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Abstract
In this work, the effect of functionalized hydroxyapatite (HAp-g-PEG) on the thermal degradation behaviour and flammabil-
ity of polyoxymethylene copolymer (POM_C) was investigated. Organic–inorganic hybrid additive, obtained by grafting of 
poly(ethylene glycol) on HAp surface using 1,6-hexamethylene diisocyanate as a linker, has been incorporated into POM 
matrix through an extrusion process. TG analyses show that the incorporation of HAp-g-PEG into POM_C leads to the 
significant improvement in the thermal stability of the polymer matrix. This is an important finding as POM, being an engi-
neering polymer, suffers from a relatively low thermal stability that limits processing options to develop advanced composite 
materials. Based on TG results kinetic parameters of the thermal degradation process using Friedman isoconversional method 
and nonlinear regression method have been calculated; an increase in activation energy of POM degradation process after 
incorporation of HAp-g-PEG has been found. Thermoanalytical analyses (TG-FTIR/MS) show that incorporation of HAp-
g-PEG has no significant effect on the composition of the thermal degradation products. Flammability investigations showed 
small effect of HAp-g-PEG 600 on the burning time and rate, however, there was a significant reduction in the amount of 
dripping during the material’s burning process.

Keywords  Polyoxymethylene copolymer · Functionalized hydroxyapatite · Thermal stability · Thermal degradation · 
Flammability

Introduction

Acetal copolymer plastics are a group of thermoplastics that 
are products of polymerization of aldehydes, most often for-
maldehyde, with cyclic ethers. The best known and most 
frequently used representative of this group is polyoxym-
ethylene (POM). Among other plastics, these materials are 
distinguished by better performance properties, including 
high mechanical strength, stiffness, hardness, resistance to 

abrasive wear, low water absorption, good chemical resist-
ance and ease of processing. POM owes these features to 
the high degree of ordering of the polymer chains, which 
is possible due to their simple, regular and linear structure 
[1–3]. The most important problem, especially during the 
processing of acetal plastics, is their poor resistance to high 
temperatures. POM is processed by melt processing methods 
dedicated to thermoplastics, such as extrusion, injection or 
hot pressing. Even at its melting point, when exposed to 
elevated temperature for too long, POM is easily depolym-
erized with the release of formaldehyde. The selection of 
appropriate POM processing conditions is a key issue in 
maintaining the required performance properties of the fin-
ished elements. Minor overheating of POM leads to thermal 
degradation, and the released formaldehyde in the presence 
of oxygen is transformed to formic acid that causes acid-
olysis and further autocatalytic breakdown of macrochains 
[4–6]. Archodoulaki et al. [7, 8] studied POM thermal deg-
radation behaviour and found that the initiation mechanism 
of degradation of POM is random scission of the main 
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chain. Moreover, the degradation initiation takes place in 
the amorphous regions, which undergo degradation more 
rapidly. Using TG-MS the major degradation product were 
identified—during POM degradation mainly formaldehyde 
is released, but in a much smaller amounts carbon dioxide 
and fragments from formic acid, trioxane and methoxy oli-
gomers were also found [9]. The methyl-oxygen bonds are 
weak and easy to break under heat and oxygen conditions, 
and the continuous deformaldehyde reaction occurs. The rate 
of the oxidation is determined by the free radicals presence. 
To avoid the POM oxidation and decomposition, free radi-
cals should be captured by antioxidants. As antioxidants for 
POM thermostabilization arylamines or phenols are widely 
applied [10, 11]. Hu and Ye [12] investigated polyamide 
incorporation effect on the POM thermal stability, and the 
obtained results demonstrated remarkable thermal stabiliza-
tion effect. Sun et al. [13] investigated thermostabilization 
of POM via amine treatment; it was postulated that amines 
can deactivate Lewis acid derived from the residual initiator 
and formic acid formed in situ by oxidation of formaldehyde. 
[13]. In the next work polyethylene wax (OPE), low molecu-
lar weight polyamide 6 (LMWPA6) and triphenyl phosphate 
(TPP) were tested as efficient POM thermal stabilizers [14].

POM, like all polymer materials, during combustion, pro-
duces a number of gaseous products, mainly formaldehyde, 
1,3,5-trioxane, water, carbon dioxide, carbon monoxide and 
others [1, 15]. The ignition temperature of POM is approx. 
320–340 °C, while at a temperature of approx. 375 °C the 
material self-ignites [16]. Among all polymer materials, 
POM has the lowest oxygen index of 15%, which makes 
it a highly flammable material [17]. Low flash point and 
very low LOI result from the chemical structure of POM, 
which contains a large amount of oxygen atoms in the main 
chains (for POM homopolymer—53% by mass), which 
reduces the thermal stability of the polymer and increases 
its flammability.

