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1. Introduction  

1.1.  The problem of odour nuisance and biological methods of air deodorization 

The problem of odour nuisance caused by emissions of volatile organic compounds (VOCs) from various 

sources is currently a serious social and environmental problem all over the world.  Pollution caused by the 

emission of odour-producing substances has a negative impact on quality of life, creates a sense of 

discomfort, and may negatively affect human health [1]. Currently, odour nuisance compounds are a real 

and very common problem due to the fact that their emissions come from many sectors of human activity, 

including municipal waste landfills, sewage treatment plants, refineries, livestock farms, pulp and fat 

industry plants, as well as other chemical industries [2–5]. 

Multiple exposure to air pollution from both outdoor and indoor sources (which is the largest environmental 

health threat globally) causes 6 million premature deaths [6–8]. The European Environment Agency 

estimates that in Europe alone (excluding Turkey) air pollution is responsible for 400,000 premature deaths 

per year [9]. Heart and lung diseases, strokes and lung cancer are now believed to be the most common 

causes of premature death related to air pollution [10]. These figures are expected to increase due to the 

long-lasting priority of the economic and energy approach in all branches of human activity, both the 

increase in economic activity and the construction of energy-efficient buildings [11]. Human exposure to 

indoor air, and thus to the pollutants contained in it, has increased since the 1970s energy crisis, which led 

to a change in the concept of designing and constructing residential and utility buildings to increase their 

energy efficiency used livestock [12,13]. Far from being a simple irritation, this seriously threatens human 

health, as long-term exposure to pollutants can cause chronic diseases, even low concentrations can lead to 

serious health effects [8].  

The main air pollutants which cause odour nuisances include, among others, volatile organic compounds 

(VOCs) (e.g. esters, acids, aldehydes, ketones, alcohols) and certain inorganic compounds (mainly 

hydrogen sulphide and ammonia) [14,15]. Ammonia and hydrogen sulphide are two of the main inorganic 

odour compounds. Most organic odours are produced by the anaerobic decomposition of nitrogen- or 

sulphur- containing compounds [16]. The odour quality of the air is determined by the type, the hedonic 

quality (pleasantness-unpleasantness felt) and the intensity of the smell (depending on the concentration of 

the odour substance) [17,18]. Other pollutants present in the air, most often odourless, include various types 

of chemicals, physical agents, particulate matter (both of natural origin and associated with human activity), 

as well as biological pollutants (mainly pollen, fungi, bacteria, viruses and spores) [19,20]. The main source 

of odorants (hydrogen sulphide, ammonia, nitric oxide, as well as aldehydes, amines, aromatic 

hydrocarbons, organic acids and sulphur compounds), both in Poland and around the world, are animal 

husbandry and slaughterhouses, the utilization of animal by-products, the production of feed and compost, 

the use of natural fertilizers and municipal sewage sludge in agriculture, sewage treatment plants, chemical 

and petrochemical industry, the production of furniture boards and the operation of equipment and 

technological processes [21–28]. 
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The problem of odour nuisance is gaining importance in Poland due to the growing social awareness as 

well as more restrictive legal regulations currently being developed and introduced in the future [29]. 

Presently, there are no legal regulations on counteracting odour nuisance. Neither the “Kodeks 

przeciwdziałania uciążliwości zapachowej” ("Code of counteracting odour nuisance"), which only serves 

as informative and educational material in the form of technical guidelines, nor “Lista substancji i związków 

chemicznych, które są przyczyną uciążliwości zapachowej” ("List of substances and chemical compounds 

that cause odour nuisance") have any legal force. “Lista substancji i związków chemicznych, które są 

przyczyną uciążliwości zapachowej” was created by Ministry of Climate and Environment on the basis of 

analyses of substances and chemical compounds considered as nuisances, or potential odour nuisances, 

generated in Poland. Along with the growing requirements regarding the storage, disposal and management 

of waste in Poland, an announcement of 3 March 2022 was issued on the publication of the consolidated 

text of the Act on Waste (Dz.U. 2022 poz. 699). The consolidated text of the Act on Waste of 14 December 

