylic
alcohols from the Prins condensation of alkenes and HCHO [4]. This
reaction has been widely studied to obtain nopol from [3-pinene
and PF over tin catalyst supported on mesoporous materials [5].
According to Table 1, nopol yield could be strongly affected by the
specific properties of PF, in contrast to PF commercialized in
powder, the nopol yield using PF commercialized in prills was
lower and significantly affected by particle size. Furthermore, the
activity of the catalytic system depends on the availability of in situ
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HCHO generation, which could be assessed by the kinetics of HCHO
production from its polymers, information that is not deeply
analyzed for PF in the open literature. An aim of this contribution is
to understand the differences between PF commercialized in
powder and in prills that could be related with nopol production.
Decomposition patterns are characteristic to each kind of
polymer, and in some cases they can be used for identification
purposes [8]. There are some reports about depolymerization
analysis of POM-H [9-16], most of them using TGA but without
detailed kinetic analysis; for PF the information is scarce [16,17]. As
polyoxymethylenes (POM) is one the most important engineering
polymers for automotive, mechanical, medical and consumer
goods applications, its thermal decomposition has been readily
studied; this process involves the stabilization by acetylating
“—OH” chain ends, introducing comonomer in small proportions
or using nanocomposite materials. The degradation of POM is
carried out by stepwise thermal depolymerization from the chain
ends, oxidative attack to produce hydroperoxides leading to chain
scission and depolymerization, acidolytic cleavage in the presence
of formic acid as a byproduct of HCHO oxidation, or thermal chain
scission at elevated temperatures [18 and references therein].
Grassie and Roche [11], reported the former studies on
depolymerization kinetics of POM-H by a technique known as
thermal volatilization analysis (TVA), where pressure evolution is
measured; the authors found that the degradation rate was
proportional to the average molecular weight of the polymer raised


http://crossmark.crossref.org/dialog/?doi=10.1016/j.tca.2015.04.016&domain=pdf
mailto:edwin.alarcon@udea.edu.co
http://dx.doi.org/10.1016/j.tca.2015.04.016
http://dx.doi.org/10.1016/j.tca.2015.04.016
http://www.sciencedirect.com/science/journal/00406031
www.elsevier.com/locate/tca

50 E.J. Grajales et al./ Thermochimica Acta 609 (2015) 49-60

to the 0.8 power. In an earlier work, Kern and Cherdron [16] found a
pseudo-first order kinetics if PF (molecular weight of 1200 Da) was
depolymerized by heating. More recently, Fray et al. [14] carried
out TVA isothermal experiments to measure the pressure
evolution until equilibria, obtaining that the initial rate of thermal
depolymerization of POM-H was proportional to POM-H mass, and
that the Arrhenius parameters depended on the POM-H sources,
effect that was attributed to the differences of the chain length or
impurities. In this contribution, detailed kinetics of depolymeriza-
tion of PF, commercialized in powder and prills, was obtained by
TGA, using a modification of the Master Plot method [19].

2. Experimental
2.1. Materials

Two sources of PF with 95% of purity, bought to Sigma-Aldrich,
were used as received. PF in powder as fine particles, PFP (product
number: 158127-500G, batch number: 11529]JA), and PF in prills as
spherical particles, PFS (product number: 441244-1KG, batch
number: 7223CC).

2.2. Characterization of materials

PFP and PFS were characterized by X-ray diffraction (XRD),
infrared spectroscopy, differential scanning calorimetry (DSC), and
thermogravimetric analysis (TGA). XRD was carried out in a Bruker
diffractometer D8 ADVANCE with CuKa radiation. For Fourier
transform infrared spectroscopy (FTIR), pellets, prepared with
controlled amounts of PF and KBr, were measured at room
temperature in a SpectrumOne PerkinElmer instrument with a
deuterated tri-glycine sulfate pyroelectric (DTGS) detector, at
frequencies from 4000 to 400 cm™~! with a resolution of 4cm™".
DSC were obtained in a TA instrument model Q100 under nitrogen
atmosphere; samples at room temperature were cooled to -80°C
at 20°Cmin~}, and the analyses were carried from -80°C to 300°C
using a heating rate of 5°Cmin . The TGA experiments were
carried out by non-isothermal method using a Q-500 TA instru-
ments; the samples, with mass between 10 and 15 mg, were heated
at three different heating rates 8=5, 7.5 and 10°Cmin~', with a
continuous nitrogen flow of 40 mLmin~! from 20 to 300°C.

3. Results and discussion
3.1. Characterization of paraformaldehyde

3.1.1. Structure and morphology

As POM-H with low polymerization degree is called PF, POM-H
will be taken as a reference for the analysis of PF. Actually, PF
exhibits almost the same XRD pattern and infrared spectrum as
POM-H, which suggests that the molecular and crystal structures

Table 1
Activity on nopol synthesis with different sources of solid PF over catalytic system
based on Sn-MCM-41. Adapted from Ref. [6].%

Time, (min) dp, (wm)®  Yield PF in powder, (%) Yield PF in prills, (%)°
2 58 12.5 5.0
2 338 115 1.8
5 58 23.0 10.2
5 338 19.9 2.7

2 Reaction conditions: 0.25 mmol B-pinene, 0.5 mmol PF, 2.2 mg sieved catalyst
(Sn-MCM-41 obtained by hydrothermal method with tin loading of 43 wmolg™!
[7]), 0.5 mL toluene, 90 °C, stirring rate 1000 rpm.

b Average between sizes of standard series mesh.

