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A B S T R A C T   

In the present research, a bio-based flame retardant (FR) was prepared using a biopolymer derived from 
wastewater sludge to improve the fire performance of polypropylene (PP). Extracellular polymeric substances 
(EPS), which were extracted from wastewater aerobic granular sludge, were absorbed into cellulose-based fibres, 
such as flax and toilet papers. Thermogravimetric analysis results indicated that the EPS-cellulose fibres played a 
significant role in enhancing the char formation of PP composite. Furthermore, the incorporation of the bio- 
based FR into PP restricted its vertical burning characteristics, and at the same time enhanced the tensile 
moduli of the composites. The reaction between phosphoric acids from EPS and hydroxyl groups of cellulose 
fibres improved dehydration and char formation of the composites to enhance the overall fire reaction properties. 
This study opens up new possibilities for the wastewater-derived biopolymer “EPS” to prepare the bio-inspired 
FRs for cellulose-based fibres and composites, and enhance sustainability of wastewater sludge treatment.   

1. Introduction 

Plastics (or polymers) have the ubiquitous presence in our daily lives 
from electronic devices to insulation panels for building floors or aircraft 
interiors. In particular, polymers, being integrated into composite 
products, have expanded their applications [1,2]. Undeniably, one of the 
major flaws of polymers is their poor fire performance. The relatively 
shorter ignition times, higher heat release rates and more vigorous 
melting phenomenon promote further fire propagation, thus resulting in 
severe fire hazards, such as the Grenfell tower fire disaster [3]. 
Considering the wide applications of plastics in various industries and 
increasingly stringent fire standards, there is an urgent need to incor-
porate flame retardants (FRs) in plastics to enhance their fire perfor-
mances. Although some of them could be effective from the fire 
retardancy point of view, not all of them are sustainable and environ-
mentally safe. For instance, halogenated FRs are classified as highly 
toxic compounds under the Stockholm Convention on Persistent Organic 
Pollutants; thus, their production and utilisation are banned [4]. On the 
other hand, this ban on halogenated FRs has prompted the usage of 
bio-based and sustainable FRs, which are produced from biodegradable 
chemicals or renewable resources with the intention of improving the 

fire performance of plastics in building materials, and at the same time 
minimising the environmental footprints and harmful effects on human 
lives [2,5,6]. 

There have been significant research efforts into developing bio-
based FRs as possible alternatives to their synthetic counterparts. 
Renewable compounds, such as cellulose, starch, casein and keratin, 
have been investigated as char forming agents and tried for improving 
the flame retardancy of textiles and polymers [5,7–10]. The char on the 
material’s surface acts as as a physical barrier to inhibit gaseous prod-
ucts from diffusing to the flame and to shield the polymer surface from 
heat and oxygen [11]. In particular, phosphorus-based FRs have higher 
flame-retardant efficiency than nitrogen-, boron-, silicon- and even 
halogen-containing FRs because of the effective char formation as a 
protective layer; hence, the incorporation of phosphorus into the 
renewable compounds has been intensively explored [12]. Jung and 
Bhattacharyya have implemented a phosphorylation process of kerati-
nous fibres, such wool and feather, to enhance char forming ability of 
the fibres [7,13]. Silicate inorganic coating on the phosphate loaded 
chicken feather has also shown further improvement of char formation 
and peak heat release rate (PHRR) reduction of PP with V-0 rating (i.e., 
self-extinguishment) [13]. Moreover, Sonnier et al. have drafted 
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phosphorus molecules onto flax fabrics through electron beam irradia-
tion. The flame-retardant flax fabric has achieved the self-extinguishing 
behaviour and the composite based on the fabric has decreased PHRR by 
41% compared to one of a neat polyester [14]. 

