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The nature and the extent of degradation of polyamide 6 (PA6) in the presence of layered birnessite-
type manganese oxide (LMO) were analysed by thermogravimetric analysis under static air atmosphere
at several heating rates between 5°C/min and 20°C/min. The samples were characterized using
infrared (IR) spectroscopy, X-ray diffraction (XRD), scanning electron microscopy (SEM), N, gas
adsorption-desorption and thermal analysis (TA) techniques. XRD and DTA results for LMO showed that
the oxidative transformation of MnO, was occured on heating from 300 °C to 500 °C. The IR spectra of

ggxﬁ;ﬁ;; 6 Mn-0 band proved the covalent character of oxygen bonding to the metal ions of the surface. The addition
Catalytic degradation of LMO caused the change in the crystalline phase of PA6 from predominantly « to largely y phase. The
Birnessite activation energy for degradation estimated by Kissinger method for PA6 and 10 wt.% LMO/PA6 compos-
Layered oxides ite were found to be 213 and 118 kJ/mol in static air atmosphere, respectively. The experimental results
Oxidation revealed that the addition of 10 wt.% LMO decreased the thermal stability in static air of PA6 by about

80°C.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Thermal degradation of polymers have drawn attention because
of their importance in the conversion of waste polymers to useful
chemical or fuels [1-3]. Pure thermal degradation of waste poly-
mers requires high temperatures and results in a wide variety of
products. The addition of a catalyst improves the quality of prod-
ucts obtained from decomposition of polymers and reduces the
temperature of decomposition [4,5].

Polyamides (PA) are an important group of the thermoplastic
polycondensates. The amide group can be obtained by polymeriza-
tion of lactams or by condensation of diamines with dicarboxilic
acids. The thermal degradation of polyamides were studied sys-
tematically in the past [6,7]. The mechanistic studies about the
thermal degradation products of polyamides showed that the ther-
mal degradation was initiated by hydrogen abstraction from the
methyl-group adjacent to the nitrogen atom and propagated by
oxidation of the formed macroradical [6,7]. Karstens and Rossbach
[6,7] proposed a detailed degradation scheme starting with oxygen
attack at the N-vicinal methylene group (Scheme 1). The mecha-
nism was supported by many other authors [8-12].

Manganese oxides are reported to be among the most efficient
oxide solids for catalytic oxidation reactions such as the selective
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catalytic reduction of NOx with NH3 [13], the catalytic decompo-
sition of ozone [14], the catalytic combustion of volatile organic
compounds [15] and catalytic decoposition of polymers [16-18].
This behavior is attributed to the variable electronic structure and
oxidation state in a variety of compounds (MnO,, Mn,03 and
Mnj304), which shows good redox properties.

Solid acid catalysts, such as manganese oxides, promote hydro-
gen transfer reactions due to the presence of many acid sites. A
careful analysis of the existing literature indicates that not many
studies have been conducted at understanding the catalytic ther-
mal degradation pathway of PA6 using manganese oxides. The role
of manganese oxide catalysts in oxidation reactions prompted us
to study the effect of this catalysts on PA6 degradation reactions.
Taking into account this background, layered birnessite-type man-
ganese oxide (LMO) was synthesized and evaluated in the catalytic
thermal degradation of PAG. Infrared (IR) decomposition studies of
PA6 on LMO were performed to get a better insight in the degrada-
tion mechanism.

2. Experimental
2.1. Materials and sample preparation
PAG pellets used in this study were obtained commercially from

Resinex. Other chemicals were of >99.9% purity or of analytical
grade, and purchased from Sigma-Aldrich Co. and used without
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Scheme 1. Thermo-oxidation route according to Karstens and Rossbach [6,7].

further purification. Double distilled water was used throughout
the experiments.