2012 (Dz. U. z 2021 r. poz. 779) was published in the attachment to this announcement, taking into account 

the changes introduced in 2021. One of the main objectives of the introduced regulations is the protection 

of human life and health and the environment. In particular, waste management must not cause noise or 

smell nuisances, or threaten water, air, soil, plants, animals or people. The Act also defines actions to protect 

the environment, human life and health by preventing and reducing waste generation and the negative 

impact of waste production and management, as well as by reducing the total impact of resource use and 

improving its efficiency, in order to transition to a circular economy. The aforementioned document also 

defines the conditions for applying the hierarchy of waste management methods. Firstly, waste must be 

prepared for reuse or recycled. Recycling also refers to organic recycling, consisting of aerobic processing, 

including composting or anaerobic processing of waste. Under controlled conditions undergoes biological 

decomposition with the participation of microorganisms, resulting in organic matter or methane being 

produced. However, waste whose recovery is not justified for technological, ecological or economic reasons 

should be neutralized. In 2017, the Chief Inspectorate for Environmental Protection (Główny Inspektorat 

Ochrony Środowiska) was authorized to prepare and carry out the legislative process of the commonly 

named “Anti-odour Act” by the Minister of the Environment. On 1 June 2021, the legislative process of the 

Anti-odour Act began, after the process of submitting it to inter-ministerial arrangements, social 

consultations and public opinions was completed. In 2020, while the new act was being drafted an expert 

opinion "Bezpieczne odległości od zabudowań dla przedsięwzięć, których funkcjonowanie wiąże się z 

ryzykiem powstawania uciążliwości zapachowej" ("Safe distances from buildings for projects whose 

operation is associated with the risk of odour nuisance") was developed, which enables the creation of 

temporary solutions to the odour problem. Currently without the above-mentioned regulations and expert 

opinions, officials in Poland have limited recourse to counteract odour nuisance. One possibility is to 

impose measures to reduce the negative impact on the environment, including an obligation to perform an 

ecological inspection, as well as to deodorize the facility that generates unpleasant odours. A fact worth 

noting is that the European Union leaves the Member States the freedom to act on issues related to 

counteracting odour nuisance. Taking into account the above-mentioned circumstances, it is now necessary 
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to develop new methods of neutralizing odours. These methods should be both highly efficient, compliant 

with the principles of green engineering, and relatively low-cost, and thus more accessible. 

Despite the widespread implementation of modern air pollutant neutralization technologies, numerous 

VOCs are still emitted into the atmosphere. These compounds can be removed by chemical, physical and 

biological processes. Currently, the most commonly applied methods of deodorization are biological 

methods, combustion, absorption and adsorption methods, as well as pollutant masking (Figure 1) [30,31]. 

 

Figure 1. Basic techniques for reducing the emission of odorous compounds. 

Three methods of deodorization have been distinguished: removal of pollutants that give off an unpleasant 

odour, conversion of nuisance odours into odourless or more pleasant ones, and the introduction of masking 

or neutralizing agents to reduce the intensity or mask the odour [32]. Fragrance modifications do not remove 

odours, they only mask them, which in many cases does not protect people exposed to their toxic effects. 

Nevertheless, odour modifications are commonly used to counter the odour nuisance caused by various 

types of VOCs [33,34]. Implementation is possible in many ways, e.g. the use of another fragrance 

substance that will soften or completely eliminate the original odour. The reaction between the molecules 

of the nuisance odour gas and the olfactory receptors of humans can be modified, which leads to a reduction 

in the sense of smell discomfort [35,36]. Another solution is to mix the malodorous substance with another 

odorant, which makes the smell of the mixture less invasive [37,38]. However, this method does not remove 

the source of odours, it only masks them. Therefore, modifications of the odour are used in cases where the 

odour nuisance occurs seasonally, e.g. due to the need to use antiodorants, which can also be a source of 

odour nuisance [39]. 

The first technique for reducing odour emissions is incineration. Combustion as a thermal oxidation process 

is an effective technique for removing odour compounds. The most commonly used methods are thermal 
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and catalytic combustion [40]. All these processes require strictly controlled conditions. This technique 

works on a simple premise, use of the high temperatures to destroy odour compounds in a combustion 

chamber [41]. This method can be used as an intermediate step in the overall process. Frequently the 

products of such combustion are much easier to remove in the next steps of air purification [42]. 

Thermal combustion is a process of oxidizing combustible gases, consisting of heating these gases in a 

furnace in a mixture with air or oxygen to a high temperature (650-800°C) [43,44]. This method is widely 

used because most organic compounds can be oxidized and can be used even at very high concentrations. 

