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Abstract

As polypropylene (PP) has no charring ability on its own due to the lack of hydroxyl functional groups, the flame retardant system 

needs the addition of carbonizing agent in a relatively great amount. Ammonium-polyphosphate (APP), a conventional flame retardant 

additive was modified by microencapsulation with a sorbitol-based bioepoxy resin shell to create an intumescent flame retardant 

system with enhanced charring ability for PP. The flame retardant efficiency of the microencapsulated additive, which contains all the 

components needed in an effective intumescent flame retardant system, was evaluated in PP matrix at different loadings.

When compared to the physical mixture of the component, the microencapsuated form of APP (MCAPP) was found to have improved 

flame retardant efficiency in PP. The LOI values of the MCAPP containing PP samples increased by 8–11 V/V% besides achieved V-0 

classification according to the UL94 test. During cone calorimeter tests, the burning intensity was reduced (peak of heat release rate 

decreased by 20–35% and shifted in time), increased amount of charred residue was obtained, and based on the calculated Flame 

Retardancy Index (FRI) “Excellent” fire performance was achieved when MCAPP was used. The improved flame retardant performance is 

attributed to the effective interaction between the APP core and the readily available carbonizing shell, which promoted the formation 

of increased amount of char accompanied with improved heat protecting and barrier efficiency.
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1 Introduction
Polypropylene (PP) is a widely used polymer in our daily 
life due to its excellent chemical resistance and mechan-
ical properties, combined with the fact that it can be pro-
cessed through many converting methods [1, 2]. However, 
among the thermoplastic polymers, it has one of the high-
est burning heats. Even though its self-ignition tempera-
ture is relatively high (570 °C), during its relatively smoke-
free combustion the polypropylene burns rapidly and 
completely due to its aliphatic chemical structure [3]. The 
high flammability of the polymer requires adequate flame 
retardancy which is an active research subject.

In the literature, the burning behavior of polypropylene 
was obtained through several burning tests. In its combus-
tion water, formaldehyde, acetaldehyde, acetone, methanol, 
hydrogen, hydrogen-peroxide, carbon-monoxide, and car-
bon dioxide are formed [4]. Under flash pyrolysis at 520 °C, 
the breaking of chains was observed, and the hydrogen 

content of the formed gaseous products was tested. They 
concluded that the flammability of PP highly depends on 
the amount of volatile unsaturated gases, as these "fuel-
like" compounds can further enhance the spread of flames. 
The less volatile compounds act as a secondary fuel source 
for burning [5, 6]. In the cool flame combustion test at 
350 °C toxic gases formed as the result of the imperfect 
burning of polypropylene [7]. 

Additive flame retardants are most commonly used to 
reduce flammability as their manufacture is easy and rel-
atively low cost. Currently, the most effective commercial 
flame retardants are halogen-containing compounds, how-
ever, their application is harmful to human health and the 
environment. Several researches examined the flame retar-
dant properties of either phosphorous, nitrogen, carbon, 
or mineral based compounds, metal oxides, and hydrox-
ides [8, 9]. The combination of flame retardants shows 
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better improvements in the flammability of PP over the 
use of each one separately [8], and so applying intumes-
cent flame retardants to decrease the high flammability of 
polypropylene by reducing the amount of released volatile 
gases and the heat emitted during combustion could be 
a promising solution [9].

The main advantage of an intumescent flame retardant 
(IFR) system with three (char inducing blowing and char-
ring) functions, is that the developed charred layer on the 
polymer surface not only acts as a heat and gas barrier, but it 
also effectively improves the anti-dripping effect of the poly-
mers that overall would prevent the flames from overspread-
ing [10]. Ammonium-polyphosphate (APP) is a convention-
ally used intumescent flame retardant, providing both the 
char inducing acid source and blowing agent, however, on 
its own, it is not adequate for polypropylene as the charring 
agent is missing from the system. Due to its chemical struc-
ture, polypropylene requires intumescent flame retardant 
systems containing a great additional amount of charring 
agent. This would overall greatly increase the additive con-
tent in the polymer that could deteriorate other properties. 