According to the UL 94 standard, POM has the high-
est HB flammability class. This means that in the Hori-
zontal Burning (HB) test, POM burns slowly, at a rate 
below 75 mm min−1 (for POM homopolymer it is about 
29.7 mm min−1). The combustion of POM in the HB test is 
accompanied by a drop of burned polymer drops, and a tang 
of formaldehyde is noticeable [18].

As shown in previous studies, the inorganic phase, which 
is hydroxyapatite (HAp), significantly reduces the thermal 
stability of POM, which in turn precludes the introduction 
of HAp in more than 3% by mass which can be consid-
ered as a disadvantage for application of POM/HAp com-
posites in biomedical field [19]. A solution to this problem 
may be to block the hydroxyl groups on the HAp surface 
by attaching poly(ethylene glycol) (PEG) to them using a 
diisocyanate linker. The inorganic–organic hybrid system 
obtained in this way can be introduced into the POM matrix 

by melt processing. Studies have also shown that a signifi-
cant improvement in chemical stability is observed when 
functionalised HAp is incorporated into POM [20].

This paper presents results of the detailed research on 
the thermal degradation, including analysis of the vola-
tile products, and flammability of POM in the presence of 
functionalized HAp. This kind of knowledge is of primary 
importance for (i) design of efficient POM processing routes, 
and (ii) development of thermal recycling protocols after 
polyoxymethylene-based composites’ lifetime.

Experimental

Materials

A commercially available polyoxymethylene copolymer 
(POM_C, Ultraform®, BASF) with melt flow index (MFR) 
2,6 g 10 min−1 was used as the matrix of the polyacetal com-
posites. Stoichiometric HAp (Ca10(PO4)6OH2) in the form 
of a nanopowder with a spherical nanoparticle shape and 
size 99% < 100 nm, was produced by the nGimat company 
(USA).

1,6-hexamethylene diisocyanate (HDI) and PEG with 
three different mass average molecular weights: 600, 2000 
and 6000 were used to modify HAp, all supplied by Sigma 
Aldrich. The catalyst, dibutyltin dilaurate (DBTL), was also 
manufactured by Sigma Aldrich. Dehydrated N, N-dimethyl-
formamide (DMF) and ethyl alcohol were Avantor products.

Before starting the functionalization process, HAp was 
dried at 110 °C for 2 h. PEG was dried at 90 °C under vac-
uum for 2 h, as well. Functionalized HAp (HAp-g-PEG) and 
POM/HAp-g-PEG composites were prepared as described in 
Ref. [20]. Briefly, in the first step, catalyst and 1,6-hexam-
ethylene diisocyanate were added to the HAp dispersion in 
dry DMF. The reaction mixture was heated up to 80 °C and 
stirred under dry nitrogen for two hours. Next, it was cooled 
down to 40 °C and solution of PEG in DMF was added, and 
again mixture was heated up to 60 °C and stirred for 1.5 h. 
After reaction, the functionalized HAp was separated from 
the mixture using centrifuge, washed with dry ethanol and 
dried.

Methods

Thermogravimetric analysis (TGA) was performed using a 
TGA 550 Discovery (TA Instruments) thermogravimetric 
analyser, operating in dynamic mode at heating rates of 2.5, 
5, 7, 10 K min−1. Samples of about 10 mg were placed in 
platinum crucibles, and the measurement was performed 
under nitrogen or air atmosphere (flow 25 mL min−1). On 
the basis of the obtained TG profiles, the temperatures cor-
responding to the mass losses were determined, respectively: 
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1, 3, 5, 10, 20 and 50%, which were denoted as Tx%, where 
x was the percentage mass loss. Moreover, the first deriva-
tive of the TG curve, denoted as DTG, and the temperature 
corresponding to the maximum rate of mass loss (TDTGmax) 
was determined. In addition, the amount of solid residue was 
recorded in (%) at 550 °C.

The kinetics of the composites’ degradation process was 
calculated on the basis of the data from TG measurements 
using isoconversional Friedman method and multiple non-
linear regression method.