Recently, extracellular polymeric substances (EPS), recovered from 
excess aerobic granular sludge at the wastewater treatment plant, has 
demonstrated its significant effects on reducing flammability of a 
cellulose-based flax fabric and a polymeric material [9,10]. EPS are 
defined as “organic polymers of microbial origin which in biofilms 
systems are frequently responsible for binding cells and other particulate 
materials together (cohesion). EPS mainly consist of polysaccharides, 
protein (polypeptides), nucleic acids, lipid (e.g., fatty acids, glycerol and 
phosphate) and humic substances [15]. In particular, it is noted that the 
presence of phosphate within EPS as a dehydration agent can be a key 
compound to form char on the EPS-coated flax fabric. Furthermore, the 
possible interaction of the phosphate in EPS with cellulose in flax, which 
can act as a carbonisation agent, can lead further improvement of the 
char formation to achieve the self-extinguishment. As large-scale pro-
duction of EPS has been possible (https://kaumera.com/), there is a 
great potential for the practical and economic feasibility of using EPS as 
a bio-flame retardant. Moreover, recovered toilet papers from waste-
water treatment plants have recently been used as a source of cellulose 
fibres. A large amount of the paper (~5 million tonnes) is collected by a 
filtration in the sewage treatment plant according to the European Tis-
sue Symposium. As the toilet papers contain high-quality cellulose fi-
bres, the recovery of them from wastewater treatment plants after 
processing can foster possible reuse of the toilet papers as a source of 
cellulose. For example, the current trend is that the recovered cellulose 
fibres from the wastewater treatment plants are used as raw materials 
for the production of nanocellulose [16]. 

Based on the previous research finding, it is reasonable to assume 
that the EPS and cellulose fibre combination (EPS-cellulose) can be used 
as a sustainable and eco-friendly bio-intumescent FR filler to improve 
the fire performance of commodity polymers, such as PP. To this end, 
flax and toilet paper fibres were selected as cellulose sources and a dip- 
coating method using EPS solution was implemented to prepare two 
EPS-cellulose FR fibres. The EPS-cellulose FR fibres were first incorpo-
rated into PP using melt-blending and then composites were moulded 
using a hot press. Subsequently, the fire performances of the composites 
were evaluated by cone calorimetry and vertical burn testing. In addi-
tion, the reinforcing effects of EPS-cellulose FR fibres were analysed by 
measuring tensile strengths and stiffnesses of the composites. To un-
derstand the flame retardancy mechanisms, detailed information 
including types and amounts of phosphorus in EPS, the elemental 
composition and morphology of the char residue after burning were also 
investigated. It is envisaged that the results of this study will shed light 
on the application of biobased material, derived from wastewater 
sludge, as a flame retardant filler to improve the fire performances of 
composites. 

2. Experimental details 

2.1. EPS-cellulose FR system preparation 

The extracellular polymeric substances (EPS) were recovered from 
the aerobic granular sludge collected using Nereda® biotechnology at 
the municipal wastewater treatment plant (Epe, the Netherlands) [17]. 
The amounts of phosphorus and orthophosphate in the EPS were 
measured by the persulfate digestion procedure and the direct colori-
metric analysis. Furthermore, the amount of acid-hydrolysable phos-
phorus was obtained from phosphorus, which was measured by the 
sulphuric acid hydrolysis procedure, and pre-determined orthophos-
phates. The hydrolysable phosphorus includes polyphosphorus with 
some organic phosphorus. In the end, the total organic phosphorus was 
calculated by deducting acid-hydrolysable phosphorus and orthophos-
phate from the total phosphorus [18]. 

An EPS solution with the concentration of 3% (w/v) was prepared by 
dissolving 3 g EPS into 100 ml 0.1 M NaOH. The pH of the EPS solution 
was 8.5 [9]. Short flax fibres weighing 1 g (Libero, Belgium, avg. 2.9 mm 
length) and 1 g of toilet paper (purchased at a local supplier Jumble, the 
Netherlands) were dipped into the EPS solution for 1 h and air-dried 
afterwards for 72 h. The content of EPS absorbed in the short flax fi-
bres and the toilet paper was ~4.8 wt%. 

2.2. Composites manufacturing 

As the materials were agglomerated during the dip-coating process, a 
granulator (Wanner Technik, Germany) having a 5 mm grid mesh was 
used to grind them. After drying at 80 ◦C overnight, the EPS-cellulose FR 
fibres were blended with PP (HP400L, melt flow rate index: 5.5 g/ 
10min, Lyondell Basell) and maleic anhydride grafted polypropylene 
(MAPP) (Licocene 6452, Clariant Ltd, as compatibiliser) at an average 
temperature and screw speed of 190 ◦C and 70 rpm, respectively, for 5 
min using a twin-screw extruder (LTE26, Brabender, Germany). The 
compounds were pelletised using the granulator to collect the pellets for 
the compression moulding process, Fig. 1. A hydraulic press (LP-S-20, 
Labtech, Thailand) was employed to manufacture composite panels. The 
compression moulding parameters were heating temperature of 200 ◦C 
and maximum pressure of 10 MPa. Weight percentage of the EPS- 
cellulose FR fibres, PP and MAPP was 30 wt%, 67 wt% and 3 wt%, 
respectively. 