The charring component, besides being incorporated 
as a separate additive, could be introduced in the form of 
a coating on the flame retardant. Microencapsulation is 
a highly used formulation technique in the pharmaceuti-
cal and food industry [11, 12], by which the active ingre-
dients (core) are packaged within a distinctively different 
second material (shell) for the purpose of shielding it from 
the surrounding environment [13–15]. Intumescent flame 
retardant systems are often applied in polyolefins, poly-
amides, and polyesters [16, 17], and the microencapsu-
lated APP flame retardant system proved to be beneficial 
for polypropylene [18–21].

The microencapsulation of flame retardants has various 
advantages [22] as it may improve the water-resistance 
of the active ingredients by isolating them [23, 24], also 
improves the compatibility between the active compo-
nent and the polymer matrix [25, 26], prevents the for-
mation of toxic gases [27–29], moreover, it can change 
the appearance and physical form of the flame retardant 
additive [30] and increase the pyrolysis temperature [13]. 
In the literature, ammonium-polyphosphate was encapsu-
lated with several materials such as pentaerythritol [19], 
melamine-formaldehyde resin [31], cyclodextrin [32], 
resorcinol bis(diphenyl phosphate) [33] and bisphenol A 
epoxy resin (DGEBA) [34].

Flame retardancy index (FRI) enables the compari-
son of different flame retardants in thermoplastic sys-
tems, based on the main features of cone calorime-
try [35, 36]. In most cases where "Good" flame retardant 
performance was achieved with the encapsulation of APP, 
the flame retardant additives were needed to be added 
at 30–40 m/m%. At higher loading, still, very few have 
achieved the "Excellent" performance, normally due to the 
low charring content in the system, while the higher addi-
tive content negatively affects the mechanical properties 
of the composite [8]. The epoxy resin shell usually is more 
effective as its charring content is higher, but concerns 
have been raised over the use of DGEBA as its precursors 
are harmful to human health and the environment. Bio-
based epoxy resin shells from sustainable sources are in 
the highlight for further investigation [37–40].

Decsov et al. [22] prepared a new type of APP micro-
capsules through in-situ polymerization with bio-based 
sorbitol polyglycidyl ether-based epoxy resin, where the 
bioresin shell was found to be an effective charring agent, 
and the ideal mass ratio of the two components was found 
to form a complex (3 in 1) intumescent flame retardant 
additive. In the course of this research, our main goal 
was to expand the application of this all-in-one intu-
mescent flame retardant with enhanced charring abil-
ity for polypropylene by preparing microcapsules with 
different bioepoxy resin shell thickness. Then the flame 
retardancy of the microcapsules with the optimal ratio 
of the components was investigated at different loading 
in polypropylene.

2 Materials and methods
2.1 Materials
Polypropylene Innopol CS2-9000 was provided by Inno-
Comp Kft. (Tiszaújváros, Hungary). Exolit® AP 422-
type ammonium-polyphosphate received from Clariant 
(Muttenz, Switzerland) was applied in neat and encapsu-
lated form as a flame retardant. Sorbitol polyglycidyl ether 
(SPE, epoxide equivalent weight 160–195 g/eq, ERISYS® 
GE-60) for bioresin shells was received from Emerald 
Performance Materials LLC (Vancouver, WA, USA). Ipox 
MH 3122 (Ipox Chemicals Kft., Budapest, Hungary) (2,2'- 
dimethyl-4,4'-methylene bis(cyclohexylamine)), a cycloal-
iphatic amine-type crosslinking agent was used to cure 
the bio-based epoxy monomer. Absolute ethanol was pur-
chased from Merck (Darmstadt, Germany).
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2.2 Preparation of flame retardants
2.2.1 Preparation of microencapsulated APP
Decsov et al. [22] prepared the microcapsules in 10:1, 
10:2 and 10:3 mass ratio of APP to SPE in 50 ml abso-
lute ethanol solvent for 40 g APP, and they observed that 
with higher epoxy resin content the microcapsules tend to 
aggregate. In this experiment in order to include a high 
amount of charring agent into the flame retardant addi-
tive without the aggregation of particles during the in-situ 
polymerization, 10:5 mass ratio of APP to SPE microcap-
sules were prepared in an increased solvent amount of 
150 ml absolute ethanol for 40 g APP.