Analysis of the volatile decomposition products was per-
formed with the use of the TG/FTIR/MS method. TG analy-
sis was performed using a Mettler Toledo TGA/DSC1 appa-
ratus. The tests were carried out in the temperature range 
from 25 to 500 °C, with the heating rate of 10 °C min−1. 
Samples of about 10 mg were placed in open alumina cru-
cibles with a volume of 150 μl. The measurements were 
carried out under nitrogen atmosphere using a gas flow of 
50 mL min−1. A Mettler Toledo TGA/DSC1 instrument 
was coupled to a Nicolet iZ10 FTIR spectrometer (Thermo 
Scientific), with a transfer line heated to 220 °C. Volatiles’ 
spectra were recorded in the range from 400 to 4000 cm−1 
with a resolution of 4 cm−1. At the same time, the generated 
gases were transported by means of a quartz capillary heated 
to 200 °C to the ThermoStar™ mass spectrometer (Pfeiffer 
Vacuum), where m/z signals up to 200 m/z were recorded.

The combustion properties of the samples were measured 
using a PCFC microcalorimeter (Testing Technology Ltd) 
in an oxygen atmosphere. Samples weighing about 5 mg 
were used, which were heated with a rate of 1 K min−1 to 
a temperature of 750 °C. The vertical burning test of POM 
composites was performed according to the UL 94 hori-
zontal flammability test (ISO 1210) for plastics. The sam-
ple length was 127 mm, width 12.7 mm, thickness was not 
more than 12.7 mm. The sample was marked with lines at 
a distance of 25 mm and 100 mm and fixed on one side in a 
horizontal position, and the torch was tilted relative to the 
sample by 45°. The burner was adjusted to give a blue flame 
up to 25 mm high. The exposure to the flame shall be 30 s, 
and if the sample burns to the 25 mm mark within these 
30 s, the flame must be removed immediately. The test was 
performed on three samples. Based on the conducted flam-
mability tests, the total burning time and rate of samples 
were determined. The flame colour, the number of droplets 
falling during combustion, the formation of charcoal and 
the ignition of the filter paper were assessed. The tests were 
carried out on five samples from each series. The effect of 
HAp-g-PEG addition on the LOI of composites in accord-
ance with DIN EN ISO 4589-2 was also investigated using 
the Oxygen Index Module (Concept Fire Testing) appa-
ratus. The oxygen content in the combustion atmosphere 
was determined with an accuracy of 0.1%, and the gas flow 

(mixture of nitrogen and oxygen) was 10 L min−1. The speci-
men size was 100 × 10 × 3 mm.

The microstructure of the char residue was studied using 
a FEI Nova Nano SEM 200 scanning electron microscope 
(SEM). Samples were coated with a carbon layer just before 
the measurement.

Results and discussion

As shown in previous studies, the addition of HAp-g-PEG 
caused a significant increase in the thermal stability of POM 
[21]. The obtained results revealed that during functionali-
zation, HAp nanoparticles agglomerate in clusters prob-
ably as a result of chemical bonding by organic coupling 
agents—diisocyanate and PEG. Good dispersion of HAp-
g-PEG clusters in POM matrix after melt processing was 
also observed [20].

Results of TG analysis for POM modified with HAp-g-
PEG obtained at heating rate of 5 K min−1, both in inert and 
oxidative atmosphere are presented in Table 1.

It can be observed that a higher thermal stability increase 
was found for composites modified with 1% HAp-g-PEG. 
Depending on the additive used, the thermal stability of the 
material for HAp-g-PEG 600 increased from 16 °C for the 
POM_C/1.0% HAp-g-PEG 2000 composite, to 24 °C for the 
POM_C/1% HAp-g-PEG 6000. Moreover, in the materials 
containing HAp-g-PEG 600, there was a significant shift 
in the TDTGmax temperature corresponding to the maximum 
degradation rate by as much as 17 °C for POM_C/10.0% 
HAp-g-PEG 600.

The most effective thermal stabilizer for POM_C turned 
out to be HAp-g-PEG 600, where PEG with the lowest 
average molar mass (PEG 600) was used for synthesis. 
This effect may be related to the highest mobility of this 
glycol and the lowest viscosity of the reaction mixture, 
which facilitates the grafting reaction. Thus, more hydroxyl 
groups reacted with isocyanate groups from diisocyanate. 
That reduced the number of free –OH groups in HAp, which 
were the basic active centers of the POM depolymerization 
process in POM/HAp nanocomposites [22]. The increase in 
the thermal stability of POM_C may also be due to nitro-
gen atoms (up to 2 mass% in HAp-g-PEG 600) present in 
the HAp-g-PEG urethane bonds. As it is commonly known, 
nitrogen-containing compounds, i.e. hydrazines, aromatic 
amines, urea, etc., are used as POM thermal stabilizers [6]. 
In order to analyse more precisely the influence of HAp-g-
PEG addition on POM_C degradation, in the further part of 
the work, the kinetics of degradation of selected POM_C/
HAp-g-PEG composites was studied.