2.3. Characterisation methods 

2.3.1. Thermogravimetric analysis 
Pyrolysis of the EPS-cellulose FR fibres and composites was investi-

gated using a thermogravimetric analyser (PerkinElmer TGA 7, US). 
Approximately 7 mg of sample was gradually heated at a rate of 10 ◦C/ 
min until the temperature reached 950 ◦C. The testing environment was 
nitrogen with a flow rate of 50 mL/min. Major parameters to explore the 
thermal decomposition of the materials for this research were mass loss, 
mass loss rate and amount of final residue. 

2.3.2. Fire testing 

2.3.2.1. Vertical burn test. Burning characteristics, such as flame time, 
burnt length and drippings, of the composites in the vertical position 
were measured using ASTM D3801 protocol and used for a comparative 
analysis. A sample size was 125 × 13 mm. The testing results determined 
a classification of the sample, namely V-0, V-1, V-2 or NR (no rating) 
depending on the burning behaviour. 

2.3.2.2. Cone calorimeter. The fire reaction characteristics of the com-
posites under heat radiation were investigated using a cone calorimeter 
(FTT Ltd., East Grinstead, UK), according to ASTM E1354. A sample was 
exposed to 50 kW/m2 heat flux to measure various properties including 
time to ignition (TTI), heat release rate (HRR), total smoke release (TSR) 
and CO yields. A gas analyser (Servomex 1440) using a paramagnetic 
and infrared systems in the cone calorimeter detected oxygen, CO and 
CO2. The sample’s exposure area to a conical heater and thickness were 
88.4 cm2 and 3 mm, respectively. Moreover, all samples were pre- 
conditioned at 23 ◦C and relative humidity of 50%. 

2.3.3. Tensile testing 
Instron 5567 Universal Testing Machine was employed to evaluate 

tensile moduli and strength values of the composites. According to 
ASTM D638, a standard dumbbell-shaped samples were tested at 
crosshead speed of 5 mm/min. A gauge length was 50 mm and a chord 
modulus between 0.05 and 0.25% strain was selected to measure the 
tensile moduli of composites. 
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2.3.4. Scanning electron microscopy 
An environmental scanning electron microscope (ESEM) (FEI Quanta 

200F, US) was used to characterise morphologies of char structures and 
tensile fractured cross-section areas of the composites. In addition, an 
energy dispersive X-ray spectroscope, which had been fitted into ESEM, 
was processed to detect chemical compositions of the samples. 

3. Results 

3.1. Phosphorus in EPS 

The yield of EPS was 27 ± 3% of granular sludge dry weight, which 
was similar to the yield reported by Felz et al. (2016) [17]. In the 
recovered EPS, the total amount of phosphorus (total P) was 2.32 ±
0.22 g/100 g and three major phosphorus compounds were identified: 
organic phosphorus (0.07 ± 0.53 g/100 g), acid-hydrolysable phos-
phorus (0.84 ± 0.25 g/100 g) and orthophosphate-P (1.41 ± 0.18 
g/100 g). 

3.2. Thermal stability of EPS-cellulose FR fibres 

The flax fibres show three stages of thermal decomposition, Fig. 2. 
The first stage at around 100–150 ◦C corresponds to the moisture 
evaporation and the second stage indicates the devolatilisation 
including decomposition of hemicellulose and cellulose at around 
250–370 ◦C and 340–379 ◦C, respectively [19,20]. No residue or char 
occurred at the final stage of the thermal decomposition, Fig. 2. On the 
other hand, the thermogravimetric (TG) curve of EPS-flax FR fibres 
clearly demonstrates a significant increase of around 29.7% in the res-
idue content. The EPS-toilet paper FR fibres also illustrate a remarkable 
increase in the final residue of 31.7% compared to that of only toilet 
paper fibres, Fig. 3. Furthermore, the amounts of residue from both 
composites at 950 ◦C are higher than one of EPS (20.4%). These in-
creases are comparable to those using other commercial flame re-
tardants. In particular, ammonium polyphosphate has been reported to 

