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Abstract 

Face masks and respirators primarily made of synthetic polymers have, either due to 

regulative obligations or personal protection, become an essential item in the COVID-19 

global pandemics. Frequently overlooked and neglected consequence of the ongoing 

situation is increasing plastic pollution and blooming waste accumulation in both marine 

and terrestrial environments. 

Apropos that, an experimental laboratory work for observing biodegradability of facial 

protective equipment was conducted under aerobic condit ions, without bioaugmentation 

or biostimulation, in order to simulate real-world processes. 

During 120 days, the environmental fate of selected face masks, buried in jars with 

Cambisol of the Tiché údolí nature protected area, Prague, was observed through 

measurements of commonly accepted indices of biodegradation, like weight loss or 

carbon dioxide production from microbial respiration. Same as soil, masks were not pre-

treated or manipulated in any way that could obstruct non-enhanced setting of the 

experiment. As expected, the inert polymeric face masks underwent no signs of 

biodegradation, while reference biodegradable face masks made of rice paper, showed 

signs of decomposit ion, although not ultimate mineralization. 

Overal l , biodegradability of face masks is relatively new, but highly contemporary topic 

that logically imposes itself in the current situation. This thesis wants to ensure that 

environmental considerations of legislations are taken into account by shedding light on 

the problem of persistency of masks in the environment. 

K e y w o r d s : b iodegradab i l i t y , assessmen t , aerob ic , face mask , was te , l i t ter ing 
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1. Introduction 

Global COVID-19 pandemic has caused severe threat to the public health, but another 

frequently overlooked problem has to do with the burden it imposed on various spheres 

of the environment. Due to the outbreak, the production and consumption of mostly 

polymeric face masks multiplied several hundred t imes, and according to recent studies, 

it has been estimated that 129 billion of face masks are being produced every month on 

a global scale (Prata et al. 2020). 

There are emerging ways to tackle the issue of increasing plastic footprint in terms of 

using biodegradable materials like hemp, bamboo and polybutylene succinate (PBS) for 

the production of face masks, or upscaling masks into construction material (Babaahmadi 

et al. 2021). However, respirators, medical and non-medical face masks sometimes end 

up being incinerated under medical waste, or more frequently they end up in the landfills, 

leaving them prone to transfer into the water bodies and soil. According to Knicker et 

Velasco-Molina (2021), if only 0 . 1 % of those masks enter the soil, cca 361 t of 

polypropylene (PP) will be added to it, contributing to the pollution and microplastics input. 

There is shortage of information how these masks can naturally degrade in the soil, and 

this thesis resolves around the process of biodegradation of inherently slowly-

biodegradable materials face masks are made of. 

Fig. 1 A discarded face mask 
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2. Objectives 

Research aim of this bachelor thesis is to assess the biodegradability of commercial ly 

available plastic face masks, compare them to declared biodegradable masks, and to 

examine potential negative effects their degradation might have on the soil in the natural 

environment. 

The literature review represents foundation for the experimental work by presenting 

current state-of-the-art in the field of biodegradability assessment, as well as relevant 

environmental legislation regarding plastics and face masks. The practical part, on the 

other hand, comprises of laboratory examining whether conventional face masks show 

any signs of biodegradation under natural conditions in the period of several months by 

measuring selected indicators of biodegradability without addition of nutrients or bacterial 

inoculum, which might alter the results. 
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3. Literature review 

The literature review aims to describe biodegradation process in general, later narrow the 

topic to soil medium, present standardized tests focused on polymer biodegradation, and 

introduce common indices of biodegradation, which are later examined in the 

experimental part of the thesis. In addition, current situation regarding environmental 

legislation is presented in the context of the increased littering of face masks. 

3.1 C u r r e n t s i t u a t i o n 

Over the past couple of decades, European Union (EU) has put great efforts into smart, 

sustainable, and inclusive growth in all spheres of life, so as the environmental one. 

Starting with adapting the United Nations' (UN) Sustainable Development Goals, over the 

European Strategy for Plastics in a Circular Economy, or perhaps a recent ban on single-

use plastics, it is evident that smart waste management, rational utilization of resources 

and recycling are the driving forces for national strategies. The Basel Convention, and its 

2019 Amendment brought significant changes to legal f ramework by presuming certain 

plastic wastes to be hazardous, thus ensuring its better management for both 

environment, and human health (UN, 2019). 

However, due to global COVID-19 pandemics, and mandatory mask regulations that 

fol lowed, there has been significant increase in the production, use, and littering of 

polymeric personal protective equipment (PPE). In fact, an image of discarded mask has 

become a common thing in the cities, and recent observation by Spennemman (2021) 

confirms the statement by identifying more than 300 tossed PPE during random walks in 

Australian city over the course of approximately 40 weeks. As a reference, there are 

estimations of approximately one and a half million tonnes of generated PPE waste each 

day of the pandemics on a global scale, and more than 3 billion pieces of wasted face 

masks (Benson et al. 2021). 

Evidently, newly created policies, emerged by advising of official state authorities like The 

Occupational Safety and Health Administration (OSHA), The Food and Drug 

Administration (FDA), or Centers for Disease Control and Prevention (CDC), indirectly 

lead to an increase in plastic waste generat ion. In the first month of global pandemics, 
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there had been 84-fold increase in the consumption of face masks in comparison to the 

pre-pandemic levels (Roberts et al. 2021). No national consumption reduction measures 

were undertaken, but on the contrary, regulations enhanced PPE consumption. Even 

though intended for single use, face masks were not subjected to EU ban on single use 

plastics (EPC, 2019). However, negative health implications of reduced face mask 

wearing should also be taken into account. 

Even though used protective face masks should be classified under medical waste, and 

should be treated separately, without ending in soil and water bodies, it is often not the 

case. There are several challenges in medical waste management. Firstly, such waste is 

easily incinerated, however that method causes dangerous emissions from various 

plasticizers and polymeric materials present in face masks. Pyrolysis and microwave 

technique are seen a more preferable option of managing since they provide good 

disinfection and lower emission rates, given that the microwave technique utilizes the 

least energy due to the lowest temperatures (Klemes et al. 2020). Moreover, medical 

waste can be landfilled, but its hazardous nature might induce negative impact on the 

surrounding environment. Last, but not least, incinerating and landfilling waste without 

prior reusing and reducing isn't in accordance with EU's circular economy action plan, 

which aims at shifting linear consumption model to sustainable utilization of resources 

(EC, 2020). 

According to green papers on the EU strategy on plastic waste in the environment, the 

biggest portion of plastic waste ends on the landfills, which should be changed, with the 

aim to reduce, reuse, recycle ('3R') before tossing away, thus positively influencing 

rational utilization of resources (EC, 2013). Since first leading principle of viable '3R' 

initiative of sustainable waste management - 'reduce' - is not fully applicable to face 

masks due to obvious protective and hygienic reasons, reusing and recycling, along 

related upcycling is put under the spotlight. 

A simple and effective method to reuse face masks consists of rotating them between 

each use, and letting them dry for more than 3 days, to disable the effect of the COVID-

19 virus (Selvaranjan et al. 2021). Recycling face masks into new PPE is considered 

financially unfeasible, on top of decreasing filtering ability of recycled specimens. 

However, masks are successfully reprocessed into new objects, with the aim of reducing 

pandemic-induced waste. Recent venture by Saberian et al. (2021) included mixing 

pieces of face masks with a base or subbase concrete material used for pavements in 
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civil construction. According to researchers, adding 1 % of weight of shredded face masks 

to the total mass of concrete for roads not only eliminates the quantity of discarded 

masks, but it increases strength and stiffness of the concrete aggregate, which makes 

this low-carbon mechanical recycling strategy efficient on more levels. Moreover, recent 

research claims that polymeric particles from masks could be recycled into bricks, 

insulating anti-humidity barriers, or adhesive bandage (Klemes et al. 2020). Nowadays, 

private companies are increasingly recognizing opportunit ies, and recycle non-woven 

parts of face masks into plastic pellets, smelt metal parts into new forms etc. Therefore, 

waste is not waste until it is wasted. Seeing it as a resource is in perfect alignment with 

the European Strategy for Plastics in the Circular Economy since it reduces production 

and generation of new waste. 

/V / \ /V /V /V /V /Y 
CI d . 2 ^ d . 3 ^ HI t& t3± tl^ 

PETE HDPE V LDPE PP PS OTHER 

Fig.2 Recyclability symbols of plastics (ISO, 2001) 

Fig.3 Face mask upcycling (adapted from Saberian et al. 2021; Torres et De-la-Torre, 2021) 

If simply discarded without obeying '3R' principles of waste management, masks end up 

in the environment leaving it polluted. This is when the question of their natural 

attenuation becomes truly essential. As a response, conventional polymers can be 

replaced with alternative biodegradable plastics (BDP), not derived from petro-sources, 

but from plants' tissue. Without affecting conventional properties face masks should 

exhibit, biodegradable masks represent strong boost to mentioned international anti-

plastic legislatives. However, health legislatives frequently condition usage of 
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conventional face masks, despite considerably lower carbon footprint of biodegradable 

plastics, with average 45 % less carbon dioxide (CO2) emissions than petro-plastic 

(Klemes et al., 2020). On the other hand, government- imposed lockdowns temporarily 

decreased emissions, and indirectly implemented goals of EU climate agenda focused 

exactly on lowering greenhouse gas emission (EC, 2020). Overall, there is certainly 

space for improvement in the plastic waste management and policy-making in order to 

decrease littering and pollution of water and terrestrial areas by PPE. 

3.2 B i o d e g r a d a t i o n 

According to OECD (1997), biodegradation is defined as: 'Biodegradation is the process 

by which organic substances are decomposed by micro-organisms (mainly aerobic 

bacteria) into simpler substances such as carbon dioxide, water and ammonia.' 

Therefore, the essence of biodegradation is in the transformative ability of materials, and 

their ability to be consumed by microorganisms at different biodegradability rates 

(Jorgensen, 2010). 

Biodegradability is classified into four different types, namely ultimate, primary, ready, 

and inherent biodegradability (OECD, 2006). Ultimate biodegradability refers to complete 

mineralization of the observed material and its transformation into biomass, carbon 

dioxide, water and mineral salts. When specific screening tests for 'maximum' ultimate 

biodegradability are passed, then ready biodegradability assumes that those compounds 

rapidly and completely biodegrade in aquatic aerobic environment. Primary 

biodegradability or biotransformation implies change of specific properties and chemical 

structure of the observed substance. Finally, inherent biodegradability shows whether the 

tested compound has any potential to biodegrade, and is assigned to products which 

undergo more than 2 0 % biodegradation (OECD, 2006). 

Biodegradation may take place in any media, taking into consideration that condit ions 

needed for the process are met. However, the most common medium is soil, fol lowed by 

aqueous bodies, sediments and waste sludge. For each of these, standardized tests have 

been developed. 

Natural attenuation can last from seconds to millions of years, depending on multiple 

complex factors such as virgin material from which the product was made of, chemical 

composit ion of the tested product and its additives, molecular weight, crystallinity and 
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other characteristics of test material (Nayak, 1999; Briassoulis et Mistriotis, 2018). 

Microorganisms' composit ion, abundance and activity also play great role in degradation 

processes. They are the ones enzymatically catalyzing complex chemical compounds. 

Discouraging fact is that the number of strains capable of naturally degrading recalcitrant 

synthetic polymers is quite l imited. According to Mohanan et al. (2021), more than 90 

genera of bacteria and fungi, among which are Bacillus sp., Pseudomonas sp., 

Halomonas sp. etc. have been identified to biodegrade petroleum-derived polymers such 

as polypropylene (PP) or polyethylene (PE). However, biodegradation depends on a 

variety of other abiotic factors. 'Non-living' variables such as temperature, moisture level, 

pH, oxygen saturation or climatic conditions can either alter or hold back the process. For 

instance, UV irradiance from the sun, or high moisture ambient levels might promote 

breakdown, while extreme pH values or low temperatures might offset desirable results 

because they are limiting microbes (Sivan, 2011). 