The microcapsules were prepared in 10:2 (APP2) 
and 10:5 (APP5) mass ratio of APP to SPE represent-
ing MCAPP2 and MCAPP5 microcapsules, respectively. 
For MCAPP2 the original solvent ratio was kept, while for 
MCAPP5 the increased amount was used. In absolute etha-
nol, the SPE bioepoxy component (8 g and 20 g, represent-
ing 10:2 and 10:5 mass ratio of APP to SPE, respectively) 
and the cyclic amine type crosslinking agent (33 m/m% of 
the SPE) were completely dispersed at room temperature 
and then 40 g neat APP was added into the solution with 
continuous stirring. The mixture was continuously stirred 
for 4 hours at reflux temperature (78 °C), after that, it was 
cooled to room temperature, filtered, washed with abso-
lute ethanol, and dried (post-cured) at 120 °C for 48 hours. 
The dried microcapsules were then powdered in a hand 
mortar to obtain the microencapsulated flame retardants. 
Table 1 shows the composition of the prepared two types 
of microencapsulated flame retardant additives differing 
in the thickness of the bioepoxy resin shell layers.

2.2.2 Preparation of the physical mixture
The bioepoxy component and the cyclic amine type cross-
linking agent were mixed in the mass ratio of APP2 and 
APP5 (Table 1), representing pmAPP2 and pmAPP5 phys-
ical mixtures, then poured in the mold in a thin layer and 
post-cured at 120 °C for 48 hours. The dried bioresin 
then was frozen in liquid nitrogen before being ground in 
a cryogenic grinder (IKA A 11 basic (Staufen, Germany)), 
then sieved through a sieve of 500 μm hole size. The APP 
was applied in neat form without any heat pre-treatment.

2.3 Preparation of flame retarded PP composites
2.3.1 Kneading
The flame retarded PP samples were prepared in a Brabender 
Plasti-Corder Lab-Station coupled with W 50 EHT 3Z type 
internal mixer chamber (Brabender GmbH & Co. KG, 
Duisburg, Germany). The temperature and the rotor speed 
were set to 180 °C and 50 1/min, respectively. The PP gran-
ules were melted first, then mixed with the flame retardant 
additives. The mixture was mixed for a total of 10 min.

2.3.2 Molding
The kneaded materials were then hot-pressed using 
a Collin Teach-Line Platen Press 200E type heated press 
(Dr. Collin GmbH, München, Germany) within a mold of 
100 × 100 × 4 mm3 size at 180 °C. When the material has 
melted in the form, it was then pressed under 20 kN for 
2 min, then under 50 kN for 3 min, and finally cooled to 
50 °C under 50 kN. The specimens if needed were cut into 
the required shapes with a table saw.

2.4 Characterization methods
2.4.1 Fourier Transform Infrared Spectroscopy
Infrared spectra (4000–400 1/cm) of the microcapsules were 
recorded using a Bruker Tensor 37 type Fourier trans-
form infrared (FTIR) spectrometer (Bruker Corporation, 
Billerica, MA, USA) equipped with deuterated triglycine 
sulfate (DTGS) detector with a resolution of 4 1/cm. Before 
testing, the powder of the microcapsules was mixed with 
potassium bromide (KBr) powder and cold-pressed into 
a suitable disk for FTIR measurement.

2.4.2 Scanning Electron Microscopy (SEM)
Scanning electron microscopic (SEM) micrographs of the 
microcapsules were taken using a JEOL JSM-5500 LV type 
apparatus (JEOL Ltd., Akishima, Tokyo, Japan) at an accel-
erating voltage of 10 keV. Before the examination, all the 
samples were sputter-coated with a conductive gold layer to 
prevent charge build-up on the surface.

2.4.3 Thermogravimetric Analysis (TGA)
Thermogravimetric analysis (TGA) measurements were 
carried out using a TA Instruments Q5000 Apparatus (TA 
Instruments LLC, New Castle, NH, USA) under 25 mL/min 
nitrogen gas and air flow. Samples of about 10 mg were posi-
tioned in open platinum pans. The polymer samples were 
heated from 25 °C to 600 °C with a 10 °C/min rate (The 
precision on the temperature measurements is ±1.5 °C in the 
temperature range of 25–800 °C).