Both for inert and oxidative atmosphere, an increase in 
the thermal stability of POM has been observed after incor-
poration of HAp-g-PEG. However, higher enhancement 
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has been found during measurements in inert atmosphere. 
Hence, selected samples of POM_C and POM_C composites 
with HAp-g-PEG were subjected to detailed thermogravi-
metric analysis under inert gas atmosphere by heating them 
at four selected heating rates (2, 5; 5; 7 and 10 K min−1), 
and then the kinetic parameters of the degradation process 
were calculated in order to determine the influence of HAp-
g-PEG incorporation on the rate of composites’ thermal deg-
radation processes. TG and DTG curves at the four heating 
rates for modified POM materials are presented in Fig. 1.

For all tested materials, with the increase in the heating 
rate, the decomposition process shifts towards higher tem-
peratures. The shape of the TG curves suggests a one-stage 
degradation of all tested materials. The changing shape of 
the TG curves with the increase of HAp-g-PEG content indi-
cates a change in the degradation mechanism of the tested 
materials. Analysis of DTG profiles shows that for compos-
ites containing 10.0% of the additive, an overlapping of at 
least two peaks occurs during decomposition, which indi-
cates a complex degradation behaviour.

Calculation of the (apparent) activation energy of the 
POM_C/HAp-g-PEG degradation process was performed 
using the Friedman method. A graphic representation of the 
results of Friedman's analysis is summarized in Fig. 2.

The activation energy values of the degradation process 
vs fractional mass loss were determined—Fig. 3.

For unmodified POM_C, the Friedman plot shows only 
one maximum for each of the heating rates, indicating a one-
step material decomposition. Moreover, in the first stage of 
the reaction, the isoconversional lines present in the graph 
have a greater slope than the obtained experimental points, 
which may indicate the autocatalytic nature of the POM_C 
degradation process. This is consistent with the information 

presented in the literature on the thermal degradation pro-
cess of POM chains [23]. The addition of 1.0% HAp-g-PEG 
causes flattening and stretching of the Friedman plots of the 
tested composites, which may indicate the occurrence of 
more parallel decomposition reactions. Moreover, the activa-
tion energy diagram (for samples containing 1.0% HAp-g-
PEG 600 and 2000) shows a significant increase in the value 
of this energy for the first 10% mass loss of the material. 
This effect is most likely due to improvement of the thermal 
stability of POM_C in the tested composites. The Friedman 
plots for samples containing 10.0% HAp-g-PEG addition 
are characterized by the presence of two overlapping peaks, 
indicating that at least two consecutive decomposition reac-
tions occur, and it can also be seen in the activation energy 
vs mass loss diagram.

On the basis of the TG curves obtained at four different 
heating rates, the form of the function f(α) was determined 
using the non-linear regression method. For the interpreta-
tion of the results, data obtained experimentally were used, 
to which an appropriate model or the relationship of several 
models of the kinetic model function was then fitted. The 
degree of conversion α is determined from the equation:

where α—degree of conversion, D(t)—measurement signal, 
B(t)—baseline.

In Table 2 selected physico-chemical models that are 
applied in solid state chemistry, kinetic considerations are 

(1)
d�

dt
= f (�)k(T)g(�, T)q(p)

(2)� =
∫ t1
0
[D(t) − B(t)]dt

∫ ∞

0
[D(t) − B(t)]dt

Table 1   Thermal stability 
of POM_C/HAp-g-PEG 
composites at heating rate of 
5 K min−1 in inert and oxidative 
atmosphere

Material T1%/°C T3%/°C T5%/°C T10%/°C T50%/°C TDTG/°C

Non-oxidative atmosphere
POM_C 289 309 319 334 375 382
POM_C/1.0% HAp-g-PEG 600 308 333 341 351 381 381
POM_C/10.0% HAp-g-PEG 600 281 334 348 360 388 399
POM_C/1.0% HAp-g-PEG 2000 305 330 339 349 381 392
POM_C/10.0% HAp-g-PEG 2000 256 322 341 353 383 395
POM_C/1.0% HAp-g-PEG 6000 313 333 340 348 379 380
POM_C/10.0% HAp-g-PEG 6000 281 333 345 356 387 395
Oxidative atmosphere
POM_C 256 267 271 277 296 298
POM_C/1.0% HAp-g-PEG 600 269 280 283 288 305 307
POM_C/10.0% HAp-g-PEG 600 266 297 298 305 322 327
POM_C/1.0% HAp-g-PEG 2000 267 278 282 288 301 300
POM_C/10.0% HAp-g-PEG 2000 259 284 290 298 320 321
POM_C/1.0% HAp-g-PEG 6000 267 277 280 285 299 301
POM_C/10.0% HAp-g-PEG 6000 268 291 295 302 317 322
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presented. In the case of polymers with a simple chain struc-
ture like for POM, thermal decomposition takes place in one 
step through one type of chemical reaction. As a result, it 
is possible to describe the decomposition process with one 
mathematical model. More often, in more complex polymers 
and composite materials, thermal decomposition is a con-
sequence of several chemical reactions that can take place 
in parallel or successive. Hence, in order to describe more 
complex systems, it is necessary to find the relationships 
being combination of several mathematical models that will 
allow for the best adjustment with the experimental data 
from TG measurements.

