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Abstract: Development of green flame retardants has become a core part of the attention of material
scientists and technologists in a paradigm shift from general purpose to specific sustainable products.
This work is the first report on the use of coffee biowastes as sustainable flame retardants for epoxy, as
a typical highly flammable polymer. We used spent coffee grounds (SCG) as well as SCG chemically
modified with phosphorus (P-SCG) to develop a sustainable highly efficient flame retardant. A
considerable reduction in the peak of heat release rate (pHRR) by 40% was observed in the pyrolysis
combustion flow calorimeter analysis (PCFC), which proved the merit of the used coffee biowastes for
being used as sustainable flame retardants for polymers. This work would open new opportunities
to investigate the impact of other sorts of coffee wastes rather than SCG from different sectors of the
coffee industry on polymers of different family.

Keywords: epoxy; sustainability; epoxy; flame retardancy; flame retardant; coffee wastes; biowaste

1. Introduction

Polymer materials scientists together with environmental engineers today are at a
critical juncture to find practical solutions to the huge amount of plastic wastes. In this
regard, exploring and formulating green materials, developing green and clean technolo-
gies, and unifying low-cost recycling strategies have become the subjects of heated debates.
In line with such attempts, several guidelines and legislations have been proposed and
launched by the policy makers and managers for the treatment of biowastes in a value-
added pathway rather than making biowastes landfilled or burnt [1–3]. The polymer
industry these days makes good use of biowastes to develop sustainable polymer compos-
ites. Nevertheless, biowastes in their raw form may lead to poor properties mainly arising
from inadequate interfacial adhesion. Therefore, it seems necessary to modify biowastes to
attain high-performance polymer/biowastes composites [4,5].

Flame retardancy is a signature of performance of a polymer. Different sorts of
flame retardants have been examined in developing flame-retardant polymer systems.
In recent years, there has been a worldwide shift in the use of flame retardant additives
from conventional additives to bio-based flame retardants. Several sorts of bio-based
flame retardants have been used in polymer matrices, Figure 1 [6]. The majority of these
bio-based molecules being used as a flame retardant, or as a part of a flame retardant
system, are extracted from the raw biomaterials, which itself necessitates applying several
steps of pre- and/or post-treatment. Moreover, in some cases like lignin, the botanical
origin of molecule as well as the method of extraction may to a large extent govern the final
properties of product [7]. Thus, modification of bio-based flame retardants seems crucial.
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molecule as well as the method of extraction may to a large extent govern the final prop-
erties of product [7]. Thus, modification of bio-based flame retardants seems crucial. 

 
Figure 1. Schematic representation of bio-based flame retardant systems derived from animals 
(DNA and chitosan) and biomass (cellulose, starch, tannins, phytic acid, proteins, lignin, and oils) 
[6]. Reproduced/Adapted with permission from [6]. Copyright (2021, Elsevier). 

From the sustainability point of view, the use of biowaste materials in flame retardant 
systems can be considered as a promising solution to plastic disposal and biowaste land-
fill, mainly due to the availability and low cost of biowastes. So far, several biowastes have 
been incorporated as flame retardants into several polymers, including “oyster shell pow-
der” in polypropylene [8], polyurethane [9], polyethylene [10], and acrylonitrile-butadi-
ene-styrene copolymer (ABS) [11], “eggshell” in ethylene-vinyl acetate copolymer (EVA) 
[12] and for intumescent coating system [13], and “rice husk” in epoxy [14]. Sustainable 
flame retardants are at the core of attention in view of providing environmental safety, 
cost-effectiveness, and health safety considerations (Figure 2). Nevertheless, finding in-
dustrial biowastes in large quantities that guarantee all aspects of sustainability remains 
as a debate. 

 
Figure 2. Schematic representation of some important parameters centered to development of sus-
tainable flame retardants. 

Figure 1. Schematic representation of bio-based flame retardant systems derived from animals (DNA
and chitosan) and biomass (cellulose, starch, tannins, phytic acid, proteins, lignin, and oils) [6].
Reproduced/Adapted with permission from [6]. Copyright (2021, Elsevier).