While some materials biodegrade naturally and at a fast rate, other synthetic xenobiotic 

compounds exhibit opposite trends, and show resistance to decomposit ion, which further 

indicates persistence in the environment. Moreover, their persistence conditions easy 

magnification in the food chain, meaning that higher trophic levels will have higher 

contamination of the substances released during the process of degradation (Jorgensen, 

2010). Non-biodegradable materials usually share similar traits like chlorinated 

molecules, molecules of excessive size, unusual bonds or substitutions. Widespread PE, 

commonly used plastic material, has high molecular weight, which makes its degradation 

process extremely t ime-extensive. In general, the higher the molecular weight, the lower 

the biodegradation rate is. Among other non-biodegradable materials can be found 

similar polymeric compounds, heavy metals, pesticides, radioactive substances etc. 

(Zaidi et Imam, 2008). On the contrary, biodegradable matter decomposes easily under 

the influence of various biotic or abiotic variables, leaving no room for biomagnification. 

Organic matter, biomass, sewage or dung are considered to be biodegradable. 

Depending on the oxygen saturation, aerobic and anaerobic biodegradation can be 

dist inguished. From a microbial perspective, aerobic biodegradation implies the use of 

oxygen for respiration and consumption of nutrients, as opposed to anaerobic, which 

happens in its absence, when organisms take advantage of other compounds to induce 

changes in morphological and chemical structure of degrading material. 
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3.2.1 A e r o b i c b i o d e g r a d a t i o n 

Based on the aerobic biodegradation equation (Ardisson et al. 2014): 

C (from material) + O2 —• C 0 2 + H 2 0 + residues 

it is possible to see that the principle consists of oxygen consumption by the aerobic 

organisms and carbon dioxide production, followed by biosynthesis into biomass. Energy 

and carbon balances of aerobic biodegradation are presented in the following table. 

Table 1 Energy and carbon balance of aerobic biodegradation (adapted from Wimmerova, 2021). 

Efficiency Energy balance Carbon balance 

Aerobic 40 % reaction heat lost 50% CO2 produced 

Aerobic biodegradability in soil is greatly dependent of the concentration of 

microorganisms necessary for the degradation process, characteristics of the soil matrix, 

climate in which degradation takes place, as well as season of the year. Microorganisms 

like fungi and bacteria play crucial role in the process of biodegradation. In order to start 

the process, certain concentration of microbes have to be present in the soil medium. 

With, or without human intervention, those microbes have to stick to the surface of the 

degrading material, and have to start utilizing the carbon of the product, in order for 

degradation to occur. There are a number of bacterial strains able to disintegrate certain 

products, however mixed microbial communit ies showed the best performance (Joutey 

et al. 2013). 

Among the factors influencing microorganism-test material interaction are nutrient 

sources of nitrogen and phosphorus (Vyas et Dave, 2010), pH of the soil matrix, its 

temperature and moisture. Degradation occurs under different environmental conditions, 

but it has been recognized that for terrestrial systems it is the most effective for pH levels 

of soil in the range between 6.5 and 8.5, and temperature 20-28 °C, as it provides the 

most favorable conditions for the growth of mesophilic microorganisms. Figure 5 indicates 

that with rising temperatures, enzymatic activity of microbes rises as well , until it reaches 

opt imum temperature, after which it again decreases. (Joutey et al. 2013; Pischedda et 

al. 2019). 
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Soils differ in their physical and chemical properties - moisture, temperature, texture, 

structure, cation exchange capacity, base saturation, organic matter & salt content. While 

some, like Andisols or Mollisols, are fertile with large amounts of organic matter, others 

like desert soils are very dry and sterile. Scientific consensus on 'the best soil for 

degradation' does not exist, as the overall outcome depends on intertwining biotic and 

abiotic factors. 

Finally, aerobic biodegradation could occur naturally, when wastes or remains of dead 

animals and plants end up in the ground, or can be controlled, when official standards 

are applied to test biodegradation of certain material. ISO 17556:2019, or its equivalent 

ASTM D5988-18 are examples of international standards used to assess aerobic 

biodegradation of plastic materials in soil by measuring oxygen demand or evolved 

carbon dioxide (Ardisson et al. 2014). Further information on available tests are given in 

chapter 3.2.4. 

Degrading material 

Fig. 4 Principle of aerobic biodegradation Fig. 5: Optimum temperature for mesophilic microorganisms 

(Olajire et Essien, 2014) in soil (adapted from Pischedda et al. 2019) 
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3.2.2 A n a e r o b i c b i o d e g r a d a t i o n 

Anaerobic biodegradation is the breakdown of materials in the absence of oxygen, 

resulting in the production of biogas (methane and carbon dioxide) and biomass, with 

intermediate byproducts: 

C (from material) —> C H 4 + CO2 + biomass + residues 

Those outputs are valuable resources which can be further utilized for electricity 

production or as nutrient-rich fertilizers. The digestion process itself starts with bacterial 

hydrolysis of degrading material, which transforms complex organic matter into soluble 

organic molecules, that can be consumed by acetogenic bacteria and turned into acetic 

acid. The last step, characterized by converting acetic acid and other intermediate 

molecules into highly f lammable greenhouse gas methane, is referred to as 

methanogenesis. Energy and carbon balances of anaerobic biodegradation are 

presented in the following table. 

Table 2 Energy and carbon balance of anaerobic biodegradation (adapted from Wimmerova, 2021). 

Efficiency Energy balance Carbon balance 

Anaerobic 3-5 % reaction heat lost 95 % CH 4 + CO2 produced 

COMPLEX 
POLYMERS 

(polys-acch , proteins, lipids-) 

MONO AND OLIGOMERS 
(sugars, amno acids. 

l o n g - c h a i n e d f a t t y a c i d s ) 

CARBON DIOXIDE 

Fig. 6 Principle of anerobic biodegradation (Dincä et al. 2014) 

10 



3.2.3 M e a s u r e s o f b i o d e g r a d a b i l i t y a n d e n v i r o n m e n t a l f a t e 

In order to assess and monitor biodegradation under controlled or natural conditions 

several strategies are being used. Since, in the most basic sense, biodegradation means 

disintegration, it does not surprise that weight loss is considered as one of the most used 

indices expressed with the following equation (Vimala et Mathew, 2016): 

Percentage of weight loss = (Initial weight - Final weight) / Initial weight x 100 

If weight decreases, it is presumed that initial acclimation and stagnation period ended, 

and that biodegradation by microorganisms has started taking place. These microbes 

utilize carbon sources of the substrate and consequently convert it to C O 2 in the process 

of respiration. Therefore, another method to determine degradation rate is the 

measurement of evolved carbon dioxide production. Although Nash et Leith (2012) state 

that passive diffusion tubes are usually used to determine air pollutants, it is not excluded 

that they might serve as a powerful, yet simple tool to determine the amount of C O 2 

evolved from the microbial attack during biodegradation process. Tubes do not require 

electrical power, nor gas sampling pump, but they simply operate on diffusion principle 

by measuring t ime-weighted average (TWA) of gas concentration (Gastec, ©2018). 

Another way of measuring CO2 evolution is capturing exhaust gas in the plastic bag 

during biodegradation in the composting conditions, followed by measuring with the help 

of gas detectors (Nakasaki et al. 2000; Mohee et Unmar, 2007). Carbon dioxide evolution 

during anaerobic biodegradation presented by Müller et al. (2004) involved measurement 

of gas production using eudiometer and measuring gas pressure. 

Fig. 7 Gastec passive Dosi - tubes (SKC, ©2018) 
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Furthermore, microbial respiration intensity is usually measured with titration technique, 

which assesses C O 2 evolved by microorganisms by the amount of titrated hydrochloric 

acid (HCI) into aqueous solution of potassium hydroxide (KOH), barium chloride ( B a C l 2 ) 

and phenolphthalein (C20H14O4). Respiratory action is also an important indicator of soil 

quality and fertility (Haney et al. 2008). 

Observing pH change of the soil medium during degradation process is also of great 

importance. In general , pH can decrease, since some microbes produce acid which is 

excreted and lowers the pH value, or can undergo increase. During observations of 

attenuation of petro-hydrocarbons, Tang et al. (2012) observed alterations in pH, which 

initially increased, later decreased and remained stable. 

The changes in mechanical and physical properties of the degraded material, as well as 

superficial structural deterioration are caused by microbial action (Restrepo-Florez et al. 

2014). One of the most precise devices for such measurements is scanning electron 

microscope (SEM), which scans the surface of a sample with focused beam of electrons, 

thus creating high resolution images. Therefore, SEM can be used to observe 

biodeterioration of topography and surface composit ion, but it lacks quantitative analysis, 

which can be provided with f luorescence microscopy (Harisson et al. 2018). 

3.2.4 S t a n d a r d i z e d t e s t s o f b i o d e g r a d a t i o n 

Standardized tests shall be comparatively analyzed based on different media in which 

biodegradation might take place. Authorized institutions like the Organization for 

Economic Co-operation and Development (OECD), the American Society for Testing and 

Materials (ASTM International) and the International Organization for Standardization (ISO) 

publish internationally recognized consensus standards, which are used by governments, 

industries, and independent laboratories to identify potential hazards and ensure safety 

and efficiency of various products and systems. Those biodegradation standards have 

predetermined criteria and steps which are fol lowed to measure progress of 

biodegradation under set conditions. Each test varies, but in general, temperature, 

moisture, pH, and C/N ratio of the testing systems and its replicates are set to desired 

frames. This property greatly distinguishes standardized test from testing in the natural 

conditions, where minimum, or preferably no alterations are made. Even though some 

authors claim the opposite, standardized biodegradation tests are supposed to be 
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reliable, accurate and highly reproducible (Sommer et al. 1998; Briassoulis et Mistriotis, 

2018, RCicker et al. 2008). Discrepancies between final results of duplicates can be 

explained by differences in the composit ion of the immersion matrix. 

Soil medium 

The current state-of-the-art in the field of testing of biodegradability of polymeric materials 

in soil includes international standards ISO 17556:2019 (Plastics - Determination of the 

ultimate aerobic biodegradability of plastic materials in soil by measuring the oxygen 

demand in a respirometer or the amount of carbon dioxide evolved), equivalent to 

American ASTM D5988-18 (Standard test method for determining aerobic 

biodegradation of plastic materials in soil), and NF U52-001 (Biodegradable materials for 

use in agriculture and horticulture - Mulching products). 

While ISO 17556:2019 and ASTM D5988-03 are designed to determine aerobic 

biodegradability of various plastics in contact with soil by measuring the oxygen 

consumption in a respirometer or the amount of evolved carbon dioxide, NF U52-001 by 

French Association for Standardization (AFNOR) focuses on increasingly popular 

biodegradable mulching products used in agriculture and horticulture (AFNOR, 2005; 

ASTM, 2018; ISO, 2019; Al-Salem et al. 2019). Selected test condit ions are listed in Table 

3. 

Table 3 Overview of standards for plastic biodegradation in soil medium (adapted from AFNOR, 2005; 
ASTM, 2018; ISO, 2019) 

Standard Inoculum Condition T(°C) PH 
Measurement 

indices 

Test 

duration 

Validity 

criteria 

ISO 
17556: 
2019 

Soil Aerobic 24 ±4 6-8 
Oxygen 
demand; 

evolved CO2 

6 
months 
(max 2 
years) 

> 60 % 
biodegradati 

on 

ASTM 
D5988-18 

Soil/soil 
+ 

compost 
Aerobic 21 ±2 6-8 

Oxygen 
demand; 

evolved CO2 

Max 6 
months 

>70% 
theoretical 

CO2 evolved 

NF U52-
001 Soil Aerobic 24 ±4 6-8 Evolved C 0 2 

Max 12 
months 

> 60 % 
biodegradati 

on 
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Fig. 8 Scheme of measuring evolved CO2 
(ISO, 2019) 

Fig. 9 Soil-contact incubation apparatus 
(ASTM, 2018) 

Water bodies 

Several standards by ISO and ASTM have been developed to test biodegradability in 

aqueous environment. Among the listed methods, ASTM D6691-09 (aerobic 

biodegradation of plastic materials in the marine environment by a defined microbial 

consortium or natural sea water inoculum) is the only standard used to specifically 

determine aerobic degradation of plastics in the halophilic inoculum, while other ISO 

standards, namely ISO 14851:2019 (ultimate aerobic biodegradation of plastic materials 

in an aqueous system), ISO 14852:2021 (ultimate aerobic biodegradability of plastic 

materials in an aqueous medium), and EN ISO 9439:2000 (ultimate aerobic 

biodegradability of organic compounds in an aqueous medium) state the testing in 

different aqueous test media 'depending on the purpose of the test. 