The results of mathematical fit of different model func-
tions to the thermal decomposition pathway of POM_C and 
its composites are showed in Fig. 4 and Table 3.

The degree of matching of the models to the measure-
ment data was determined by using the ‘F-test’ statistical 
test. For unmodified POM_C, the best fit is the one-step 

Prout-Tompkins reaction model with an autocatalysis (Bna). 
It is a reaction accompanied by the release of gaseous prod-
ucts (for POM → formaldehyde), which has a catalytic effect 
on the further course of the reaction, significantly acceler-
ating this process [25]. This result is in line with previous 
studies for POM copolymer [22, 25]. For pristine POM_C, 
the activation energy of the reaction is about 117.5 kJ mol−1. 
The thermal decomposition of POM_C is a first-order reac-
tion, which is consistent with the literature data [26]. For 
composites containing 1.0% HAp-g-PEG additive, mate-
rial decomposition is a more complex process, consisting 
of two parallel degradation reactions. Autocatalytic reac-
tions (Bna, Cn) still play a dominant role, but at the same 
time, there is n-dimensional nuclei growth following the 
Avrami equation (An). In composites with a high additive 
content (POM_C/10.0% HAp-g-PEG), thermal decomposi-
tion takes place in several stages as a result of subsequent 
reactions. The best fit of the models for the systems with 
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Fig. 1   TG and DTG curves for POM_C, POM_C/HAp-g-PEG composites obtained at different heating rates: 2.5 K min−1, 5 K min−1, 7 K min−1 
and 10 K min−1
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Fig. 2   The results of the Friedman analysis of the POM_C thermal decomposition process and POM_C composites with 1.0% and 10.0% HAp-g-PEG
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the addition of HAp-g-PEG 600 and HAp-g-PEG 2000 is 
the n-dimensional nuclei growth followed by the n-th order 
reaction without a pronounced autocatalysis. An equally 
well-fitted decomposition model shows in the first decom-
position stages the dominant influence of the nth-order 
reaction with an accompanying autocatalytic effect (Bna, 
Cn), which is preceded by the n-dimensional nuclei growth 
(An) at the lowest temperatures. At the end of the thermal 
decomposition, interfacial reactions related to the presence 
of a large amount of HAp-g-PEG addition are observed. 
When the PEG average molar mass in HAp-g-PEG systems 
is lower, a phase boundary-controlled reaction (contracting 
area) (R2) is observed, for a higher molecular weight of 
PEG it is a phase boundary-controlled reaction (contracting 

volume) (R3). As a consequence, the thermal decomposition 
of POM is slowed down and the mass loss shifted towards 
higher temperatures. Thanks to this, it is possible to run melt 
processing of these POM-based materials, reducing their 
risk of degradation during processing.

TG-FTIR/MS hyphenated technique was used to perform 
an in-depth investigation of the thermal decomposition of 
polyoxymethylene composites containing 1.0% and 5.0% 
HAp-g-PEG. The results of TG-FTIR in the form of three-
dimensional graphs (stacked plots) of all measured FTIR 
spectra of volatile decomposition products evolved in the 
temperature range from 25 to 550 °C are showed in Fig. 5.

From the presented results, no decomposition products 
can be observed during the first 30 min of heating up to 
about 325 °C. The decomposition of the materials takes 
place between 30 and 45 min, which corresponds to tem-
perature range of 325–475 °C. The results show a shift in the 
onset of thermal decomposition toward higher temperatures 
for composite materials, which confirms their increased ther-
mal stability compared to non-modified POM_C. For each 
of the composite under investigation, five individual spectra 
were selected to show changes in the characteristic absorp-
tion bands—Fig. 6.

For unmodified POM_C, the most intense decomposi-
tion occurred at ca. 365 °C, while for composite materials 
this temperature was higher, up to 8 and 10 °C for POM 
containing 1.0% and 5.0% of HAp-g-PEG 600, respectively. 
For other compositions, the increase in the temperature of 
decomposition was shifted from 5 to 7 °C; these results stay 
in good agreement with TG results.