Unfortunately, this solution involves continuous measurements of oxygen, nitrogen oxides, carbon dioxide 

and carbon monoxide in the exhaust gases [40]. Thermal combustion generates high costs directly related 

to fuel consumption and often requires pre-treatment of the gases, including removal of water vapour from 

the gas and removal of solid or liquid contaminants. The main disadvantages of thermal combustion are the 

occurrence of secondary gas pollutants and economic considerations. If the process parameters are not 

respected, additional odours and soot are generated, which is inconsistent with the principles of green 

engineering [33,45].  

The second incineration method is catalytic combustion. Compared to thermal combustion, the oxidation 

of gases takes place on the surface of the catalyst, the use of which allows us to obtain the same degree of 

combustion at a lower temperature (350-400°C), and thus with lower fuel consumption [46]. This method 

does not require precise knowledge of the composition and amount of the substance because it allows the 

removal of compounds even in very high concentrations, and can be used for a large group of odorants (a 

contraindication to the purification of gases containing fluorine and chlorine compounds) [47,48]. Catalytic 

combustion is characterized by high deodorization efficiency and allows the removal of slightly dusty and 

humid gases [49]. The difficulty in carrying out this process lies in the need to ensure a constant 

concentration of pollutants, frequent inspections and the use of additional purification. Catalytic 

combustion adversely affects the environment through the formation of sulphur dioxide and hydrogen 

chloride and the constant exposure of the catalyst to erosion, as well as the frequent blocking of its active 

surface by dust, which leads to the need for its frequent replacement [50,51]. 

Non-thermal plasma technology is a method of oxidizing odor pollutants based on the decomposition of 

gaseous pollutants using plasma at ambient temperature and atmospheric pressure [52]. Plasma, called the 

fourth state of aggregation, due to its properties different from the solid, liquid and gaseous phases, is 

formed at temperatures where the average kinetic energies of particles exceed the value of the ionization 

potential [53]. Plasma is generated between two concentric electrodes placed axially along a gas pipeline 

(or inside ventilation ducts) through which polluted gas flows. In low-temperature plasma reactors, 

electricity is not used to heat the gas, which remains "cold". Instead, high-energy electrons and UV light 

cause the ionization and breakdown of gas molecules, which leads to the formation of chemically active 

elements. The decomposition of pollutants in the gas stream is the result of the breakdown of particles by 

direct collisions of electrons and chemical reactions initiated by active elements. Particles of the odorous 

gas are oxidized by ozone molecules. This method is especially recommended as a method of removing air 
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pollutants present in very small quantities [54–56]. The efficiency of the plasma process depends to the 

greatest extent on the power supply system (high power demand is required) [57]. The major advantage of 

this method is its low cost, as well as the fact that it does not mask the source of malodorous gases, but 

instead removes them. However, the ozone produced is toxic, unstable (need to be produced directly at the 

dosing site), has a strong odour, and is corrosive. The ozonation reaction is often characterized by a low 

rate of oxidation, which depends on the type of chemical compound and the temperature used [58].  

Different basic method of reducing the emission of odours compounds is ozonation. Generated ozone 

oxidizes gaseous pollutants, which results in removing them. The main advantage of this method is low 

cost. However, effectiveness of this method is not satisfying, because only some pollutants and fumes can 

be removed. Additionally, it is not recommended by the American Lung Association because it generates 

unhealthy ozone and degradation products [59,60]. 

Another widely used class of methods of removing odours are filtration techniques, which include 

adsorption and absorption techniques, iron catalytic filters and increasingly applied biological techniques 

[61]. Adsorption techniques rely on the separation of pollutant components from one phase accompanied 

by their accumulation or concentration at the surface of another. The adsorbents used must be characterized 

by a large specific surface, examples of which are activated carbon, zeolites and aluminum oxide. The use 

of high-quality adsorbents allows for high adsorption efficiency, as well as for their more effective 

regeneration after use. However, as the saturation of the deposit increases, the effectiveness of odour 

removal decreases proportionally. Adsorption techniques are used with varying degrees of efficiency to 

remove compounds with high concentrations due to the rapid saturation of the sorbent [31,45,51]. 

Therefore, the main disadvantage of this solution is the potential risk of pollutant reemission due to the fact 

that the adsorbent might be too specific or its rapid saturation, as the pollutants are not destructed [59]. 