¢ Further description of these samples in Section 2.1. The standard deviation of
measurements was in average 1.1% units.
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Fig. 1. XRD of paraformaldehyde samples. (a) PFP and (b) PFS.

of these two materials are very similar [20,21]. Fig. 1 shows the
main peaks and diffraction to planes [22] in agreement to those
reported for POM [23], and are close to the calculated positions for
POM-H in the 20 scan about di90=22.9°, dio5=34.6° and
d115=48.4° [18]; then, both PFP and PFS samples consist of
hexagonal crystals with chains in helical conformations, which are
the structural characteristics reported for POM [18]. The apparent
crystallite size (ACS) [23] of the PF samples analyzed in this
contribution and calculated according to the Scherrer equation,
Eq. (1), is shown in Table 2. As the crystallite size of PFS was about
2% higher than PFP, it is possible to suggest that significant
differences are not obtained at crystal level for both PFP and PFS
samples; however, crystal sizes of PF samples analyzed in this
contribution were higher that reported POM crystal size (Table 2,
line 3).
KA

ACS = (A26)cos 0) )
where K is a constant related to crystallite size taken as 1, A is the
wavelength (0.15418 nm), A26 is the integral breadth (ratio
between peak area and peak height in radians), and 0 is the
corresponding peak angle.

Fig. 2 shows that the majority of the bands in the FTIR spectra
for both PFP and PFS samples are common; furthermore, those
bands have been reported in the literature for POM [20,21,23-25].
Although there are some bands that have not been identified yet,
important differences between the two PF samples are observed. It
has been reported that the intensity of the 903cm™' band is
proportional to the degree of polymerization [20]; however, no
significant difference was found for this band in the samples
analyzed. The morphological structure of crystalline POM-H, at a
scale lower than micrometer level but higher than crystal lattice,
may be classified as extended-chain crystals (ECCs) and folded-

Table 2

XRD parameters of peak corresponding to plane dqoo.
Sample d1g0 position 26, (°) FWHM, (°)° ACS, (nm)©
PFP 22.92 0.394 17.57 (20.60)
PFS 22.96 0.390 17.98 (20.78)
POM? 23.00 0.699 13.0 (12.9)

¢ Copolymer F30-03 as reported in Ref. [23].

b FWHM: full width at half maximum.

¢ In parenthesis the crystallite size obtained with Eq. (1) using FWHM instead of
integral breadth and K=0.9.
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Fig. 2. FTIR analysis of PF samples (a) PFP and (b) PFS. *Unidentified bands.

chain crystals (FCCs); those structures show essentially the same
XRD pattern, but they may be clearly distinguished by FTIR
spectroscopy because of the high sensitivity of this technique to
morphological changes [18,26-28].

As many bands of PFP and PFS overlapped each other, the
spectra was differentiated twice with respect to wavenumber for
separating the sharp bands of the crystalline phase from the broad
bands of the amorphous region [26],Fig. 3. The peaks at 633,
935 and 1239cm™! are assigned to both ECC and FCC crystal
morphologies. Bands at 900 and 1090 cm ! belong only to the ECC
morphology; they show the same intensity in both samples. As
bands at 998 and 1138 cm™! that are assigned only to the FCC
morphology are more intense for PFP, then this type of PF counts
with a major contribution of the FCC structure respect to PFS.

3.1.2. Thermal analyses

Figs. 4 and 5 show TGA and DTG curves, respectively, at different
heating rates for PFP and PFS samples. TGA curves show different
consumption rates through time depending on the heating rate.
Although the shape of the curves corresponds to thermal
decomposition toward volatile compounds, they also have the
shape of drying processes or desorption of other substances such
as solvents or monomers [29]. Considering the nature of the
samples, it is expected that during the TGA, the decomposition to
volatile compounds such as HCHO occurs; in fact, in the absence of
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Fig. 3. Second derivative of FTIR curves for (a) PFP and (b) PFS. Curve (a) with 1.5
units vertical offset.

oxygen, it has been confirmed by IR spectroscopy that HCHO is the
single product of POM-H depolymerization [14]. Furthermore,
HCHO has been detected as the main product from TGA under
nitrogen atmosphere of POM copolymers with hydroxyl chain-
ending [30-32]. TGA of PF samples did not show events related
with impurities.

It has been reported that gaseous HCHO is slowly polymerized
below 100°C [3]; hence, it is reasonable to conclude that both PFS
and PFP samples were completely decomposed at the maximum
temperature tested. Although residual solid is commonly observed
in TGA due to incomplete reactions [33], Fig. 4 shows that residual
mass was not left upon decomposition for all the heating rates and
PF samples, in agreement with TGA of POM-H [13,15]. However, the
decomposition onset temperatures of PFP were lower than values
for PFS, Table 3, with an average difference of about 36 °C, and for
both PF samples the values were significantly lower than those
reported with solids such as POM-H at 8=10°Cmin . Similar
conclusions come from comparison of DTG curves of PFS, PFP and
POM-H samples (Fig. 5, Table 3). The maximum weight loss
temperatures obtained from DTG curves were directly related to
the heating rate in both PF samples, with an average difference in
favor of PFS of around 26 °C. At 8=10°Cmin ' the corresponding
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Fig. 4. Effect of the heating rate on the decomposition of paraformaldehyde. (a) PFP,
and (b) PFS.
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Fig. 5. DTG curves of the decomposition of PF. (a) PFP, and (b) PFS.

values for samples of POM-H were at least twice the value of PFS.
Longer homopolymer chains of POM-H [11,16,18] have been
inversely related to the degradation rate, with shift to higher
values of Tonser and Ty, temperatures, which explain the strong
differences between PF and POM-H in Table 3. These imply that
chain-end scission mechanism governs the depolymerization in
our samples in nitrogen atmosphere instead of random chain
scission and acidolytic cleavage, which are favored in the presence
of oxygen and shows a proportional relationship between
molecular weight of POM and degradation rate [13,18,32]. These
findings suggest that the slower depolymerization rate of PFS

Table 3
Thermal parameters from TGA and DTG of PF and POM-H samples.
Sample B, (°C min~!) Tonset, (°C)* Tm, (°C)°
PFP 5 68.09 114.81
7.5 83.36 129.92
10 85.84 138.50
PFS 5 111.51 146.79
7.5 115.42 156.68
10 119.81 159.16
POM-H® 10 326 390
POM-H 10 255 325

2 Onset temperature corresponding to 3% weight loss as recommended in Ref.
[13].

b Temperature of the maximum position in DTG.