Provided standards are similar in terms of temperature, and test duration, with ISO 

9439:2000 being the exception and lasting 28 days, while others can extend up to 180 

days. For tests to be valid, biodegradation, tested either with CO2 production or oxygen 

demand, has to be higher than 6 0 % (Masoud, 2 0 2 1 ; Al Salem, 2021). Selected test 

conditions are listed in Table 4. 
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Table 4 Overview of standards for plastic biodegradation in water bodies (adapted from ASTM, 2009; 

ISO, 2019; ISO, 2021; EN ISO, 2000) 

Standard Inoculum Condition 
T 

(°C) 

Measurement 

indices 

Test 

duration 

Validity 

criteria 

ISO 
14851:2019 

Aqueous 
medium Aerobic 23 ±3 Oxygen 

demand 
Max 6 

months 
> 60 % 

biodegradation 

ISO 
14852:2021 

Aqueous 
medium Aerobic 23 ±3 Evolved C 0 2 

Max 6 
months 

> 60 % 
biodegradation 

EN ISO 
9439:2000 

Aqueous 
medium Aerobic 20-25 Evolved C 0 2 28 days > 60 % 

biodegradation 

ASTM 
D6691-09 

Marine 
environment Aerobic 30 ± 1 

Oxygen 
demand; 

evolved CO2 

Max 6 
months 

> 60 % 
biodegradation 

Interface 

ISO 19679:2020 (aerobic biodegradation of non-floating plastic materials in a 

seawater/sediment interface) is a specific standard standing in between solid and liquid 

phase. It measures aerobic biodegradation of non-floating plastics, i.e. plastics whose 

density is higher than seawater's density of approximately 1023.6 kg /m 3 at the interface 

between seawater and sandy sediment. Standard is performed under controlled 

laboratory conditions by measuring oxygen demand or evolved CO2. Figure 10 depicts 

setting of the experiment and simulates piece of plastic that had entered the sea and has 

fallen on the marine ground. Selected test conditions are listed in Table 5. 

Table 5 Overview of standard for plastic biodegradation at the interface (adapted from ISO, 2020) 

Standard Inoculum Condition T (°C) 
Measurement 

indices 

Test 

duration 

Validity 

criteria 

ISO 
19679: 
2020 

Seawater/ 
sediment 
interface 

Aerobic 15-28°C 
Oxygen 
demand; 

evolved CO2 

Max 24 
months 

> 60 % 
biodegradation 
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1 sediment 

2 sample 

3 cover slip 

4 liquid medium 

5 container for the CO2 absorber 

Fig. 10 Simulation of respirometric system of ISO 19679:2020 (ISO, 2020) 

S l u d g e 

Standards ISO 13975:2012 (ultimate anaerobic biodegradation of plastic materials in 

controlled slurry digestion systems) and ISO 14853:2016 (ultimate anaerobic 

biodegradation of plastic materials in an aqueous system are virtually the same in 

execution, with temperature being the distinguishing factor. Both are intended to assess 

ultimate anaerobic biodegradability of plastic materials by examining biogas production 

(carbon dioxide and methane). Tests are applicable to either natural or synthetic 

polymers, polymers containing various additive compounds e.g. dyes or plasticizers, but 

they excludes materials which might inhibit microorganisms present in the sludge 

inoculum. They might last for a period of maximum 90 days, and they're considered valid 

if the biodegradation of the tested material exceeds 70%. Selected test condit ions are 

listed in Table 6. 

Table 6 Overview of standards for plastic biodegradation in sludge (adapted from ISO, 2012; ISO, 2016) 

Standard Inoculum Condition T(°C) 
Measurement 

indices 

Test 

duration 

Validity 

criteria 

ISO 
13975:2012 Sludge Anaerobic 35 ±3; 

55 ±5 
Evolved C02 & 

CH4 
Max 3 
months 

> 70 % 
biodegradation 

ISO 
14853:2016 Sludge Anaerobic 35 ±2 Evolved C02 & 

CH4 
Max 3 
months 

> 70 % 
biodegradation 
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C o m p o s t 

Controlled composting tests imply biodegradation under aerobic conditions and high 

temperatures, with results being valid if exceeding 7 0 % biodegradation. In order to 

maintain composting conditions, oxygen, moisture content, temperature and other 

parameters have to be monitored and kept within desirable limits. 

ISO 14855:2012 (ultimate aerobic biodegradability of plastic materials under controlled 

composting conditions) and ASTM D5338-15 (aerobic biodegradation of plastic materials 

under controlled composting conditions) are considered the same, and the principle of 

the test is the measurement of evolved carbon dioxide from the polymeric material, 

merged with mature compost from the bioreactor (Funabashi et al. 2009). Selected 

conditions are listed in Table 7. 

Table 7 Overv iew of s tandards for plastic b iodegradat ion in compos t (adapted f rom ISO, 2012 ;ASTM, 2015) 

Standard Inoculum Condition 
T 

(°C) 

Measurement 

indices 

Test 

duration 

Validity 

criteria 

ISO 
14855:2012 Compost Aerobic 58 ±2 Evolved C02 Max 6 

months 
> 70 % 

biodegradation 

ASTM 
D5338-15 Compost Aerobic 58 ±2 Evolved C02 Max 6 

months 
> 70 % 

biodegradation 

Cu r ren t a p p r o a c h e s for soi l b i odeg rada t i on 

On top of the mentioned standardized test methods specially designed for biodegradation 

of plastic materials, OECD issued Guidelines for the Testing of Chemicals, used for 

regulatory safety testing and toxicology research (OECD 2006). The section 3, called 

Environmental fate and behavior deals with the topics of ready, inherent, and anaerobic 

degradability, and in the following table several standard methods shall be described. 

Firstly, ready biodegradability under oxygen conditions is measured with six different 

methods of the OECD 301 standard. Test, which usually runs for 28 days, follows the 

principle of inoculating tested substance in aqueous medium and observing degradation 

by measuring parameters such as carbon dioxide evolution, chemical oxygen demand 

(COD) or dissolved organic carbon (DOC) for the tested sample, as well as reference 

duplicate or triplicate samples (OECD, 1992). 

Furthermore, OECD 302 has three different methods for measuring inherent 

biodegradability, which differ in allowed test compound, execution of the test, measured 
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indices and test duration. Inherent biodegradability in soil is separated into another 

guideline OECD 304. Standard OECD 306 focused on biodegradability in seawater 

measures degradation rate over the period of 60 days by incubating dissolute test 

substance in the sea environment and measuring DOC. Finally, anaerobic 

biodegradability in sludge inoculum is measured using the OECD 311 standard test and 

its evolved gas method using. Selected test conditions are listed in Table 8. 

Table 8 Overview of OECD standards for biodegradation (adapted from OECD, 2003) 

Standard Inoculum Condition 
T 

(°C) 

Measurement 

indices 

Test 

duration 

Validity 

criteria 

OECD 
301 

Aqueous 
medium Aerobic 20-26 

Oxygen demand; 
evolved 

COs/BOD 
28 days 

70% removal of 
DOC; 60% of 

ThOD or ThC02 

OECD 
302 

Aqueous 
medium Aerobic 20-27 DOC; COD; BOD 28 or 

365 days 
> 70 % 

biodegradation 

OECD 
304 Soil Aerobic 22 ±2 Evolved C 0 2 

Max 64 
days N/A 

OECD 
306 Sea water Aerobic 15-20 DOC Max 60 

days 

>70% DOC 
removal / >60% 

ThOD 

OECD 
311 Sludge Anaerobic 35 ±2 Evolved CO2 and 

c m 
Max 60 

days 
> 60 % 

biodegradation 

3.3 F a c e m a s k s c o m p o s i t i o n 

Composit ion of disposable face masks varies greatly depending on their manufacturer. 

Eurostat lists 8 variants of facial protective equipment, split into 3 different groups: filtering 

facepiece (FFP2), respirator KN95, and disposable surgical masks (Eurostat, © 2 0 2 1 ) . 

Composit ions of different face masks are given in Table 9. It is common practice to add 

various additives like dyes, biocides, antioxidants, f lame retardants or plasticizers to 

inherently transparent PP to enhance desirable properties, however they are not stated 

in Eurostat's composit ion report (Eurostat, © 2 0 2 1 ) . Such additives could persist in the 

environment or end up in the food chain (Karger-Kocsis, 1999; Tripathi, 2002). 

Moreover, rice paper mask by Marie Bee Bloom © (2021) is added to the table, as a 

representative of biodegradable masks. No official standardized biodegradation tests, nor 

certifications of biodegradability are publicly available to support the claim of this mask's 

biodegradability. 
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Fig. 11 Different types of masks: (a) respirator (b) surgical mask (c) rice paper mask 

(adapted from Selvaranjan et al. 2021) 

Table 9 Composition of face masks (adapted from Eurostat, © 2021) 

Mask type FFP2 KN95 
Surgical 

mask 
Rice paper 

mask 

Composition 

100% PP non-woven fabric; 

100% PP meltblown fabric; 
100% PP spunbonded, hot 

air cotton; 

spandex and nylon ear band; 
aluminum nose bridge 

Non-woven fabric; 
melt blown fabric; 
soft cotton 

PP spunbond; 

PP meltblown 

Rice paper; 

meadow mix 
seeds; 

sheep's wool; 
carton 

From the material composit ion table it is evident that, excluding biodegradable masks, 

the protective gear is polymeric, mostly composed of polypropylene (PP). PP is synthetic 

organic polymer produced by polymerization of around 10,000-20,000 monomers of 

propylene, with the help of heat, high radiation energy or catalyst (Tripathi, 2002). 

Amorphous thermoplastics, like PP have disordered macromolecules, which make them 

easy to mould and thermally modify into fibers (Maddah, 2016). Further classification of 

plastics is given in Figure 12. 

P L A S T I C S 

Thermoplastics Elastomers Thermosets 
Polymer 

compounds 

Amorphous Semi-crystalline 

P P Isotactic Stereotactic Atactic 

Fig. 12 Classification of plastics (adapted from Tripathi, 2002) 
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Fig. 13 Polymerization of propylene to polypropylene (adapted from Bhaiyat, 2017) 

Polypropylene is known for its properties of durability, inertness, resistance to cracking 

and high temperatures, which make it a good material for hygienic masks. However, 

chemical and temperature resistance are a double-edged sword in the context of the 

environment, since they make PP highly resistant to biodegradation process, especially 

without pre-treatment with extra high temperatures or UV irradiation (Jeon et al. 2021). 

Moreover, 'water-loving' hydrophilic materials tend to degrade at a faster rate due to 

faster colonization of their surface by the microbes. PP is hydrophobic polymer showing 

very small water absorption capacity, and so far, only very limited number of bacteria is 

found to successfully participate in the degradation process. Among others, Mohanan et 

al. (2020) have identified Aspergillus niger from the plastic dumping site, Sporosarcina 

globispora from municipal compost waste, Bacillus cereus from mangrove sediments etc. 

to successfully participate in the biodegradation process of PP, with Aspergillus sp. 

having the highest efficiency and achieving 6 0 % weight loss over 175 days. 

Table 10 Selected properties of polypropylene (adapted from Tripathi, 2002) 

Properties PP fibers 

Density 0.90-0.94 g/cm 3 

Reaction with water Hydrophobic; 0.01% water absorption 

Softening point 140-150°C 

Melting point 160-175°C 

Decomposition temperature >300°C 

H y H 
N „ ^ Catalyst 

h' CH3 

P r o p o n e 
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4. Methodology 

Experimental set-up of this thesis is based on the adjustment of standardized test ASTM 

D5988-18, and its equivalent ISO 17566:2019, with added or replaced methodological 

steps, which are described in the following sections. Test method consists of 

implementation of practical part carried out in the laboratory under natural condit ions. The 

thesis is based on the hypothesis that selected face masks exhibit certain 

biodegradability rate. The methodological section is divided into three parts, thus covering 

three aspects of the experiment: tested PPE, inoculum, and setting of biodegradability 

test itself. 