Absorption techniques involve dissolving gaseous pollutants in liquid solvents. This process consists of a 

mass exchange between a soluble gas and a liquid solvent, usually water or water mixed with an admixture 

of various reagents. Air deodorization using absorption methods is usually recommended when large 

volume flows are introduced into the atmosphere and the gas is heavily polluted. Most of the described 

processes using absorption techniques that effectively remove odours are characterized by a multi-stage 

technological process [45,62]. Most often two- or three-stages processes are used. In the first stage, acidic 

sorption solutions are used for removal of alkaline impurities. In subsequent stages sodium hydroxide and 

sodium hypochlorite solutions maybe be used for removal of sulphur compounds [63]. The risk of emissions 

of organic chlorine compounds is negated by using ozone as an oxidizing agent [64]. The advantage of 

using absorption techniques is the low investment and operating cost as well as the ease of designing and 

running the process. Effective removal of water-insoluble compounds is possible in the absorber only with 

the use of dedicated chemical reagents [31].  

Another group of methods belonging to the group of filtration techniques are iron catalytic filters. These 

filters are made of perforated tanks at the gas inlet and outlet, inside which are corroded steel rods. In this 

type of filter, hydrogen sulphide, which is an undesirable component of the gas stream flowing through the 
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tank, reacts with iron oxide. The main environmental problem generated by this method is the formation of 

a dilute sulphuric acid solution as a by-product. This method is only used to improve the effectiveness of 

other techniques to eliminate odorogenic substances, it is never used alone [65–67]. 

On the other hand, biological methods of air deodorization, which belong to filtration techniques, are an 

ecologically safe and relatively means of cheap odour neutralization [68,69]. Compared to physicochemical 

methods used to remove gaseous pollutants, these methods are characterized by lower energy demand and 

do not require either extreme operating conditions or the use of hazardous chemical reagents [3,15]. After 

starting and stabilizing the process, biological methods become practically maintenance-free. Among all 

air purification methods they are the most compatible with the principles of green engineering. Biofiltration 

is effective for waste gases with a concentration lower than 3 g m-3 VOCs [70,71]. The biofiltration process 

involves passing gases through a layer of porous material, which is a habitat for microorganisms. 

Contaminants diffuse from the gas phase to the biofilm, which is formed on the surface of the bed elements. 

The compounds adsorbed on the surface or absorbed in the biofilm undergo biodegradation, and the air that 

is purified and devoid of odorous compounds leaves the biofilter. Dissolved pollutants are decomposed by 

microorganisms, resulting in simple reaction products such as carbon dioxide (CO!), water and biomass 

according to the Equation 1: 

                      𝑉𝑂𝐶 +	𝑂! 	→ 	𝐶𝑂! +𝑤𝑎𝑡𝑒𝑟	 + 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 + 𝑠𝑖𝑑𝑒	𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠	             (1) 

Therefore, the basic purpose of the biofilter is to bring contaminants (volatile and gaseous substances or 

aerosols) contained in the air stream into contact with microorganisms under strictly defined conditions 

[72]. 

The optimal design of the apparatus and careful selection of process parameters, as well as the appropriate 

selection of packing materials used in biofiltration, ensure reliability and low investment costs for the entire 

process [3]. The construction of the column should be strong enough to support the column filling. Most 

often, fibreglass or various types of glass-fibre-reinforced plastics are used to build the column. Other 

materials used include polymers, metals protected with anti-corrosion coatings, and even concrete [73]. The 

packaging material should enable the proper development and growth of microorganisms during the 

process, and thus maintain the appropriate concentration of biomass in the bed [74,75]. These conditions 

are affected by bed porosity, low flow resistance and specific surface area. The large specific surface area 

enables the colonization of many microorganism cells, and also provides places protected against the 

adverse effects of shear forces associated with the flow of water [76]. The activity of the packing materials 

towards the removed impurities should also be determined [77,78]. The development of microorganisms 

takes place on the surface of the filtration column filling, mainly in macropores. The filling should act as a 

substrate for the development of the biological membrane and enable its complete colonization by 

microorganisms. Depending on the biofiltration method used, the process uses either microorganisms that 

naturally colonize the filling material of natural origin (peat, tree bark, cones, straw, wood chips and others), 

or uses microorganisms which are deliberately inoculated on an inert substrate (polyurethane foam, Palla 

rings, Białecki rings and others) [3,79,80]. Three technological solutions are most often used in biofiltration 
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- treatment in conventional biofilters, bioscrubbers and biotrickling filters. In conventional biofiltration, 

materials naturally colonized by consortia of microorganisms are most frequently used, activated sludge is 

commonly used in bioscrubbers, while in biotrickling filtration, selected microorganisms capable of 

decomposing VOCs on inert materials are most often immobilized [81]. 