The following absorption bands are visible in POM_C 
thermal decomposition spectra: 1027 cm−1 from the carbonyl 
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Fig. 3   The activation energy values determined from the Friedman 
analysis of the POM_C thermal decomposition process and POM_C 
composites with 1.0% and 10.0% HAp-g-PEG

Table 2   Selected kinetic model 
functions f(α) [24]

Reaction model Function f(α) Symbol

First-order reaction (1 − α) F1
Second order reaction (1 − α)2 F2
n-th order reaction (1 − α)n Fn
One-dimensional diffusion 1/2α D1
Two-dimensional diffusion 1/[− ln(1 − α)] D2
Three-dimensional diffusion, Jander equation 3(1 − α)2/3/2[1 − (1 − α)1/3] D3
Three-dimensional diffusion, Ginstling-Brounshtein equation 3/2[(1 − α)−1/3 − 1] D4
Phase boundary-controlled reaction (contracting area) (1 − α)1/2 R2
Phase boundary-controlled reaction (contracting volume) (1 − α)2/3 R3
Autocatalytic reaction, Prout-Tompkins equation (1 − α)α B1
A-th degree autocatalytic reaction with n-order reaction, Prout-

Tompkins equation
(1 − α)nαa Bna

First order reaction with autocatalytic effect (1 − α)(1 + Jkatα) C1
N-th order reaction with autocatalytic effect (1 − α)n(1 + Jkatα) Cn
Two-dimensional nuclei growth, Avrami-Erofeev equation 2[ − ln(1 − α)1/2](1 − α) A2
Three-dimensional nuclei growth, Avrami-Erofeev equation 3[ − ln(1 − α)2/3](1 − α) A3
N-dimensional nuclei growth, Avrami-Erofeev equation n[ − ln(1 − α)n](1 − α) An
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Fig. 5.   3D plots of IR spectra recorded during heating POM_C and POM_C composites with 1.0% and 5.0% HAp-g-PEG in the range from 25 to 550 °C
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group of formaldehyde or carbon monoxide; 1075 cm−1, 
1121  cm−1 and 1165  cm−1 from the νC–O vibrations in 
esters and ethers; 1744 cm−1 from vibrations νC=O in for-
maldehyde and 2801 cm−1 from vibrations of CH2 groups 
in formaldehyde molecules [27]. The main decomposition 
product of POM_C is formaldehyde, which is released from 
degrading polymer chains as a result of depolymerisation 
reactions from the chain ends and random chain breaking 
due to high temperature [7, 27]. Carbon monoxide and diox-
ide, methanol or ethanol, formic acid and methyl formate 
are released in much smaller amounts. In addition to for-
maldehyde, acidic compounds can also catalyse the decom-
position of POM_C. The spectra of composites containing 
1.0% and 5.0% of HAp-g-PEG are very similar in shape 
to POM_C. No band shifts or significant changes in their 
intensity were observed, which indicates a similar course of 
the POM_C degradation reaction in these materials. Only 
a temperature shift is noted, which indicates a delay in the 

POM_C degradation reaction in the presence of the hybrid 
inorganic–organic additive.

The results of TG-MS analysis of selected volatile 
decomposition products of POM_C and its composites with 
1.0% and 5.0% HAp-g-PEG are presented in Fig. 7. The 
ion currents observed in the spectra come from fragments 
of the following compounds: m/z = 18 (H2O), m/z = 29 
(fragment of formaldehyde molecule H2C=O), m/z=30 
(H2C=O), m/z = 31 (fragment –CH3–OH) and trioxane, 
m/z = 43 (–CH3–COH), m/z = 44 (CO2), m/z = 45 (frag-
ment of HCOOH and CH3–COOH), m/z = 46 (HCOOH), 
m/z = 57 (fragment of additives used in POM), m/z = 60 
(CH3–COOH) and m/z = 61 (phenyl groups derived from 
additives used in POM) [28].

The results obtained using mass spectrometry technique 
correspond well with the previous FTIR data, confirming 
the highest amount of formaldehyde formed during the 
thermal decomposition of pristine POM_C. In addition to 
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Fig. 7   Results of TG-MS analysis: intensity of release of selected volatile decomposition products of POM_C and POM_C composites with 
1.0% and 5.0% HAp-g-PEG



14253The effect of functionalized hydroxyapatite on the thermal degradation behaviour and…

1 3

formaldehyde, short products of POM_C chain scission were 
recorded in a relatively large amount. Among the evolved 
gases were carbon dioxide; however, its concentration in 
the materials containing 1.0% HAp-g-PEG was signifi-
cantly lower. At an even lower concentration, the presence 
of formic and acetic acid molecules was observed. In trace 
amounts, some compounds that were used as stabilizers 
for polyoxymethylene were detected. Unmodified POM_C 
underwent almost complete thermal decomposition, while 
for composites containing 1.0% and 5.0% HAp-g-PEG addi-
tion, the char residue at 500 °C, consisting of mostly HAp, 
was 0.8–1% and 3.6–4%, respectively.