Table 1 The APP2 and APP5 compositions for microcapsules 
(MCAPP2, MCAPP5) and physical mixtures (pmAPP2, pmAPP5)

Composition
Ratio Mass percentage [m/m%]

APP SPE APP SPE T58

APP2 10 2 78.95 15.79 5.26

APP5 10 5 60.00 30.00 10.00
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2.4.4 Limiting Oxygen Index (LOI)
Limiting oxygen index (LOI) was determined on specimens 
with 100 × 10 × 4 mm3 dimensions according to MSZ EN 
ISO 4589 (2000) standard using an apparatus made by FTT.

2.4.5 UL94
Standard UL94 flammability tests were performed accord-
ing to ISO 9772 and ISO 9773.

2.4.6 Water-resistance test
3 samples of 100 × 10 × 4 mm3 dimensions from the refer-
ence and each composite were soaked in distilled water for 
24 hours at 50 °C. After the soaking, the samples were dried 
for ~24 hours at 60 °C. The mass of the dry samples was 
measured before and after the water soaking.

2.4.7 Mass Loss Calorimetry (MLC)
Mass loss type cone calorimeter tests were carried out by 
an instrument delivered by Fire Testing Technology Ltd., 
(East Grinstead, West Sussex, UK), using the ISO 13927 
standard method. Specimens ( 100 × 100 × 4 mm3 ) were 
exposed to a constant heat flux of 50 kW/m2. The igni-
tion was provided by a spark plug located 13 mm above 
the sample. The main characteristic of fire properties, 
including heat release rate (HRR) as a function of time, 
time to ignition (TTI), and total heat release (THR) were 
determined. For calculation of flame retardant index [35] 
pHRR1 values were taken into consideration.

FRI
THR pHRR

TTI

THR pHRR
TTI

=

×





×





1

1

Neat Polymer

Compositte

 (1)

2.4.8 Tensile test
Comparative tensile tests were performed on rectangular 
specimens of 100 × 10 × 4 mm3 (width × length × depth) 

(the gauge length was 60 mm) using a Zwick Z020 uni-
versal testing machine (Zwick GmbH & Co. KG, Ulm, 
Germany) with a crosshead speed of 5 mm/min. 5 spec-
imens were tested from each composite sample. Based 
on the measured geometric data and the resulting stress-
strain curves, the tensile strength (σM) and the relative 
elongation at maximum force were calculated for each 
specimen using the ISO 527-1:2012 standard.

3 Results and discussion
3.1 Characterization of the microcapsules
3.1.1 Fourier transform infrared spectroscopic 
evaluation of microcapsules 
Fig. 1 shows the FTIR spectra of neat APP, SPE resin, 
MCAPP2 and MCAPP5 microcapsules. The spectra of 
microcapsules include the typical absorption peaks of 
neat APP, while the resin-specific bands such as 2918 1/cm 
CH2-stretching, 1460 1/cm CH2 bending, 1126 1/cm C-O 
ether bond, and 746 1/cm presumably attributed to CH2 
rockings are also detectable, most intensively in the spec-
trum of the MCAPP5, the microcapsule with the thickest 
bioepoxy shell. The FTIR absorbance spectra taken from 
the microcapsules confirmed that the bioresin was present 
on the surface of the filtered and dried solid APP particles 
after encapsulation.

3.1.2 Thermogravimetric analysis of microcapsules 
As seen in Fig. 2, the weight loss until 200 °C is negligible. 
Both types of microcapsules started to decompose much 
earlier than the highlighted area which marks the thermal 
decomposition temperature range for polypropylene. The 
MCAPP5 microcapsules have a lower degradation tem-
perature than the MCAPP2 microcapsules and that could 
be beneficial regarding the protective charred layer forma-
tion in the flame retardancy of polypropylene.