¢ Data taken from Ref. [13] for a POM-H supplied by DuPont.

4 Estimation from Ref. [15] for a POM-H Delrin.

respect to PFP could be associated to a higher molecular weight of
PFS. Moreover, the higher contribution of FCC morphology of PFP
could be also in agreement to higher degradation rate, since the
FCC structure may be considered as imperfect crystals, with about
20% amorphous part concentrated at the fold surface [34], with
stems shorter than ECC and with folded-chain segments on two
opposite sides, which melts a POM-H sample at a temperature
lower than ECCs [18].

DSC analysis of PF samples (Fig. 6) did not show any signal
related to a glass transition or a melting point, typical of POM-H
[18], but the corresponding signals were coherently related to a
degradation pattern, similarly to that observed in the work of Kusy
and Whitley [15]. The calculated gasification enthalpies (hg) were
1.994 and 2.066 k] g~ ! for PFP and PFS, respectively, which are not
significantly different (only 3.6% higher respect to PFP), and are in
the same order of magnitude of average h, for pyrolysis of several
polymers (2.04+0.5kJg™ 1), but quite different to the compiled
value of POM (2.4k] g~ ') [35]. On the other hand, DSC pattern of
PFP exhibited a signal at around 40 °C which is not associated to its
degradation process, but which might be related to the formation
of the ECC structure or the straight tie chains passing through the
neighboring lamellae [36], whose intensity becomes higher on a
FTIR spectra after decreasing temperature [26]. This finding
suggests that higher depolymerization rate of PFP respect to that
of PFS, under nitrogen atmosphere, is more probably related to the
differences on molecular weights than on the presence of
amorphous phases, which has been related with the enhance of
the thermo-oxidative decomposition rate of acetylated POM
[34,37] or POM-copolymers [38].

Fig. 4 suggests that decomposition process occurred in single or
parallel reactions, instead of successive reactions, as in TGA several
inflection points are not observed [39]. The presence of a
pronounced shoulder in the DTG, Fig. 5(b) for 8=10°Cmin~’,
and DSC, Fig. 6, could suggest the presence of parallel reactions for
PFS as it will be shown in the next sections.
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Fig. 6. TGA and DSC analyses of PF samples with heating rate of 5°Cmin~". (a) PFP,
inset: DSC signal multiplied by 10, and (b) PFS.
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3.2. Kinetic analyses

3.2.1. Determination of the activation energy for PFP

The general kinetic law for decomposition reactions in solids is
usually described by Eq. (2). This expression is used for single
reaction processes, as it is the case of PFP depolymerization.
da
dt = k@ x fla) (2)
where f{«) is a function that depends on the reaction mechanism;
« is the conversion, Eq. (3), and k(T) is the rate constant, Eq. (4).

mo — me
“ oy )
k(T) = A x exp (%5) (4)

Here, mg is the initial mass, m; is the mass in the time t, ms
corresponds to the residual mass. Regarding to the rate constant, A
is the pre-exponential factor, E represents the activation energy, R
is the universal gas constant and T is the absolute temperature [38].

The isoconversional methods are the most used to compute
activation energy because they can be applied to polymers with
complex degradation mechanisms [38]. The isoconversional
principle states that the reaction rate at constant conversion is
only a function of temperature [39], or, in others words, establishes
that the reaction model fl«), is independent on the heating rate
[40]. Isoconversional methods are frequently called “model-free”
methods because they allow to evaluate the activation energy for a
specific conversion degree, Ec, without assuming any particular
form of fla). Nevertheless, it is important to assume that the
conversion dependence of the rate obeys some flor) model [39].

Integral and differential isoconversional approaches are usually
used to calculate the activation energy. For constant heating rate,
from Eqgs. (2) and (4) we can obtain Eq. (5), which is the basis of
integral isoconversional method.

o T
_fde _Af(-Ey o A
5 of<a>—ﬂ{ (sr) < a1 =50 )

Eq. (5) does not have analytical solution and different
approximations have been proposed [39]. A popular solution
considers that 2RT/E is much lower than unity and it is called
Kissinger-Akahira-Sunose (KAS), Eq. (6).

B\ A xR Eq
111(F =In Z@) < E) RT (6)
For each degree of conversion at different heating rates (8), the
linear plot of In(8/T?) vs. 1/T facilitates the calculation of E, and In
[A x R/(g(at) x E4)] from the slope and the intercept, respectively
[38].

On the other hand, the Friedman method (FR) is the most
common differential isoconversional method, and is based on
Eq. (7) which is obtained from Egs. (2) and (4).

d «
1n<d7‘f>m — Inf(@) x Ad] — %Tw 7

For a constant ¢, the plot of In(de/dt) vs. 1/T obtained from curves
recorded at several B, labeled with i, should be a straight line
whose slope correspond to the value of E, [38].