LMO was prepared according to the redox method described
in [19]. Accordingly, firstly 2M (mol/L) H,0, and 0.6 M (mol/L)
NaOH solutions was mixed and stirred in glass beaker. The molar
ratio of NaOH/H,0, was adjusted as 0.18. After that, immedi-
ately manganese solution was poured in to the mixture. During
the addition highly vigorus reaction accured. This reaction con-
tinued until to run out all of the manganese solution. After
completion of bubbles formation, black precipitate was filtered.
Obtained soil was put in to the teflon lined autoclave and waited
at 140°C for 16h in 2M sodium hydroxide alkaline solution.
As a final opretation obtained grey precipitate was filtered and
washed with deionized water until to obtain neutralization. Sev-
eral IR absorption bands were observed at 3412, 1633, 1384,
1066, 622, 602 and 513 cm™!, respectively. Two strong IR bands
could be observed around 513 and 602cm™!, in good agreement
with the IR characteristic bands of birnessites [20-24]. The sur-
face area was calculated by the BET (Brunauer-Emmett-Teller)
method. The BET surface area (34.24 m2/g), external surface area
(28.56 m2/g), micropores surface area (5.68 m?/g), total pore vol-
ume (0.169 cm3/g) and average pore diameter (19.79 nm) results
obtained by applying the BET equation to N, adsorption at 77K
and Barret-Joymer-Halenda (BJH) equation to N, adsorption at
77 K.

2.2. Characterization techniques

Infrared (IR) spectra of the LMO samples were recorded in
the region 4000-450cm~"! on a Spectrum-100 FTIR spectrome-
ter. The thermal gravimetric (TG) and differential thermal analyses
(DTA) curves were obtained using a PRIS Diamond TG/DTG appa-
ratus under highly pure nitrogen atmosphere. A Tri Star 3000
(Micromeritics, USA) surface analyzer was also used to measure
the nitrogen adsorption isotherm at 77K in the range of relative
pressure 10-6-1. The XRD analysis data from the samples were
collected using a Rigaku, Miniflex ZD13113 (Japan) diffractometer
with Cu Ka radiation (Ni fitler). Surface morphology was stud-
ied using a ZEISS Ultraplus model field emission scanning electron
microscopy (SEM).

2.3. Thermal degradation of LMO/PA6 composite

The LMO/PA6 composite was prepared by dissolving stoichio-
metric amounts of PA6 and LMO in formic acid. The mixture was
heated at 40 °C until complete dissolution was achieved. The solu-
tion was then cast onto a glass substrate followed by a slow
evaporation of the formic acid in a fume hood, then in a vacuum
oven at room temperature for 48 h. The thermal decomposition
studies in the TGA were performed over a temperature range of
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Fig. 1. XRD patterns of the LMO sample heated at various temperatures for 20 min.
B, birnessite; C, cryptomelane.

50-800°C under both static air environment at different heating
rates of 5, 10, 20, 30 and 40 °C/min.

3. Results and discussion
3.1. Material characterisation

XRD and SEM techniques were used to study the morphology
of the LMO/PA6 composite and how the MBO layers were dis-
tributed within the PA6. The XRD patterns obtained for raw MBO
and LMO/PA6 composite samples, respectively, were presented in
Figs. 1 and 2. The two peaks at 26 values of 12.48° (d001=7.08 A)
and 25.30° (d002=3.55A) corresponded to 001 and 002 basal
reflections of LMO, respectively, indicating an excellent agreement
with other synthetic layered manganese oxides [25-28]. These
peaks also point out the separation of the sheets of MnO6 octa-
hedral. The XRD pattern of LMO heated at 200°C revealed the
presence of a mixture of two phases having basal spacing of 6.92
and 5.60 A, which were originated by normal and dehydrated bir-
nessite, respectively. This result showed that the dehydration of the
crystal water did not cause damage to the birnessite structure. At
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Fig. 2. XRD patterns of (a) 10wt.% LMO/PA6 and (b) 10 wt.% LMO/PA6 heated at
300°C.

100 nm

Fig. 3. The SEM images of 10 wt.% LMO/PAG at different magnifications.