When examining the theoretical degradation curves 
with the measured curves [22] it was observed that with 

Fig. 1 FTIR absorbance spectra of the microcapsules and components
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the increasing amount of resin the extent of the degra-
dation was greater at a given temperature than it was 
expected. This aspect is attributed to the interaction 
between APP and the bioresin, so with higher bioresin 
shell thickness the degradation temperature shifts lower 
for the flame retardant.

3.1.3 Scanning electron microscopic analysis of 
microcapsules
In the microscopic images shown in Fig. 3, it can be 
observed that the MCAPP2 microcapsules have a smoother 
and more spheroidal surface compared to the neat APP 
particles. The MCAPP5 microcapsules have a blocky 
structure, similar to the neat APP, but with a rough surface 
of the bioresin shell. Since the increased solvent amount 
was used during the microencapsulation, the MCAPP5 
particles did not aggregate, while in the case of MCAPP2 
where the original solvent ratio was kept, the smaller par-
ticles stuck onto the larger ones and formed aggregation 
which may cause them to disperse less in the polymer 
matrix. The MCAPP5 microcapsules compared to the neat 
APP particles, are also larger, which is attributed to the 
thicker shell, fully covering the particles.

3.2 Characterization of flame retarded composites
3.2.1 LOI and UL94 test results of flame retarded 
composites
Different amounts of the microcapsules were loaded in 
PP and their flammability was tested in UL94 and LOI 
testing. The results, listed in Table 2, show that the micro-
capsules under 15% loading achieved HB classification 
in UL94, while the higher loading of 20% and 25% were 
not able to suppress the flaming dripping in the verti-
cal burning test. As evidence of the increased charring 

effect of the thicker resin shell on MCAPP5 microcap-
sules, the samples already reached V-0 classification at 
30 m/m% FR content, while the microcapsules MCAPP2 
with thinner resin shell achieved it only at higher load-
ing of 35 m/m%. The LOI values were, however practi-
cally the same for both microcapsules at the same load-
ing. It is assumed that the higher content of the charring 
agent forms a char layer of improved barrier efficiency on 
the polymer which could successfully prevent the flame 
from dripping as a stronger and more durable structure 
is formed. Based on the results, only the composites with 
30 m/m% and 35 m/m% flame retardant contents were 
selected for further investigation.

Fig. 2 Thermogravimetric analysis of the neat APP, SPE bioepoxy 
resin, and the microcapsules as measured under N2 atmosphere with the 

heating ramp of 10 °C/min

Fig. 3 Scanning electron microscopic images of microcapsules of 
different compositions with 1000× magnification: a) neat APP particles, 

b) MCAPP2 and c) MCAPP5 microcapsules
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In order to prove the positive effect of the microencap-
sulation, the microcapsules containing samples were com-
pared with the ones containing the physical mixture of the 
neat APP and ground bioepoxy resin, with the same chem-
ical composition (Table 3).

When observing the effect of microencapsulation, the 
samples containing the physical mixture achieved sig-
nificantly lower LOI values respectively, decreased by 
8–11 V/V%, but in the UL94 testing, both the microcap-
sules and the physical mixtures incorporated samples 
reached the same classification.

3.2.2 Water-resistance test
The mass loss of the flame retarded composites loaded 
at 30 m/m% and the reference sample is shown in Fig. 4. 
All samples lost some weight during the soaking process, 
likely due to the dissolution of APP. The physical mix-
ture containing samples lost the most mass, 3 times more 
than the neat PP reference samples. While in the case of 
the microencapsulated flame retardants, the mass loss is 
noticeably lower. The sample containing MCAPP5 with 
the thicker resin shells showed the lowest mass loss among 
the flame retarded composites. The microencapsulation 
with bioepoxy shell almost halved the mass loss, effec-
tively improved the water-resistance of APP and so did the 
water durability of the flame retarded composites.

The samples were then subject to the LOI test, where no 
change in the flammability was observed. The LOI values 
for the hot bath treated flame retarded samples remained 
the same as the untreated composites. The extent of the 
mass loss under these conditions didn't significantly affect 
the flame retardant properties of the PP composites.