From the sustainability point of view, the use of biowaste materials in flame retardant
systems can be considered as a promising solution to plastic disposal and biowaste landfill,
mainly due to the availability and low cost of biowastes. So far, several biowastes have been
incorporated as flame retardants into several polymers, including “oyster shell powder”
in polypropylene [8], polyurethane [9], polyethylene [10], and acrylonitrile-butadiene-
styrene copolymer (ABS) [11], “eggshell” in ethylene-vinyl acetate copolymer (EVA) [12]
and for intumescent coating system [13], and “rice husk” in epoxy [14]. Sustainable flame
retardants are at the core of attention in view of providing environmental safety, cost-
effectiveness, and health safety considerations (Figure 2). Nevertheless, finding industrial
biowastes in large quantities that guarantee all aspects of sustainability remains as a debate.
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Figure 2. Schematic representation of some important parameters centered to development of
sustainable flame retardants.

The byproducts of the coffee industry as well as the spent coffee grounds are huge
in amount [15,16]. Some research works already reported the use of spent coffee grounds
to produce biodiesel [17,18], biosorbent [19], biogas [20], biocomposites [21], and bio-
foams [22,23]. Coffee biowastes have also been used in water treatment [24], and gas
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storage [25] (Figure 3). Recycled coffee grounds contain proteins, minerals, carbohydrates,
and especially lignin, cellulose, and hemicellulose [26–28]. Therefore, such biowastes
could potentially be useful in flame retardancy because they possess lignin, cellulose, and
hemicellulose, which have been found to be promising green flame retardants for different
polymers [29]. Their mode of action in flame retardancy is generally in the condensed
phase where they generate and increase the char residue. The char formed thereof acts as a
physical barrier against heat and mass transfer during the combustion. It is demonstrated
that the combination of these materials with phosphorus-based flame retardants improve
the quantity and quality of the formed char [29,30].
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Figure 3. Applications of spent coffee grounds including agriculture, food industry deodorization,
water treatment, construction materials, and bioenergy.

This work aims to unravel, for the first time, the potential of the spent coffee grounds as
a flame retardant for polymer materials. In a comprehensive review, we already discussed
flame retardancy of epoxy and classified epoxy composites in terms of Flame Retardancy
Index (FRI) [31]. Thus, epoxy resin was selected herein as a host polymer due to its
versatility in a wide range of application from structural composites to organic coatings and
also because of high flammability of epoxy as a model polymer. Two types of the biowastes
including spent coffee grounds and phosphorus-modified spent coffee grounds were
used varying the loading level. Several composites containing the aforementioned coffee
grounds were prepared and evaluated for thermal degradation and micro-calorimetry
flame retardancy behaviors.

2. Materials and Methods

Diglycidyl ether of bisphenol a epoxy resin (EPON™ 828) with epoxide equivalent
weight of 450–550 g/eq. was purchased from Hexion (Shanghai, China). The amine-
based curing agent of Epikure™ F205 with hydrogen equivalent weight of 105 g/eq. and
viscosity of 500–700 mPa.s was provided by Hexion (China). Dimethyl phosphite (98%)
was manufactured by Sigma-Aldrich (Saint Louis, MO, USA) and used as received. The
coffee waste was obtained from the spent coffee grounds collected from a coffee machine.
The brand of coffee beans was Lavazza, Arabica 40%/Robusta 60%.

For the preparation of phosphite-treated coffee biowaste (P-coffee), 15 g of coffee
waste was added to 150 mL dimethyl phosphite under stirring at 30 ◦C for 24 h. The
resulting phosphite-treated coffee biowaste was collected utilizing centrifugation (2000× g,
5 min) and dried at room temperature for seven days.

Epoxy containing coffee biowaste and phosphite-treated coffee biowaste (P-coffee)
were prepared varying the amount of biowaste as 5, 15, and 30 wt.% (Table 1). To prepare
composites, the fixed amounts of coffee biowaste ground and epoxy resin were mixed and
sonicated two times for 5 min. Then, F205 curing agent was added to the resulting mixtures
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at 2:1 resin to curing agent stoichiometric ratio and thoroughly mixed for 2 min. The
resulting composite was casted on a glass substrate and then put in an oven for 3 h at 70 ◦C
for curing. Then, the post-curing was performed for two weeks at ambient temperature.
For peeling off films from glass substrate, they were immersed in water for 24 h.