produce an intumescent FR around 29.1 wt% of residue at 700 ◦C [21]. 
Since orthophosphate and polyphosphate are the main phosphorus 
compounds in EPS, it is reasonable to assume that the char formation of 
both EPS coated flax and toilet paper fibres can be attributed to the 
interaction of phosphates in EPS with cellulose. It is known that, in a 
noncatalysed route, cellulose decomposes to levoglucosan by depoly-
merisation. The levoglucosan then continues decomposing to release 
combustible volatile fragments [22]. However, when catalysed by acids, 
the decomposition of cellulose mainly consists of dehydration to water 
vapour and formation of char [23]. Due to the fact that 
phosphorus-based FRs form phosphoric acid (polyphosphate turns to 
polyphosphoric acids) when heated, they are particularly effective to 
catalyse the dehydration of cellulose [24]. The phosphates in EPS can 
play the same role in changing the decomposition rates of flax and toilet 
paper fibres, which can be indicated from derivative thermogravimetric 
(DTG) curves in Figs. 2 and 3. The maximum decomposition rates of the 
EPS-flax FR fibres and EPS-toilet paper FR fibres display 59.2% and 71% 

Fig. 1. Manufacturing process of EPS-cellulose FR fibres/PP composites.  

Fig. 2. TG and DTG curves of EPS, flax fibres and EPS-flax FR fibres.  
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decrease, respectively, in comparison to flax and toilet paper fibres 
themselves. Moreover, Table 1 demonstrates that the weight loss of flax 
and toilet fibres is higher than those of EPS-flax FR fibre and EPS-toilet 
paper FR fibre at temperatures at the maximum decomposition rates 
(Tmax1 and Tmax2). Hence, both the higher char contents of EPS-cellulose 
FR fibres at 950 ◦C and the significant decrease of the decomposition 
rate clearly indicate that the interaction of EPS with the cellulose fibres 
contribute to the char forming capability. 

The thermal decomposition of the EPS-cellulose FR fibres/PP com-
posites is also identified in Fig. 4. In the composites, the actual EPS 
content is almost 1.5 wt% based on the total composite’s weight but 
there is still positive effect of the fibres on increase in residue content 
(~8 wt% from both composites). Moreover, there are two peaks in the 
DTG curves. The first peak between 200–400 ◦C corresponds to the 
decomposition of the EPS-cellulose FR fibres, while the second peak 
indicates the decomposition of PP with a higher intensity than one from 
the EPS-cellulose FR fibres. PP is rapidly decomposed due to a 
hydrocarbon-based structure but the addition of the EPS-flax and EPS- 
toilet paper FR fibres reduces the decomposition rate of PP. Fig. 4 
shows that the maximum decrease in the decomposition rate is around 
16% from the EPS-toilet paper FR fibre/PP composite. 

3.3. Vertical burn test 

The sustained burning behaviour after removing an ignition source 
was investigated using the vertical burn testing method. The PP without 
fibres burnt severely with immediate and continuous flaming particles 
falling from the sample. The dripping particles ignited the cotton un-
derneath the burning sample, Fig. 5(a). In comparison, the EPS-flax and 

EPS-toilet paper FR fibres/PP composites demonstrated slower flame 
spread along the sample and less severe burning behaviour. Further-
more, the composites did not start dripping until the flame reached a 
sample holding clamp, Fig. 5(b) and (c). It can be noted that carbona-
ceous char around edges of the composites, which was formed by the 
EPS-cellulose FR fibres, improved the anti-dripping effect and sup-
pressed the burning characteristic of PP. 

3.4. Fire reaction 

3.4.1. Cone calorimeter results 
Both EPS-flax and EPS-toilet paper FR fibres enhance heat and smoke 

related fire reaction properties of composites (Fig. 6 and Table 2). The 
EPS-flax FR fibre/PP and the EPS-toilet paper FR fibre/PP composites 
show 35.4% and 37.8% reduction of PHRR, respectively, compared to 
one with the neat PP, Fig. 6(a). Additionally, the total heat release 
(THR), of the EPS-flax FR fibre/PP and EPS-toilet paper FR fibre/PP 
composites by 23.2% and 20.7%, respectively, Fig. 6(b). Kim et al. have 
detected the 36.4% decrease in PHRR of a PVA polymer by incorpo-
rating 50 wt% EPS [10]. In the current research, the amount of EPS is 
only 4.8 wt% within the cellulose fibres, which is much lower than the 
amount incorporated into PVA polymer. Probably, the interaction of 
EPS-cellulose can effectively diminish the heat release rates of com-
posites under the forced flaming combustion. Furthermore, the effective 
char formation of EPS-cellulose FR fibres, which was identified by Kim 
et al. (2019) [9], can contribute to the PHRR and THR reduction of PP. 