3.2.3 Thermogravimetric analysis of flame retarded 
composites
Fig. 5 contains the thermogravimetric curves which show 
that the neat PP sample degraded in one step at the tem-
perature of 315.2 °C and left an insignificant amount of 
residue (1.3%). In contrast, the flame retarded composites 
are degraded in several steps. The first and second ones 
are attributed to the degradation of PP and the flame retar-
dants within the range of 300–400 °C. In this tempera-
ture zone APP decomposes into polyphosphoric acid and 
releases ammonia, where the previous one promotes char 
formation with the bioresin, while the latter one acts as the 
blowing agent in the system. 

As seen in Table 4, both the physical mixture and 
microcapsules containing composites showed higher 

Table 2 The results of UL94 and LOI test on the PP reference, the MCAPP2 and the MCAPP5 incorporated PP composites at different loadings

Loading amount 
[m/m%]

MCAPP2 microcapsules MCAPP5 microcapsules

LOI 
[V/V%]

UL94 results
LOI 

[V/V%]

UL94 results

t1/t2 Ignited 
cotton Classification

t1/t2 Ignited 
cotton Classification

[s/s] [s/s]

0 (PP reference) 18 - Yes HB 18 - Yes HB

5 21 - Yes HB 21 - Yes HB

10 21 - Yes HB 22 - Yes HB

15 22 - Yes HB 23 - Yes HB

20 26 21/0 Yes V-2 25 24/4 Yes V-2

25 27 18/0 Yes V-2 28 0/6 Yes V-2

30 33 0/5 Yes V-2 33 0/2 No V-0

35 36 0/2 No V-0 35 0/2 No V-0

Table 3 Comparing the results of UL94 and LOI tests on the 
microcapsules and physical mixtures containing PP composites

Sample
LOI [V/V%] UL94

MC pm MC pm

PP+ APP2 30% 33 24 V-2 V-2

PP+ APP2 35% 36 25 V-0 V-0

PP+ APP5 30% 33 26 V-0 V-0

PP+ APP5 35% 35 27 V-0 V-0
Fig. 4 The average mass loss of the reference and flame retarded 

samples after the hot bath test (50 °C, 24 hours)
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thermal stability than the neat PP as the decomposition 
temperature is increased by 30–70 °C. When comparing 
the maximum rate of weight loss of the composite, the 
physical mixture containing ones have a greater decom-
position rate, however, their temperature at the maximum 
decomposition rate is 10–30 °C higher than that of the 
microencapsulated ones.

Even though the microcapsules containing composites 
showed lower thermal stability, this early degradation at 
slower rate resulted in higher residual mass respectively. 
It is assumed that in microcapsule form APP and the 
bioresin can readily interact with each other thus promot-
ing the charred residue formation with the bioresin more 
effectively, while the physical mixture offers a smaller 
interface due to the physical distance between the sub-
stances. This interaction resulted in a shift of degradation 
to lower temperature ranges as observed in the thermal 
analysis of the neat components and the microcapsules. 
Besides, it is also indicated by the overlapping of the first 
and second degradation steps as its more dominant in the 
case of microcapsules than the physical mixtures.

The third and last step could be assigned to the degra-
dation of the formed char residue above 500 °C. The rate 
of degradation is higher in the case of the composites with 
physical mixtures, indicating lower thermal stability of 
the corresponding residue.

3.2.4 Mass loss calorimetry (MLC) results of flame 
retarded composites
In mass loss calorimeter tests, neat polypropylene had 
a short burning time (419 s) and a relatively high peak heat 
release rate (871 kW/m2) during combustion (Table 5). 
In Fig. 6 the curves of the flame retarded samples are dis-
tinctly flatter, prolonged in time, and have a much lower 
peak in heat emission. After reaching the "first" heat 
release peak (pHRR1), the curves decrease steadily and 
then suddenly jump to a "second" maximum heat emis-
sion value (pHRR2), except for PP+pmAPP2 30%, which 
is usually smaller than the first one.