The dependency of activation energy for conversion degrees
between 0.05 and 0.95, using KAS and FR methods, is shown in
Fig. 7. The determination coefficients, R?, for evaluation of E, for

35+
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Fig. 7. Effect of the conversion degree on activation energy evaluated by KAS and FR
isoconversional methods for PFP.

each ¢, are below 0.98 for o < 0.6 using the integral method with a
minimum of R?=0.90 for «=0.05. In contrast, R?> are above
0.99 when a differential approach was used, indicating a good
quality of the experimental TGA data. Values of E, from integral
method showed deviations below 3% respect to the mean. These
findings suggest that complex integration for treatment of data are
not necessary in the evaluation of E,, [39]. Although FR method had
better correlation for each conversion degree, values of E, are
oscillating at around 10% deviation respect to the average of higher
and minimum values. This deviation could be attributed to either
the difficult determination of baseline or the noise increment after
differentiation of experimental data, associated to differential
methods. These variations levels have been observed in the
treatment of TGA data for calcium carbonate, which showed E,
between 180 and 220 k] mol~'[41]. Moreover, it is important to
note that the nearly constant profile of E, with conversion in
nitrogen is in agreement to the results reported by Liift et al. [42]
using an POM copolymer, whose values, obtained by the method
reported by Flynn and Wall [43], were nearly constant at
150kJ mol~! or higher values depending on the treatment of the
polymer, which is coherent to the effect of adjacent carbon-carbon
of copolymer; for comparison purposes the method of Flynn and
Wall with our data produced a similar trend of E,, with conversion,
but E, respect to KAS method for PFP and PFS were overestimated
in average 15 and 4%, respectively. The authors reported that for
higher conversion degrees, activation energies lowered continu-
ously under air atmosphere while they remained nearly constant
under nitrogen atmosphere; that difference was mainly associated
to the degradation mechanism. Under oxygen, the scission and
autocatalytic type mechanism are probably occurring simulta-
neously, and in nitrogen mainly thermal induced depolymeriza-
tion after the chain scission occurs, as it was previously discussed
in Section 3.1.2.

Table 4
Statistical parameters for activation energy obtained from KAS and FR methods for
PFP.

Parameter KAS FR
Average activation energy, Emean (k] mol™1) 30.8 315
Standard deviation, SD (kJ mol ") 0.5 1.8
Coefficient of variation, CV (%) 1.5 5.6
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The average activation energy for KAS and FR methods are too
close each other with a difference of around 0.7 k] mol ! (Table 4).
If activation energies were not similar for both methods, a
significant variation of E, with conversion would be expected [38].
Then, our results support the idea of having constant activation
energy with conversion, indicating that either single or simulta-
neous reactions are occurring, as indicated previously from
thermogravimetric analysis (Section 3.1). Regarding to this aspect,
Vyazovkin et al. showed that if E, is relatively constant in the
whole conversion range, then the process is dominated only by one
reaction step [39].

Since parallel reactions could probably be occurring, it was
checked through the calculation of activation energy by the lineal
methods of Kissinger [39] and Farjas [41]. The Kissinger equation,
Eq. (8), can be obtained from Eqs. (2) and (4) under the maximum
reaction rate condition, where second derivative, d%,/dt?, is zero. In
this method, left side of Eq. (8) is plotted vs. 1/T,,, giving a straight
line, where m indicates the maximum position or maximum
velocity (Fig. 5a). A limitation of this method is that the accurate
determination of activation energy requires (o) to be indepen-
dent of B, otherwise deviation from linear fitting could be observed
and a systematic error in the calculation of E, is obtained. Another
limitation of the method is that the activation energy is computed
without taking into account the complexity of the kinetic process
[39].

In <T€> - ln<—A ; R xf’(am)) - % (8)

m

To evaluate the occurrence of simultaneous reactions, Farjas
et al. [41] showed that the peak width in DTG analysis is sensible to
the deviations respect to kinetic model reactions. The authors
found an analogous equation to Kissinger (Eq. (9)); then, a
combined plot of Kissinger and Farjas should provide a reliable
determination of the activation energy [39]. In fact, if only one
reaction occurs, the obtained activation energies with each
method should be almost the same [41].

In(Atrwi) = g+ In e (9)
where Atpwan is the full width at half maximum in time units and
At'rwim is its normalized value.

Table 5 and Fig. 8 show a good agreement of the Kissinger and
Farjas methods with experimental data. The variation in conver-
sion was not significant, Table 5, and therefore the assumption of
the Kissinger method that f(«,,) is constant, could be adequate.
Strictly, the conversion is independent among different heating
rates for the first order kinetic model, f(o,,)=—1; furthermore,
variation in « with 8 is not appreciable for power law and Avrami-
Erofeyev models (Table 6) [39]. Therefore, the depolymerization of
PFP could obey some of these three kinds of models.

Activation energies obtained from Kissinger and Farjas methods
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Fig. 8. Plots of the Kissinger and Farjas methods to estimate the activation energy
for PFP. Continuous lines correspond to linear fitting and symbols to experimental
data.

Furthermore, the values are relatively close to Eean Obtained
for the KAS (30.8 k] mol~') and FR (31.5 k] mol~!) isoconversional
methods (Table 4). In fact, according to the standard deviation of
the four values are the same from statistical point of view. Because
of this, the estimated and averaged activation energies correspond
to an apparent parameter in the whole conversion range.

3.2.2. Determination of the activation energy for PFS

KAS and FR methods were also followed for the analysis of
experimental data of PFS. In contrast to PFP, in the whole range of
«, the KAS method was better than the FR method with a R? above
0.99. With the differential method, the R? values varies between
0.89 (for ¢=0.95) and 0.98 for o >0.65. Fig. 9 shows that the
activation energy changed in a broad range for both KAS and FR
methods; for instance, it changed from 60 to 100 k] mol~! for KAS
method. The deviations of maximum and minimum values of Ec
respect to the mean value, were 36 and 56%, for KAS and FR,
respectively. The International Confederation for Thermal Analysis
and Calorimetry (ICTAC) [39] suggests the use of more complex
integral or differential methods when these variations are above
20-30%. Integral methods solve 7(T) in Eq. (5) with the assumption
of E, constant between integration limits, but in the practice E,
could change with conversion [39,45], as observed in these results.

