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 10 

Abstract 11 

Used community masks are often thrown away or scattered in the environment. In addition to the 12 

unsightly aspect of such waste, these masks are a diffuse source of pollution because of some of 13 

their synthetic components: polypropylene, polyethylene terephthalate (PET), polyamide 6, 14 

polyamide 66, and elastane. These diffuse sources of pollution must be processed in an appropriate 15 

way, once they are collected. Among such processes, pyrolysis or combustion are to be explored. 16 

In the present study, five different masks were characterized before being submitted to pyrolysis and 17 

combustion experiments performed in a thermobalance under temperature ramps of 5, 10, 15, or 20 18 

°C/min. Kinetic modeling of these pyrolysis or combustion processes was performed using the EIPR 19 

model because each mask contains different layers or components. The optimal values of the kinetic 20 

parameters were compared for the five masks and compared with that of their components. In 21 

complement to the thermogravimetric experiments, the main gaseous emissions (CO, CO2, THC, NO 22 
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and NO2) were continuously measured during combustion tests in a horizontal oven. The gaseous 23 

emissions and mass rates curves were compared for each mask. 24 

 25 
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 28 

1. Introduction 29 

With the propagation of the COVID-19 pandemic, governments throughout the world encourage or 30 

impose to their citizens wearing community masks. Companies throughout the world were 31 

encouraged to manufacture community masks with either knitted or nonwoven fabrics made with 32 

natural or synthetic fibers. The world production of community masks was largely increased because 33 

of this increasing demand. In the European Economic Area, surgical masks have to be certified 34 

through the CE marking process before commercialization, according to the Council Regulation 35 

2017/745 concerning medical devices, [1]. 36 

Community masks can be machine washed a number of times indicated in their instructions for use. 37 

Once this limit is reached, the degradable and used community masks should be disposed in a 38 

biohazardous-waste bin, being disposed in a first bag. Other community masks should be disposed in 39 

classical waste bins and they are then treated like domestic waste. However, everyone can find 40 

community masks along the streets, in the landscape, the rivers or even the seas. Uplifting photos of 41 

used community masks found in different sites are presented in [2] and on Peruvian beaches in [3], 42 

as examples. 43 

Recycling community masks is surely complicated, as they are made with different components. 44 

Several recycling processes were tested, see the recent review [4] for example. In the recent paper 45 

[5], the authors explored the possibility to consider used community masks for pavement base or 46 
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subbase. Thermal conversions (essentially pyrolysis) of community masks are being explored, either 47 

on the whole mask [4], [6], or with other medical waste [7], [8], [9]. The pyrolysis of a surgical mask 48 

rope built with 5% polyurethane spandex and 95% polyamide 6 was analyzed in [10]. 49 

The purpose of the present study is to analyze the thermal degradations of five community masks, 50 

four of them being manufactured in Alsace, North-East of France, and the fifth one being a surgical 51 

mask. The possibility to produce energy from such waste, through pyrolysis or combustion processes 52 

under low temperature ramps and keeping under control the emitted gases, is analyzed. 53 

Different characterizations of the five community masks were first performed and compared with 54 

that of their natural or synthetic components. 55 

Pyrolysis and combustion experiments were performed under four temperature ramps of 5, 10, 15, 56 

and 20 °C/min. The main characteristics of the degradation profiles are presented and compared and 57 

also compared to results of the literature concerning the natural or synthetic fibers. Kinetic modeling 58 

was performed for these pyrolysis or combustion processes, applying the Extended Independent 59 

Parallel Reaction (EIPR) model, [11]. The number of constituents to be considered in the EIPR model 60 

is adapted to each mask observing the mass and mass rate curves of the pyrolysis experiments. The 61 

reaction functions involved in the EIPR model are also adapted to these pyrolysis profiles. The 62 

optimal values of the kinetic parameters determined for each mask are compared to that indicated in 63 

the literature for its constituents. 64 

In complement to these pyrolysis and combustion processes, combustion experiments were 65 

performed in a horizontal oven under a temperature ramp approximately equal to 5 °C/min. The 66 

main gaseous emissions (CO, CO2, NO, NO2, and total hydrocarbons THC) were continuously 67 

measured during these combustion experiments. The results obtained for the five masks are 68 

compared. For each mask, the evolution of the mass rate in the thermobalance under a temperature 69 

ramp of 5 °C/min is finally compared to that of the gaseous emissions measured in the horizontal 70 

oven. 71 
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The five community masks present a structure and a composition which differ in the nature of the 72 

fibers which are used for their elaboration. Consequently, their characteristics and 73 

thermogravimetric profiles slightly differ and also differ from that of the pure fibers they are made 74 

with. 75 

The study presents a complete analysis of the thermal degradations under nitrogen and under air of 76 

five community masks built with different natural or synthetic fibers, and of the gaseous emissions 77 

occurring under combustion, together with a kinetic modeling of these thermal degradations. 78 

 79 

2. Materials and Methods 80 

2.1. Materials and characterizations 81 

For the present study, five community masks were selected because of their current extensive use in 82 

France. Their structure, manufacturing process and components are the following: 83 

- Single-layered and nonwoven mask, hereafter named BPET (70% polyethylene terephthalate, 84 

30% polyamide 6). 85 

- Three-layered and knitted mask, hereafter named ECLT (100% cotton / flax yarns / mixture of 86 

cotton, flax and Lyocell). The overall composition of the ECLT mask is: cotton 57%, flax 33% 87 

and Lyocell 10%). Lyocell is an artificial fiber made from cellulose, through the dissolution of 88 

pulp and reconstitution by dry jet-wet spinning. Consequently, the ECLT mask is totally made 89 

from cellulosic fibers. 90 

- Single-layered and knitted fabric mask, hereafter named LCPE (70% cotton, 28% polyamide, 91 

2% elastane). 92 

- Three-layered mask, hereafter named MCP3 (knitted 100% fabric cotton / non-knitted 93 

evolon (microfibers made with 70% polyethylene terephthalate, 30% polyamide) / knitted 94 

100% polyamide 66), that is a nonwoven microfibrous layer between two knitted layers. 95 
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- Three-layered nonwoven surgical mask, hereafter named SGP2 (100% polypropylene, a 96 

meltblown layer placed between two spunbond layers). Meltblown is obtained through 97 

extrusion of molten polymer under a hot air flow leading to very thin filaments. Spunbond is 98 

obtained from polymer through extrusion and drawing into coarser filaments deposited as a 99 

web. The surgical mask is the most widely used in many countries. 100 

The first four masks were manufactured in Alsace, France, the last one being manufactured mainly in 101 

Asian countries. As indicated, ECLT is totally composed of cellulosic fibers, LCPE is mostly composed 102 

of cotton fibers, the three other masks being mostly or totally composed of synthetic fibers which are 103 

eventually treated before the mask fabrication. 104 

Before their commercialization, community masks have first to be tested to satisfy national or 105 

international standards concerning filtration and air permeability properties. In France, the official 106 

specification AFNOR SPEC S76-001 [12], updated in January 2021, gives the threshold of 90% for 107 

filtration of particles of diameter equal to or lower than 3 µm. From January 2021, a unique category 108 

UNS1 (Non-Sanitary Usage) of masks is indeed considered. The air permeability properties with 109 

respect to air of community masks have to be greater than 96 L/(m2.s) as indicated in the standards 110 

NF EN 14683+AC [13], or NF EN ISO 9237 [14]. The properties of the selected five masks are gathered 111 

in Table 1. 112 

Table 1. Filtration and permeability properties of the five community masks. 113 

 BPET ECLT LCPE MCP3 SGP2 

Filtration for particles of size 3 μm (%) 85 86 85 98 >98 

Permeability to air, under depression at 100 Pa (L/(m2.s)) 152 231 411 116 >100 

 114 

Only the two last selected masks satisfy the requirements imposed by the French regulation from 115 

January 2021 for the UNS1 category. The three first community masks are still used in the daily life. 116 

 117 

Figure 1 presents photos of the five masks considered in the present study. 118 
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a) b) 

  
c) d) 

 
e) 

Fig.1. Photos of the BPET a), ECLT b), LCPE c), MCP3 d), and SGP2 e) community masks, with their 119 

ropes. 120 

 121 

Only the characterizations and thermal degradations of the complete five masks will be performed 122 

and analyzed in the present study (and not that of their individual layers, even if thermogravimetric 123 

experiments and characterizations were also performed on some layers of the selected masks). The 124 

first reason is that, in most cases, separating the layers of a mask is not an easy task. On another 125 

aspect, performing such a separation has surely no sense from an economic point of view, if the 126 

valorization of the used mask consists to perform pyrolysis or combustion processes. Finally, the 127 
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layers and also the mask rope whose pyrolysis is considered in [10], are all built with the same 128 

natural or synthetic fibers (polyethylene terephthalate, polyamide 6, polyamide 66, polypropylene, 129 

cotton, flax and Lyocell). Nevertheless, pyrolysis and combustion experiments were also performed 130 

on individual components of the masks to analyze the observed thermogravimetric profiles of the 131 

masks. 132 

The proximate analysis of each mask was performed using standard techniques and according to ISO 133 