(a)

(b)
Fig. 5 The thermogravimetric curves of a) the neat polypropylene 
and the microcapsules flame retarded PP composites; b) the neat 

polypropylene and the physical mixtures flame retarded PP composites 
as measured under air atmosphere with the heating ramp of 10 °C/min

Table 4 TGA data of the PP reference, the microcapsules containing, and the physical mixtures incorporated samples as measured under air 
atmosphere with the heating ramp of 10 °C/min

Sample
T-5% [°C] T-50% [°C] dTGmax [%/°C] T(dTGmax) [°C] Residue [%]

MC pm MC pm MC pm MC pm MC pm

PP reference 264.5 310.6 1.566 315.4 1.3

PP+ APP2 30% 273.0 265.0 386.7 390.1 0.579 0.661 359.9 380.5 14.1 9.8

PP+ APP2 35% 264.7 275.2 373.2 398.3 0.490 0.627 352.1 384.2 21.4 12.9

PP+ APP5 30% 259.2 278.3 354.6 378.5 0.585 0.661 348.2 360.0 15.5 10.9

PP+ APP5 35% 260.5 282.3 361.0 379.8 0.540 0.622 348.7 382.3 18.7 14.0
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There is also a remarkable difference between the 
curves of the microcapsules containing samples: with the 
increase of shell thickness and additive content, the curves 
become flatter, and the second peak appears later and at 
a lower value. Examining the total heat emission, better 
results were obtained with both a greater shell thickness 
and a higher content of additives in the polymer. It can be 
assumed that with a larger content of carbonizing compo-
nents, a thicker and better, more durable insulating layer is 
formed on the surface of the polymer during the combus-
tion. This charred layer with improved heat protecting and 
barrier efficiency could allow a large part of the composite 
to burn with low intensity and prolonged in time, shield-
ing it from the sudden heat burst and intense combustion. 
When the charred layer collapses that small amount of 
polymer that remained intact up to now is finally exposed 

to the heat source, resulting in the rise of heat emission, 
but as it is in small amount its burning is less excessive. 
This leads to a much lower probability of flame spreading 
to other components in the case of a real fire scenario.

According to the MLC result of the microencapsulated 
flame retardants in Table 5, the maximum heat emission 
values were reduced by approximately 80% compared to 
the PP reference sample, while a reduction of 15–40% was 
achieved for the total amount of heat emitted during com-
bustion. It can be observed that the lowest maximum heat 
release values were achieved with the MCAPP5 microcap-
sules, the increase in the amount of the additive did not 
have a significant effect on the flammability. When com-
paring the physical mixture flame retarded samples, they 
still have a flatter and elongated curve compared to neat 
polypropylene, however, they burned faster with greater 
intensity compared to the microencapsulated flame retar-
dant incorporated samples, their first and second peak heat 
release values are higher than that of the microencapsu-
lated samples, respectively. The physical mixture incorpo-
rated samples formed a charred layer which could suppress 
the combustion for a short time, but when its structure 
weakened, most of the composite that remained intact then 
were suddenly exposed to the heat source, resulting in its 
quick and intensive burning. 

The char residue of the MCAPP containing samples was 
higher, respectively. In the TGA, it was revealed that in 
the case of microcapsules the interaction of APP and the 
bioresin promotes char formation more effectively, yielding 
a char residue with higher thermal stability than the phys-
ical mixture. While in the case of the physical mixture the 
charring was not that efficient due to the physical distance 
of the flame retardant components in the matrix. This is in 
agreement with the behavior of the heat release curves.

Considering the flame retardancy index (FRI) for the 
flame retarded composites, the physical mixtures and the 
sample PP+MCAPP2 30% achieved "Good" grades, while 
the microcapsules with increasing shell thickness and addi-
tive content had "Excellent" flame retardancy performances, 

(a)

(b)
Fig. 6 The heat release curves of a) microcapsules flame retarded 

samples; b) physical mixtures flame retarded samples under 50 kW/m2 
heat flux

Table 5 Comparing the MLC data of the PP reference, the microcapsules and physical mixtures incorporated composites

Sample
TTI [s] pHRR1 [kW/m2] pHRR2 [kW/m2] THR [MJ/m2] THR [MJ/g m2] FRI [-] Residue [%]