4.1 P r e p a r a t i o n o f t e s t m a t e r i a l 

On September 27, 2021 , testing media - three different face masks (respirator FFP2, 

surgical mask, rice paper mask) - were prepared for the experimental setting. Rice paper 

mask served as a reference biodegradable material. Composit ion of PPE is given in 

Table 9, but in general it is PP for respirator and surgical mask, rice paper for 

biodegradable mask. Non-used masks were used for the purpose of testing to avoid 

potential contamination (Figure 14). PPE was not UV pre-treated, additionally steril ized, 

cut into smaller pieces, nor dissolved, but simply put into 2,000 ml glass jars with soil 

medium after weighting to simulate natural conditions in which masks are often discarded 

intentionally or unintentionally, thus ending on the ground. 

Fig. 14 Test material: a) respirator b) surgical face mask c) biodegradable face mask 
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4.2 I n o c u l u m p r e p a r a t i o n 

Due to aforementioned reasons, biodegradability of selected face masks was tested in 

soil medium. Besides soil characteristics, geological-pedological data was evaluated. Soil 

was sampled from forest Tiché Údolí, with given WGS84 coordinates: 50°08'46.6"N, 

14°23'27.8"E. Tiché Údolí is a terrestrial nature protected area covering 1.12 k m 2 and 

extending over Suchdol district in Prague, North part of Sedlec and South part of Roztoky. 

Fig. 15 Sampling location (DOPA Explorer, 2021; Google Maps, 2021) 

Since it is found that after disposal plastic typically remains at soil depth of around 0.30 

m, in total 8 kg of soil from Tiché Údolí was sampled below the organic (O) horizon at 27 

cm depth using plastic bucket and a shovel (Ardisson et al. 2014). Upon extracting, soil 

was not manipulated with high heat, stored for significant periods of t ime, nor 

supplemented with nutrients, to avoid potential alteration of its biological composit ion, 

and consequently affecting testing results (Pramer et Bartha, 1972). Immediately after 

the sampling, soil medium was processed and refined in the laboratory. Screening 

through 5 mm sieve to discard larger stones or branches was followed by determining 

physical and biochemical properties of soil, which shall be presented in the following 

chapter. 
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Fig. 16 Inoculum preparation: a) soil sampling at Tiché Údolí b) soil sieving 

4.2.1 S o i l p r o p e r t i e s 

According to Soil Atlas of ČZU (2019) and BPEJ (2019) the very bottom of nature park is 

filled with a very thick layer of clay sediments. Cambisol , a shallow and infertile soil 

prevails above it (Kubíková et Molíková, 1980). However, it still supports forest of 

hornbeam (Carpinus betulus), winter oak (Quercus petraea) and summer oak (Quercus 

robur), which covers 7 7 % of Tiché Údolí, and belongs to Central European mixed forests 

ecosystem. Available mean soil organic carbon data of 2.198 mg further supports fact 

about low fertility (DOPA Explorer, ©2021). 

As for soil physical properties, color, texture and structure were visually examined, while 

moisture and dry matter content were measured with moisture meter and drying oven, 

and shall be presented in chapter 5, together with soil reaction i.e. pH, and microbial 

respiration. According to Munsell (2009) color chart, soil's brown color with very subtle 

yellowish-reddish subtone would best fit to 4/3 value and chroma on 10 YR Diagram. 

Cambisol samples are characterized by sandy loam texture and granular structure. 

Klasifikační syslftm pud ČR 
(2001 - 2009) 

WRB 
(2006) 

S« l Taxonomy 
(2006) 

LEPTOSOLY 
RN tankef 
PR para rend z ina 
RZ rendzina 

REGOSOLY 
RG regozem a fenická 

FLUVISOLY 
FL fluvizem 

VERT I SOL Y 
Stl srnomce 

CERNOSOLY 
OE černozem 
CC cem.ce 

L UVI SÓLY 
SE Jedozem 
HN hnédozem 
LU luvizem 

KAMBISOLY 
KA kambtzem modálni 
KAd Kambizem dystncka 
KAe nambtzem eutrofnl 

LEPTOSOLS 
skelebc 
calcanc 
rendz-c 

AR E NO S OL S 
FLUVISOLS 

VERTISOLS 

CHERNOZEMS 

LUVISOLS 
(Gfeyzem) 
haphc L 
ALBE LUVISOLS 
CAMBISOLS 
haphc 
aiumtc 

E N T I S O L S 
Udorthents 
Udorthents 
Rendolls p p 
ENTISOLS 
Psamments 
ENTISOLS 
Flu vents 
VERTISOLS 

MOLLISOLS 

AQUOIIS 
A I F I S O L S 

Hapludalfs 
GlossudaUs 
I N C E P T I S O L S 
eutrudepts 
dyslrudepts 

Fig. 17: Soil map (ČZU, 2019) 
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Fig. 18: Low production capacity of soil in Tiché Údolí Fig. 19: Vegetation of Tiché Údolí 

(DOPA Explorer, ©2021) 

4 . 3 B i o d e g r a d a b i l i t y t e s t 

On October 6, 2021 each out of total six glass jars received 1.2 kg of sampled soil. 

Duplicates of 3 different PPE (respirator, surgical mask, and biodegradable mask) were 

placed in the core of jars and completely buried inside. Interaction of material and soil 

was observed over the next 20 weeks, while keeping the experimental setting in 

thermostat at 20±2°C in the dark. Over the experimental time of 144 days, seven 

measurement points every three weeks on average were made in order to analyze the 

ability of face masks to biodegrade under aerobic condit ions by expressing: change in 

pH of soil, dry matter, moisture and nutrient levels, microbial activity, weight loss and 

structural changes of tested face masks, FTIR analysis. 

Fig. 20 Scheme of mask burial 
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4.3.1 W e i g h t m e a s u r e m e n t 

Estimation of weight change represents the most straight-forward physical indicator of 

biodegradation. Weight loss usually follows microbial surface erosion processes, which 

occur in the first stage of biodegradation process, after which deeper microbial attacks 

happen (Vieyra et al. 2013). During the experiment, two methods of determining weight 

loss were used: 

I. 'all-together' method 

II. ' individual' method 

In the first method, weights of entire jars with soil and buried face masks were measured, 

and recorded in a table, which was expressed in percentage (%) of weight change in 

comparison to initial weight from the week 1. Weight loss was calculated according to the 

equation below. Real weight indicates real weight of the jar with soil and face mask at the 

end of each measurement, while expected weight indicates theoretical weight that should 

have occurred taking into account loss of soil caused by cumulative samplings for dry 

matter and titration measures. Therefore, cumulative loss of soil per each measuring 

week consisted of summed up losses of soil for respiration and DM measurements until 

that measuring week. 

W-WO 
Weight loss (%) = — • 100 where: W- real weight (g) 

Wo - expected weight (g) 

Second method consisted of extracting the buried face mask, thorough dusting, and 

weighting them on a scale, recording the values. Weight of the mask was observed 

through the weeks, and final weight loss, after drying the masks for 8 hours at 35 °C in 

the oven was calculated according to the following equation: 

Weight loss (%) = — ^ j — • 100 where: Wo - initial dry weight (g) 

W- weight after degradation (g) 
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4.3.2 p H 

Soil reaction i.e. pH was measured with the multi-parameter portable meter of MultiLine® 

Multi 3620 IDS (WTW, Germany) at five different points, with accompanying temperature 

values. Probe was inserted into each jar after the mask has been removed, and once the 

values stabil ized, all of them were recorded in a table. Final results represent mean value 

of measurements under mean temperature of soil. 

Soil-microbe relationship is reciprocal, meaning that soil pH does effect microorganisms 

present in it, but microbes also do effect soil pH and change their micro-habitats (Joutey 

et al. 2013). Moreover, opt imum pH for all biodegradation processes does not exist, but 

it depends on the microorganism's demand and opt imum conditions under which they 

are able to operate. 

4.3.3 D M , m o i s t u r e c o n t e n t 

Dry matter testing was conducted using soil, petri dishes, scale, and an oven. Marked 

Petri dishes with 5 g of soil each were measured on a scale. Petri dishes with soil were 

transferred into the oven on 70°C for 24 hours overnight, after which they were al lowed 

to cool. The weight after the drying was determined again. Dry matter content (DM) was 

calculated using the equation: 

DM (%) = (MD / MW) • 100 where: DM - dry matter content (%) 

MD - weight of the dried sample (g) 

MW - weight of the original sample (g) 

Dry matter content indirectly gives information about soil moisture; however, it is possible 

to obtain results of relative moisture content directly with moisture-measuring instrument. 

To do so, the probe of testo 635 temperature and humidity measuring instrument (testo, 

Czech Republic) was inserted into the soil at five different points, and the final result of 

percentage of relative moisture content and accompanying temperature represent mean 

value of five measurements. 

Alongside pH, soil moisture is crucial for microbes, and successful biodegradat ion. 

While lack of moisture causes decreased rates of decomposit ion since organisms need 

water to survive, excess of moisture lowers soil aerat ion, and cause lack of oxygen to 

the organisms, which again slows down decomposi t ion process. 
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Fig. 21 pH and moisture measurements 

4.3 .4 C /N c o n t e n t 

After drying soil samples in the oven for DM measurement, they were grinded using 

porcelain pestle and mortar, and transferred in plastic tubes for further analysis of total 

carbon (TC) and total nitrogen (TN) using Primacs TOC/TN (Skalar Analytical, the 

Netherlands) by Dr. Adam Sochacki, Department of Applied Ecology. Soil was not 

supplemented with additional nutrients, but solely changes in carbon and nitrogen 

concentrations were observed, since carbon and nitrogen are essential nutrients for 

biodegradation process. During biodegradation C is utilized as a food source for 

microbes, while N plays an important role for enzyme production (Ardisson et al. 2014). 

Carbon to nitrogen ratio was calculated using the equation: 

TC (%) C/N = — ^ where: C/N - carbon to nitrogen ratio 
' TN (%) a 

TC (%) - carbon content 

TN (%) - nitrogen content 

Fig. 22 Preparing soil for C/N analysis 
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4.3.5 B i o l o g i c a l a c t i v i t y 

Biological activity was determined with titration process, which measures microbial soil 

respiration, alongside passive CO2 Dosi-tubes (Gastec no. 2D). Used test methods based 

on respirometry were adapted from various aforementioned standardized tests for 

measuring biodegradability. 

Dosi-tubes 

Gastec carbon dioxide passive Dosi-tubes are intended for measuring t ime-weighted 

average (TWA) gas concentration by utilizing natural diffusion of CO2 without a gas 

sampling pump. Measurement was done by breaking Dosi-tube at the breaking line, and 

placing it horizontally onto the soil in the glass jar with buried face mask. When minimum 

30 minutes, and maximum 10 hours have passed, Dosi-tubes were ready to be read. 

Initial color changes from red to yellow, and indicates Dosi-tube reading (% • hour). 

Average gas concentration was calculated using the equation: 

Average concentration (%) = 
Dosi — tube reading (% • hour) 

Sampling time (hours) 

Tubes should be kept away from direct sunlight in dark and cool place, and used within 

temperature range 0 - 40°C. Correction factors for different temperatures are given in 

Table 1 1 . 

Table 11 Temperature correction for the passive Dosi-tubes no. 2D (Gastec, 2018) 

Temperature (°C) 0 5 10 15 20 25 30 35 40 
Correction Factor 1.3 1.25 1.2 1.1 1.0 1.0 1.0 0.95 0.9 
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Titration method 

PPE in soil served as a carbon source which microorganisms metabolize to carbon 

dioxide during respiration process. Amount of evolved gas, therefore, might serve as an 

indicator of biodegradation and consumed test specimens (Ghatge et al. 2020). 

Methodology utilized in the measurement of evolved carbon dioxide consisted of the 

absorption of gas in alkaline solution of potassium hydroxide (KOH), and titrating with 

hydrochloric acid (HCI) to the indicator phenolphthalein (C20H14O4) end-point. 