1171 [15] and EN NF 18122 [16] standards for biomass samples. The moisture content (M) was 134 

determined placing the sample in a Memmert VM400 oven at 105±2 °C for 24 hours, the sample 135 

mass remaining almost constant after this time length. The fixed carbon (FC) and volatile matter 136 

(VM) contents were determined comparing the initial and final masses of the samples submitted to 137 

pyrolysis and combustion experiments. A Nabertherm muffle furnace was used to determine the ash 138 

content of the masks at 815 °C, according to NF EN ISO 18122 [16]. 139 

The higher heating value (HHV) of each mask was determined placing the raw sample in a metal 140 

crucible in a calorimeter IKA C200 (accuracy 0.1 mg). Three measures of the HHV were performed. 141 

The lower heating value (LHV) was deduced from the HHV, according to the formula: 142 

��� = ��� − �� � �100 + ����200���,        (1) 143 

where ��=2486 kJ/kg is the latent heat of water vaporization at 273 K, M is the moisture content (%) 144 

determined in the proximate analysis, ���=18 g/mol is the water molar mass, ��=1 g/mol is the 145 

hydrogen molar mass and H is the percentage of hydrogen in the sample determined in the ultimate 146 

analysis. 147 

Ultimate analyses were performed in triplicate for each mask with an automatic elemental analyzer 148 

(EuroVector EA-3000) and according to ISO 29541 [17], ISO 19579 [18] and ASTM 3176-15 [19] 149 

standards. An ultimate analysis is based on the sample combustion followed by separation in a gas 150 

chromatography column and detection of the combustible products using a high sensitive 151 

catharometric detector. 152 
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The atomic ratios H/C and O/C were calculated according to Van Krevelen’s formulas [20]: 153 

�/� = %�1/��%�12/�� ; �/� = %�16/��%�12/��           (2) 154 

where %H, %C and %O are the percentages of H, C and O determined  in the ultimate analysis and NA 155 

is the Avogadro number (NA = 6.02×1023 atoms per mol). 156 

 157 

2.2. Thermogravimetric experiments 158 

Thermogravimetric experiments were performed for each complete community mask under pure 159 

nitrogen or under air (80% nitrogen and 20% oxygen) in a thermobalance TA Q500, Texas Instrument. 160 

A small piece (approximately 5-6 mg) of the fabrics part of each complete mask was placed in the 161 

alumina pan of the thermobalance, Fig. 2. 162 

 163 

Fig. 2. Installation of the samples (here from a SGP2 mask) in the pans of the TA Q500 thermobalance 164 

for a thermogravimetric experiment. 165 

 166 

Four low temperature ramps were applied (5, 10, 15, and 20 °C/min). The gas flow was held fixed at 167 

50 mL/min. The temperature was increased from room temperature to 900 °C, but the thermal 168 
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degradations were finished before 700 °C. Each pyrolysis and combustion experiment was repeated 169 

at least three times for each mask, with good agreement. 170 

 171 

2.3. Gaseous emissions during combustion 172 

Combustion experiments were performed on the fabrics part of the five community masks in a 173 

horizontal tubular Nabertherm oven inside which was placed an alumina reactor of length 1 m and 174 

diameter 57 mm. A mask sample (0.2 to 0.5 g depending on the mask) was placed in an alumina boat 175 

and manually introduced at room temperature into the isothermal zone of the reactor. An air flow 176 

was then injected with a flow rate of 100 Nl/h. The temperature was increased from room 177 

temperature to 900 °C with a temperature ramp between 5.4 and 5.7 °C/min. CO, CO2, NO, NO2, and 178 

total hydrocarbons (THC) emissions at the outlet of the reactor were continuously measured using a 179 

multi-component NGA2000 Rosemount analyzer, with a flame-ionization detector or an infrared cell 180 

(for the NO emissions). Such a gaseous analyzer usually detects chemical compounds only with a 181 

number of carbon atoms lower than 10. Three experiments were performed for each mask. 182 

 183 

2.4. Kinetic modeling through the EIPR model 184 

The EIPR model is especially dedicated to the simulation of the thermal degradation of a material 185 

when this thermal degradation presents successive stages, for example, when the material is a 186 

lignocellulosic one, [11]. In the EIPR model, each stage is supposed to correspond to the thermal 187 

degradation of a constituent of the material and the thermal degradations of the constituents are 188 

supposed to occur in an independent way, but possibly in superimposing temperature ranges. The 189 

number of constituents to be considered in the EIPR model is determined observing the mass and 190 

mass rate curves. The EIPR model allows simulating the experimental mass and mass rate curves 191 

through the resolution of a system of first-order ordinary differential equations. 192 
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 193 

2.4.1. Kinetic modeling through the EIPR model in the case of a non-oxidative atmosphere 194 

In the case of a non-oxidative atmosphere, the EIPR model consists in a set of ordinary differential 195 

equations, whose number is equal to the number of constituents to be taken into account, each 196 

equation describing the evolution of the mass of volatiles which are emitted from a constituent of 197 

the material. Each first-order ordinary differential equation is written as: 198 

���� ,!"
�# (#) = $!%&(#)'( )�!(0) − ��� ,!" (#)* , + = 1, … , -,     (3) 199 

where: 200 

- ��� ,!" (#) is the mass of volatiles emitted from the constituent i of the sample (i=1,…,I), 201 

- �!(0) is the initial mass of the constituent i, which may be computed as a fraction of the 202 

overall mass of the sample: �!(0) = /!  �(0), 203 

- ( is a reaction function, 204 

- &(#) is the temperature (expressed in K) at time t in the sample. In the present experiments, 205 

the temperature &(#) evolves with respect to the time parameter t with a constant rate: 206 

&(#) = 0# + &1. 207 

The initial value ��� ,!" (0) = 0 is imposed. 208 

For each mask, the number I of constituents to be considered in the EIPR model may be different 209 

from that of its components, as some components may present a quite similar thermal degradation 210 

profile. 211 

In most cases, a first-order reaction function, or Mampel’s reaction function, with respect to the 212 

extent of conversion α, may be considered: (2(3) = 1 − 3, whatever the constituent of each 213 

sample. In the present study, a second- or fourth-order Avrami-Erofeev reaction function with 214 
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respect to the extent of conversion α will also be considered for few constituents, which are 215 

respectively defined as: 216 

(4(3) = 2(1 − 3)(− log(1 − 3))2/8;  (8(3) = 4(1 − 3)(− log(1 − 3)):/8 .     (4) 217 

Such Avrami-Erofeev reaction functions simulate in a better way the case of an intense 218 

devolatilization process, corresponding to a thin and high peak in the mass rate curve. 219 

In the right-hand side of the equation (3), the kinetic constant $!(&) obeys an Arrhenius law: $!(&) =220 

�! exp(−?0!/@&), where �!  (resp. ?0!) is the pre-exponential factor (resp. the activation energy) for 221 

the constituent i and R is the ideal gas constant equal to 8.314 J/(mol.K). 222 

In the present study, the system of differential equations (3) is solved using the Scilab software 223 

(version 6.0.2) and especially its routine ‘ode’, first with initial guesses of the kinetic parameters. The 224 

system (3) is solved simultaneously for the four temperature ramps. The optimal values of the kinetic 225 

parameters are then determined using the routine ‘datafit’ of Scilab, that is minimizing with respect 226 

to these kinetic parameters the objective function chosen as the sum over the four temperature 227 

ramps of the sum of the squared differences between the experimental and simulated mass rates: 228 

A BC���� ,!"
�# D"EF %#G' − C���� ,!"