MC pm MC pm MC pm MC pm MC pm MC pm MC pm

PP reference 28 781 128 3.52 - 0

PP+ APP2 30% 21 33 156 192 138 267 98 94 2.43 2.33 Good Good 14 8

PP+ APP2 35% 47 23 170 226 101 121 80 84 1.82 2.00 Excellent Good 18 15

PP+ APP5 30% 45 29 134 176 88 135 90 89 2.27 2.22 Excellent Good 10 11

PP+ APP5 35% 56 31 144 227 61 145 68 81 1.68 1.93 Excellent Good 18 16
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that presumably due to the microcapsule form, having lower 
peak heat release and reduced total heat release value. This 
aligns with the UL94 and LOI tests, where the composites 
with the "Excellent" label were also the ones that achieved 
the best V-0 classification and highest LOI values.

3.2.5 Tensile test of the flame retarded composites
The tensile strength and the elongation at yield values of 
the samples at the loading of 30 m/m% are shown in Fig. 7.

The flame retardant both in the physical mixture and 
microencapsulated form acts as a non-reinforcing filler 
in the PP matrix. The flame retardant composites have 

a tensile strength about 25% lower than that of the neat 
PP reference sample, as expected due to the relatively 
large particle size and low aspect ratio of the flame retar-
dant additive. The fillers reduced the deformability and so 
resulted in smaller elongation at yield, but no significant 
difference could be detected between the two forms.

3.2.6 Scanning electron microscopic analysis of the 
flame retarded composites
The microscopic images taken from the fracture sur-
face of the samples loaded at 30 m/m% are shown in 
Fig. 8. The physical mixtures containing composites have 
a porous structure with a voided surface (green circle), par-
tially detached particles on the surface and in the cavities 
(red circle), showing weak interfacial interaction between 
the neat APP and the PP matrix. The composites contain-
ing microencapsulated flame retardants in contrast have 
a smoother, more condensed, and less voided surface, with 
the microcapsules fully embedded into the polymer matrix. 
The microencapsulation of the APP with bioepoxy resin 
not only enhances the flame retardant properties of the PP 
but also increases the interfacial interaction between the 
polypropylene matrix and the flame retardant. In the SEM 
image of the MCAPP2 incorporated sample, the aggregated 
large particles (orange circle) are more visible than in the 
image of MCAPP5 containing composite where the micro-
capsules are dispersed in the polymer matrix, and only the 

Fig. 7 Tensile strength and elongation at yield of the reference sample 
and flame retarded composites

Fig. 8 SEM images of the fracture surface of flame retarded composites with 500× magnification (orange circle: aggregated microcapsules; red circle: 
partially detached particles; green circle: cavities): a) PP+MCAPP2 30%, b) PP+MCAPP5 30%, c) PP+pmAPP2 30% and d) PP+pmAPP5 30%
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small particles show some extent of aggregation. This is 
in agreement with the tensile results, where the MCAPP5 
sample reached a somewhat higher value.

4 Conclusion
Polypropylene has no charring ability on its own thus 
noticeable amount of charring agent is needed to be added 
to create an effective intumescent flame retarded system 
that overall results in great additive content in the polymer. 
As a solution for that, in this study, APP particles are coated 
with bioepoxy resin, so that all the components of an IFR 
system can be introduced as one additive to PP. During the 
in-situ microencapsulation, increased amount of solvent 
was used which allowed the formation of a thicker resin 
shell without causing aggregation of the particles. 

When compared to the physical mixture of the com-
ponents, the microencapsulated form was found to have 
improved flame retardant efficiency. The LOI values of 
the bioresin encapsulated APP containing PP samples 
increased by 8–11 V/V% besides achieved V-0 classification 

according to the UL94 test. During cone calorimeter tests, 
the burning intensity was reduced (pHRR decreased by 
20–35% and shifted in time), and higher residual masses 
(up to 18%) were obtained, and based on the calculated 
FRI, "Excellent" fire performance was achieved when 
microencapsulated APP was used. Besides, the mechanical 
properties of the effectively flame retarded system remain 
acceptable. The improved flame retardant performance 
is attributed to the effective interaction between the APP 
core and the readily available carbonizing shell, which pro-
motes the formation of increased amount of char accompa-
nied with improved heat protecting and barrier efficiency.
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