On the other hand, the apparent activation energy, E, was
determined by the Kissinger and Farjas methods (calculations not
shown). As E, obtained from Kissinger (68.5 k] mol~') and Farjas
(51.1 k] mol~') methods were quite different, then it is concluded
that a kinetic analysis involving more than one step should be
applied for PFS.

When multiple steps are involved in the process, the global
conversion can be described by Eq. (10) [39].

1 . . do
were 31.7+2.8 and 32.5+1.8kJmol™", respectively, with a &= ki (T)xfy(a1) + ka(T)xfo(ct2) (10)
difference between those values of around 2.5%; therefore, there
the depolymerization is carried out in only one step [41].
Table 5
Experimental data for evaluation of the Kissinger and Farjas method for PFP.
Entry data Linear fitting
B, (°C min~1) Tins (K) Am Atpwiam, (S) Parameters Kissinger Farjas
5 387.96 0.6452 5325 Slope —3813.2 39114
75 403.07 0.6384 373.5 Intercept —0.4937 —3.7984
10 411.65 0.6397 296.5 R? 0.9921 0.9974
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Table 6
Differential, flar), and integral, g(c), expressions for different reaction models [44].
Mechanism Model fla)=1/k der/dt glo)=kt
Nucleation Power law (P2) 202 a'l?
Avrami-Erofeyev (A2) 2(1 —o)[-In(1 —a)]"? [=In(1 - a)]"?
Prout-Tompkins (B1) a(1—-a) In[e/(1 — )]+
Geometrical contraction Contracting area (R2) 2(1-a)'? 1-(1—a)'?
Contracting volume (R3) 3(1 —a)?? 1-(1-a)'?
Diffusion 1-D diffusion (D1) 1/(2) o?
Pseudo-order First-order (F1) 1-a) —In(1 - &)

where «; and «; are the specific conversion degrees associated to
the two individual parallel reactions and « is the overall
conversion.

Vyazovkin published the use of integral methods to evaluate the
activation energy, when complex reactions occur [40,46,47]. These
methods are useful if lineal methods fail in the calculation of E,,
and there is not evidence of multiple reactions. The author
developed a method that accounts the variation of the activation
energy with the conversion [20]. The activation energy is
calculated minimizing the objective function given by Eq. (11) [47]:

JIEw, Ti(to)]
(11)
,Z];J )
where the integral of temperature is:

te

/. exp{R ?(t)}dt (12)

te—Aa

JIEe, Ti(ta)] =

Eq. (12) can be solved numerically; a minimization is carried out
for each value of « to obtain a dependence of E,. Narrow
integration intervals, Ac, allow to obtain the average activation
energy into small intervals, different to others numerical
integrations such as KAS method, where normally the kinetic
parameter average is computed in broad intervals (0 — «), and E,
undergoes an undesirable flattening [47]. Therefore, Eqs. (11) and
(12) were used in this work to compute E,, for PFS, which is called
the modified non-linear (MNL) method.

Fig. 10 shows the dependency of activation energy with
conversion using MNL [47] and FR methods for o =0.02-0.98 with
steps of 0.01. It is clear that both methods resulted in similar values,
in agreement with observations of other authors [48,49]. As

100 -

o

E (kJ mol)

00 02 04 06 08 10
Conversion degree (o)

Fig. 9. Effect of the conversion degree on activation energy evaluated by KAS and FR
isoconversional methods for PFS.

aforementioned, the pattern in Fig. 10 is typical of a complex
decomposition mechanism with multiple reactions [39,40,48,50];
however, by TGA is possible to propose a “kinetic scheme” [50], but
no a mechanism approach which requires to use TG-MS [51].

The shape of the curve in Fig. 10 allows inferring the kinetic
scheme. For example, growing curves have been associated to
thermal decomposition of lineal polymers which decompose
through weak bonds, such as peroxide and hydroperoxide,
followed by decomposition through free radicals [45]. From the
relationship between E,, and «, some models have been identified
[50]: competitive [52], independent [53], consecutive [54],
reversible reaction [55], and diffusional controlled models [56].
The competitive reactions have an increasing trend, which is a
natural consequence of the exponential relationship of tempera-
ture and the specific reaction rate [53]. Vyazovkin studied in detail
some examples of parallel reactions occurring independently [53];
in those cases, a dependency of E,, and « in increasing pattern like a
“S” or sigmoidal was obtained, or a decreasing relationship with an
inflection point, or a concave dependency. Neither growing,
competitive nor independently reactions are related to the
depolymerization of PFS.

The descending concave curve is partially adapted to a thermal
reversible decomposition followed by an irreversible reaction, the
latter being the controlling step [55]. If the process were reversible,
E, and « relationship would show an approximately decreasing
lineal dependence, with Ecx between the corresponding values of
direct and inverse reaction [55]. Diffusional controlled kinetics
show a decreasing convex trend of E,, and «, because the increment
of temperature accelerates the formation of gaseous intermediate
going to a diffusive regime, in which low activation energies are
observed. At the beginning, the decomposition is governed by the
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Fig. 10. Effect of the conversion degree on activation energy evaluated by MNL and
FR methods for PFS.
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chemical reaction, and not by diffusion; for this reason, E, and «
should be practically constant starting the analysis [56]. Then,
profiles of Fig. 10 are closely associated to either reversible or
diffusional models. Finally, consecutive reactions shows multiple
experimental profiles [54].