�# DH!I %#G'J
4K

GL2 ,       (5) 229 

where �NIOPQ,RS
NT �"EF %#G' is the experimental mass rate at time #G and �NIOPQ,RS

NT �H!I %#G' is the simulated 230 

mass rate at time #G, as deduced from the resolution of (3), for each temperature ramp. For each 231 

temperature ramp, the total number J of time points #G was taken equal to 400 to reduce the 232 

computation time, these time points #G being regularly distributed along the overall duration of the 233 

thermogravimetric experiment. 234 

Once the optimal values of the kinetic parameters are determined, the system (3) is solved to obtain 235 

the simulated sample mass and mass rate as functions of time according to: 236 
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�(#) = �(0) − A ��� ,!" (#),U
!L2             (6) 237 

���# (#) = A ���� ,!" (#)�#
U

!L2 ,              (7) 238 

for each temperature ramp. This allows comparing the experimental and simulated mass and mass 239 

rate curves of the material, and simultaneously for the four temperature ramps. 240 

To validate the simulations, the maximal difference �0WG X�NIOPQ,RS
NT �"EF %#G' − �NIOPQ,RS

NT �H!I %#G'X, 241 

hereafter denoted YZ, and the square root B∑ \�NIOPQ,RS
NT �"EF %#G' − �NIOPQ,RS

NT �H!I %#G']4KGL2 J
2/4

 of (5), 242 

hereafter denoted Y4, between the experimental and simulated mass rates are calculated for each 243 

temperature ramp. For each temperature ramp, R2 determination coefficients are also calculated for 244 

the mass according to the formula: 245 

@I4 = 1 − ∑ )�H!I%#G' − �"EF%#G'*4KGL2
∑ )�"EF%#G' − 1̂ ∑ �"EF(#_)K_L2 *4KGL2

,                  (8) 246 

where �H!I%#G' and �"EF%#G' are the simulated and experimental masses at time #G. Quite similar 247 

formulas may be built for the mass rate and for the overall variations, whose expressions are given in 248 

the Supplementary Material. These determination coefficients should be as close to 1 as possible to 249 

validate the simulations. 250 

 251 

2.4.2. Kinetic modeling through the EIPR model in the case of an oxidative atmosphere 252 

Under an oxidative atmosphere, the devolatilization stages of the material surely occur. But the char 253 

structure is also degraded. The EIPR model considers that the constituents of the material lead to 254 

both the emission of volatiles and to the apparition of the char structure, once the volatiles are being 255 
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emitted, this char structure being degraded at higher temperatures. The fraction of volatiles to be 256 

emitted from the constituent i is denoted as a�� ,!. The complement of a�� ,! to 1 represents the 257 

fraction of char which appears from the constituent i during the devolatilization stage and which will 258 

be degraded during the further combustion stage. 259 

Under an oxidative atmosphere, the EIPR model first simulates the evolution of the mass of volatiles 260 

which are emitted from the constituent i of the material with respect to time according to the first-261 

order ordinary differential equation: 262 

���� ,!"
�# (#) = $!%&(#)' C�!(0) − ��� ,!" (#)a�� ,! D , + = 1, … , -,      (9) 263 

where: 264 

- ��� ,!" (#) is the mass of volatiles emitted by the constituent i of the sample (i=1,…,I), 265 

- �!(0) is the initial mass of the constituent i, which may be computed as a fraction of the 266 

overall mass of the sample: �!(0) = /!  �(0), 267 

- &(#) is the temperature at time t in the sample (expressed in K) and which evolves with 268 

respect to the time parameter t with a constant rate: &(#) = 0# + &1, 269 

- a�� ,! is the fraction of volatiles contained in the constituent I and which will be emitted 270 

during the devolatilization stage, as previously exposed. This fraction a�� ,! has to be 271 

determined for each constituent of each mask, which is not an easy task. In the present 272 

study, this fraction is estimated observing the mass rate curves obtained from the thermal 273 

degradation of each mask under an oxidative atmosphere. 274 

The presence of the fraction a�� ,! of volatiles emitted by the constituent i of the sample is the 275 

unique difference between the equations (3) and (9). 276 

The initial value ��� ,!" (0) = 0 is imposed. 277 
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In the above equation (9), the kinetic constant $! obeys an Arrhenius law: $!(&) = �! exp(−?0!/278 

@&), where �!  (resp. ?0!) is the pre-exponential factor (resp. the activation energy) for the 279 

devolatilization of the constituent i. 280 

The evolution with respect to time of the mass �cdef,!c  of char which appears during the 281 

devolatilization of the constituent i and which is consumed is described according to the first-order 282 

ordinary differential equation: 283 

��cdef,!c
�# (#) = $c�Ig%&(#)' \1 − a�� ,!a�� ,! ��� ,!" (#) − �cdef,!c (#)] h� ,    (10) 284 

where the kinetic constant $c�Ig(&) obeys an Arrhenius law: $c�Ig(&) = �c�IgiWj(−?0c�Ig/@&) 285 

and where h� is the oxygen pressure which is constant during the experiment (h� = 2.1 × 10⁴ Pa). 286 

The initial value �cdef,!c (0) = 0 is imposed. The kinetic constant $c�Ig is the same for the 287 

combustion of the chars produced from all constituents of each mask. 288 

The system (9)-(10) is solved with a procedure adapted from that described in section 2.4.1 for the 289 

pyrolysis case and which is described in the Supplementary Material. 290 

 291 

3. Results and discussion 292 

3.1. Proximate and ultimate analyses of the complete community masks 293 

The results of the proximate analyses performed on the five masks are gathered in Table 2. 294 

Table 2. Proximate analysis, HHV and LHV, for the five complete masks. 295 

Sample Proximate analysis (%) as received HHV (kJ/kg)a LHV (kJ/kg)b 

 M FC VM Ash   

BPET 2.1±0.5 11.7±0.3 85.9±0.6 0.3±0.0 23636±419 22239±438 
ECLT 7.4±0.1 9.9±0.2 82.5±0.5 0.2±0.1 16397±93 14749±100 

LCPE 4.9±0.1 10.6±0.2 84.3±0.6 0.2±0.1 21164±367 19279±373 
MCP3 4.6±0.2 7.5±0.1 87.3±0.7 0.6±0.1 21697±1428 19382±1436 
SGP2 5.0±0.1 1.9±0.2 92.9±0.7 0.2±0.0 45345±151 41880±174 
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a on raw basis; b on dry and ash free basis 296 

 297 

Whatever the mask, the percentage of volatiles is very high and the percentage of ash is very low. 298 

The percentage of volatiles of the SGP2 mask is slightly higher and its percentage of fixed carbon is 299 

much lower than that of the other masks. The ECLT mask which is totally composed of natural fibers 300 

(cotton and flax) has the lowest volatile matter percentage and the highest moisture percentage. For 301 

the volatile matter percentage, the ECLT mask is followed by the LCPE mask which also contains a 302 

high percentage of natural fibers (cotton). 303 

The percentage of volatile matter was found higher than 99% for polypropylene samples in [21]. The 304 

percentage of volatile matter contained in a polypropylene sample was evaluated at 99.73% in [22]. 305 

The authors did not detect ash in their samples and the moisture content was very low. 306 

The HHV of the SGP2 mask is twice higher than that of the other masks. It was also measured at 307 

around 45 MJ/kg in [23]. The ECLT mask which is totally composed of natural fibers has the lowest 308 

HHV. It is followed by the LCPE and by MCP3 masks which both contain natural fibers. The BPET mask 309 

has a HHV value slightly higher than these three masks, but half of that of the SGP2 mask, although it 310 

is also composed of synthetic fibers. 311 

The ultimate analyses performed on the five masks return mean percentages over the three 312 

experiments gathered in Table 3 and whose sum is equal to 1 for each mask. From the different 313 

characterizations, the H/C and O/C ratios are computed through Eq. (2). 314 

Table 3. Ultimate analysis, H/C and O/C ratios, for the complete five masks. 315 

Sample Ultimate analysis (%) H/C ratio O/C ratio 

 C H O N S   

BPET 62.38±0.07 6.01±0.03 28.12±0.06 3.49±0.09 n.d. 1.16 0.34 
ECLT 43.51±0.11 6.55±0.02 49.84±0.11 0.10±0.01 n.d. 1.81 0.86 
LCPE 50.38±0.20 7.88±0.02 38.04±0.20 3.70±0.03 n.d. 1.88 0.57 

MCP3 56.27±0.12 7.82±0.02 30.29±0.13 5.62±0.04 n.d. 1.67 0.40 
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SGP2 84.37±0.22 14.93±0.04 0.70±0.09 n.d. n.d. 2.12 0.01 
n.d. below detection. 316 

For each mask, the sum of the mean percentages of C,H,N,O returned by the elemental analyzer is 317 

slightly less than 100%: 99.3% for BPET, 97,5% for ECLT, 96.7% for LCPE, 97.6 % for MCP3 and 99.9% 318 

for SGP2). The difference with 100% is more important for masks containing natural fibers (ECLT, 319 

LCPE and MCP3) than for masks made with synthetic fibers. Natural fibers indeed contain minerals. 320 