Choosing the best air purification method is both complicated and difficult as it depends on many factors 

[82]. Table 1 summarizes and compares the basic techniques of reducing the emission of odorous 

compounds. In making this selection, consideration should be given to the chemical nature and 

characteristics of the gas stream, the amount of emissions produced and total pollutant content, pollutant 

concentrations, the desired level of gas deodorization and the inlet concentration [83–85]. Low waste (used 

packing materials can often be reused or recycled) and relatively low unit costs of biofiltration (much lower 

than in other methods of air purification from pollutants) determine the attractiveness of using this method. 

VOCs are often present in waste gases in low concentrations and are readily biodegradable. Biofiltration is 

one of the most dynamically developing technique, especially in the deodorization of gases with 

temperatures close to ambient temperatures. However, despite the numerous advantages of biofiltration 

over other methods of air purification, and its increasing implementation and modernization, the 

purification of gases from hydrophobic VOCs is still a major technological challenge due to their poor 

solubility in water [86–88]. The low mass transfer of hydrophobic VOCs from the gas phase to the liquid 

phase and biofilm reduces the supply of substrates to microorganisms, thus limiting the physical contact 

between the removed compounds and the microorganisms [88]. This phenomenon significantly reduces 

bioavailability, and thus limits biodegradation. In biological methods, the effectiveness of removing 

hydrophobic VOCs is significantly influenced not only by the physicochemical properties of the removed 

compounds, including to a large extent water solubility, but also by their molecular structure and Henry's 

law constant [60,89,90]. Therefore, in order to improve the removal efficiency of hydrophobic VOCs in 

biofilters, scientists aim to increase their bioavailability in both biofilm and liquid phase, using various 

strategies to improve filtration methods: the use of fungal biocatalysts, the addition of a surfactant, two-

phase biofilters, the addition of hydrophilic compounds and biofiltration with preliminary treatment [91–

98]. Drawing attention to this still existing problem became an inspiration to work on the development of 

a new proposal for the process of effective air deodorization with hydrophobic VOCs. 
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Table 1. Basic techniques of reducing the emission of odorous compounds [52,60,99–102]. 

Method Parameters Advantages Disadvantages 

Adsorption 

techniques 

Cin: <10 [g m-3] 

Gas flow: 5-50000 [m3 h-1] 

Temp.: <55 [℃] 

Used solutions: zeolites, activated 

carbons, aluminium (II) oxide 

- low operating costs 

- ability to recover adsorbents 

- high efficiency (in the case of a high-grade 

of activated carbon) 

- high investment costs 

- strong sensitivity to high air humidity and elevated temperature 

- risk of pollutant emissions 

- possibility of irreversible contamination of the sorbent 

- very narrow range of applications (solvent processes, paint 

shops and chemical industry) 

Absorption 

techniques 

Cin: 8-50 [g m-3] 

Gas flow: 100-60000 [m3 h-1] 

Temp.: room temperature 

Used solutions: washing gas with 

contaminated water 

- simple construction of the installation 

- high efficiency of deodorization 

- high operating costs (the need to use expensive chemically 

resistant and durable construction materials) 

- not suitable for low concentrations 

- nuisance of generated sewage 

- reagents used pose a health risk 

- risk of environmental pollution due to accidental leakage of 

reagents 

Thermal  

combustion 

Cin: 2-90 [g m-3] 

Gas flow: >10000 [m3 h-1] 

Temp.: 371 [℃] 

Used solutions: thermal oxidation 

- high efficiency 

- high investment costs 

- high operating costs 

- incomplete mineralization 

- not eco-friendly, release of secondary pollutants 

Catalytic  

combustion 

Cin: 2-90 [g m-3] 

Gas flow: >10000 [m3 h-1] 

Temp.: 149 [℃] 