The aforementioned cases do not explain the peak form
observed after «>0.65 (Fig. 10). It is known that HCHO and its
polymer could be in equilibrium (Reaction (R1)) [57-59], but under
TGA conditions the nitrogen flow and the heating rate, which allow
high temperature in almost all the process, domains against the
reversible step. It is recognized in the real analysis, the curves could
be indistinguishable to obtain the kinetic scheme [53]; moreover,
the prior studies on kinetic schemes were based on first order
kinetics, and the weighting of contributions of reaction and
thermal effects are the same. Therefore, it is clear that TGA could be
enough complex and particular interpretations arising from one
case to other. In the next sections, a kinetic scheme for
depolymerization of PFS is proposed.

R-OH +CH,0 «~ ROCH,0H (R1)

3.2.3. Kinetic model determination for PFP

In the literature, different graphical methods have been
reported to obtain reaction models of solids from TGA: the
differential method or Y(«) function, the integral method, and the
combined method or Z(«) function, which are called the Master
Plot [19,60]. In many cases, experimental kinetic data can be
transformed easily to Master Plot experimental curves. Compari-
son of these curves with theoretical Master Plots allows to choose
the appropriate mechanism or, at least, the convenient kinetic [19].
The solid decomposition kinetic models are comprised by
nucleation, geometrical contraction, diffusion and reaction-order
models, which are summarized in the work of Khawam and
Flanagan [44]. To use the Master Plot method the process must
have only one reaction, then, the kinetic parameters should keep
relatively constant on whole conversion range [39], as it is the case
of PFP depolymerization (see Section 3.2.1).

When data are in integrated form, like TGA data, it is
recommended to use the integral form of the generalized kinetic
equation, Eq. (13).

ga 0

-7 13
£(05) o3 (13
For a constant heating rate, the value of 6 to a given conversion o
can be obtained with Eq. (14). 65 is the value of Eq. (14) to a
conversion of 0.5.

E
6= BxR> p(x) (14)
where x = E/(RT), and p(x) represents the temperature integral that
although cannot be exactly solved, a convergent series can be used
to approximately calculate it (Eq. (15)) [61].

e*X

p(x) =< (x) (15)

where 77(x) is given by Eq. (16).

_ X3 + 18x2 + 86x + 96
T x4 4+ 20x3 + 120x2 + 240x + 120

7T(X) (16)

If the activation energy is defined (31.7 k] mol~' from Kissinger
method) the decomposition models will not require several TGA.
However, the treatment of our experimental data at the three
heating rates resulted in similar conclusions. For instance, Fig. 11
illustrates the curves obtained for 8=10°Cmin~’, including the
most representative and well fitted models (Table 6). This figure

5

o  Experimental data
Theoretical

0.6 08 10

00 02 04

Conversion degree (o)

Fig. 11. Integral method for comparison of experimental data with representative
models for decomposition of solids, Table 6. (a) F1, (b) P2, (c) R2, (d) A2, and (e) D1.

was obtained by the integral analysis, although differential and
combined ones resulted in the same conclusions (not shown).
From Fig. 11 the best fitting of experimental data was obtained
with the mechanism A2 (Avrami-Erofeyev with second order
kinetic). Neither the reaction order (F1), diffusion (D1), geometri-
cal contraction (R2), and power (P2) law models nor another
models such A3, A4, P2 nor F2 (see Ref. [44]) were in agreement to
the experimental data. Models P2 and D1 had almost the same
profile. Eq. (17) that represents the model A2 is based on the
nucleation principle, which is propitiated by solid imperfections,
since activation energy is lower in these points, known as
nucleation sites. Reaction (R2) corresponds to the model A2,
where the solid “A” decomposes by thermal effects into solid “B”
and a gas “C”; the nucleation process comes from the formation of a
new phase of product B, on the nucleation sites, in the vicinity of
reactant A [44]. Although the power law and autocatalytic Praut-
Tompkins models also belong to nucleation mechanism, the
Avrami-Erofeyev takes into account some restrictions for the
nucleus growing such as ingestion and coalescence. The ingestion
eliminates a potential nucleation site by the growing of an already
occurring nucleus. In the coalescence process, there is a loss of
reactant or product in the interface when reaction zones of two or
more growing nucleus are converging [44]|. These results also
confirm formic acid is hardly observed under nitrogen conditions
[32], and that autocatalytic mechanism promoted by formic acid
was not operative under tested conditions, coherently with the
proposed chain-end mechanism when HCHO is obtained as the
main compound.
da

Gr=2xkx(1-a){-In(1 —a)}'”? (17)

As)—Bis)tCey (R2)

3.2.4. Kinetic model determination for PFS

As the decomposition mechanism for PFS is complex (Sec-
tion 3.2.2), the Master Plot method was used in a short reaction
conversion interval, Aw, taking eleven points, Ac/11. In this way, it
is possible to obtain kinetic schemes for multiple reactions. Thus,
the activation energy was taken as constant for Ax=0.01 in the
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range of o between 0.03 and 0.98, and the aforementioned
methods (Section 3.2.3) were used in the same intervals where E,
is considered constant. The Master Plot method associates each
value of the activation energy to the best model, and it does not
take into account a pattern or distinguish the components into
apparent activation energy. Then the integral form of the
generalized kinetic, Eq. (18), was used.

gy 0
gBa/2) " Oz (18)

with (o; — Aa) <@ <«; in a step of Ax/n, Aw=1/m,and i=1, 2, 3,
..., n; where n and m are arbitrary values that depend on each
programmer.