Among the POM-based composites, POM_C/HAp-g-
PEG 600 and POM_H/HAp-g-PEG 600 were selected—
based on the results of previous studies—for flammability 
tests. The aim of these investigations was to check whether 
the simultaneous improvement in the thermal stability of 
POM was accompanied by a reduction in the flammability of 
the tested composites. The measurements carried out using a 
PCFC microcalorimeter enabled to generate the heat release 
rate profiles (HRR [W g−1]) vs temperature and time, which 
are shown in Fig. 8. Based on the obtained profiles, the 
values of the flammability parameters, i.e. PHRR, TTI and 
THR, were determined, which are summarized in Table 4.

The HRR curves presented in Fig. 8 show that the com-
bustion of POM and its composites is a violent process 
lasting about three minutes. The effect of HAp-g-PEG 600 
incorporation on the POM combustion process is quite well 
visible. For POM_C composite with 10.0% of HAp-g-PEG 
600, the PHRR value decreased significantly. Moreover, it 
was found that the addition of HAp-g-PEG 600 had almost 
no effect on the temperature at which the maximum heat 

release from the tested materials took place. There was a 
slight shift in time in the PHRR value, where for composites 
based on POM_C there was a slight acceleration of combus-
tion, which increased with an increasing amount of HAp-g-
PEG 600. For 5.0% HAp-g-PEG 600 addition, no significant 
effect was observed on TTI, while 10.0% of the additive con-
tent led to a significant ignition acceleration for composites 
containing POM_C. With the increase in the content of the 
additive in POM_C composites there was a slight decrease 
in the THR value caused by a lower amount of polymer in 
composite materials at the expense of HAp, which is an inert 
component during the combustion process.

The last parameter was the percentage of solid residue 
after the combustion process. POM_C was completely 
burned (solid residue 0%). In composites based on POM_C, 
the solid residue was related to the HAp content in the HAp-
g-PEG 600 additive used.

Due to the complexity of the HRR curves, they were 
deconvolved in order to separate overlapping peaks. The 
results are shown in Fig. 9.

For unmodified POM_C, the HRR curve was composed 
of three peaks, the maxima of which were at the following 
temperatures: 346.7, 395 and 423.6 °C. The middle peak 
had the highest value, corresponding to a burning rate of 
167.3 W g−1. The addition of HAp-g-PEG 600 to POM_C 
resulted in the appearance of additional peaks on the HRR 
curve, the maxima of which were at the temperatures of 
441.5 °C (for POM_C/5.0% HAp-g-PEG 600) and 435.0 
and 441.9 °C (for POM_C/10.0% HAp-g-PEG 600), which 
corresponds most likely with the combustion of the organic 
part of the additive used.

Fig. 8   Heat release rate (HRR) 
profiles as a function of tem-
perature and time for POM_C 
and their composites with 5.0% 
and 10.0% HAp-g-PEG 600
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Table 4   Flammability 
parameters determined from 
PCFC measurements: PHRR—
maximum heat release rate, 
TTI—time to permanent 
ignition, THR—total heat 
released, and char residue

Material PHRR/W g−1 PHRR/°C PHRR/s TTI/s THR/kJ g−1 Residue/%

POM_C 191 402 361 254 14.2 0.00
POM_C/5.0%
HAp-g-PEG 600

231 404 359 258 13.9 2.00

POM_C/10.0%
HAp-g-PEG 600

178 402 352 194 12.8 8.18
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Next, horizontal burning test to determine the flammabil-
ity class UL 94 HB. It is a method of determining the hori-
zontal burning rate of a material after exposure to a small 
flame for a period of 15 s. The tests were carried out for 
POM_C and its composites with 1.0% and 5.0% HAp-g-PEG 
600, and the results are summarized in Table 5.