To perform the test, 50 g of soil sample was moistened with 10 ml of distilled water, and 

placed in a sealable container. Petri dish with 10 ml of 0.1 M KOH and 2 drops of 

phenolphthalein was placed on top of each soil sample, and the container was air-tightly 

closed and incubated in the thermostat at a temperature of 20±2°C for 24 hours. After 

incubation period, entire content from petri dish was transferred to the titration flask. To 

make sure there were no residues of liquid, petri dish was rinsed twice more with distilled 

water, which was also added to the titration flask. One ml of the aerated BaCl2 solution, 

which makes the solution blurry, was added to the titration flask and the suspension was 

titrated with a solution of 0.1 M HCI until the color changes from pink or blurry to colorless. 

Used amounts of hydrochloric acid per each sample were recorded. Blank test was 

prepared in the same way, but without soil sample in the plastic container. 

To evaluate the test, difference between titration amounts of control and soil samples 

was determined. Since it is assumed that 1 ml of 0.1 M KOH binds 2.2 mg of CO2, 

respiration per 50 g of soil with determined dry matter per 24 hours was calculated using 

the equation: 

Respiration (mg CO2) = (control - soil sample) • 2.2 mg CO2 

Results were recalculated to 100 g of soil with 100% DM per 24 hours simply by 

multiplication of results and ratio calculus. Final evaluation was based on Table 12. 

Table 12 Evaluation of respiration (Žáčkova et Čepelákova, 2006) 

Result Evaluation 

<5 Weak 
5 - 1 0 Small 
1 0 - 4 0 Medium 

4 0 - 1 5 0 Strong 
>150 Very strong 
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Fig. 24 Respiration measurement: a, b) before and after adding phenolphthalein 

c) blurry suspension after barium chloride addition 

4.3.6 M i c r o s c o p e o b s e r v a t i o n s 

After the biodegradabil ity assessment experiment termination, face masks were well un-

dusted and put into clean Petri dishes to dry for 8 hours at 35°C. Comparing to original 

surgical mask and respirator, structural changes of test materials were observed using 

the optical stereomicroscope MSZ 5000-T-IL-TL, and video camera VOPC93 USB 2.0 

(A. KrCiss Optronic G m b H , Germany). Face masks were observed at expansion of 10 x 

4 (enlargement of 40x) under the UV-Vis light using either transparent or black pad, as 

needed. Since microbial strains can deteriorate polymers' structure, or form a biofilm on 

their surface, any signs of changes in the form of holes, discoloration or erosion were 

observed (Ghatge et al. 2020). 

Fig. 25 Used microscope equipment 
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4.3 .7 FT IR a n a l y s i s 

Fourier transform infrared spectroscopy (FTIR) is one of the techniques used for 

evaluation of degradation processes of tested face masks. It is based on absorbance of 

infrared radiation at a characteristic frequency, which gives information about structural 

characteristics of tested material (Kotova et al. 2021). Moreover, FTIR is used to detect 

intermediate products that occur during degradation process, which make it one of the 

common tools in biodegradability assessments. 

Analysis was performed using FTIR Nicolet iS20 instrument with Omnic Specta software 

by Dr. Martin Lexa, Faculty of Forestry and Wood Sciences, Department of Wood 

Processing and Biomaterials. Test enabled material analysis, alongside graphical 

representation of spectra, which is unique to distinctive chemical make-up of tested face 

masks. Moreover, standard curves of original, non-tested samples were compared with 

curves of tested samples in an attempt to observe degradation based on changes in the 

spectra. 

5. Results 

Findings presented in this thesis are based on the experimental work that was conducted 

in September 2021 and lasted until March 2022. 

In the following results Jar I, II indicate duplicate jars containing soil with respirators, III 

and IV soil with surgical face masks, while V and VI stand for jars with soil and rice paper 

face masks. Results were observed on week 0 (pre-experiment week), 1st (starting 

week), 3rd, 5th, 7th, 10th, 15th, 20th (final week), 21st (week after completion of the 

experiment), as needed. 
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5.1 W e i g h t m e a s u r e m e n t 

I. 'a l l - together ' m e t h o d 

The following table was expressed in percentage (%) of weight change in regard to the 

initial weight, taking into account lost portion of soil that was taken for measurement of 

DM content, and respiration process, e.g. cumulative portion of soil that was lost for week 

20 = cumulative 0.12 kg from week 10 (5 g from DM from week 3+ 5 g from DM from 

week 5 + 50 g from respiration from week 5 + 5 g from DM from week 7 + 5 g from DM 

from week 10 + 50 g from respiration from week 10) + 5 g soil for DM at the end of week 

15 + 50 g soil for respiration from week 15 = 0.175 kg. Observed weight loss is negligible, 

and could be easily attributed to accidental soil losses during dusting procedures. 

Table 13 Weight change f rom initial we ight - 'al l-together' method 

Weight A 
f r o m in i t ia l 
w e i g h t (%) 

W e e k 1 
(Initial weight) 

W e e k 3 W e e k 5 W e e k 7 W e e k 10 W e e k 15 W e e k 20 

Jar I 2.162 kg / -0 .23 - 0 . 4 3 - 0 . 6 2 - 0 . 7 8 - 1 . 1 2 
Jar II 2.155 kg / -0 .18 - 0 . 3 3 - 0 . 3 4 - 0 . 4 9 - 0 . 8 6 
Jar III 2.147 kg / - 0 . 0 9 - 0 . 3 4 - 0 . 7 0 - 0 . 7 9 - 0 . 9 7 
Jar IV 2.144 kg / / - 0 . 0 9 - 0 . 6 7 - 0 . 45 - 0 . 7 6 
Jar V 2.146 kg / - 0 . 0 9 - 0 . 2 8 -0 .71 - 0 . 7 9 - 1 . 1 3 
Jar VI 2.148 kg - 0 . 1 3 -0 .23 - 0 . 4 3 - 0 . 9 0 - 0 . 9 4 - 1 . 1 7 

Percentage of weight loss 

l.K 

Time (weeks) 

j a r l lirl Jar 3 Jar 4 Jar 5 — Jar £ 

Fig. 26 We igh t change - 'al l- together' method 
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II. ' i nd i v idua l ' me thod 

Table 14 summarizes recorded weights of face masks during 20 weeks. Week 21 

represents weight of masks after finalizing the experiment, and drying them for 8 hours 

at 35 °C. Final weight loss was calculated according to the formula given in chapter 4 .3 .1 . 

Even though hydrophobic in nature, all of the polymeric masks, alongside biodegradable 

rice paper masks, showed weight increase due to accumulation of moisture from soil. 

After initial increase, the weight of water-saturated masks started to go down again 

between week 5 and 7. Final measurements done after drying PPE showed that 

respirators I, II did not undergo any weight loss, surgical face masks I, II lost 1 g each, or 

0.29% and 0.28% of their weight respectively, while biodegradable masks I, II exhibited 

the highest loss of 9.70% for biodegradable mask I, and 9.33% for biodegradable mask 

II. Carton part of rice paper masks detached and disappeared completely in the process. 

Table 14 Weight th roughout the weeks - ' individual ' method 

Weight (g) W e e k 1 
(Initial 

weight ) 
W e e k 3 W e e k 5 W e e k 7 

W e e k 
10 

W e e k 
15 

W e e k 20 
W e e k 21 

(final 
weight ) 

Respirator I 5.93 6.62 6.67 6.37 6.36 6.36 6.42 5.93 

Respirator II 6.50 6.72 6.80 6.79 6.84 6.85 6.94 6.50 

Surgical face 
mask I 

3.49 3.89 3.93 3.78 3.86 3.76 3.79 3.48 

Surgical face 
mask II 

3.63 4.19 4.05 3.86 3.85 3.95 4.13 3.62 

B iodegradab le 
face mask I 

2.37 3.45 2.87 2.51 2.51 2.50 2.51 2.14 

B iodegradab le 
face mask II 2.25 3.11 2.86 2.47 2.47 2.46 2.33 2.04 
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3 

W e i g h t o f i n d i v i d u a l masks 

i 

o 

Week Q Week 3 Week 5 Week 7 Week 10 Week 15 Week 20 Week 21 

Time (weeks) 

Fig. 27 Weight change of tested PPE 

5.2 p H 

Initial hydrogen ion concentration (pH) of soil matrix was rather acidic with mean pH of 

3.5 at 21 °C, which affected biodegradation activity overall, since near-neutral pH usually 

causes increase in most microbial populations, soil enzyme activities and adenosine 

triphosphate (ATP) levels. Lower soil pH usually indicates fungi, rather than bacteria 

prevalence, and furthermore can slow down nutrient release (Rousk et al. 2009; Rousk 

et al. 2010). All tested soil samples underwent initial increase from acidic pH of 3.5 from 

starting week to week 3, and subsequent fluctuations, as a result of microbial activity. 

Alterations are explained by the effect of different set of byproducts and wastes produced 

by the microbes during growth and metabolism under different pH conditions. 

Effect of biological cultures on the pH of soil inoculum is presented graphically in the form 

of soil pH per each duplicate jar. Appendix 1 contains all recorded values of pH, whereas 

Table 15 presents mean values of pH per each jar. 
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Table 15 pH of soil 

pH at 
T ( ° C ) 

W e e k O W e e k 3 W e e k 5 W e e k 7 W e e k 10 W e e k 15 W e e k 20 

Jar I 
4.0 ±0 .89 

at 
17.0±0.72 

4.7 ±0.44 
at 

17.4 ±0 .45 

4.6 ±0 .43 
at 

18 ±0.31 

4.5 ±0.16 
at 

18.2±0.2 

4.7 ±0.31 
at 

19.2 ±0 .48 

4.8 ±0.21 
at 

18.3 ±0 .63 

Jar II 
3.5 ±0 .24 

±0 .20 
at 

17.5 ±0.41 

4.5 ±0 .13 
at 

18.8 ±0 .45 

±0 .30 
at 

18.7 ±0 .3 

4.3 ±0.05 
at 

18.4±0.3 

4.9 ±0 .24 
at 

18.5 ±0 .27 

4.6 ±0 .17 
at 

18.9 ±0 .59 

Jar III 
at 

21 ±0.11 

±0 .22 
at 

18.3 ±0 .29 

4.2 ±0.01 
at 

19.3 ±0 .09 

4.7 ±0 .26 
at 

19.2 ±0 .12 

4.1 ±0.28 
at 

18.9 ±0 .3 

±0 .18 
at 

19.6 ±0 .09 

4.7 ± 0 . 2 
at 

19.3 ±0 .16 

Jar IV 
(starting 

pre-
experimen 

4.4 ±0 .19 
at 

20 ± 0 

4.3 ±0.06 
at 

19.6 ±0 .15 

4.3 ±0 .14 
at 

19.7±0.07 

4.4 ±0.26 
at 

19.5 ±0 .4 

4.8 ±0 .23 
at 

20 ±0 .07 

4.6 ±0.22 
at 

19.7 ±0 .44 

J a r V 
t point) 4.3 ±0.11 

at 
20 ±0 .26 

4.2 ± 0.43 
at 

20 ±0 .15 

4.5 ±0 .29 
at 

19.8 ±0 .22 

4.1 ±0.08 
at 

20.5 ±0 .15 

4.6 ±0 .13 
at 

20.8 ±0 .15 

4.6 ± 0.28 
at 

21.1 ±0 .07 

Jar VI 
4.3 ±0 .12 

at 
20 ±0 .05 

4.1 ±0.13 
at 

21.5 ±0 .28 

4.7 ±0.31 
at 

20.9 ±0 .14 

4.4 ± 0 . 3 
at 

20.5 ±0 .13 

4.7 ± 0 . 2 
at 

21.6 ±0 .05 

4.8 ±0 .27 
at 

21.2 ±0 .18 

Soil pH 

Week 10 Week 15 Week 20 

Time (weeks) 

-Oar 1 Jar 2 Jar 3 Jar4 Jar 5 Jar 6 

Fig. 28 Soil pH f luctuat ions 

3 5 



5.3 D M , m o i s t u r e c o n t e n t 

Negative correlation between dry matter and weight of all tested masks between week 0 

and week 3 was observed. As DM decreased, weight of masks increased, supporting the 

fact that masks absorbed moisture from soil. After initial decrease, DM fluctuated, but did 

not change significantly. Overall, relative moisture content increased from starting point 

in week 0. Having in mind that end products of aerobic biodegradation are C O 2 and water, 

these results suggest that, even though at a very small level, the process of 

biodegradation started occurring. Table 16 presents DM (%) of soil. Appendix 2 contains 

all recorded values of relative moisture, whereas Table 17 presents mean values of 

relative moisture content (%) of soil. 