300°C, cryptomelane began to form, indicating the transformation
from the layered structure to tunnel structure. The X-ray diffraction
patterns of these two families of compounds were clearly distin-
guished by their characteristic Bragg diffractions at 12.54° and
24.95¢ for the LMO, and 28.97° and 37.52° for the cryptomelane
[29,30]. The intensity of cryptomelane peaks also increased with
increasing the calcination temperature.

The appearance of the new peak at 26 = 4.05° with the disappear-
ance of the (00 1) peak at 26 = 12.48° and the increase in d-spacing
indicated the formation of a nanocomposite structure with the
intercalation of PA6 chains in the gallery of the MBO layers (Fig. 2).
Aiming to prove intercalated PA6 chains between the LMO layers,
the LMO/PA6 composite was heated in a reducing atmosphere up
to 300°C. This heated sample presented a basal spacing of 13 A,
confirming polymer intercalation since the LMO layer structure in
the heated composite would collapse to a basal spacing of 7.08 A in
the absence of polymer residues between layers.

The PA 6 has multi-crystalline forms and usually exhibits a more
stable a-form rather than the y-form [31-33]. The oy peak in XRD
pattern of PAG arises from the distance between hydrogen-bonded
chains which is the diffraction of hydrogen bonded sheets, and the
o, peak arises from the separation of the hydrogen bond sheets
[31-33]. The LMO/PA6 composite showed the presence of two a-
crystalline peaks at 20.79° (q-form) and 25.07° (a-form) with
no indication of y-forms at 16.25° (y;-form) and 22.55° (y,-form)
(Fig. 2b). At 300° C, disappearing a;-form peak indicated that the
LMO disturbed the arrangement of hydrogen bonded sheets of the
a-form. This result showed that the closeness of the LMO layers
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Fig. 4. Thermal analysis curves of the LMO sample.

led to the conformation changes of chains, limiting the formation
of hydrogen bonded sheets of the a-form. This result was also sup-
ported the appearance of the new peaks indicated the ;- and
v2-form at 26 values of 16.25° and 22.55°, respectively.

SEM images did not exhibit birnessite domains at the maximum
possible magnification, which means birnessite layers were dis-
tributed well in the polyamide matrix (Fig. 3). The absence of LMO
particles indicated that the agglomerate was broken down to a size
that cannot be seen at this magnifications. The image of 10 wt.%
LMO/PAG (Fig. 3) exhibited an oriented type of morphology which
could be due to a highly intercalated state manipulating the film
formation along with the birnessite layers.

The thermal stability of LMO sample was investigated by TG and
DTA (Fig. 4). The curve related to the LMO exhibited mass losses
by 2.8 and 4.6% in temperature ranges 20-200 and 200-1000°C,
respectively (Fig. 4). The endothermic peak at 55°C was assigned
to evaporation of adsorbed water. The DTA curve had a broad
endothermic peaks at 271, 346 and 398 °C. This is probably due to
the departure of oxygen corresponding to its reduction into Mn; 03
[34]. The loss of 3.6% at 200-400 °C was attributed to dissociatively
chemisorbed water, strongly bound micropore water and hydroxyl
groups in the interior of the lattice [35]. The weight gained in the
temperature range of 703-721 °C was showed the partial reduction
of Mn(IV) to Mn(Ill) and subsequent oxidation of Mn(IIl) [18].The
endothermic peak at about 903 °C in DTA curve indicates the trans-
formation of LMO and Mn, 03 to Mn30g4 [34].