The measurements show that for low content of HAp-
g-PEG (1.0%) in POM_C-based composites, the combus-
tion time is slightly shortened, while the combustion speed 
increases. At 5.0% of the additive content in the composites, 
the burning time and rate are comparable with the unmodi-
fied POM_C. An important piece of information is the num-
ber of droplets falling during the combustion of the material, 
because dripping hot polymer can cause extensive burns to 
the skin, and the burning droplets cause further fire propa-
gation, constituting an additional source of ignition [29, 
30]. For the tested composite materials, with the increase 
in HAp-g-PEG 600 content, the amount of droplets falling 
during combustion was significantly reduced. For POM/
HAp-g-PEG 600 (5.0%) composite, the combustion led to 
formation of char that limit the flow of oxygen to the burning 
sample, thus limiting the rate of its combustion. The colour 
of the flame that depends on the chemical composition of the 
combusted material changed with the material’s composi-
tion from yellow (for pure POM_C) through yellow-pink to 
blue (for POM_C/5.0% HAp-g-PEG 600). In the sample of 
unmodified POM_C, only C, H and O atoms are present, 
whereby in the composites, additionally N, Ca and P atoms 
occur, which may affect the colour of the flame during the 
combustion process [31, 32].

Morphology of char residue after combustion for samples 
POM_C/1.0% HAp-g-PEG 600 and POM_C/5.0% HAp-g-
PEG 600 was presented in Fig. 10.

Morphology of char residue of POM_C/1.0% HAp-g-
PEG 600 after combustion shows a well-developed foam-
like structure, whereby for POM_C/5.0% HAp-g-PEG 600 
there is a more dense microstructure which may indicate 
the reinforcement effect of HAp-based modifier at its higher 
load.
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Fig. 9   HRR curves after peak deconvolution for POM_C and their 
composites with 5.0% and 10.0% HAp-g-PEG 600

Table 5   UL 94 flammability classes horizontal test results for POM_C and its composites with 1.0% and 5.0% HAp-g-PEG 600

Material Burning time/s Burning rate/mm s−1 Number of drops Complete burn Inflammation of 
the tissue paper

Charcoal Flame

POM_C 189 ± 11 0.37 ± 0.02 109 ± 4 Yes Yes No Yellow
POM_C/1.0%
HAp-g-PEG 600

167 ± 17 0.42 ± 0.04 71 ± 8 Yes Yes No Yellow–pink

POM_C/5.0%
HAp-g-PEG 600

183 ± 27 0.39 ± 0.06 24 ± 3 Yes Yes Yes Blue
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Conclusions

The obtained results show that incorporation of HAp-g-PEG 
to POM_C leads to significantly improvement of the thermal 
stability of POM_C, even by 32 °C, and the thermal decom-
position parameters generally increase with higher HAp-
g-PEG load. Noteworthy, the HAp-HDI-PEG 600 system 
turned out to be the most effective thermal stabilizer. Kinetic 
analysis of the degradation process of POM_C/HAp-g-PEG 
composites shows that, in contrast to pure POM_C, in which 
a one-stage decomposition takes place during heating as a 
result of first-order reactions with an accompanying auto-
catalytic effect (Bna, Cn), for systems containing the addi-
tion of HAp g-PEG thermal degradation is a more complex 
process. A small amount of this additive (1.0%) changes the 
kinetic scheme to the reaction (Bna, Cn) with simultaneous 
n-dimensional nuclei growth (An). With a higher amount of 
HAp-g-PEG filler (10.0%), decomposition occurs as a result 
of subsequent reactions in which no autocatalytic effect is 
observed (An → Fn – n-th order reaction). The end of the 
degradation process is accompanied by reactions at the inter-
face. As a result, the degradation process slows down and 
the thermal stability of the tested materials increases. The 
results of the TG-FTIR/MS method confirmed the increased 
stability of composites containing HAp-g-PEG compared 
to pure POM_C, with the greatest improvement in thermal 
stability for materials containing 5.0% HAp-g-PEG 600. The 
main decomposition product for all analysed materials was 

POM_C-derived formaldehyde. Formic and acetic acid and 
small amounts of CO2 were released to a much lesser extent. 
All of the above compounds are capable of further autoca-
talysis of the POM_C degradation process, however, in the 
case of composites, this process was slowed down. Flam-
mability testing with a PCFC microcalorimeter confirmed 
the high flammability of POM, including it as a highly 
flammable material (flammability class HB). Contrary to 
the improvement of the thermal stability of POM_C, the 
addition of HAp-g-PEG 600 did not reduced the POM flam-
mability. However, PHR, TTI and THR parameters for lower 
for POM_C/10,0% HAp-g-PEG 600 composite as compared 
to unmodified polyoxymethylene.

The horizontal burning test for the UL 94 HB flammabil-
ity class showed almost no effect of the addition of HAp-
g-PEG 600 on the burning time and rate of the tested com-
posites. However, there was a significant reduction in the 
amount of dripping from the material during the burning of 
droplets, which is a very important parameter from the point 
of view of fire spread.
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(c, d)
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