The sulfur contents is below the detection limit for each mask. For the other elements, the masks 321 

present very high differences. Being totally composed of polypropylene (C3H6), the SGP2 mask does 322 

not contain nitrogen. High differences appear in the C percentages, as they represent between 43 323 

and 62% of the overall mass for the first four masks and 84% for the SGP2 mask. These C percentages 324 

increase with the proportion of synthetic fibers. The H percentages lie between 6 and 8% for the first 325 

four masks but increases to 15% for the SGP2 one. Consequently, the O percentage is almost equal to 326 

0% in the SGP2 mask, while it lies between 28 and 50% for the four other masks. 327 

The C percentage was found equal to 85.7% in [21] for low-density polyethylene and polypropylene 328 

samples, slightly higher than that of the SGP2 mask, which is totally composed of polypropylene. The 329 

N, O, and S percentages were here indicated equal to 0. The C percentage was found equal to 85.11% 330 

in [22] for a polypropylene sample. 331 

The values of the H/C and O/C ratios of the ECLT, LCPE and MCP3 masks are in good agreement with 332 

that of textiles. These values are lower for the BPET mask because of the higher C percentage of this 333 

mask. The values of these ratios for the SGP2 mask totally differ from those obtained for the four 334 

other masks. The SGP2 mask presents the highest H/C ratio because of its higher H percentage. It 335 

presents the lowest C/O ratio because of its very low O percentage. 336 

 337 

3.2. Pyrolysis experiments under nitrogen of the complete community masks 338 
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The pyrolysis experiments performed on the fabrics part of the five complete masks lead to the mass 339 

and mass rate curves gathered in Fig. 3. For comparison between the masks, the sample masses are 340 

expressed in percentages and the percentages start at 100% at the beginning of the 341 

thermogravimetric experiment (approximately room temperature). 342 

 343 

  

a) b) 

  

c) d) 

  

e) f) 
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g) h) 

  

i) j) 

Fig. 3. Mass curves for the pyrolysis of the complete BPET a), ECLT c), LCPE e), MCP3 g), and SGP2 i) 344 

masks. Mass rate curves for the pyrolysis of the complete BPET b), ECLT d), LCPE f), MCP3 h), and 345 

SGP2 j) masks. In each figure, the curves corresponding to a temperature ramp of 5 °C/min (resp. 10, 346 

15, 20) are represented with a solid line (resp. large hyphened, small hyphened, and dotted lines). 347 

 348 

The mass rate curves of ECLT, LCPE and MCP3 present a very small peak around 100 °C, which surely 349 

corresponds to the moisture evaporation. The mass rate curves of the two other masks do not 350 

present this small peak, although the moisture content of the SGP2 mask is comparable to that of 351 

LCPE and MCP3 masks. 352 

The shapes of the mass and mass rate curves look very similar for each sample, whatever the 353 

temperature ramp, but they differ from one mask to another one: 354 
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-  For the BPET mask, a unique devolatilization peak appears in the mass rate curves, with an 355 

important shoulder on the left-hand side of this peak. For the temperature ramps equal to 5 356 

and 10 °C/min, these shoulders are close to peaks. This shape may be the consequence of 357 

the presence of two components (polyethylene terephthalate and polyamide 6), which are 358 

being decomposed in slightly different temperature ranges, see below. 359 

- For the ECLT and SGP2 masks, a unique and thin peak appears on the mass rate curves. These 360 

masks are composed of a unique component (natural fibers for ECLT, almost totally 361 

composed of cellulose, and polypropylene for SGP2). 362 

- For the LCPE mask, the mass rate curve obtained for the temperature ramp of 5 °C/min 363 

presents a first well-identified peak and a less important one on its right-hand side. For the 364 

other temperature ramps, the unique devolatilization peak presents an important shoulder 365 

on the right-hand side. This shape is the consequence of two major components: a natural 366 

fiber almost totally composed of cellulose, and a synthetic one, these components being 367 

degraded in slightly different temperature ranges. 368 

- For the MCP3 mask, two well-identified peaks appear. This shape is the consequence of the 369 

presence of natural fibers which are being degraded at temperatures lower than 400 °C, see 370 

the thermogravimetric profile of the ECLT mask, and of synthetic fibers (polyethylene 371 

terephthalate and polyamides), which are being degraded at slightly higher temperatures, 372 

see the thermogravimetric profile of the BPET mask. 373 

- The peaks of ECLT and SGP2 masks are very narrow, in comparison with that of the other 374 

masks. 375 

For the five masks, the peaks which appear on the mass rate curves slightly shift to higher 376 

temperatures when the temperature rate increases, see also Table 4 for the positions of the peaks. 377 

The height of the peaks (highest mass rate) also increases with this temperature ramp. 378 
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Table 4. Position and height of each peak and final sample mass for the pyrolysis of the five complete 379 

masks. 380 

Sample First or main peak  Second peak Final 
mass 

 Temperature (°C) Mass rate (%/s) Temperature (°C) Mass rate (%/s) (%) 

BPET      
R5 402.0 0.109 - - 14.8 

R10 422.3 0.196 - - 17.9 
R15 421.1 0.335 - - 13.4 
R20 425.9 0.483 - - 12.3 

ECLT      
R5 349.9 0.206 - - 11.7 

R10 363.1 0.377 - - 11.1 
R15 369.3 0.558 - - 11.6 
R20 373.1 0.699 - - 10.5 

LCPE      
R5 355.6 0.108 415.8 0.030 11.9 

R10 368.7 0.209 - - 11.1 
R15 376.2 0.308 - - 10.8 
R20 382.4 0.406 - - 14.2 

MCP3      
R5 353.5 0.096 423.8 0.059 8.3 

R10 366.7 0.190 439.7 0.118 9.4 
R15 377.5 0.259 449.6 0.174 7.2 
R20 382.3 0.343 459.1 0.226 7.3 

SGP2      
R5 447.5 0.247 - - 3.5 

R10 460.3 0.445 - - 4.1 
R15 467.2 0.708 - - 3.6 
R20 471.5 0.929 - - 4.2 

 381 

The shifts to higher temperatures of the position of each peak, with respect to the temperature 382 

ramp, lie between 17 and 37 °C. There is no clear tendency of these shifts with respect to the 383 

components involved in the elaboration of the masks. 384 

Whatever the mask the final masses do not obey a clear tendency with respect to the temperature 385 

ramp. 386 

The slow pyrolysis of pure polyethylene terephthalate was performed in [24] under temperature 387 

ramps of 2, 5, 10, 20, and 30 °C/min. The authors found a unique devolatilization peak occurring at 388 

approximately 420, 440 and 450 °C, for temperature ramps equal to 5, 10 and 20 °C/min. In [10], the 389 
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pyrolysis of a surgical mask rope composed at 95% of polyamide 6 was performed under 390 

temperature ramps of 5, 10 and 30 °C/min. The unique devolatilization peak was reached at 420 and 391 

435 °C for the temperature ramps of 5 and 10 °C/min, respectively. The slow pyrolysis of polyamide 392 

was performed in [25] under temperature ramps of 5, 10, 20, and 40 °C/min. The authors found a 393 

unique devolatilization peak occurring at approximately 460, 475 and 490 °C. The slow pyrolysis of 394 

polyamide 6 and polyamide 66 was performed in [26] under nitrogen and under a temperature ramp 395 

of 10 °C/min. The authors found a unique peak at 436 and 430 °C, respectively. A small shoulder was 396 

observed for polyamide 6 on the left-hand side of the peak. One reason which could explain the 397 

possible slightly lower temperatures at which the peak for the pyrolysis of the BPET mask indicated in 398 

Table 5 occur when comparing to that of the literature could be the mixture of polyethylene 399 

terephthalate and polyamide 6 fibers in this mask. 400 

The pyrolysis of used cotton fabric and of pure cellulose was analyzed in [27]. A heat transfer model 401 

was here proposed to explain the shift and the increase of the devolatilization peak with respect to 402 

the temperature ramp. The unique thin peak occurred at 349, 363 and 375 °C for the temperature 403 

ramps of 5, 10 and 20 °C/min. The position of the peaks observed for the ECLT mask are in good 404 

agreement with these values. For the present study, the pyrolysis of pure cotton and flax samples 405 

were performed under a temperature ramp of 5 °C/min. The maximal mass rate occurred at 330 and 406 

341 °C, respectively. 407 

The two peaks observed for the pyrolysis of the MCP3 mask may surely be associated to that of 408 

cotton, for the first peak, and to the pyrolysis of synthetic fibers (polyethylene terephthalate and 409 

polyamide), for the second peak. 410 

Pyrolysis experiments were performed in [28] on polypropylene pellets under temperature ramps of 411 