In addition, Table 2 shows the positive effects of EPS-cellulose FR 
fibres on reducing total smoke release (TSR), smoke production rates 
and CO/CO2 yields of the composites compared to those of PP. In gen-
eral, char forming-polymers cause an incomplete combustion under fire 
and release more smoke and CO than polymers, which are completely 
burnt out without any residue [25,26]. However, both EPS-flax FR 
fibre/PP and EPS-toilet paper FR fibre/PP composites demonstrate 
lower TSR in spite of the char formation. The CO yields of the composites 
are similar to one of a neat PP, but the CO2 yield is reduced by 25.9%. 
Furthermore, Fig. 6(c) and (d) illustrate that the CO and CO2 pro-
ductions of the composites significantly slow down during the com-
bustion. The EPS-flax FR fibre/PP composite achieves 35% reduction in 
both CO and CO2 production rates, while the EPS-toilet paper FR 
fibre/PP composite shows 35.9% and 41.7% reductions of CO and CO2 
production rates, respectively. In addition, it is interesting to observe 
that CO production rate curves from EPS and composites have the sec-
ond peaks (highlighted by dotted lines in Fig. 6(c)). The increase in the 
CO production rate after flame-out can be attributed to the afterglow, 
which is a surface oxidation process of carbonaceous char due to 
glowing of flame residue [27]. 

Fig. 3. TG and DTG curves of toilet paper fibres and EPS-toilet paper FR fibres.  

Table 1 
Wight loss of various samples at onset decomposition temperature (Tonset) and 
temperatures at the maximum decomposition rates (Tmax1 and Tmax2).  

Sample Tonset (◦C)/ 
Weight loss 
(%) 

Tmax1 (◦C)/ 
Weight loss 
(%) 

Tmax2 (◦C)/ 
Weight loss 
(%) 

Total weight 
loss up to 
950 ◦C (%) 

EPS 55.6/3.4 308.4/32.7 – 79.6 
Flax 34.5/1.4 366.2/52.1 574.2/91.9 100 
EPS-flax FR fibre 70.4/3.2 344.2/41.1 481.1/58.5 70.3 
Toilet paper 60.1/3 372.1/57.8 556.2/91 98.9 
EPS-toilet paper 

FR fibre 
72.8/3.9 334.2/39.5 685.3/65.7 68.3 

PP – 473.3/68.7 – 100 
EPS-flax FR 

fibre/PP 
composite 

– 343.7/13.4 483.5/64.5 92.5 

EPS-toilet paper 
FR fibre/PP 
composite 

– 336.3/12.5 484/63.6 92.1  

Fig. 4. TG and DTG curves of PP and EPS-cellulose FR fibre/PP composites.  
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3.4.2. Char formation 
Micro-structures of char, which was obtained after the cone calo-

rimeter testing, were investigated to understand the condensed phase 
flame-retardant mechanisms. Fig. 7(a) and (d) show ESEM images of 
cross-sections of the EPS-flax FR fibre/PP and EPS-toilet paper FR fibre/ 
PP composites, respectively. It is clear that the flax and toilet paper 

fibres, which have around 20 μm in width, are distributed through the 
PP matrix. During the cone calorimeter testing, the fibres reduced their 
width due to thermal decomposition but maintained their skeleton 
structures, Fig. 7(b) and (e). Furthermore, the charring competence of 
EPS and cellulose fibres induced formation of char residue on the fibres’ 
surfaces and bridged the fibre gaps to construct the interconnected char 

Fig. 5. Images of PP, EPS-flax FR fibre/PP composite and EPS-toilet paper FR fibre/PP composite during the vertical burn test at different time.  