3.2. Thermal degradation behavior of LMO/PA6 composite

The thermo-oxidative degradation activation energy of sample
containing 10 wt.% of LMO was calculated by Kissinger method [36]
according to the TG data, which were measured under air at dif-
ferent heating rates: 2.5, 5, 10, 15, and 20°C/min. The activation
energy for PA6 and LMO/PA6 composite was calculated from the
linear dependence of the In(8/T?2,,4) versus 1/Tmax plot (not shown)
for various heating rates according to Eq. (1).

m(-L) = {ln@} _ b
TI%]&X EU RTmaX

In the above equation, A is the pre-exponential factor, E, is the
apparent activation energy of the degradation reaction, R is the
universal gas constant, f is the heating rate. The activation energy
was calculated from the Tyax, the temperature at which the max-
imum degradation occurs for different heating rates by assuming
that weight loss percentage at Tphax is constant. E; values calculated
by this method are listed in Table 1.

The E, of PA6 was 213 kJ/mol and decreased to 118 kJ/mol after
loading of 10wt.% LMO content into PA6 matrix under static air
atmosphere. The thermal properties of LMO/PA6 samples contain-
ing 2.5, 5, 10 and 15 wt.% LMO and neat PAG were also investigated
by using TG under static air atmosphere at a rate of heating of
10°C/min (Fig. 5). In general, the TG curves of PA6 and LMO/PA6
showed three stages of weight loss. In the first stage, an initial

(1)

Table 1
Tmax and activation energy values of PA 6 and LMO/PA6 samples.
LMO content (wt.%) B (°C/min) E, (kJ/mol) R?
5 10 20 30 40
- Tmax (°C) 477 482 487 505 518 213 0.900
2.5 Tmax (°C) 391 425 432 443 462 118 0.933
5 Tmax (°C) 395 430 432 451 462 121 0.922
10 Tmax (°C) 382 386 422 440 460 87 0.927
15 Tmax (°C) 378 380 420 437 454 85 0.911
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Fig. 5. TG curves of PA 6 and 10 wt.% LMO-PA 6 composite obtained at a heating rate of 10°C/min in static air atmosphere.

weight loss of 1-5% occured in the temperature range 100-200 °C. the weight loss in the TG curves were steady. The temperature at
The second stage corresponded to steep fall (200-470°C) in the the maximum decomposition rate, Trax, of the LMO/PA6 compos-
TG curve. The weight loss in this stage for PA6 and LMO/PA6 was ite containing 2.5wt.% of LMO was 430°C. This value decreased
about 49.2 and 81.6%, respectively. In the third stage, above 500 °C, to 425, 386 and 380°C for 5, 10 and 15 wt.% of LMO, respectively.
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Fig. 6. DTA curves of PA6 and 10 wt.% LMO/PA6 composite in static air atmosphere with a heating rate of 10 °C/min.

Table 2
TG/DTA characteristics of PA6 and10 wt.% LMO/PA6.
Material Thermaldegradation step Tonset(°C) Tpeak(°C) Tendset(°C) W (%) Residue DTA charateristic
PA6 I 30 74 110 5.0 0 Endothermic
Il 210 211 213 0.2 Endothermic
11 355 362 370 4.8 Endothermic
v 430 466(488) 492 39.2 Endothermic
\% 492 532 570 50.8 Exothermic
LMO/PA6 [ 30 59 80 3.8 8.1 Endothermic
Il 105 122 162 0.8 Endothermic
11 210 213 226 2.1 Endothermic
v 280 298 320 1.6 Endothermic
\% 330 339 375 4.8 Endothermic

VI 380 411(455) 469 68.5 Exothermic




Intensity (a.u.)

E. Eren et al. / Applied Catalysis B: Environmental 132-133 (2013) 370-378

1640 __—

(500°C)
(450°C)
(400°C)
1635
3
c
>
=
@ (300°C)
c
FTR a—
2
£
(200°C) 1630

(100 °C)

4000 3500 3000 2500 2000 1500 1000 650
Wavenumber (cm-1)

4000 3500 3000 2500 2000 1500 1000 650
Wavenumber (cm-1)

Fig. 7. IR spectra at different temperatures for PA 6 (A) and 10 wt.% LMO-PA 6 composite (B) under air.

375



376 E. Eren et al. / Applied Catalysis B: Environmental 132-133 (2013) 370-378

Scheme 2. Breaking of the hydrogen bonds between PA6 chains after LMO addition.