4, 6, 8, and 10 °C/min. The authors claimed that the thermal degradations of polyethylene and 412 

polypropylene occur in very similar ways, because of their composition, even if, “due to the presence 413 

of methyl groups of side chains, intramolecular hydrogen transfer is more preferable in degradation 414 
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of PP than for PE”. They observed a unique devolatilization peak approximately occurring at 450 °C 415 

for the temperature ramp of 10 °C/min. This value is to be compared to that (455 °C) obtained for 416 

the pyrolysis of SGP2 composed of polypropylene, under the temperature ramp of 10 °C/min. 417 

Pyrolysis experiments were performed on low-density polyethylene and polypropylene samples in 418 

[21], under temperature ramps of 5, 10, 15, and 20 °C/min. The authors did not present the mass 419 

rate curves, but their mass curves present a rapid decrease in the range 420-480 °C, for low-density 420 

polyethylene, and in the range 350-420 °C, for polypropylene. Pyrolysis experiments were performed 421 

in [29] on waste low-density polyethylene, waste polypropylene terephthalate and polypropylene, 422 

under a temperature ramp of 10 °C/min. The pyrolysis occurred in the temperature range 341-495 °C 423 

for low-density polyethylene, 329-493 °C for polyethylene terephthalate, and 337-471 °C for 424 

polypropylene. A unique devolatilization peak was observed for each material, with a maximum 425 

reached at 463, 437-441 and 446 °C, respectively. In [22], pyrolysis experiments were performed on 426 

polypropylene samples eventually in presence of activators and under temperature ramps of 15, 20, 427 

and 30 °C/min. The authors observed a very narrow peak whose maximal height is reached at 428 

approximately 480 and 490 °C for the temperature ramps of 15 and 20 °C/min. 429 

The pyrolysis of Korean surgical masks built with polypropylene (73%), polyethylene (14%), nylon 430 

(8%), and metals (5%) was analyzed in [6] under a temperature ramp equal to 10 °C/min, together 431 

with that of these pure components. The authors found a unique devolatilization peak occurring at 432 

450, 455 and 460 °C for polypropylene, whole mask and polyethylene. The peak temperature of 450 433 

°C observed for polypropylene has to be compared to that of the SGP2 masks equal to 455.6 °C for 434 

the temperature ramp of 10 °C/min. Whatever the mask, the temperatures presented in Table 4 at 435 

which the mass rate reaches its maximum are in good agreement with that of the literature for 436 

pyrolysis experiments. 437 

Especially paying attention to the peaks and shoulders which appear on the mass rate curves of Fig. 438 

5, the number of constituents to be considered in the EIPR model is the following for each mask: 439 
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- BPET: 2, to be compared to the two components (polyethylene terephthalate and polyamide 440 

6) used for its elaboration, 441 

- ECLT: 1, to be compared to the three components (cotton, flax and Lyocell) used in its 442 

elaboration, 443 

- LCPE: 3, to be compared to the three components (cotton, polyamide and elastane) used in 444 

its elaboration, 445 

- MCP3: 2, to be compared to the four components (cotton, polyethylene terephthalate, 446 

polyamide, and polyamide 66) used in its elaboration, 447 

- SGP2: 1, this mask being totally composed of polypropylene. 448 

The differences between the numbers of constituents to be considered in the EIPR model and of 449 

components involved in the elaboration of each mask may be explained by the fact that some 450 

components are being degraded in a quite similar way and in quite superimposing temperature 451 

ranges. 452 

The thinness of the unique peaks for ECLT and SGP2 masks requires the use of the second-order 453 

Avrami-Erofeev reaction function, defined in (4), for the simulation of their pyrolysis. 454 

 455 

3.3. Thermogravimetric analyses of the complete community masks under air 456 

The mass and mass rate curves associated with the combustion of the five complete masks are 457 

gathered in Fig. 4. 458 
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a) b) 

  

c) d) 

  

e) f) 

  

g) h) 
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i) j) 

Fig. 4. Mass curves for the combustion of the complete BPET a), ECLT c), LCPE e), MCP3 g), and SGP2 459 

i) masks. Mass rate curves for the combustion of the complete BPET b), ECLT d), LCPE f), MCP3 h), 460 

and SGP2 j) masks. In each figure, the curves corresponding to a temperature ramp of 5 °C/min (resp. 461 

10, 15, 20) are represented with a solid line (resp. large hyphened, small hyphened, and dotted 462 

lines). 463 

 464 

Again, the shapes of the mass and mass rate curves look similar for each sample (these shapes do not 465 

highly depend on the temperature ramp), but high differences occur from one sample to another 466 

one: 467 

- The mass rate curve of the BPET mask presents two peaks: a first large one between 390-415 468 

°C and a second much smaller one between 501-554 °C. This mask is composed of two 469 

synthetic fibers which are being degraded in slightly different temperature ranges. 470 

- For the ECLT mask, the mass rate curves present two peaks. The second one is very thin and 471 

looks like a needle. The first peak surely corresponds to the devolatilization stage, while the 472 

second one corresponds to the combustion of the char structure. If this is the usual 473 

combustion profile for lignocellulosic materials, the thinness of the second high peak may be 474 

the consequence of the mixture of fibers. 475 

- The LCPE mass rate curves present two peaks, the second one occurring during a quite wide 476 

temperature interval ending after 600 °C. 477 
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- In the case of the MCP3 mask, two peaks can be identified and a long tail appears on the 478 

right-hand side of the second peak. 479 

- The SGP2 mass rate curves present a unique peak followed by a small and quite long tail on 480 

its right-hand side. This mask only contains polypropylene. 481 

The peaks move to higher temperatures when the temperature ramp increases, whatever the mask.  482 

The characteristics (position and height) of each peak are gathered in Table 5, for the five masks. 483 

Table 5. Position and height of each peak and final mass, for the combustion of the five complete 484 

masks. 485 

Sample First peak  Second peak Final 
mass 

 Temperature (°C) Mass rate (%/s) Temperature (°C) Mass rate (%/s) (%) 

BPET      
R5 388.2 0.104 511.7 0.030 3.1 

R10 395.4 0.215 539.4 0.049 4.0 
R15 405.1 0.353 551.7 0.076 3.1 
R20 415.4 0.449 548.9 0.100 2.9 

ECLT      
R5 333.5 0.098 431.9 0.053 1.4 

R10 341.8 0.198 438.3 0.305 1.2 
R15 344.5 0.306 435.3 0.252 1.0 
R20 343.2 1.484 433.7 0.254 1.2 

LCPE      
R5 329.2 0.102 502.8 0.027 0.9 

R10 346.3 0.198 520.7 0.040 0.6 
R15 355.1 0.315 535.9 0.053 0.6 
R20 361.6 0.433 547.4 0.067 0.1 

MCP3      
R5 298.9 0.123 433.3 0.038 1.2 

R10 309.7 0.237 448.3 0.087 0.9 
R15 317.4 0.352 465.9 0.127 1.0 
R20 324.2 0.479 463.2 0.168 1.0 

SGP2      
R5 271.2 0.161 - - 2.3 

R10 282.9 0.337 - - 3.2 
R15 302.0 0.467 - - 1.5 
R20 301.6 0.510 - - 3.9 

 486 
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The shifts of the peak position with respect to the temperature ramp lie between 15 and 33 °C, 487 

without clear tendency with respect to the composition of the mask. The first (devolatilization) peak 488 

occurs at lower temperatures under air than under pyrolysis: between 10 and 20 °C, depending on 489 

the mask. Oxygen is known to enhance the devolatilization process. 490 

Again, the final mass does no obey a clear tendency with respect to the temperature ramp, whatever 491 

the mask. 492 

The combustion of polyethylene terephthalate was performed in [30] under temperature ramps of 493 

10, 20, 30, and 40 °C/min. The authors observed a main peak occurring between 420 and 500 °C, 494 

depending on the temperature ramp. A second peak was observed at approximately 600 °C. The 495 

observed combustion of the BPET mask is in good agreement with these results. 496 

The combustion of cotton residue performed in [27] led to a devolatilization peak at approximately 497 

320 °C and to a combustion of the char structure at 460 °C. The ECLT, LCPE and MCP3 masks, which 498 

contain cotton (and flax), present a quite similar combustion profile, even if some of them also 499 

contain synthetic fibers. 500 

Combustion experiments were performed in [31]on polypropylene fibers and on blends with flax 501 

fibers, under a temperature ramp of 5 °C/min. The main mass losses were observed between 240 502 

and 300 °C (the mass rate curves are not presented). Then the mass was slightly decreasing until 500 503 