Similarly to the calculations with PFP, the integral method was
used for a better estimation. Since, graphical comparisons are
tedious, a non-linear correlation, Eq. (19), was used to determine
the best model.

SSR

where SSR is the residual sum of squares and SST is the total sum of
squares.

Fig. 12 shows the best correlated models obtained at different
heating rates for each «, where three regions are observed. In the
first region, the relatively high correlation (0.99 for =7.5°C
min~!), exhibited a fast reduction to values of around r=0.90; in
this zone, the geometrical contraction is dominant, and as PF is
spherical the model R3 was selected. In the second region, r
increased slowly up to about 1, when conversion values depended
on heating rate. Finally, in the third region, r was close to 1, and
almost constant. The last two zones are dominated by the model
A2, which is the same of PFP.

According to Fig. 12, it is possible to suggest that at the
beginning of PFS depolymerization a fast nucleation process occurs
on its surface and that the depolymerization rate is controlled by
the progress of resulting surface reaction toward the center of the
solid [44]. After this process, the model A2 becomes more
significant every time but with an important contribution of
model R3, until the third zone («=0.45, 0.55 and 0.70, for 8=5,
7.5 and 10°C min~’, respectively). This trend was attributed to the
fact that at lower heating rates, there is enough time for the
geometrical contraction occurs at the beginning of the reaction,
and the achievement of higher temperatures, where A2 model is
operative, takes longer times. In other words, the geometrical

—8——=—5 ©°Cmin’
—O——+—7.5°C min"
—A———10 °C min’

Correlation coefficient (r)
o o g e I =
=l N=} \O O \O (=]
T . . T ... T

0.88 ——
0.0 0.2 04 0.6 0.8 1.0

Conversion degree ()

Fig. 12. Best correlation coefficients of fitted models to PFS as function of
conversion and heating rate. Model R3 (open symbols), and model A2 (filled
symbols).

contracting is favored at low temperatures, although its activation
energy is bigger, because the geometry of the solid plays an
important role in the kinetics.

Considering the parallel processes described by R3 and
A2 models that describe the start and the end of the analysis,
respectively, the activation energies obtained were 101 and
50 k] mol~}, respectively.

3.2.5. Validation of kinetics for PFP
Kinetic parameters obtained in Section 3.2.1 were compared
with the variance (52), Eq. (20) [38].

SSR
N-p
where N is the number of experimental points and p is the number
of kinetic parameters for fitting. The most suitable parameters
should have the lowest S? [39].

Table 7 shows the variance and kinetic parameters for integral
and differential models which were evaluated in Section 3.2.1.
These calculations came from comparison of each experimental
data in TG with predicted ones using the corresponding models.
Parameters obtained by Kissinger method were clearly the best
from statistical point of view. Coherently, Fig. 13 shows a good
prediction of experimental data using Avrami-Erofeyev-2 (A2)
model with Arrhenius parameters from Kissinger method. Then,
other fitting parameters procedures were not necessary. (Table 7)
(Fig. 13)

From Fig. 13 is concluded that thermal depolymerization of PFP
is governed by the nucleation Avrami-Erofeyev A2 model, with
E,=31.7k] mol 'and A=1682 min~' that were determined by the
Kissinger method.

§2 — (20)

3.2.6. Validation of kinetics for PFS

Parameters for R3 and A2 models, which were preliminarily
proposed from Fig. 13 in decomposition of PFS, did not agree with
experimental data according to variance parameter (Table 8).
Optimization of the objective function, Eq. (21), was carried out in
the whole conversion range with E, initial values of 101 and
50Kk] mol~!, for R3 and A2 models, respectively. After optimization,
the variances were of the same order of magnitude when PFP was
evaluated (Tables 7 and 8). The optimized E, were 105.4 and
48.4Kkmol~! for R3 and A2 models, respectively. In spite of initial
values were a gross estimate of the Arrhenius parameters, they
were close to the boundaries of the optimized values. These results
confirmed the sensibility of the prediction respect to Arrhenius
parameters. So, complex decomposition processes requires special
attention on Arrhenius parameters to obtain acceptable prediction
by the models.

m
OF:Z(rje*TJC)Z (21)
=1
where m is the number of experimental points of different heating
rates, e corresponds to experimental value, and c to values obtained
with Eq. (10).

Table 7
Variances and kinetic parameters of different isoconversional models in
depolymerization of PFP.

Method Heating rate, 8, (°C min~") Kinetic parameters
5.0 7.5 10.0 E, k] mol™! A, min~!
Kissinger 9.00x10™° 1.44x10°* 822x10°° 317 1682
Integral KAS ~ 4.85x10~% 6.17x10~% 5.53x107> 30.8 1760
Differential FR 2.02x1072 2.28x1072 5.53x107> 315 3252
Farjas 337x10" 3.72x10" 5.53x103 325 54




58 E.J. Grajales et al./ Thermochimica Acta 609 (2015) 49-60

—— 5°Cmin” | |
——7.5°C min"
—— 10°Cmin"] |
" ]
2
g .
=
=] A
S
2 _
S
= ]
30 40

Time (min)

Fig. 13. Prediction of depolymerization profile of PFP using model A2 and kinetic
parameters from Kissinger method. Symbols for experimental data and continuous
line for simulated profiles.

In accordance with Table 8, Fig. 14 shows a good agreement
among experimental and simulated data using the optimized
Arrhenius parameters, and considering R3 and A2 mechanism
occurring simultaneously. It is logical to consider that because of
the spherical form of the polymer, it reacted first over its surface
and next toward its core; besides, while that last process occurred,
the produced smaller nucleus began to react with a mechanism A2,
like the case of PFP.