Table 1. Formulations and sample codes of epoxy/coffee biowaste composites (Ep.: epoxy, Coffee:
untreated coffee waste, P-coffee: treated coffee waste with dimethyl phosphite).

Sample Code Epoxy (wt.%) Coffee (wt.%) P-Coffee (wt.%)

Ep. 100 0 0
Ep./Coffee5 95 5 0
Ep./Coffee15 85 15 0
Ep./Coffee30 70 30 0
Ep./P-coffee5 95 0 5
Ep./P-coffee15 85 0 15
Ep./P-coffee30 70 0 30

Microstructure and chemical constituents were analyzed using a scanning electron
microscope (SEM) Zeiss Gemini SEM 500 (Jena, Germany) with accelerating voltage of
6 keV, coupled with an energy-dispersive X-ray spectroscopy (EDAX) Element SDD Silicon
Drift Detector X-Ray Spectrometer 30 mm2.

Thermal decomposition of samples was investigated using a Setaram Labsys Evo
thermogravimetric analyzer (France) in the temperature range of 25–900 ◦C, at a heating
rate of 10 ◦C·min−1 under nitrogen atmosphere with gas flow rate fixed at 100 cm3·min−1.

Fourier-transform infrared (FTIR) spectroscopy was also conducted on pure coffee
and treated coffee wastes in form of powder using a Bruker FTIR Alpha with a resolution
of 4 cm−1 and 64 scans.

Pyrolysis combustion flow calorimeter analysis (PCFC) was performed to evaluate the
flammability behavior of samples according to ASTM D7309 [32]. This test was conducted
on a Fire Testing Technology (FTT) Company machine, East Grinstead, UK. Small quantity
of samples between 2 and 4 mg was pyrolyzed at a heating rate of 1 ◦C/s. The gases
obtained were conducted to another chamber and combustion took place in presence of
oxygen (20%) at 900 ◦C. The Huggett’s relation [33] (1 kg of consumed oxygen corresponds
to 13.1 MJ of released energy) was used to calculate the flammability parameters including
the peak of heat release rate (pHRR), temperature at pHRR (TpHRR), and the total heat
release (THR). A non-conventional horizontal burning test was performed on samples with
dimensions of 30 × 100 × 4 mm3. A Bunsen burner flame was placed on the bottom of
sample for 3 s and after the apparition of flame it moved up to continue burning to the end
of test. The digital videos were recorded, and selected images were also extracted.

3. Results and Discussions
3.1. Analysis of Phosphorus Modification of Coffee

Pure coffee biowastes (hereafter referred to as Coffee) and treated-coffee (P-coffee)
were imaged on SEM. Their chemical composition was also investigated using EDX.
Figure 4 shows micrographs obtained from Coffee and P-coffee, and Table 2 summarizes
their chemical compositions. The size of particles was between 10 µm and 100 µm. Some
more SEM micrographs are available in the Appendix A.
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Table 2. Chemical composition of unmodified coffee biowaste (Coffee) and coffee biowaste modified
with phosphorus (P-coffee) obtained in EDX (the mean of the obtained values at three different
points). The elemental analysis proves the presence of phosphorus in P-coffee. The percentage of
phosphorus was estimated to be 20 wt.% for P-coffee. Moreover, carbon and oxygen are increased
after modification of Coffee.

Sample Code Carbon (wt.%) Oxygen (wt.%) Phosphorus (wt.%)

Coffee 82.6 13.8 -
P-coffee 41.0 39.0 20

Fourier-transform infrared (FTIR) spectroscopy was also conducted on the treated and
untreated coffee. Figure 5 displays the FTIR spectra of coffee and P-coffee. The spent coffee
grounds generally contain several components such as cellulose, lignin, fatty acids, and
hemicellulose [18]. The broad band between 3100 cm−1 and 3500 cm−1 was attributed to
the stretching of −OH groups related to the inter- and intra-molecular hydrogen bonding
of some polymeric compounds, such as cellulose and lignin. Two bands at 2921 cm−1

and 2851cm−1 can be assigned to symmetric or asymmetric C-H stretching vibration of
aliphatic acids, respectively. The band at 1742 cm−1 was associated to the vibration of
C=O groups in aliphatic esters. For the P-coffee sample, the absorption peak of P=O was
situated in the range of 1350–1250 cm−1. Moreover, two bands at 994 cm−1 and 925 cm−1

corresponds to P-O-C stretching. Although it is not possible to confirm chemical reaction
between coffee biowastes and phosphite, the intensity of peaks in the case of P-coffee are
indicative of appropriate interaction between components.
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3.2. Analysis of Thermal Degradation