Fig. 6. (a) Heat release rate, (b) total heat release, (c) CO production rate and (d) CO2 production rate curves of a neat PP, EPS and EPS-cellulose FR fibres/ 
PP composites. 
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network. Moreover, it is highlighted that there are both amorphous and 
crystal structures on the char surfaces of the fibres, Fig. 7(c) and (f). The 
needle-like crystal structures are similar with the hydroxyl apatite 
(HAP) that was observed in EPS char by Kim et al. [10]. In addition, FTIR 
spectra of both composites’ char, Fig. 8, show peaks at around 1430 
cm− 1 and 876 cm− 1, which can be assigned to carbonate. Furthermore, a 

peak at around 710 cm− 1 can indicate the presence of phosphorus in 
char [9]. A possible mechanism is that calcium phosphates in EPS react 
with OH and/or CO2, which was released during the decomposition of 
cellulose fibres, to generate carbonate HAP [28]. As an inorganic sub-
stance, HAP is highly stable at elevated temperatures up to 1300 ◦C and 
is already a recognised flame retardant [29,30]. An EDX analysis of the 

Table 2 
Cone calorimeter testing results.   

TTI (s) PHRR (kW/ 
m2) 

THR (MJ/ 
m2) 

TSR (m2/ 
m2) 

CO yield (kg/ 
kg) 

CO2 yield (kg/ 
kg) 

CO production rate 
(g/s) 

CO2 production rate 
(g/s) 

PP 29 ± 2 1094 ± 137 96.9 ± 14 1125.6 ±
89.2 

0.03 ± 0.004 3.09 ± 0.26 0.008 ± 0.002 0.612 ± 0.07 

EPS [10] 3.5 ±
0.7 

143.3 ± 4.9 9.7 ± 2.1 33.7 ± 3.8 0.035 ±
0.005 

1.78 ± 0.72 0.002 ± 0.0001 0.091 ± 0.03 

EPS-flax FR fibre/PP composite 20 ± 0 706.3 ±
12.7 

74.4 ±
4.24 

972.3 ±
25.9 

0.031 ±
0.001 

2.29 ± 0.014 0.004 ± 0.00006 0.392 ± 0.01 

EPS-toilet paper FR fibre/PP 
composite 

17.5 ±
0.7 

680.9 ± 7.5 76.8 ± 0 1015.2 ±
29.8 

0.031 ± .001 2.29 ± 0 0.004 ± 0.00005 0.357 ± 0.03  

Fig. 7. ESEM images of cross-sections: (a) EPS-flax FR fibre/PP composite and (d) EPS-toilet paper FR fibre/PP composite/char surfaces: (b) and (c) EPS-flax FR 
fibre/PP composite, (e) and (f) EPS-toilet paper FR fibre/PP composite. 

N.K. Kim et al.                                                                                                                                                                                                                                  



Polymer Testing 127 (2023) 108185

7

char from both composites demonstrates strong signals of phosphorus, 
Fig. 9(a) and (b); hence, it can be speculated that the formation of HAP 
crystals and other types of phosphate/polyphosphates are related to the 
char formation. Furthermore, it may be noted that the thermal decom-
position and char forming process of EPS are similar to those of casein. 
The (poly)phosphoric acid, which is generated from both materials 
under heating, reacts with hydroxyl of natural fibres, forming non-stable 
phosphate ester for dehydration and carbonisation [8]. 

3.5. Mechanical properties 

The incorporation of EPS-cellulose FR fibres significantly improves 
the tensile moduli of both composites. Fig. 10(a) demonstrates 83.7% 
improvement of the composites’ stiffness compared to that of PP. In 
general, the addition of natural fibres, especially cellulose-based fibres, 
enhance the tensile modulus of a composites due to the high stiffness of 
fibres [31–33]. On the other hand, the composite with EPS-cellulose FR 
fibres shows a slight reduction of tensile strength. Fig. 10(a) shows only 
8.5% decrease in tensile strength of the EPS-flax FR fibre/PP composite 
compared to one of PP. The reduction can be attributed to a poor 
interfacial adhesion between EPS coated flax fibres and PP [33,34]. 

A micrograph of the tensile fractured cross-section, Fig. 11(a), shows 
good distribution of short fibres through PP. The uniform dispersion of 
fibres can lead to all the breaking points within the gauge range during 
tensile testing, Fig. 10(b), and improves the tensile modulus. However, 
Fig. 11(b) and (c) demonstrate fibres, which were pulled out without 
fracture under tension loading, and holes (yellow highlights) due to the 

weak interfacial bonding. Hence, it may be noted that the in-
compatibility between the EPS-cellulose FR fibres and PP is one of the 
major factors behind reducing the composites’ strength. 