Fig. 15 shows the ratio among the normalized reaction rates of
R3 and A2. It is outstanding the vertical axis for R3 was thousand
times higher than for A2 in the beginning of the decomposition.
The ratio between the reaction rates of R3 and A2 was in the
following descending order: 10°Cmin~"' (5.8 x 10'')>7.5°Cmin~!
(1800)>5.0°Cmin~! (500). These calculations were in agreement
with Fig. 12 where model R3 is dominating in the first steps, but at
relatively short time the model A2 governed the decomposition
process.

If we consider the model A2, the activation energy for PFP
(31.7kJ mol~') is lower than that obtained for PFS (48.4 k] mol~1);
moreover, the decomposition of two different POM-H sources
resulted in even higher activation energies (81 and 99 kJ mol 1),
whose differences were attributed to the length of the chain of
polymers or the impurities in the sample [14]. As it was discussed
earlier (Section 3.1.2), differences in our samples are attributed to a
higher polymerization degree of PFS. Liift et al. [42] reviewed the
typical published activation energy values for POM; the authors
found that there is a relatively broad range of reported values
(16-290k] mol~1), and that they depend on whether the POM is
stabilized or nor, the molecular weight distribution, the dominat-
ing depolymerization mechanism, and the measurement methods.
Moreover, the activation energy would depend on whether the
decomposition atmosphere is oxygen or nitrogen, being coherently
lower in the presence of oxygen [42]. To carry out a better
comparison, we compared the values reported for POM-H; with
exception of the works of Fray et al. (81-99 k] mol~!) [14], and

Table 8
Effect of kinetic parameters of R3 and A2 models on variance for prediction of
decomposition profiles of PFS.

B, (°C min~1) $2 with parameters in Section 3.2.2  S? after optimization
5.0 0.04119 4.7402 x 1073
75 0.03996 9.2051 x 107>

10.0 0.04168 1.3390x 104

1.0

Fractional mass

Time (min)

Fig. 14. Prediction of depolymerization profile of PFS using optimized kinetic
parameters for the parallel reactions models R3 and A2. Symbols for experimental
data and continuous line for simulated profiles.

Dudina et al. (108.8 k] mol~!) [62], which experiments were done
in absence of oxygen, the studies have been usually carried out
under thermooxidative conditions. Grassie and Roche [11] found
that activation energy for the thermooxidative degradation of a
high molecular weight POM-H increases from 20 to 30 k] mol~! in
the early stages to 210-220 k] mol~! from about 40% volatilization
onwards. Quite similar to our experiments, Kern and Cherdron [16]
found an activation energy of 41.8kJmol~! for a PF sample
(molecular weight~1000Da), which increased to 126 +18Kk]
mol ! (calculated with the reported data and assuming pseudo-
first order decomposition) for a POM-H (molecular weight
~10,000Da), indicating the effect of polymer weight on the
end-chain scission mechanism. The latter value is higher than the
corresponding polymer but with an end-capping treatment in
which dimethyl ether terminal was introduced, and whose values
were 60.7kJmol~! and 117kJmol~! for thermooxidative and
thermal degradation under vacuum, respectively [16]. Differences
of values reported for the aforementioned PF samples respect to
present study could be ascribed either to the observed pattern
between carrying out decomposition in oxygen or nitrogen, or to
differences on molecular weights.

—e—5.0°Cmin” | _
—e—7.5°C min”
——10 °C min”

R3/A2 ratio for normalized rates

Time (min)

Fig. 15. Normalized rate ratio between models R3 and A2.
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Additionally, it is important to note that depolymerization rate
and models on PFP and PFS obtained by TGA are qualitatively in
agreement to differences on nopol production shown in Table 1.
HCHO is more readily available from PFP, and important differ-
ences on activity were not observed by changing particle sizes. In
contrast, PFS decreased the rate of formation of HCHO, and the
most important is the reduction on nopol production after
increasing PFS particle size, this in agreement to geometrical
volume contraction model R3, whose depolymerization rate is
inversely related to particle radius [44], because the reduction of
particle size causes an increase of solid reactivity. For nopol
production, the main effect of the solvent has been attributed to
HCHO solubility and to solvation of bulk species and intermediates
[63]. Although, it is also necessary to evaluate the probable effect of
the acidity of catalyst surface on the acidolytic cleavage of PF, its
low solubility in organic solvents does not favored neither
diffusion nor its subsequent adsorption on the acid sites, and
the PF kinetics of thermal depolymerization could be also used for
kinetic studies of nopol production.

4. Conclusions

The depolymerization kinetics of two sources of HCHO
polymers has different behavior under TGA experiments at
constant heating rate. Paraformaldehyde powder decomposition
occurs in a single step by Avrami-Erofeyev (A2) model with
activation energy of 31.7kJmol~!, and paraformaldehyde prills
show two simultaneous decomposition models: geometrical
contraction (R3) and Avramy-Erofeyev (A2) with activation
energies of 105.4 and 48.4kJmol~!, respectively. Analysis of
parallel degradation mechanism of paraformaldehyde prills was
based on a modification of the Master Plot method, in which small
conversion intervals were selected for evaluation. A lower HCHO
production rate is predicted for paraformaldehyde prills by TGA,
which is also in agreement with catalytic activity in a typical
anhydrous liquid phase reaction, where in situ HCHO is condensed
with 3-pinene to obtain nopol. The geometrical contraction model,
included in the complex depolymerization mechanism of parafor-
maldehyde prills, is in agreement with the low nopol formation as
the particle size is increased. Summarizing, this study showed the
versatility of TGA to evaluate the effect of the characteristics of the
polymer on its depolymerization kinetic that can influence the
reactivity of the obtained monomer in the further reaction steps
where it is used as reactant.
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