Used solutions: thermal catalysts 

- high efficiency 

- energy efficient 

- not eco-friendly, due to the formation of by-products 

- catalyst deactivation and disposal required 

Nonthermal 

plasma 

technology 

Cin: - 

Gas flow: - 

Temp.: - 

Used solutions: reactive radicals 

and ions react with gaseous 

pollutants 

- low operating costs 

- low-temperature treatment  

- plasma generation in ambient air 

- for all gaseous pollutants 

- no waste and environmentally friendly 

- short treatment time 

- high investment costs 

- formation of excess ozone 

- large number of samples 

- adaptation mechanisms 

- determination of effective dose 

Ozonation 

Cin: - 

Gas flow: - 

Temp.: - 

Used solutions: strong oxidizing 

agent 

- low investment costs 

- low operating costs 

- in order to increase effectiveness of the 

process, must be used in conjunction with 

other methods, e.g. the use of catalysts 

- generates unhealthy ozone and degradation products 

- low rate of oxidation 

- ability to remove only some vapours and gaseous pollutants 

23

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

- microorganisms are removed at the same 

time 

- ease of cleaning the installation 

Fragrance 

modifications 

Cin: only low concentrations 

Gas flow: - 

Temp.: - 

Used solutions: adding of a 

volatile substance that changes the 

nature of the odour or the 

perceived intensity of the odour 

- low investment costs 

- maintenance-free or easy manual operation 

- effective use of environmentally friendly 

masking compounds 

- very short response time, about a few 

seconds 

- only possible to use this method in the case of odorants with a 
non-toxic effect and relatively low concentrations 

- possibility of reducing the immunity of people in the 

environment 

- strongly dependent on the state of the atmosphere at a given 

place and time, primarily: air temperature and humidity, wind 

speed, direction and gusts 

- highly efficient ventilation system required 

Biological 

techniques 

Cin: >3 [g m-3] 

Gas flow: 200-1500 [m3 h-1] 

Temp.: - 

Used solutions: air flows through a 

packed bed colonized by 

microorganisms that are capable of 

biodegrading pollutants 

- low operating costs 

- ability to remove a wide range of 

contaminants 

- follows principles of green engineering 

- possibility of immediate and flexible change 

of the biofilter's operating parameters 

- mostly maintenance-free operation 

Depending on the type of contamination: 

- possibility of using various filtration 

materials and strains of microorganisms  

- possibility of reusing used filter material, 
mainly artificial packing materials  

- investment costs vary depending on the assumptions and 

requirements of the project 

- pollutants to be removed must be biodegradable 
- gas must not be contaminated with substances toxic to 

microorganisms, e.g. heavy metal compounds 

- difficulties in removing hydrophobic compounds 

- required to control biological parameters 

- temperature during the pollutant removal process must be 

within a range that does not affect the deterioration of the 

activity of microorganisms inhabiting the biofilter column (this 

condition is met by regulating the purified gases by preliminary 

flue gas treatment, e.g. by pre-spraying the gases with water, 

which lowers their temperature and ensures leaching of toxic 

substances) 
- biofilters require a period of acclimatization of microorganisms 

for the biodegradation of pollutants (the required time depends 

on the species of microorganisms used, ranging from a minimum 

of one week to even several months) 

- possibility of generating secondary pollutants 

24

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

1.2. Biological methods of air deodorization 

The use of biological methods for air deodorization has been known for over 70 years [103]. As 

mentioned before, the biofiltration process can be carried out in two main types of apparatus, i.e. in a 

conventional biofilter (BF) or in a biotrickling filter (BTF) (Figure 2 a, b). The third group of devices 

used for biofiltration are bioscrubbers, which are characterized by low efficiency in removing 

hydrophobic VOCs from the air compared to BFs and BTFs [104] (Figure 2 c). Due to the high 

proportion of the aqueous phase, this treatment method is suitable for gaseous pollutants with high water 

solubility. Comparison of biological methods is shown in Table 2. The bioscrubber is a system 

consisting of two separate reactors, which are the absorber and the aerated activated sludge chamber. 

The sorbent is most often activated sludge. Gas purification occurs in two stages - absorption of 

pollutants by a liquid sorbent, and biodegradation in a bioreactor (which can be an activated sludge 

chamber). The microorganisms involved in the gas purification process are suspended in the mobile 

liquid phase. The purification of the sorbent (its self-regeneration) occurs as a result of the action of 

microorganisms in the activated sludge chamber [69,105]. 