These results implied that the thermal stability of PA6 significantly
decreased as the weight percentage of LMO increased. When 50%
weight loss was chosen as a point of comparison, the decomposition
temperatures were 436 and 407 °C for PA6 and 10 wt.% LMO/PA6
samples, respectively. The percentage weight loss of PA6 increased
from61.1% at470°C to 85% at 500 °C. Under the same range of tem-
perature change, a small increase of weight loss (81.6 versus 83%)
was observed for LMO/PAG. This suggested that catalytic thermal
decomposition of PA6 in the presence of LMO can be carried out at
a lower temperature to achieve the same decomposition results.
The DTA curves were recorded in static air atmosphere in order
to obtain more information about the thermal transitions occurred.
The DTA curves for neat PA6 and 10 wt.% LMO/PA6 samples were
shown in Fig. 6. For better oversight of data attained from ther-
mal studies, the following characteristics of investigated samples
were represented in Table 2: initial temperature at which ther-
mal decomposition started Tonpset, temperature at which maximal
degradation was registered Tpe,x and temperature at which inves-
tigated process finished Tegser bDesides, the percentage of mass
loss in each step W%. As can be seen from results represented in
Figs. 5 and 6, prepared LMO/PA6 composite, comparing to neat
PA6, showed the same thermal behavior. In the first stage for
LMO/PA6 composite, the endothermic peak at 122 °C was ascribed
to evaporation of remained solvents. In the second degradation
step of LMO/PA6 composite, TG curve had three endothermic peaks
at 213, 298 and 339°C and exothermic peaks at 411 and 455°C
(Fig. 6). In this stage, the first peak at 213 °C corresponded to melt-
ing of crystalline PA 6. The exothermic peak of oxidative reaction
observed at 455 °C for LMO/PA6 was assigned to the combustion
of the residues. As given in Section 3.1, three endothermic peaks
were observed at 271, 346 and 398°C due to partial transfor-
mation of the MnO, to Mn,03 together with release of oxygen
gas. Thus, the decreased thermal stability of PA6 was in the pres-
ence of the LMO was attributed the accelerated chain oxidation

arising from oxygen released from the partial transformation of the
MnO; to Mn;0s3.

3.3. IR characterization of LMO/PAG composite

In order to understand the thermal degradation process of PA6
and LMO/PAG in air, IR spectra were recorded in the range of
4000-650cm™! at various temperatures (Fig. 4). The IR spectra of
LMO/PAG are different to that of PA6 between 100 and 600 °C. In
the 100 °C spectrum of the PA6 sample, important polyamide bands
were observed at 3292 (NH stretching), 3076 (N-H in-plane bend-
ing), 1638 (Amide I), 1538 (Amide II), 2937 (CH; stretching) and
2866 cm~! (CH, stretching) (Fig. 7).

N-H stretching and Amide I bands strongly depend on hydrogen
bonding interactions between the PA6 chains. The amide group is
potentially a bi-functional electron donor with 2 sp? “lone pairs”
at the oxygen atom and a 2p?2 “lone pair” at the nitrogen atom, and
therefore it has two possible electron-donating sites to coordinate
with the manganese cations. Overlap of 2p; orbitals of the oxy-
gen, carbon, and nitrogen atoms in the planar amide group would
reduce the electron density on the nitrogen atom, and favor the
coordination of the manganese ion with the carbonyl oxygen atom.
Manganese cation coordination leads to breaking of the hydrogen
bonds between PA6 chains (Scheme 2). Since manganese cation
forms a complex with the C=0 group, the N-H bond is free. There-
fore the N-H vibrational band is shifted to higher frequency, while
the C=0 vibrational band is shifted to lower frequency due to the
reduction of bond order. The C=0 band is shifted from 1640 cm™!
to 1635cm~"! in the complex, while the N-H band at 3292 cm™! is
shifted to 3300 cm~! in the LMO/PAG. These bands remained sharp
and distinct up to 400 °C. In the infrared spectrum of the LMO/PA6
at 400°C, important changes for these peaks were observed. First,
the C=0 band shifted from 1635cm~! to 1624cm~! and the N-H
band at 3288cm~! shifted to 3300cm~!. Second, the relative
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Fig. 8. IR spectra of the LMO between 100 and 400°C.