4. Discussion 

4.1. Incorporation of EPS-cellulose FR fibres to improve fire performance 
of PP 

The analyses of aforementioned fire testing results have indicated 
that the char formation is a main flame-retardancy mechanism to the 
EPS-cellulose FR fibres/PP composites. The incorporation of the EPS- 
flax and EPS-toilet paper FR fibres into PP increased the char forma-
tion capacity, thereby slowing down the decomposition of PP, partially 
inhibiting composites’ flame dripping, and effectively diminishing both 
the heat release and smoke production rates of PP. 

As stated in the result section, phosphates in EPS and cellulose in flax 
and toilet paper conducted significant role in determining the char 
formation. Acidic substances (i.e., phosphoric acid) generated from the 
calcium and iron phosphates within EPS during the combustion process 
react with hydroxyl or other groups in the cellulose, forming non-stable 
phosphate ester. Char is then formed on the cellulose fibres against the 
heat front. This carbon barrier acts as an insulation layer, preventing 
further decomposition of the materials [9,10,35]. More interestingly, in 
the char, the morphology of hydroxyapatite (HAP) was detected. HAP 
can strengthen a role of the char in diminishing flammability. The 
carbonaceous char layer with HAP can effectively act as a protective 
barrier, isolating the composite from the direct impact of heat and ox-
ygen, and at the same time, can interfere with the emission of volatile 
products, suppressing the further combustion of PP [36]. A schematic 
diagram in Fig. 12 demonstrates the condensed flame-retardant mech-
anism of the EPS-cellulose FR fibres/PP composites. 

In EPS, the total amount of phosphorus (total P) was 1.32 ± 0.22 g/ 
100 g EPS, consisting of 61% orthophosphate-P and 36% 
polyphosphate-P. As the amount of EPS added in the cellulose-based 
fibres was around 4.8 wt%, the phosphorus content in the EPS- 
cellulose FR fibres was only around 0.06 wt%. This is much lower 
than the phosphorus content (20–30 wt%) in ammonium poly-
phosphate, which is used as a commercial intumescent FR for thermo-
plastic polymers [37]. This indicates possible synergistic effects of EPS 
and cellulose-based fibres on the significant improvement of the com-
posites’ fire performance. In addition, there can be other 
flame-retardant mechanisms of EPS and cellulose to reduce the poly-
mer’s flammability. For example, the content of phosphorus in caseins is 

Fig. 8. FTIR spectra of composites’ char.  

Fig. 9. EDX spectra of char: (a) EPS-flax FR fibre/PP composite and (b) EPS-toilet paper FR fibre/PP composite.  
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also less than 1 wt% but the presence of both phosphorus and 
ammonia-based molecules has led to the formation of a thermally stable 
and intumescent char [8]. As EPS is composed of proteins and carbo-
hydrates [38], other synergistic chemical interactions among the com-
ponents can occur during combustion as well. 

The cone calorimeter results also indicate that the CO yields of the 
composites do not increase in spite of the char formation. It has been 
reported that the incomplete combustion of hydrocarbon polymers due 
to charring generally increases smoke release with CO yield [39]. 
However, the use of EPS-cellulose FR fibres has reduced the total smoke 
release and kept the CO yields of the composites compared to those of 
PP. The actual cause of the results has not been identified, but it can be 
hypothesised that these two FR components can also act in a gas phase 

by inhibiting a radical reaction or release water to dilute volatile 
products [36,39]. Hence, inorganic flame retardants, such as alumina 
trihydrate and magnesium hydroxide, can be incorporated with EPS to 
diminish smoke and toxic gases due to release of water and reaction with 
decomposed hydrocarbon species [40]. Further research is required to 
establish a complete understanding of influences of EPS and 
cellulose-based fibres on both condensed and gas phase flame-retardant 
mechanisms of composites. 

4.2. Reinforcing effects of EPS-cellulose FR fibres on composites 
mechanical properties 

The reinforcing effects of EPS-cellulose FR fibres on composites’ 

Fig. 10. (a) Tensile properties of PP, EPS-flax FR fibre/PP and EPS-toilet paper FR fibre/PP composites and (b) fractured specimens after tensile testing.  