°C. The combustion of the SGP2 mask agrees with this result. The combustion of polypropylene was 504 

also studied in [32] under a temperature ramp of 10 °C/min. The main mass losses were observed 505 

between 280 and 350 °C. 506 

 507 

3.4. Gaseous emissions during the combustion of the complete masks 508 
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The gaseous emissions (CO, CO2, NO and THC) occurring during the combustion of the complete 509 

masks in the horizontal oven are presented in Fig. 5. These gaseous emissions are represented as 510 

ppm per gram of material to compare the results obtained for the five masks. 511 

  

a) b) 

  

c) d) 

Fig. 5. Gaseous emissions: CO a), CO2 b), NO c), and THC d), measured during a combustion test of 512 

the BPET (black, solid line), ECLT (red, small hyphened line), LCPE (blue, dotted -hyphened), MCP3 513 

(green, dotted line), and SGP2 masks (yellow, large hyphened line), in a horizontal oven. 514 

 515 

The NO2 emissions are not presented, being lower than the detection limit, whatever the mask. The 516 

profiles of the gaseous emissions curves highly differ from one mask to another one. The amounts of 517 

NO are low, whatever the mask: at most 170 ppm/g to be compared to the other gaseous emissions 518 

which reach values higher than 12000 ppm/g. The low amount of nitrogen in each mask could 519 

explain these low NO emissions, see Table 3. For the SGP2 mask, the CO and CO2 emissions present a 520 
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single peak. But the case of this mask will be discussed later on. For the BPET mask, the CO and CO2 521 

emissions present a single peak with an important shoulder on its left-hand side. This BPET mask 522 

presents the highest peak for the CO emissions. The CO and CO2 emissions associated with the 523 

combustion of LCPE and of MCP3 mask present two peaks. 524 

The position and the height of each peak of the gaseous (CO, CO2 and THC) emissions are presented 525 

in Table 6, for the five complete masks. 526 

Table 6. Characterizations of the peaks of the CO, CO2 and THC emissions for the five complete 527 

masks. 528 

Sample Peak CO Peak CO2 Peak THC 

 Position 
(°C) 

Height 
(ppm/g) 

Position 
(°C) 

Height 
(ppm/g) 

Position 
(°C) 

Height 
(ppm/g) 

BPET 552.7 11892 555.9 14502 406.2 16961 
ECLT       

Peak 1 330.7 9792 332.2 27989 320.5 6605 
Peak 2 392.1 9177 393.0 28243 - - 

LCPE       
Peak 1 342.5 3948 342.1 7859 332.5 5484 
Peak 2 494.9 6761 496.9 11020 - - 

MCP3       
Peak 1 316.5 10856 316.5 13312 314.3 7979 
Peak 2 487.6 3519 487.6 4777 444.8 5875 

SGP2 407.6 8053 412.4 5637 408.9 27600 
 529 

The ECLT, LCPE and MCP3 masks contain cotton and present quite identical CO and CO2 emission 530 

peaks in the temperature range 315-345 °C. The LCPE and MCP3 masks which also contain 30% 531 

polyamide present identical CO and CO2 emission peaks at approximatively 500 °C. The BPET mask 532 

moreover contains polyester which seems to thermally decompose at higher temperatures (around 533 

550 °C). The ECLT mask contains flax fibers, which can lead to the emission peaks occurring at 534 

approximately 330 °C. The SGP2 mask presents a unique emission peak at around 410 °C with 535 

uncertainties on the gaseous emission measurements to be discussed later on. 536 

The CO emissions occurring during the combustion of polypropylene fibers were observed in [31] to 537 

present a unique peak occurring between 60 and 170 °C. When adding flax fibers to these 538 
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polypropylene fibers, the CO emissions were occurring in a much wider temperature range: 50-500 539 

°C. 540 

The gaseous emissions occurring during the combustion of polyethylene were analyzed in [33], using 541 

GC-FID and GC-MSD methods. The authors computed the yields of THC and polycyclic aromatic 542 

hydrocarbons (PAH) at the temperatures of 600, 700, 800, and 900 °C. 543 

Gaseous emissions (mainly THC) were measured during the pyrolysis of a Korean surgical mask in [6]. 544 

They observed a unique peak in the temperature range 495-505 for CH4, C2H6 and C2H4. When 545 

performing the slow pyrolysis of pure polyethylene terephthalate, the main component of the BPET 546 

mask, the authors found in [24] a maximal CO emission at 444 °C, much lower than the temperature 547 

at which the CO emissions reach their maximum for the BPET mask (551.7 °C). 548 

Possible chemical reactions occurring during the pyrolysis of mask rope under helium are proposed in 549 

[10]. 550 

The overall amounts of gas emitted during the complete combustion process are computed by 551 

integration of the areas below the emissions curves presented in Fig. 5 and converted in moles per 552 

gram of material. They are presented in Fig 6. 553 

 554 

Fig. 6. Gaseous emissions (CO dashed, CO2 horizontal lines, and THC vertical lines) for the five 555 

complete masks. 556 
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 557 

The five masks do not present very significant differences concerning the CO emissions: between 558 

7.7x10-3 mol/g (for the SGP2 mask) and 1.2x10-2 mol/g (for the BPET mask). The SGP2 mask emits 559 

much lower CO2 amounts (less than one half) than the other masks, but it emits much higher THC 560 

amounts (approximately three times higher) than the other masks. Its C fraction is the highest one 561 

among the five masks. The LCPE mask emits the lowest CO2 emissions. 562 

The amounts of NO and NO2 are not reported in Fig. 6, being much lower than that of the other 563 

gases, whatever the mask and probably reaching the calibration limits, see Fig. 5 c) for the NO 564 

emissions. 565 

The percentages of emitted carbon moles are gathered in Table 7 for the five complete masks. 566 

 567 

Table 7. Evaluation of the carbon moles emitted during the combustion of each mask, and relative 568 

difference with the carbon amounts indicated in Table 2. 569 

 BPET ECLT LCPE MCP3 SGP2 

Carbon emitted (%) 48.4 38.5 40.3 34.4 66.3 
Rel. Diff. (%) 24 11 20 39 59 
 570 

For the BPET, ECLT, LCPE, and MCP3 masks, the carbon content determined through the ultimate 571 

analyses of Table 3 and the carbon moles emitted during the combustion in the horizontal oven quite 572 

well agree. For the SGP2 mask, the relative difference is too high. The main reason is the limitation of 573 

the gas analyzer as described in section 2.3. This analyzer is indeed unable to detect chemical 574 

compounds with a number of carbon atoms greater than or equal to 10. In [34], the combustions of 575 

polypropylene, with 6.75% of syndiotactic fraction, and of polyethylene were performed under an 576 

isothermal temperature of 350 °C. The oxidation products were desorbed and conducted to a GC-MS 577 

device. Among the different chemical compounds found by the authors during the combustion 578 
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polypropylene, that with a number of C atoms greater than or equal to 10 have an area fraction 579 

greater than 48% of the total area of the chromatogram. This proves that at temperatures lower than 580 

350 °C, significant emissions of THC are being emitted during the combustion of polypropylene and 581 

they are not detected by the gas analyzer which is used in the present study. Now considering the 582 

combustion polyethylene, the authors also found in [34] chemical compounds with a number of 583 

carbon atoms greater than or equal to 10. However, in this case, these compounds represent an area 584 

fraction lower than 25% of the total area of the chromatogram. This may explain the high relative 585 

differences observed in Table 7 for the BPET and MCP3 masks. 586 

 587 

3.5. Determination of the optimal kinetic parameters for the pyrolysis of the complete masks 588 

Simulations of the pyrolysis of the five complete masks were performed according to the procedure 589 

described in section 2.4.1. The number of constituents to be considered was determined in section 590 

3.2. The optimal values of the kinetic parameters associated with the pyrolysis of the masks are 591 

gathered in Table 8. 592 

Table 8. Fractions of constituents, optimal values of the kinetic parameters, and differences between 593 

the experimental and simulated mass and mass rate curves, for the pyrolysis of the five complete 594 

masks. 595 

Sample BPET ECLT LCPE MCP3 SGP2 /2 0.30 1.00 0.10 0.475 1.00 /4 0.70  0.56 0.525 - /: -  0.34 - - 
      �2 (1/s) 6.49×1014 3.91×1012 1.69×1012 6.48×1014 3.73×1015 ?02 
(J/mol) 

210079.6 180074.0 162174.3 206079.6 249574.0 

�4 (1/s) 6.49×1014 - 5.03×1014 4.71×108 - ?04 
(J/mol) 

220181.2 - 204074.0 149181.2 - 

�: (1/s) - - 4.43×108 - - ?0: 
(J/mol) 

- - 145174.0 - - 
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      YZ (%) Abs. Rel. Abs. Rel. Abs. Rel. Abs. Rel. Abs. Rel. 
R5 0.03 23.4% 0.03 15.8% 0.01 12.0% 0.02 19.6% 0.03 10.4% 