intensities of these bands greatly diminished. In the infrared spec-
trum of the LMO/PA6 at 450°C and higher temperatures, all the
amide related peaks and aliphatic CH, stretching peaks disap-
peared.

3.4. Thermal degradation mechanism of PA6

Some recent studies have provided evidences about mechanism
of thermal decomposition of PA6 [6-12].In addition to these proofs,
other experimental evidences must be considered. They are fol-
lows: (1) the IR spectra of LMO sample at different temperatures in
the range from 1100 to 450 cm~! were shown in Fig. 8. The bands
in the region between 450 and 750 cm~! were assigned to Mn-O
vibrations [37-42]. The band located at 523 cm~! were ascribed to
the Mn-0 bending vibration of [MnOg] octahedra in LMO sample

[38,42]. After heating at 400°C, the IR band at 523 cm~! shifted to
lower frequency and splited into two bands at 559 and 527 cm™!.
This was an evidence for the decrease of the surface Mn-O bond
strength. The increase of the width of the same band in LMO, i.e. the
growth in its integral intensity was another confirmation of the fact
that the decrease of the surface Mn-0 bond strength. This results
indicated that heating process influenced the mobility of the reac-
ting oxygen, contributing to activity of LMO in thermal degradation
process. (2) The XRD signal intensities and the signal/background
ratios of LMO in the composite heated at 400 °C greatly decreased
(Supporting Information, Figure S1 and Fig. 2). It suggested that the
crystallization degree of the LMO catalyst significantly decreased.
It might be due to the fact that the manganese and oxygen ions
in the LMO moved off their lattice positions in the course of PA6
catalytic reaction [43]. The results implied that the Mn-0 bonds in
the MnO, partly were cleaved during PA6 oxidation. (Figure S1 and
Fig. 2). In view of the fact that pointed above, it is evident that LMO
enhanced the thermo-oxidative degradation of PA 6. Based on our
results and on other similar investigation [6,7], a mechanism con-
cerning the oxidation by thermal degradation of PA6 was presented
in Scheme 3.

Supplementary material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.apcatb.2012.12.006.

4. Conclusion

The results revealed that LMO could act as an effective cata-
lyst for reducing the degradation temperature of PA6. The onset
and end-point temperatures of the initial stage TGA curve for
the LMO/PA copmposites were decreased. It was clearly observed
that the the activation energy of the thermal degradation for the
LMO/PA6 copmposite is less than that of the neat PA6. During cat-
alytic degradation with LMO/PAG in air atmosphere, LMO favored
hydrogen transfer reactions due to the presence of many acid sites
and therefore recombination of macromolecular hydrocarbon radi-
cals may be suppressed. The activation of PA6 decomposition by
manganese oxide can also be attributed to the reduction of Mn(IV)
to Mn(Ill) form accompanied by the evolution of oxygen. LMO
showed an exothermic effects between 300 and 500°C in its DTA
curve, which is due to a partial transformation of the layered struc-
ture to cryptomelane (with simultaneous oxygen evolution), which
was identified by XRD in the sample on heating from 300 to 500 °C.
The IR spectra of Mn-0 band proved the covalent character of oxy-
gen bonding to the metal ions of the surface, which in its turn
justified the assumption of high activity of the LMO in reaction
of thermal decomposition. The TG curves of PA6 and LMO/PA6
showed drastic degradation in the temperature range 300-500 °C.
After heating at 300°C, the addition of LMO favoured the
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formation of the y crystalline phase, due to the interaction between
LMO compounds layers and PA6 chains.
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