TGA thermograms of Coffee and P-coffee biowastes are compared in Figure 6. Increase
in the residual mass is generally a signature of flame retardancy improvement, which
reflects the contribution of condensed phase action in controlling the flammability. On
one hand, the formation of more char residue is indicative of the decrease in the amount
of gases in the vapor phase. Although the content of phosphorus ingredient was 20%,
the difference in the TGA thermograms is almost close to 30%, a further evidence for
strong interaction between phosphorus and coffee wastes leading to formation of more
char residue. On the other hand, the presence of char during the combustion process on
the surface of the polymer reduces the release rate of gases to the vapor phase and also
protects the underlying polymer from the flame [6].
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Figure 6. TGA thermograms of unmodified coffee biowaste (Coffee) and coffee biowaste modified
with phosphorus (P-coffee) under nitrogen at 10 ◦C·min−1.

The graph confirmed successful modification of coffee biowastes with phosphorus, on
the bedrock of lower thermal stability of P-coffee between 150 ◦C and 300 ◦C compared
with Coffee. Surprisingly, a significant improvement in thermal stability was observed
for P-coffee above 300 ◦C. At 350 ◦C, P-coffee lost only 27% of its initial masse, while for
Coffee it was ca. 48%. More prominently, degradation of P-coffee is single-stage, indicative
of strong interaction or formation of a complex between coffee biowastes and phosphite.
The final residues of Coffee and P-coffee coffee were 22 and 55%, respectively. Therefore,
the difference of remaining residue for Coffee and P-coffee at the end of the test is more
than a theoretical addition of dimethyl phosphite on coffee waste. This difference showed
that some chemical interactions occurred during the decomposition, mainly consisting of
the formation of double bonds (C=C), cyclization, aromatization, fusion of aromatics, and
graphitization leading to formation of char residue.

TGA thermograms of epoxy and epoxy composites containing Coffee and P-coffee
biowastes are compared in Figure 7a,b, and some important parameters extracted from
the figures are listed in Table 3. Overall, lower thermal stability of composites at the early
stage of TGA can be explained by P-coffee and the release of some chemicals. In fact, the
presence of P-coffee stabilized and increased the char yield.
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Table 3. Thermal decomposition characteristics of neat epoxy and epoxy composites extracted from
TGA diagrams.

Sample Code T5 (◦C) T10 (◦C) Residue at 800 ◦C (%)

Coffee 113 264 22.0
P-coffee 113 166 55.0
Ep. 208 314 0.0
Ep./Coffee5 187 292 4.5
Ep./Coffee15 234 326 7.5
Ep./Coffee30 208 299 9.5
Ep./P-coffee5 213 284 13.0
Ep./P-coffee15 194 263 16.5
Ep./P-coffee30 188 250 22.5