R10 0.04 20.1% 0.05 13.2% 0.02 9.9% 0.02 9.4% 0.05 11.6% 
R15 0.05 15.5% 0.07 11.3% 0.05 14.7% 0.04 13.4% 0.05 6.5% 
R20 0.08 16.0% 0.08 10.6% 0.10 24.6% 0.06 15.9% 0.08 8.9% Y4 (%/s)      
R5 0.10 0.11 0.05 0.07 0.06 

R10 0.17 0.21 0.14 0.08 0.13 
R15 0.26 0.24 0.28 0.19 0.12 
R20 0.40 0.35 0.42 0.32 0.22 @I4       
R5 1.00 1.00 1.00 1.00 1.00 

R10 1.00 1.00 1.00 1.00 1.00 
R15 1.00 1.00 1.00 1.00 1.00 
R20 1.00 1.00 1.00 1.00 1.00 @If4       
R5 0.97 0.98 0.98 0.98 0.99 

R10 0.97 0.98 0.98 0.99 0.99 
R15 0.98 0.98 0.96 0.98 0.99 
R20 0.97 0.98 0.94 0.97 0.99 @�4      
R5 0.96 0.97 0.98 0.97 0.99 

R10 0.96 0.97 0.98 0.99 0.99 
R15 0.97 0.98 0.96 0.98 0.99 
R20 0.96 0.98 0.93 0.97 0.99 

 596 

Mampel’s reaction function was chosen for all masks and constituents, except for ECLT and SGP2 597 

masks, for which the second-order Avrami-Erofeev reaction function was chosen for the unique 598 

constituent of these masks, because of the thinness of the unique devolatilization peak. 599 

The @I4  determination coefficients for the mass are equal to 1 whatever the mask and temperature 600 

ramp. The @If4  determination coefficients for the mass rate lies between 0.94 and 0.99 and the 601 

overall determination coefficient @�4 lies between 0.93 and 0.99. All these determination coefficients 602 

are sufficiently close to 1 to accept the simulations with the indicated numbers of constituents and 603 

the optimal values of the pre-exponential and activation energies indicated in Table 8 and 604 

determined through the procedure described in section 2.4.1. 605 

Activation energies between 180 and 234 kJ/mol were found in [25] for the pyrolysis of polyamide, 606 

depending on the extent of conversion and on the chosen model-free or model-based method. The 607 
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corresponding pre-exponential factors were found in the range 5.25×1011 and 1.88×1022 1/s, which 608 

represent very high values. The reason is the presence of a thin and high peak. An activation energy 609 

of 180±10 kJ/mol and a pre-exponential factor equal to exp(10.6) 1/s were found in [35] for the 610 

pyrolysis of polyamide 6. The authors here used the Coats-Redfern method. 611 

For the combustion of cotton and using a fourth-order Avrami-Erofeev reaction, an energy activation 612 

of 205.3 kJ/mol and a pre-exponential factor of to 3.5×1014 1/s were found in [27]. Other reaction 613 

functions were here tested. 614 

Applying in [28] an isoconversional method to determine the kinetic parameters associated with the 615 

pyrolysis of pure polypropylene, the authors found activation energies lying in the range 161-173 616 

kJ/mol, when considering a reaction order equal to 1. The pre-exponential factors were found in the 617 

range 4.97×109-4.97×1010 1/s. In [21], the authors applied a Coats-Redfern method to determine the 618 

kinetic parameters associated with the pyrolysis of polypropylene and they obtained an activation 619 

energy equal to 219073.9 J/mol and a pre-exponential factor equal to 4.349×1013 1/s. 620 

Differences between the values of the kinetic parameters indicated in Table 8 and the literature may 621 

be explained by the choices of the kinetic models or methods but also by differences on the materials 622 

which are considered. As already indicated, the fibers which are used for the fabrication of the 623 

community masks may be mixed or treated. 624 

 625 

3.6. Determination of the optimal kinetic parameters for the combustion of the complete masks 626 

Simulations of the combustion of the five masks were performed according to the procedure 627 

described in section 2.4.2 completed with the Supplementary Material. 628 

The number of constituents to be considered in the combustion of the community masks was taken 629 

equal to that of the pyrolysis process. The first-order reaction function: (2(3) = 1 − 3 was chosen 630 

for most masks and constituents. Because of the thinness of the peaks observed in Fig. 4, an Avrami-631 
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Erofeev reaction function of order 4 was chosen for the combustion of the unique component of the 632 

ECLT mask, and an Avrami-Erofeev reaction function of order 2 was chosen for the combustion of the 633 

unique component of the SGP2 mask. 634 

The optimal values of the kinetic parameters associated with the combustion of the masks are 635 

gathered in Table 9. 636 

Table 9. Fractions of constituents, proportion of volatiles in these constituents, optimal values of the 637 

kinetic parameters, and differences between the experimental and simulated mass and mass rate 638 

curves, for the combustion of the five complete masks. 639 

Sample BPET ECLT LCPE MCP3 SGP2 /2 0.3 1.00 0.10 0.70 1.00 /4 0.7 - 0.59 0.30 - /: - - 0.31 - - 
      a�� ,2 0.70 0.80 0.90 0.85 0.98 a�� ,4 0.85 - 0.85 0.90 - a�� ,: - - 0.60 - - 
      �2 (1/s) 5.42×1014 1.69×109 5.70×1012 2.52×1013 6.09×105 ?02 (J/mol) 213322.1 133874.2 170000.0 172122.0 88173.8 �4 (1/s) 2.42×1013 - 9.63×1013 2.42×1013 - ?04 (J/mol) 202522.1 - 192000.0 212522.1 - �: (1/s) - - 2.99×103 - - ?0: (J/mol) - - 81500.0 - - �c�Ig (1/s) 9.70×107 1.50×1010 7.24×103 9.72×103 1.50×105 ?0c�Ig 
(J/mol) 

221100.0 226000.0 165000.0 161100.0 153000.0 

      YZ (%) Abs. Rel. Abs. Rel. Abs. Rel. Abs. Rel. Abs. Rel. 
R5 0.03 24.7% 0.03 30.3% 0.05 44.9% 0.02 12.6% 0.04 25.1% 

R10 0.04 18.0% 0.13 57.2% 0.05 22.5% 0.03 11.1% 0.12 34.9% 
R15 0.04 12.6% 0.13 47.4% 0.06 17.4% 0.04 10.1% 0.05 10.7% 
R20 0.05 11.5% 0.17 34.8% 0.08 18.5% 0.10 21.2% 0.08 20.8% Y4 (%/s)      
R5 0.10 0.14 0.15 0.09 0.11 

R10 0.16 0.26 0.21 0.15 0.40 
R15 0.24 0.38 0.30 0.23 0.22 
R20 0.26 0.68 0.45 0.42 0.31 @I4       
R5 1.00 1.00 0.99 1.00 1.00 

R10 1.00 1.00 1.00 1.00 1.00 
R15 1.00 1.00 1.00 1.00 1.00 
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R20 1.00 1.00 1.00 1.00 1.00 @If4       
R5 0.97 0.88 0.84 0.95 0.97 

R10 0.98 0.91 0.93 0.97 0.89 
R15 0.98 0.91 0.95 0.97 0.98 
R20 0.98 0.85 0.94 0.94 0.96 @�4      
R5 0.96 0.88 0.84 0.95 0.97 

R10 0.97 0.90 0.93 0.96 0.88 
R15 0.98 0.91 0.94 0.96 0.98 
R20 0.98 0.85 0.94 0.94 0.96 

 640 

The @I4  determination coefficients for the mass is always greater than 0.99, which proves that the 641 

present simulations well represent the evolution of the mass, along the combustion process, 642 

whatever the temperature ramp and mask. The @If4  determination coefficients for the mass rate 643 

takes quite low values for the ECLT mask, under the temperature ramps of 5 and 20 °C/min, for the 644 

MCP3 mask, under the temperature ramp of 5 °C/min, and for the SGP2 mask, under the 645 

temperature ramp of 10 °C/min. This means that the thin peaks are not well reproduced through 646 

these simulations. As the optimization procedure is simultaneously performed on the four 647 

temperature ramps, heat transfers could be more important in samples containing a mixture of 648 

natural and synthetic fibers. Such further heat transfers are not taken into account in the model, see 649 

for example [27] for an example where such heat transfers are taken into account in the case of 650 

cotton. 651 

For the combustion of polyamide 6 and using the Coats-Redfern method, the authors found in [35] 652 

an activation energy of 250±20 kJ/mol and a pre-exponential factor equal to exp(16.3) 1/s. 653 

For the combustion of cotton and using a fourth-order Avrami-Erofeev reaction, the authors found in 654 