Fig. 11. SEM images of cross-sections of tensile fractured composites: (a) and (b) EPS-flax FR fibre/PP and (c) and (d) EPS-toilet paper FR fibre/PP composites.  
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tensile properties have been investigated for the first time in the current 
research. We have identified in the result section that the EPS coating on 
flax and toilet fibres enhanced the composites’ tensile moduli. It can be 
highlighted that EPS might not affect structures and properties of the 
natural fibres; therefore, relatively higher stiffness of fibres (e.g., elastic 
modulus flax: 27.6 GPa [33]) than that of PP (i.e., 1.5 GPa) still conducts 
an important role in determining the composites’ stiffness. For the 
tensile strength, it has been found out that the weak interfacial adhesion 
between EPS-cellulose fibres and PP within the composites cause lower 
strength values compared to one of PP. It is noted that the MAPP 
coupling agent may be used to enhance the compatibility between hy-
drophilic natural fibres and hydrophobic PP [41]. However, as EPS is 
amphiphilic by nature [42], it can already make the surfaces of flax and 
toilet paper hydrophobic when the EPS-flax and EPS-toilet paper fibre 
samples were air dried during preparation. Hence, the addition of MAPP 
might not be a favourable approach to improve the interfacial adhesion 
and composite’s strength. Additionally, due to the different structure 
between flax and toilet paper fibres, the strength of EPS-toilet paper 
fibre/PP composite was reduced further 8.6%. 

In general, there are two main methods to introduce FRs in plastics: 
covalent attachment and physical blending process. FRs can be 
dispersed in a polymer matrix or chemically bound to a polymer during 
manufacturing. The dispersion of inorganic FRs in polymers tends to 
reduce their mechanical strength. The integration of Mg(OH)2 in plastics 
with the load of 40–60 wt% has a negative impact on the processability 
and mechanical properties of plastics [43]. As discussed earlier there is a 
slight reduction of EPS-cellulose FRs on the strength of PP. It is inter-
esting to study further the correlation between the loading of 
EPS-cellulose on the processability, mechanical strength and fire per-
formance of PP. 

4.3. Environmental aspect 

In the current research, the potential of the waste material from a 
sewage treatment plant as a renewable resource for the bio-based flame 
retardant additives was investigated. With the promising improvement 
of the fire performance of PP after incorporation of the EPS-flax and EPS- 
toilet paper FR fibres, it will be highly required to conduct the life cycle 
analysis to eliminate the toxic chemicals and pay more attention to the 
“safe and sustainable by design” of these flame retardants right at the 
beginning of the developments. Furthermore, it is important to ensure 
the sustainable management of the EPS-cellulose FR fibre/PP compos-
ites at the end of their lives to prevent any harmful effects on the 
environment. 

5. Conclusions 

The role of the bio-based flame retardants based on wastewater- 
derived biopolymer “EPS” and cellulose fibres in determining the 
flame resistant and mechanical properties of composites was investi-
gated for the first time by the comprehensive set of experiments. EPS 
was successfully extracted from wastewater sludge and the EPS solution 
was coated onto the natural fibres, such as flax and toilet paper fibres. 
The TGA data clearly indicated that the EPS-cellulose FR fibres signifi-
cantly increased final residue (max. 32%) and reduced the thermal 
decomposition rates (max. 71%) compared to those of the fibres without 
EPS. Furthermore, increase in thermal stability of composites was 
observed in the DTG curves. The EPS-cellulose FR fibres were also able 
to slow down burning of composites without flaming particles due to 
their char forming capability. The EPS-cellulose FR fibres/PP compos-
ites achieved lower PHRR and gas (e.g., CO and CO2) production rates 
than those of neat PP. The micro-structure image and elemental analyses 
of char after the combustion tests indicated that the combination of EPS 
and cellulose fibres possibly enhanced char formation of composites 
with HAP inorganic matters. It can be suggested that phosphoric acid 
from EPS reacted with cellulose fibres under heat flux to construct char 
and disrupt a combustion cycle of the composite under the condensed 
phase. Moreover, the increases in the composites’ moduli specified the 
reinforcing effects of both EPS-flax and EPS-toilet paper FR fibres, 
whereas further research is required to improve the interfacial adhesion 
between fibres and polymer. The research designated the potential of 
EPS coated natural fibres as the bio-based FRs and reinforcements to 
enhance the overall composites’ performances and sustainability of the 
waste-based biopolymers. 
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