For samples containing Coffee (Figure 7a), the thermal decomposition mechanism of
epoxy remained almost unaffected, while above 500 ◦C, composite samples show improved
thermal stability. For samples containing P-coffee (Figure 7b), however, decomposition
started at a lower temperature with respect to the neat epoxy; the more the P-coffee amount
the higher the rate of thermal decomposition. At higher temperatures (above 450 ◦C), com-
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posites obviously have higher thermal stability compared to epoxy and systems containing
Coffee, seen in Figure 7a. In Table 3, T5 and T10 are temperatures at which 5% and 10%
weight loss takes place, respectively. T10 vividly increased from 314 ◦C for neat epoxy
to 326 ◦C for Ep./Coffee15 sample. Overall, composites were not thermally stable and
roughly degraded up to 800 ◦C. The residue at 800 ◦C were 4.5, 7.5, and 9.5% for epoxy
composites containing 5, 15, and 30 wt.% Coffee, respectively. For instance, the value
of T10 for Ep./P-coffee30 sample was 250 ◦C, while it was 314 ◦C for the neat epoxy. It
can be concluded that stabilization of char was observed after 428 ◦C and all composites
showed improved thermal stability compared with the neat epoxy. The remaining residue
at 800 ◦C was 13, 16.5, and 22.5% for epoxy composites containing 5, 15, and 30 wt.%
P-coffee, respectively. This suggests the effectiveness of phosphorus modification of coffee
biowastes. Derivative thermogravimetric (DTG) curves of epoxy and epoxy composites
containing Coffee and P-coffee are also shown in Figure 8a,b. It demonstrates that the
main degradation steps of all samples containing unmodified coffee biowaste (Figure 8a)
occurs between 280 ◦C and 470 ◦C. The presence of modified coffee waste at 15 wt.% and
30 wt.% of loading led to decrease of Tmax (temperature, at which sample lost maximum
of its weight). Tmax of pure epoxy and Ep./P-coffee5 was 353 ◦C, while it was 341 ◦C and
318 ◦C for Ep./P-coffee15 and Ep./P-coffee30, respectively.
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3.3. Analysis of Flammability

Figure 9 compares the heat release rate (HRR) curves of samples as a function of
temperature. The main characteristics of PCFC including peak of heat release rate (pHRR),
total heat release (THR), and temperature at pHRR (TpHRR) are extracted from curves and
summarized in Table 4.
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Table 4. Summary results obtained in PCFC tests for the neat epoxy and epoxy containing Coffee
and P-coffee.

Sample Code pHRR (W/g) TpHRR (◦C) THR (kJ/g) Reduction in
pHRR (%)

Ep. 370 368 24.5 -
Ep./Coffee5 365 372 25.4 1.4
Ep./Coffee15 282 359 22.2 24
Ep./Coffee30 296 368 24 20
Ep./P-coffee5 334 345 24 10
Ep./P-coffee15 250 360 23.4 32
Ep./P-coffee30 225 346 21.6 40

From Figure 9, two different flammability behaviors are observed for composite
samples containing Coffee or P-coffee. For all composites containing Coffee, the curve
of HRR initiated around 325 ◦C, which was more similar to that of neat epoxy. Then, a
sharp increase in HRR was observed, before reaching the pHRR. A completely different
behavior was observed for samples containing P-coffee, where HRR curves followed a
moderate ascending trend in the vicinity of 275 ◦C. A moderate slope compared with those
of the composites containing Coffee was also seen, which ended in pHRR rise and then fall
around 420 ◦C. Such early-stage variation in HRR curves can be explained on account of
phosphorous chemical used in treatment of coffee biowaste.

The values of pHRR were almost similar for neat epoxy and epoxy/Coffee5 (370 W·g−1

and 365 W·g−1, respectively). At higher loadings of 15 and 30 wt.%, however, Coffee more
substantially affected pHRR compared to P-coffee (with a reduction of 24% and 20% in
pHRR compared with that of neat epoxy). The temperature at which pHRR occurred also
remained in 359–372 ◦C for neat epoxy and epoxy composites containing Coffee. Inter-
estingly, reduction in pHRR was more salient for the samples containing P-coffee, which
demonstrated the efficiency of chemical treatment of coffee biowastes in improvement of
flammability of polymers. For samples containing 30 wt.% of P-coffee, pHRR was signifi-
cantly increased by 40%, while for 5 wt.% and 15 wt.% loadings the values of reduction in
pHRR were 10% and 32%, respectively. Moreover, temperature at pHRR was significantly
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decreased for samples containing P-coffee. Since PCFC is not a real flame test, a horizontal
flame test was performed to evaluate the flame behavior of samples. Figure 9 displays the
extracted photos from recorded videos during the horizontal flame test. All videos are
presented as Supporting Information section for experts. After the ignition, a big flame in-
stantaneously appeared in the case of neat epoxy sample leading to a complete and rapidly
burning of this sample. At flameout around 30 s, no remaining residue was observed for
neat epoxy (Figure 10a). In the presence of Coffee, the inflammation rate was decreased,
leading to an increase in time to inflammation up to 90 s. A small quantity of remaining
residue was obtained at the end of tests, which is essentially ascribed to the presence of
coffee biowaste. Surprisingly, the flame behavior of epoxy was significantly changed in
the presence of P-coffee. The rate of burning decreased even for Ep./P-coffee5 sample. An
self-extinguishable behavior was observed for samples containing 15 wt.% and 30 wt.%
P-coffee. For Ep./P-coffee15, the self-extinguishability was appeared after 40 s of ignition.
The self-extinguishability character was more salient for the Ep./P-coffee30 sample even at
the beginning of the test. Therefore, the ignition was repeated to initiate the inflammation,
but the self-extinguishability character came back after 40 s. Thus, these samples were not
consumed due to the aforementioned behavior and a compact char formed, on the zone
of inflammation (Figure 10f,g). These flame tests clearly demonstrated the efficiency of
treatment of coffee biowaste with phosphorus in flame retardancy of epoxy resins.
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Figure 10. Snapshots taken from videos showing the evolution of flame propagation as a func-
tion of time in a horizontal flame test configuration; (a) Ep., (b) Ep./Coffee5, (c) Ep./Coffee15,
(d) Ep./Coffee30, (e) Ep./P-coffee5, (f) Ep./P-coffee15, (g) Ep./P-coffee30.
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3.4. Possible Flame Retardancy Mechanism