Table 16 Dry matter content of soil 

DM (%) W e e k O W e e k 3 W e e k 5 W e e k 7 W e e k 10 W e e k 15 W e e k 20 

Jar I 

94.54 

(starting 
pre-

experiment 
point) 

90.8 92.2 93.2 93.4 93.8 94.4 

Jar II 94.54 

(starting 
pre-

experiment 
point) 

93.2 91.6 93 92.8 93.2 94.4 

Jar III 

94.54 

(starting 
pre-

experiment 
point) 

91.6 91.2 92.8 92.4 94 94.8 

Jar IV 

94.54 

(starting 
pre-

experiment 
point) 

91.8 92.8 92.6 93 93.6 93.8 

Jar V 

94.54 

(starting 
pre-

experiment 
point) 92 92.8 93 93.1 94.2 94.2 

Jar VI 

94.54 

(starting 
pre-

experiment 
point) 

92.4 93 92.6 93 94 94.2 

Table 17 Relat ive mois ture content of soil 

Relative 
moisture 
content 

(%) at 
T(°C) 

W e e k O W e e k 3 W e e k 5 W e e k 7 W e e k 10 W e e k 15 W e e k 20 

Jar I 
3 ±2 .13 

at 
16.7±0.08 

5.66±4.56 
at 

17.54±0.54 

8.24±2.32 
at 

18.5±0.67 

7.26±5.44 
at 

18.42±0.66 

8.62±2.79 
at 

19.48±0.53 

8.42±4.82 
at 

18.06±0.68 

Jar II 
10.78±4.18 

at 
18.52 ±0.63 

5.6± 4.03 
at 

18.48 ±0.22 

8.16±4.72 
at 

19.34±0.43 

8.6±1.86 
at 

18.94±0.52 

6.24±4.47 
at 

18.64±0.54 

4.32 ±3.85 
at 

18.74 ±0.22 

Jar III 
3 ± 0 

at 
21.8±0 

5.78 ± 5.59 
at 

18.7±0.32 

6.2 ±2.44 
at 

19.5±0.14 

8.16±4.05 
at 

19.48±0.40 

8.66±2.33 
at 

19.34±0.57 

7.08 ± 4.59 
at 

19.3±0.28 

3.46 ±2.31 
at 

19.34±0.23 

Jar IV 
(starting 
pre-exp. 

point) 

8.32 ±2.22 
at 

20.08±0.15 

6.44±2.97 
at 

19.76±0.15 

4.24±2.34 
at 

19.84±0.15 

7.04±2.81 
at 

19.96±0.30 

4.46±2.73 
at 

19.86±0.23 

2.98 ±1.71 
at 

19.72±0.19 

Jar V 
±3.36 
at 

20.22±0.17 

5.8± 2.56 
at 

20.38±0.13 

1.56 ±1.05 
at 19.7 ±0.1 

5.28±0.65at 
20.5±0.39 

7.84 ±3.56 
at 

21.12±0.31 

3.38 ±1.25 
at 

21.04±0.05 

Jar VI 
9.92 ± 4.0 

at 
20.6±0.38 

±2.41 
at 

21.08±0.08 

±2.36 
at 

20.9±0.21 

5.48±2.39 
at 

20.56±0.24 

6.9 ±2.93 
at 

20.52±2.52 

4.02 ±1.37 
at 

21.04±0.05 
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Dry matter content 

Jar 1 —•— Jar 2 

Week 7 

Time (weeks) 

Jar 3 —•— Jar 4 Jar5 —•— Jar 6 

Fig. 29 Dry matter content of soil 

Relative moisture content 

Time (weeks) 
- J a r l — ^ J a r 2 Jar 3 — f c j a r 4 Jar 5 — f c j a r 6 

Fig. 30 Relative moisture content of soil 
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5.4 C /N c o n t e n t 

Generally accepted best soil C/N ratio for most microorganism ranges between 20 :1 -

40 :1 . Initial ratio for processed soil in this experiment was 132:1. Higher C:N ratio 

indicated longer time to decompose organic materials because of potential microbial 

immobilization (Chandra et Rustgi, 1998). Over the course of weeks, percentage of 

carbon decreased very slightly, while N increased, which caused C/N ratio to decrease 

significantly. 

Table 18 Percentage of soil C and N 

Sample 
WeekO Week 3 Week 5 Week 7 Week 10 Week 15 Week 20 

Sample 
C % N% C % N% C % N% C % N% C % N% C % N% C % N% 

Jar I 3.94 0.04 4.09 0.04 4.72 0.07 3.37 0.13 3.97 0.20 3.95 0.09 

Jar II 4.17 0 4.19 0.04 3.83 0.13 3.76 0.22 4.08 0.04 3.65 0.21 

Jar III 
3.97 0.03 

3.81 0.08 4.70 0.05 4.36 0.13 4.87 0.21 3.92 0.11 3.71 0.20 

Jar IV 
3.97 0.03 

3.74 0.05 4.09 0.04 4.34 0.06 3.83 0.14 3.93 0.11 3.44 0.22 

Jar V 4.14 0.07 3.39 0.07 4.08 0.13 3.46 0.21 3.42 0.12 3.85 0.22 

Jar VI 4.15 0 4.50 0.04 4.34 0 4.03 0.23 4.36 0.15 3.98 0.23 

Note: LOQ (limits of quality) were 2.69% for C and 0.23% for N, which obeys the standardized preciseness set for the 
used analytical method. LOD (limits of detection) were 0.81% for C and 0.07% for N, which shows that the N content 
was below the LOD of the used analytical method most of the t ime of the experiment. 

Table 19 Soil C/N ratio 

C/N WeekO Week 3 Week 5 Week 7 Week 1 0 Week 15 Week 20 

Jar I 99:1 117:1 73:1 26:1 
20:1 44:1 

Jar II 
132:1 

(starting pre-
experiment 

point) 

42:1 105:1 30:1 17:1 102:1 17:1 

Jar III 
132:1 

(starting pre-
experiment 

point) 

47:1 94:1 35:1 23:1 
36:1 19:1 

Jar IV 

132:1 

(starting pre-
experiment 

point) 
75:1 91:1 72:1 27:1 36:1 16:1 

JarV 

132:1 

(starting pre-
experiment 

point) 
59:1 48:1 31:1 16:1 

29:1 18:1 

Jar VI 42:1 99:1 44:1 18:1 29:1 17:1 
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5.5 B i o l o g i c a l a c t i v i t y 

Dosi-tubes measurement 

Calculated concentrations of TWA of CO2 are given in Table 20. It is possible to observe 

that with time flow concentrations of evolved carbon dioxide decreased after initial 

increase, which indicated stronger microbial activity in the beginning, and its suppression 

throughout the weeks. Fall in the activity might be explained with change of abiotic 

conditions (pH, moisture, nutrient availability.) 

Table 20 T W A of CO2 concent ra t ions f rom air in jars 

C 0 2 (%) W e e k O W e e k 1 W e e k 3 W e e k 7 W e e k 10 W e e k 15 W e e k 20 

J a r l 

0.24 
(starting pre-
experiment 

point) 

0.28 0.17 0.09 0.11 0.11 0.10 

Jar II 
0.24 

(starting pre-
experiment 

point) 

0.26 0.18 0.12 0.09 0.14 0.09 

Jar III 
0.24 

(starting pre-
experiment 

point) 

0.25 0.17 0.10 0.10 0.10 0.10 

Jar IV 

0.24 
(starting pre-
experiment 

point) 
0.30 0.18 0.10 0.10 0.12 0.09 

J a r V 

0.24 
(starting pre-
experiment 

point) 
0.35 0.14 0.11 0.11 0.11 0.11 

Jar VI 

0.24 
(starting pre-
experiment 

point) 

0.38 0.14 0.09 0.09 0.13 0.12 
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Titration 

Respirometric tests of CO2 production indicated weak respiration (results < 5). Some 

results were negative because of very low to no respiration, and therefore marked as 0. 

Same as for passive Dosi-tubes, carbon dioxide levels were lowering as time went by. 

Table 21 Soil respiration (mg CO2 per 100 g of soil per 24 h) 

Respiration per 100 g of soil 
w/100% DM per 24h (mg C0 2) WeekO Week 5 Week 10 Week 15 Week 20 

Jar I 

1.908 

(starting pre-
experiment 

point) 

1.049 0 0 0.186 
Jar II 1.908 

(starting pre-
experiment 

point) 

0.808 0 0 0 
Jar III 

1.908 

(starting pre-
experiment 

point) 

0.897 0.972 0.421 0.418 
Jar IV 

1.908 

(starting pre-
experiment 

point) 
0.711 0 0 0 

JarV 

1.908 

(starting pre-
experiment 

point) 0.878 0 0 0 
Jar VI 

1.908 

(starting pre-
experiment 

point) 

0.911 0.526 0 0 

C0 2 evolution 
2.5 

WeekO W e e k 5 Week 10 Week 15 Week 20 

Time (weeks) 

Jar I Jar II Jar III Jar IV JarV Jar VI 

Fig. 32 CO2 concentrations from soil in jars - Respiration 
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5.6 M i c r o s c o p e o b s e r v a t i o n s 

Minor structural changes have been observed upon completion the experiment, drying 

and comparing all tested face masks, except biodegradable, with the original. In the case 

of respirator (Fig. 34), it can be noticed that microfibers changed color into green, which 

indicates influence of organic matter and acids, e.g. humic acid, which usually constitutes 

soil. Similar discoloration, but in lesser extent, was observed for respirators' inner 

structure of ear bands (Fig. 34). On the other hand, ear bands of surgical face masks 

turned yellow in color, but no color change was observed for polypropylene protective 

fibers (Fig. 35). Bigger light green holes are original parts of the mask, i.e. breathing 

holes, while minor white holes arose from fiber redistribution. Residues of soil are 

observed as microparticles in both respirator, and surgical face mask. Rice masks 

showed signs of structural holes, together with green color, and distressed ear band 

fibers; however the original mask was missing for comparison (Fig. 36). 

Fig. 33 Tested specimens after final drying 
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Fig. 34 Respirator: a) original at week 0 b, c) respirator I, II at week 21 

Respirators' ear band: d) original at week 0 e, f) respirator I, II at week 21 

Fig. 35 Surgical face mask: a) original at week 0 b, c) surgical face mask I, II at week 21 

Surgical face masks' ear band: a) original at week 0 b, c) surgical face mask I, II at week 21 

Fig. 36 Biodegradable face mask: a, b) biodegradable face mask I, II at week 21 

c, d) biodegradable face mask's ear band I, II at week 21 (Note: original mask missing for comparison) 



5.6 FTIR a n a l y s i s 

FTIR analysis involved triplicate scans in the range of 4000 -350 c m " 1 . Material was 

analyzed using available spectra, and given results confirmed composit ion of original, 

non-tested face masks. Measurements confirmed 95.47 % match of PP in the case of 

respirator, and 89.87 % match for surgical face mask. Rice paper face mask achieved on 

average 88.14 % match for cellulose, but only after the completion of the experiment. 

Besides the general composit ion, infrared spectroscopy of tested face masks showed 

presence of additional substances, like feldspar, calcite, or pegmatite, which are minerals 

that originated from soil matrix in which masks were buried. Different functional group 

regions, as well as fingerprints of different materials are clearly represented graphically 

in Appendices 3-7. 