[27] an energy activation of 128.3 kJ/mol and a pre-exponential factor of to 5.4×1015 1/s. 655 

A kinetic modeling of the combustion of polypropylene was performed in [32]. The reaction function 656 

((3) = (1 − 3)o is considered. The combustion was decomposed in three stages. In the main stage, 657 

the authors took a reaction order n equal to 0.5 and found an activation energy equal to 230 kJ/mol 658 
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and a pre-exponential factor equal to 2.0×1014 1/s. The kinetic parameters found for the combustion 659 

of the SGP2 mask are in good agreement with these values. 660 

Again the differences between the values gathered in Table 9 and that of the literature may be 661 

explained by the choice of the kinetic models or methods. 662 

 663 

3.7. Examples of simulations of pyrolysis or combustion of the complete masks 664 

3.7.1. Pyrolysis case 665 

As already indicated, the values of the determination coefficients are very close to 1 whatever the 666 

mask and temperature ramp. The values of the determination coefficient @If4  lie between 0.94 for 667 

the LCPE mask and 0.99 for the SGP2 mask. The cases of the ECLT mask under the temperature ramp 668 

of 15 °C/min and LCPE mask under the temperature ramp of 20 °C/min will be considered. Fig. 7 669 

gathers the experimental and simulated mass and mass rate curves for these two examples. 670 

 671 

  

a) b) 
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c) d) 

Fig. 7. Experimental (solid line) and simulated (dotted line) mass a) and mass rate b) curves for the 672 

pyrolysis of the ECLT mask under the temperature ramp of 15 °C/min. Experimental (solid line) and 673 

simulated (dotted line) mass c) and mass rate d) curves for the pyrolysis of the LCPE mask under the 674 

temperature ramp of 20 °C/min. 675 

 676 

For the ECLT mask, the simulation very slightly overestimates the degradation between 200 and 300 °C and 677 

underestimates this degradation between 350 and 500 °C. A further constituent could be considered, whose 678 

degradation occurs between 200 and 300 °C. Nevertheless, its proportion should be very small. For the LCPE 679 

mask, the moisture evaporation was not simulated in the present model. The simulated mass rate curve 680 

struggles to reach the top of the experimental peak. The shoulder on the right-hand side of the peak is replaced 681 

in the simulated mass rate curve by a second peak, see the previous discussion on the transformation of peaks 682 

to shoulders depending on the temperature ramp. The optimization process performed on the four 683 

temperature ramps simultaneously may certainly explain these differences between experimental and 684 

simulated mass and mass rate curves. Nevertheless, the maximal difference between the experimental and 685 

simulated mass and mass rate curves are here low and the @If4  and @�4 are sufficiently close to 1 so that the 686 

simulations may be accepted. 687 

Similar situations occur for the other temperature ramps and for the other masks (not presented 688 

here). 689 

 690 

3.7.2. Combustion case 691 



39 
 

For the combustion of the five community masks, the determination coefficient @I4  lies between 692 

0.99 and 1.00. The determination coefficient @If4  lies between 0.85 for the ECLT mask under a 693 

temperature ramp of 20 °C/min and 0.98 for other masks. 694 

Simulations of combustion processes performed in the thermobalance are gathered in Fig. 8. 695 

  

a) b) 

  

c) d) 

  

e) f) 
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g) h) 

i) j) 

Fig. 8. Experimental (solid line) and simulated (dotted line) mass and mass rate curves for BPET mask 696 

under a temperature ramp of 20 °C/min a) and b), ECLT mask under a temperature ramp of 20 697 

°C/min c) and d), LCPE mask under a temperature ramp of 5 °C/min e) and f), MCP3 mask under a 698 

temperature ramp of 10 °C/min g) and h), and SGP2 mask under a temperature ramp of 5 °C/min, i) 699 

and j). 700 

 701 

As proved in Table 8 through the different measures of the difference between the experimental and 702 

simulated mass rate curves prove that the mass curves and the shape of the mass rate curves are 703 

quite well simulated, whatever the mask and the temperature ramp, even if in the case of ECLT 704 

mask, the needle of the second peak is replaced by a quite flat peak, Fig. 8 d). 705 

 706 

3.8. Comparisons between the mass rate and gaseous emissions curves 707 
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It is possible to superimpose the mass rate curves corresponding to combustion processes performed 708 

in the thermobalance under the temperature ramp of 5 °C/min and the gaseous emissions measured 709 

along combustion processes performed in the horizontal oven under the temperature ramp of 710 

approximately 5.5 °C/min. 711 

The mass rate and emissions peaks do not always perfectly superimpose as shown in Fig. 9. 712 

  

a) b) 

  

c) d) 

 

e) 
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Fig. 9. Mass rate (solid line, secondary axis) and gaseous emissions (CO, black dotted line, CO2, blue, 713 

hyphens-dots, THC, red large hyphens, primary axis) curves for BPET a) and ECLT b), LCPE c), MCP3 d), 714 

and SGP2 e) masks. 715 

 716 

For the BPET mask a), the CO emission peak appears at much higher temperatures than the 717 

devolatilization and combustion peaks. For this ECLT mask, and also for the LCPE and MCP3 masks, 718 

the first CO emissions peak occurs exactly in the same temperature range as the combustion peak. 719 

The second peak appears earlier and is much thinner than the small second combustion peak. 720 

Quite similar observations can be indicated for the CO2 and THC emissions peaks. 721 

For the SGP2 mask, the observed gaseous emissions occur at much higher temperatures than the 722 

devolatilization peak. This may be due to the limitation of the analyzer used in these combustion 723 

experiments. As already indicated, the analyzer is unable to detect chemical compounds with a 724 

number of carbon atoms greater than or equal to 10. As indicated in section 3.4, 48% of the 725 

emissions occur from the combustion of a polypropylene sample at temperatures lower than 350 °C, 726 

with a number of carbon atoms greater than 10. This means that a peak of emitted gases surely 727 

occur between 200 and 350 °C which is not detected by the analyzer used in the present study, see 728 

the Supplementary Material for a simulation of these gaseous emissions in the SGP2 case. 729 

For the NO and NO2 emissions which are not presented in Fig. 9, the comparison between the mass 730 

rate and gaseous emissions curves is more complicated as the levels of these gaseous emissions are 731 

quite low and may be affected by calibration limits. 732 

 733 

4. Conclusion 734 

Because of the Covid-19 pandemic, citizens are encouraged, if not forced, to wear community masks. 735 

In the present study, pyrolysis and combustion experiments were performed on five community 736 
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masks presenting different compositions (natural or synthetic fibers), under low temperature ramps 737 

of 5, 10, 15, and 20 °C/min. The main gaseous emissions were continuously measured during 738 

combustion experiments performed under a temperature ramp approximately equal to 5 °C/min. A 739 

kinetic modeling of these pyrolysis and combustion experiments was realized through the EIPR 740 

model, the number of constituents to be considered being deduced from the mass and mass rate 741 

curves of the pyrolysis case. The optimal values of the activation energies associated with the 742 

pyrolysis of the masks were found equal to 210-220, 180, 145-209, 149-206 and 250 kJ/mol for the 743 

pyrolysis of the BPET, ECLT, LCPE, MCP3 and SGP2 masks, depending on their constituents. For the 744 

combustion of these masks, the activation energies were found equal to 202-213, 134, 82-192, 172-745 

213 and 88 kJ/mol. The activation energy associated with the combustion of the char was found 746 

between 153 and 226 kJ/mol depending on the mask. These values are quite in good agreement with 747 

that of the literature for the fibers of these masks. The eventual small differences which are observed 748 

may be the consequence of either a mixture of different fibers or of a treatment applied to these 749 

fibers before the fabrication of the masks. The gaseous emissions were observed in good agreement 750 

with the combustion of the masks, except for the SGP2 mask totally composed of polypropylene 751 

fibers. A large amount of gaseous emissions was missing certainly with a number of carbon atoms 752 

greater than 10 as such chemical compounds cannot be detected by the gas analyzer which was used 753 

in the present study. These missing gaseous emissions lie in the temperature range 200-350 °C. 754 

The thermal degradations of such masks could be considered for energy production, the components 755 

being involved in the fabrication of these masks being also present in other domestic waste. The 756 

ECLT mask could be treated as a textile waste, being totally composed of cellulosic fibers. For the 757 

four other masks, it is illusory to treat separately the different layers of the other masks. The 758 

combustion of such complex masks could be considered for energy production, as soon as the usual 759 

depollution systems against pollutant gaseous emissions are disposed. Performing thermal 760 

degradations of such community masks in a drop tube furnace would help simulating the behavior of 761 

such waste in industrial boilers. 762 
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