The sustainable coffee biowastes used as flame retardant for epoxy as a typical highly
flammable polymer can be explained mechanistically. Possible mechanisms of action of
P-coffee in epoxy are both actions in the gas and condensed phases. The simultaneous
presence of a carbon source, coffee biowaste, and phosphorus in epoxy facilitated and
accelerated the formation of a carbonaceous residue playing the role of a barrier against heat
and mass diffusion of gases to the gas phase. In the meanwhile, the released phosphorus
chemicals captured free radicals in the gas phase and avoided the propagation of flame
(Figure 11).
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4. Conclusions and Future Perspectives

In this work, spent ground coffee was treated with dimethyl phosphite using a simple
method and then incorporated into epoxy resin as flame retardant at 5, 15, and 30 wt.%
of loading. The analysis of modified coffee biowaste showed that it contained a high
amount of phosphorus (20 wt.%). The remaining residue at the end of TGA test for epoxy
containing 30 wt.% modified coffee (P-coffee) was about 22.5% against 0% for the blank
epoxy and 9.5% for the epoxy containing 30 wt.% unmodified coffee biowaste (Coffee).
The flammability analysis in PCFC demonstrated a significant reduction in the pHRR
(40%) for epoxy containing 30 wt.% P-coffee. Moreover, the burning tests revealed an
self-extinguishable character for this sample. From these results, it is clear that coffee
biowaste has a huge potential to be used as flame retardant. A recent survey highlighted
the importance of visionary management of food industry biowastes such as agricultural,
food industry, and spent coffee ground biowastes [34]. The need for improving the rate
of recycling and composting as well as sustainable strategies for future developments
have also been discussed. Nevertheless, there is a global need to enrich the cultural
standpoints in a paradigm shift towards minimizing household biowastes. The idea of
circular economy is grounded on prevention of waste production as well as management of
the natural resources and investment on green and clean productions rather than recycling
or reuse of waste materials. There have been some attempts in recent years in the quest for
implementing circular economy in polymer industry. For example, life cycle assessment
(LCA) is applied as a criterion to assess environmental impact of recycling polyethylene
terephthalate (PET) wastes in relation to additives used in processing and also economical
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features [35]. LCA is a measure of the possibility of management of wastes having eyes at
the life cycle of plastics. The use of sustainable biowastes makes it possible to significantly
shorten LCA and circular economy interval. The outcome of this short communication
unveiled the potential of coffee biowaste as a flame retardant for polymers. Considering
the huge amount of coffee industry byproducts as well as collection of coffee biowastes all
around the world, future horizon seems promising. The point is that using coffee biowastes
not merely allows for taking big steps in line with circular economy requirements, but
auspiciously gives rise to developing high-performance polymer materials, herein highly
flame-retardant polymer composites.
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Appendix A SEM Photos Provided from Coffee and P-Coffee Powders (First Line:
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Table A1. SEM photos provided from Coffee and P-coffee powders.
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