Comparative spectral analysis between originals of respirators and surgical face masks, 

that served as a control, and their tested duplicates indicates no decomposit ion process 

took place (Fig. 37-39). Changes in observed spectra were minimal. Gain of some new 

functional groups was caused by dirt of soil, but in general decomposit ion of fingerprints 

looked the same, without change in alkyl terminal or carbonyl group, which indicates no 

significant decomposit ion took place. Rice paper mask wasn't compared to the original 

due to its lack, but FTIR analysis confirmed presence of cellulose as main material. 

0 075 J 

1 

a 070 

o ons 

+J::M * ) • • : > w. n.i io t» MX; 

Fig. 37 Comparative FTIR analysis of respirators FFP2 
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Fig. 38 Comparative FTIR analysis of surgical masks 

Fig. 39 Comparative FTIR analysis of rice paper masks 
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6. Discussion 

Biodegradation process might take from seconds to millions of years. Plastic materials 

are known to persist for a long t ime when introduced into the environment. Some 

polymers like polyethylene or polypropylene are highly inert and resistant to degradation. 

In fact, studies have shown that they underwent negligible weight loss after 30 years of 

incubation in moist soil (Ghatge et al. 2020). This thesis, focused on assessment of 

biodegradability of mostly plastic face masks, was therefore conducted for a period of 5 

months, even though some biodegradability tests last for as little as 28 days. 

Overal l , the given results are in accordance with previous research, and they confirmed 

that the biodegradability of plastic is very slow. No significant changes in terms of 

degradation were observed for polymeric specimens. Theoretically, rice paper, which is 

considered to be organic material and waste, should have been biodegraded in a short 

period of t ime. However, taking into consideration that the forest soil sample was lacking 

nutrients and that the condit ions for the biodegradation that was occurring in natural 

conditions were favorable up to a point, but still far from ideal, this material did not fully 

degrade in the period of 120 days. Had the sample been bioaugmented by adding 

nitrogen, a significant nutrient for microbes, decomposit ion would have been achieved 

earlier (Briassoulis et Mistriotis, 2018). However, despite non-ideal conditions, these 

reference masks started to decompose, which is confirmed not only by measured indices, 

but also by simple visual examination at the end of the experiment. 

Final experimental results were mostly straightforward, but pH and C/N fluctuations 

received somewhat more attention due to interesting results. It is considered that soil-

microbe relationship is reciprocal, meaning that soil pH does effect microorganisms 

present in it, but microbes also do effect soil pH and change their micro-habitats (Joutey 

et al. 2013). Some organisms produce acid to the surrounding environment to 

outcompete their competitors, while others under acidic condit ions produce more basic 

metabolites, which can explain initial increase of pH (Joutey et al. 2013). Moreover, Zhao 

et al. (2021) found that soil pH tends to increase when affected by polymer microplastics, 

which get released in the process of degradat ion. Ammonia in soil also causes initial 

increase of pH, but due to its instability, it is transformed into nitrates, which cause further 

acidification through the process of nitrification (Ardisson et al. 2014). This explains pH 

fluctuations. Microorganisms can also greatly affect nutrient levels, which is seen from 

experimental C/N fluctuations. The lower the C/N ratio, the more rapidly N will be released 
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into the soil , due to nitrifying bacteria within the soil matrix. Since face masks did absorb 

some moisture from the soil, it could make them a breeding ground for such bacteria. 

Additionally, decrease in C/N ratio could be due to the release of organic matter. Any 

residue of litter on top of the soil could also influence nutrient ratio, as some materials 

increase it, while others tend to decrease it. Since different materials degrade at different 

t imes, fluctuations could occur. 

Condit ions in which this experiment was processed were natural, with minimum traces of 

manipulation, rather to observe behavior of masks when they are littered in the 

environment, than to assess biodegradability in standardized conditions. Had 

standardized tests been fol lowed, conditions of temperature, soil moisture, pH etc. would 

have been pre-determined. Having in mind that the conditions set in those tests are 

considered optimal for biodegradation, results could significantly differ, e.g. increased 

moisture content or pH level could lead to faster biodegradation (Funabashi et al. 2009). 

Therefore, standardized tests define set conditions. On the other hand, some authors set 

up various condit ions to test effect of those condit ions on biodegradation. Pischedda et 

al. (2019) thus examined how different temperature affects biodegradation of plastic, 

while Briassoulis et Mistriotis (2018) included different types of soil and different nutrient 

levels. Having this in mind, future research could involve quadruplicates instead of used 

duplicates and comparatively assess biodegradability in both natural and bioaugmented 

conditions. 

Furthermore, it is possible to conduct the experiment with focus on microbiological aspect 

by targeting mask with a specific isolated organism, and observing colonization and 

degradation (Mohanan et al. 2021). This thesis, however, did not put emphasis solely on 

microbiological aspect, but for future research I suggest isolating bacterial strain, to again 

comparatively observe biodegradation for quadruplicates attacked by natural mixed 

microbial communit ies versus isolated strain. 

I believe that, for future directions special attention should be drawn to microplastics, 

which is confirmed to be released from disposable plastic face masks into the 

environment. Transfer of terrestrial microparticles to aquatic environment is yet another 

issue that should be taken into consideration when speaking about degradation 

processes, since those particles have the ability to assimilate into the food chain, and 

threaten sensitive organisms (Wang et al. 2021). 
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7. Conclusion 

The outbreak of global COVID-19 pandemic caused not only international health 

emergency but has also put a burden on the environment. Increased production and 

usage of PPE, along improper disposal, led to increased terrestrial and marine pollution. 

This thesis confirmed that, once introduced to the environment, PPE could stay there for 

a long t ime. Assessment of face masks biodegradability in forest soil indicates no 

significant break-down under natural conditions after 120 days of inoculation period. 

Respirometric analysis revealed occurrence of microbes, however these organisms did 

not have enough power to fully degrade tested material in due time. Development of their 

colonies could be limited due to various factors, such as insufficient nutrients, or 

inadequate pH, however further microbiological studies would be needed to confirm this 

conclusion. Among the tested specimens, the biggest change was observed in the case 

of biodegradable masks, while respirators exhibited the greatest recalcitrance. 

Overal l , biodegradabil ity of face masks is relatively new, but highly contemporary topic 

that logically imposes itself in the current situation of COVID-19. Up to date, solely one 

author conducted research on this topic, and therefore poorly addressed subject of 

assessment of biodegradability of face mask should be studied further, especially 

because of growing concern of littering the natural environment in the t imes of global 

pandemic. Special focus should be paid to variable abiotic conditions since they are 

considered to act as either limiting or stimulating factor for biodegradation processes. The 

aftermath of this research implies very low biodegradation rate, and consequent 

persistence of PPE in the environment. Moreover, the achieved experimental results 

pointed out to the need for better policy making in the context of PPE production, use, 

and littering. 
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A p p e n d i c e s 

A p p e n d i x 1 pH of soil 

PH 
a t T W e e k O W e e k 3 W e e k 5 W e e k 7 W e e k 10 W e e k 15 W e e k 20 
(°C) 

4.873 at 16 5.083 at 18 3.041 at 18.4 4.626 at 18.4 4.157 at 19.7 4.829 at 18.6 

Jar 
i 

4.916 at 16.6 5.074 at 17.6 3.515 at 18.5 4.652 at 18.4 4.662 at 19.3 5.171 at 18.5 Jar 
i 3.006 at 17.5 4.769 at 16.9 3.863 at 18.2 4.521 at 18 4.82 at 19.3 4.835 at 18.8 
i 3.235 at 17.8 4.259 at 17 3.993 at 17.7 4.26 at 18 4.953 at 19.2 4.825 at 18.3 

4.0 at 16.9 4.169 at 17.4 4.294 at 18.3 4.564 at 18.2 4.756 at 18.4 4.571 at 17.2 
4.63 at 17.9 4.622 at 18.9 5.131 at 19.1 4.387 at 18 4.873 at 18.3 4.795 at 18.6 

Jar 
11 

4.568 at 17.1 4.561 at 18.5 5.122 at 18.8 4.412 at 18.5 5.324 at 18.2 4.703 at 19.3 Jar 
11 4.415 at 17.6 4.409 at 18.8 4.833 at 18.9 4.316 at 18.8 4.995 at 18.1 4.431 at 18.1 
11 3.222 at 4.117 at 17.8 4.3 at 19.4 4.453 at 18.3 4.328 at 18.4 4.823 at 18.8 4.515 at 19.6 

20.9 4.318 at 17 4.476 at 18.2 4.442 at 18.6 4.385 at 18.4 4.689 at 18.4 4.394 at 19 
5.1 Oat 18.8 4.188 at 19.6 4.737 at 19.3 3.652 at 19.1 4.801 at 19.6 4.649 at 19.1 

Jar 3.375 at 4.797 at 18 4.218 at 19.7 4.499 at 19.3 4.0 at 19.2 5.252 at 19.7 5.068 at 19.5 Jar 
21 4.62 at 18.4 4.196 at 19.7 4.711 at 19.2 4.142 at 18.8 5.102 at 19.7 4.792 at 19.3 

III 4.565 at 18.4 4.189 at 19.5 4.381 at 19.2 4.218 at 18.5 5.057 at 19.5 4.6 at 19.3 
3.3709 4.603 at 18.3 4.218 at 19.7 4.501 at 19 4.402 at 18.7 4.898 at 19.7 4.567 at 19.5 
at 21.1 4.747 at 20 4.29 at 19.9 4.493 at 19.7 4.833 at 20 4.979 at 20 4.743 at 19.3 

Jar 
IV 

4.44 at 20 4.367 at 20 4.418 at 19.7 4.409 at 19.7 4.895 at 19.9 4.839 at 20.2 Jar 
IV 

3.844 at 4.45 at 20 4.302 at 20.1 4.305 at 19.6 4.530 at 19 5.006 at 20 4.664 at 19.9 
Jar 
IV 21.1 4.32 at 20 4.455 at 20 4.288 at 19.7 4.22 at 19 4.446 at 20.1 4.292 at 20 

4.233 at 20 4.303 at 19.7 4.072 at 19.8 4.2 at 19.6 4.8 at 20 4.469 at 19.2 
3.572 at 4.494 at 19.5 3.373 at 20.6 4.713 at 19.6 4.030 at 20.5 4.525 at 20.9 4.952 at 21 

Jar 
V 

21 4.371 at 19.9 4.5 at 20.9 4.566 at 19.7 4.204 at 20.6 4.751 at 20.6 4.853 at 21.1 Jar 
V 

4.29 at 20.2 4.333 at 21 4.241 at 19.9 4.093 at 20.7 4.694 at 20.8 4.679 at 21.1 Jar 
V 4.214 at 20 4.466 at 20.8 4.371 at 19.6 3.998 at 20.3 4.486 at 21 4.450 at 21.2 

4.30 at 20 4.405 at 20.9 4.381 at 20.1 4.075 at 20.5 4.476 at 20.9 4.275 at 21.1 
4.481 at 20 4.3 at 21.6 5.119 at 20.8 4.8 at 20.7 4.899 at 21.6 5.106 at 21.4 

Jar 
VI 

4.296 at 20 4.122 at 21.7 4.915 at 20.7 4.322 at 20.6 4.447 at 21.7 5.036 at 21.2 Jar 
VI 

4.151 at 20 4.181 at 21.6 4.332 at 21 4.46 at 20.4 4.911 at 21.7 4.777 at 21 
Jar 
VI 4.32 at 20.1 3.913 at 21.5 4.449 at 21 4.138 at 20.6 4.8 at 21.6 4.560 at 21.4 

4.357 at 20.1 4.106 at 21 4.423 at 21 4.046 at 20.4 4.6 at 21.7 4.523 at 21.1 

A p p e n d i x 2 Moisture of soil 

M o i s t u r e 
(%) 

W e e k 
0 

W e e k 3 W e e k 5 W e e k 7 W e e k 10 W e e k 15 W e e k 20 
at T ( °C ) 

W e e k 
0 

8.4 at 16.7 
4.7 at 16.8 
3.8 at 16.7 
4.1 at 16.6 

12.5 at 18.3 11.2 at 19.6 16.4 at 19.5 5.9 at 20.4 15.5 at 19.2 

Jar 
i 

8.4 at 16.7 
4.7 at 16.8 
3.8 at 16.7 
4.1 at 16.6 

7.1 at 17.2 10.2 at 18.7 8.3 at 18.6 11.2 at 19.4 11.4 at 18 Jar 
i 

8.4 at 16.7 
4.7 at 16.8 
3.8 at 16.7 
4.1 at 16.6 

5.4 at 17 6.5 at 18.2 3.7 at 18 5.6 at 19.2 5.5 at 17.7 
i 

3 at 
21.6 

8.4 at 16.7 
4.7 at 16.8 
3.8 at 16.7 
4.1 at 16.6 2.7 at 17 7.3 at 18 4 at 18 6.7 at 19.1 4.8 at 18 

3 at 
21.6 

8.4 at 16.7 
4.7 at 16.8 
3.8 at 16.7 
4.1 at 16.6 

0.6 at 17.5 6 at 18 4 at 18 3.7 at 19.3 4.9 at 17.4 3 at 
21.6 15.6 at 19.5 11.6 at 18.8 14 at 20 4.1 at 19.8 12.1 at 19.3 11 at 19.1 

Jar 
11 

3 at 
21.6 

15 at 18.8 7.6 at 18.4 12.8 at 19.5 8.6 at 19 8.4 at 18.7 4.2 at 18.7 Jar 
11 

3 at 
21.6 

9.5 at 18.2 4.2 at 18.2 6 at 19.2 6.5 at 18.8 8 at 18.1 4.2 at 18.5 
11 

3 at 
21.6 7.5 at 18.1 1.5 at 18.5 4.7 at 19.1 4.8 at 18.6 1.1 at 19 7.4 at 18.7 

3 at 
21.6 

6.7 at 18 3.1 at 18.5 4 at 18.9 4.5 at 18.5 1.6 at 18.1 0.8 at 18.7 
3 at 
21.6 15 at 19.1 10.1 at 19.7 14.4 at 20.1 6.4 at 20.3 14.2 at 19.8 7.2 at 19.5 
3 at 
21.6 

2.5 at 18.8 6.8 at 19.6 9.5 at 19.6 10.1 at 19.4 9 at 19.2 3 at 19.5 
Jar III 3.5 at 18.7 5.7 at 19.4 7.4 at 19.4 7.4 at 19.1 5.4 at 19.1 3.9 at 19.2 

2.1 at 18.2 4.4 at 19.4 5.5 at 19.2 5.6 at 19 3.2 at 19.2 1.6 at 19 
2.1 at 18.7 4 at 19.4 4 at 19.1 3.8 at 18.9 3.6 at 19.2 1.6 at 19.5 

54 



Jar IV 

11.6 at 20 
10.3 at 20 
8.5 at 20.3 
6.5 at 20 

11 at 20 
7.7 at 19.8 
5.5 at 19.7 
4.2 at 19.7 
3.8 at 19.6 

7.6 at 20.1 
5.7 at 19.8 
3.3 at 19.8 
2.4 at 19.7 
2.2 at 19.8 

11.1 at 20.4 
8.8 at 20 
5.7 at 20 

4.6 at 19.8 
5 at 19.6 

9 at 20.2 
4.1 at 20 

4.5 at 19.7 
2.6 at 19.7 
2.1 at 19.7 

6.2 at 20.1 
2.9 at 19.6 
1.5 at 19.7 
2.7 at 19.6 
1.6 at 19.6 

Jar V 

13 at 20.4 
7.4 at 20.3 
6.1 at 20.2 
5.8 at 20 

9.5 at 20.6 
6.3 at 20.4 
5.7 at 20.3 
4.4 at 20.3 
3.1 at 20.3 

2.8 at 19.8 
2.5 at 19.6 
1.1 at 19.6 
1.1 at 19.7 
0.3 at 19.8 

3.4 at 21.1 
4.3 at 20 

3.2 at 20.5 
2.9 at 20.5 
2.6 at 20.4 

13.7 at 21.6 
9 at 21.2 
7 at 21.1 
6 at 20.9 

4.5 at 20.8 

5.6 at 21.1 
3.7 at 21.1 
3.2 at 21 
2.1 at 21 
2.3 at 21 

Jar VI 

17.7 at 21 
11.5 at 21 
8.3 at 20.5 
6.5 at 20.3 
5.6 at 20.2 

9 at 21.2 
5.3 at 21.1 
4.5 at 21.1 
3.3 at 21 
2.2 at 21 

8 at 21.2 
5.5 at 21 

3.3 at 20.9 
2.7 at 20.7 
2.4 at 20.7 

8.6 at 20.9 
7.2 at 20.7 
5.1 at 20.4 
3.5 at 20.5 
3 at 20.3 

11.6 at 22 
8.4 at 17 

6.1 at 21.4 
6.8 at 21 

3.7 at 21.2 

6.2 at 21.1 
4.4 at 21.1 
3.7 at 21 
3.1 at 21 
2.7 at 21 

A p p e n d i x 3 FTIR analysis of original respirator FFP2 

Multi-Component Search Results 

Match Title Cumulati 
ve 

Composit 
e% 

Folder Filename Index 

3 95.47 Polypropylene, isotactic 94.85 34.90 HR Specta Polymers and 
Plasticizers by ATR 

c: \my 
documen 
ts \omnic \ 
Iibs\sea4 
64.lbd 

67 

Polypropylene Licenced 
to CZU v Praze, Fakulta 
lesnická a dřevařská 

95.47 65.10 HR Polymers Miracle c: \my 
documen 
ts \omnic \ 
l ibs\hrpol 
ym.lbd 

510 

5 5 

file://c:/my
file://c:/my


A p p e n d i x 4 FTIR analysis of tested respirators I and II 

Multi-Component Search Results 

mm MM mm> mm mm mm am MM am mm mm ato mm MM mm mm mm~ MM mm MM Ma am nm ah MM Si mm MM td» Mb ak m\ 3T m am 

Match Tit le Cumulat i 
ve 

Composit 
e % 

Folder Rlename Index 

i 82.33 Polypropylene, isotactic 71.33 46.32 HR Specta Polymers and 
Plasticizers by ATR 

c : \my 
documen 
ts \omn ic \ 
Iibs\sea4 
64.lbd 

67 

RAW MATERIAL FOR 
CERAMICS, Feldspar 
potassium, Pegmati te, 
Licenced to CZU v Praze, 
Fakulta lesnická a 
dřevařská 

82.33 53.68 HR Inorganics IV c : \my 
documen 
ts \omn ic \ 
I ibs\hrin4 
mat . lbd 

181 

Mul t i -Component Search Results 

^ *v jw r«— 

h 

Match Title Cumulat i 
ve 

Composi t 
e % 

Folder Fi lename Index 

1 90.58 Polypropylene, isotactic 88.30 67.75 HR Specta Polymers and 
Plasticizers by ATR 

c : \my 
documen 
ts \omn ic \ 
Iibs\sea4 
64. lbd 

67 

RAW MATERIAL FOR 
CERAMICS, Feldspar 
potassium, Pegmati te, 
Licenced to CZU v Praze, 
Fakulta lesnická a 
dřevařská 

90.58 32.25 HR Inorganics IV c : \my 
documen 
ts \omn ic \ 
I ibs\hr in4 
mat . lbd 

181 
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A p p e n d i x 5 FTIR analysis of original surgical face mask 

Spectrum Search Results 

Match Tit le Ranqe Folder Fi lename Index 

1 92.88 Polypropylene, isotactic 4000.0-450.0 HR Specta 
Polymers and 
Plasticizers by ATR 

c : \my 
documen 
ts \omn ic \ 
I ibs\sea4 
64. lbd 

67 

2 89.07 Polypropylene, isotactic 4000.0-450.0 HR Hummel 
Polymer and 
Addit ives 

c : \my 
documen 
ts \omn ic \ 
I ibs\sea4 
06. lbd 

942 

3 87.66 Polypropylene, isotactic 4000.0-450.0 HR Specta 
Polymers and 
Plasticizers by ATR 
- corrected 

c : \my 
documen 
ts \omn ic \ 
I ibs\sea4 
65. lbd 

67 

5 7 

file://c:/my
file://c:/my
file://c:/my


A p p e n d i x 6 FTIR analysis of tested surgical face masks I and II 

Spectrum Search Results 

• » • 1 1 ^ ^ » x s 3 m T£ SS MM a i 5 m wm~ 

s AA 

Match Title Ranqe Folder Filename Index 
1 85.18 Polypropylene, isotactic 4000.0-450.0 HR Specta 

Polymers and 
Plasticizers by ATR 

c:\my 
documen 
ts\omnic\ 
Iibs\sea4 
64.lbd 

67 

2 81.57 Polypropylene, isotactic 4000.0-450.0 HR Hummel 
Polymer and 
Additives 

c: \my 
documen 
ts\omnic\ 
Iibs\sea4 
06.lbd 

942 

3 79.88 Polypropylene, isotactic 4000.0-450.0 HR Specta 
Polymers and 
Plasticizers by ATR 
- corrected 

c: \my 
documen 
ts\omnic\ 
Iibs\sea4 
65.lbd 

67 

Multi-Component Search Results 

II fa 

h hi 

Match Title Cumulati 
ve 

Composit 
e% 

Folder Filename Index 

i 86.91 Polypropylene, isotactic 77.81 50.37 HR Specta Polymers and 
Plasticizers by ATR 

c:\my  
documen 
ts\omnic\ 
Iibs\sea4 
6-1.1 bd 

67 

CALCITE, Licenced to 
CZU v Praze, Fakulta 
lesnická a dřevařská 

86.91 49.63 HR Inorganics I. -
Minerals 

c:\my 
documen 
ts\omnic\ 
l ibs\hr in l 
min.lbd 

102 

58 

file://c:/my
file://c:/my
file://c:/my
file://c:/my
file://c:/my


A p p e n d i x 7 FTIR analysis of tested rice paper masks I and II 

Spectrum Search Results 

• 

• • ' • • w • U T ' w • M • w • fah' • M>- • ur a r w ' w w w w » • fab- - <** - w w w * w • 

Match Title Ranqe Folder Filename Index 
1 91.72 Paper (Cellulose) 

Licenced to CZU v Praze, 
Fakulta lesnická a 
dřevařská 

4000.0-542.0 HR Polymers 
Miracle 

c:\my 
documen 
ts\omnic\ 
libs\hrpol 
ym.lbd 

263 

2 90.89 Paper coated Licenced to 
CZU v Praze, Fakulta 
lesnická a dřevařská 

4000.0-542.0 HR Polymers 
Miracle 

c:\my 
documen 
ts\omnic\ 
libs\hrpol 
ym.ibd 

270 

3 89.68 Paper coated Licenced to 
CZU v Praze, Fakulta 
lesnická a dřevařská 

4000.0-542.0 HR Polymers 
Miracle 

c:\my 
documen 
ts\omnic\ 
libs\hrpol 
ym.lbd 

269 

Spectrum Search Results 

| T M ' r i i tm tm am S B - 5 B - 3 r ~ " 3 ^ mt" dk'' 5 BT 

— 

o"" * V ' W»' 'mm" Sec " «fcr' \ 4 r " M > " W " nit ' )**' ř*n ' W W H í " W W i t h " 'mV " it " ; * " " -V • W " tmi " JB" " r * • -'TVWWW'ik " V I " 

Match Title Ranqe Folder Filename Index 
1 88.59 Paper (Cellulose) 

Licenced to CZU v Praze, 
Fakulta lesnická a 
dřevařská 

4000.0-542.0 HR Polymers 
Mirade 

c:\my 
documen 
ts\omnic\ 
libs\hrpol 
ym.ibd 

263 

2 84.47 Paper (Cellulose) 
Licenced to CZU v Praze, 
Fakulta lesnická a 
dřevařská 

4000.0-542.0 HR Polymers 
Mirade 

c:\my 
documen 
ts\omnic\ 
libs\hrpol 
ym.lba 

256 

3 83.50 Paper coated Licenced to 
CZU v Praze, Fakulta 
lesnická a dřevařská 

4000.0-542.0 HR Polymers 
Mirade 

c:\my 
documen 
ts\omnic\ 
libs\hrpol 
ym.lbd 

270 

59 

file://c:/my
file://c:/my
file://c:/my
file://c:/my
file://c:/my
file://c:/my