In BFs, the polluted gas is moistened in a separate chamber and then passed through a column filled 

with materials of mostly natural origin (Figure 2a). Frequently used natural packaging materials are 

naturally inhabited by various species of microorganisms that form a biofilm layer on the surface of the 

filling. Contaminants present in the purified gas stream, after passing into the biofilm, are biodegraded 

to water, carbon dioxide, and converted into biomass [106,107]. Common problems encountered in the 

operation of BFs are their susceptibility to drying out of the bed, difficulty in controlling the process 

parameters (e.g. maintaining the required pH value), decrease in efficiency for highly concentrated gas 

streams, and limited durability of the filling used [108,109]. During the degradation of VOCs in 

biofiltration, metabolic products of the microorganisms involved in the biofiltration process may be 

formed, which may constitute secondary pollutants. On the other hand, the advantages of this solution 

are low investment and operating costs, easy operation and maintenance, and the possibility of cleaning 

gas streams polluted with odours belonging to various types of chemical groups [3,110].   
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Figure 2. Schematic representation of the experimental set-ups of (a) conventional biofiltration,  

(b) biotrickling filtration, (c) bioscrubbing. 
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In a BTF, the absorption and decomposition of pollutants take place in a column through whose filling 

a liquid enriched with nutrients for microorganisms is trickled (Figure 2b). The liquid phase, which is a 

medium for microorganisms, is continuously recirculated through the biofilter column, which is filled 

with a bed without the ability to retain water. The packing material does not contain any nutrients; 

therefore, all nutrients must be contained in the medium [111,112]. A common procedure used in this 

type of biofiltration is the immobilization of the inert bed with an isolated strain of known enzymatic 

activity [107,113,114]. The advantages of biotrickling filtration are the stability of the process, the 

ability to adjust the pH and temperature of the spray liquid, low flow resistance and small space 

requirements. However, this type of biofiltration has the following disadvantages: complicated 

construction, risk of generating secondary pollutants (similar to other biological methods of air 

deodorization), and an accumulation of excess biomass [14,77,115]. 

Both conventional biofiltration and biotrickling filtration are based on biofiltration, which is a complex 

process of removing pollutants in the gas and liquid phase, during which various physical and biological 

processes take place (Figure 3) [116]. The process of decomposing pollutants is called biodegradation. 

Odorous pollutants contained in the flowing air are adsorbed on the surface of the mobile liquid phase 

covering the biofilm produced by microorganisms colonizing the filling of the biofilter column. 

Adsorbed odour particles penetrate through the liquid phase and then diffuse through the biofilm towards 

microorganisms. Microorganisms causes decomposition of odour pollution particles, which results in 

the production of water, carbon dioxide and biomass.  
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Table 2. Basic biological techniques for reducing the emission of odorous compounds [29,60,100]. 

Method Applied solutions Advantages Disadvantages 

Conventional 

biofiltration 

- single reactors 

- continuous working time 

- immobilized biomass 

- often use natural organic 

materials, naturally inhabited by 

microorganisms 

- low pressure drops 

- low investment costs (among all biological methods, 
they require the smallest initial investment, then 

operating costs are minimized) 

- low operating costs 

- simplicity of commissioning and operation 

- able to remove hydrophobic VOCs that are difficult 

to dissolve in water 

- generates the smallest amount of waste compared to 

other biological methods of air purification 

- most often it is not necessary to immobilize 

microorganisms on an inert material, because 

materials naturally colonized by microorganisms are 
often used 

- the biofilter bed has a limited lifetime 

- strict control of working conditions is required 

- need to maintain constant working conditions of the 

bioreactor (constant temperature and pH, concentration 

change in a narrow range) 

- possibility of problems with deposit clogging 

- possibility of generating secondary pollutants 

- in the case of external (soil) biofilters: 

     - large size, large area required, difficult space constraints 

     - poor control of working conditions 

Biotrickling 

filtration 

 

- single reactors 

- immobilized biomass 

- most common setup is an inert 

packing material on which 

selected species of 

microorganisms are immobilized 

- the porosity of the packing 

material should allow good air 
flow 

- mobile liquid phase 

- low space requirements 

- low operating costs 

- good distribution of nutrients 

- low flow resistance 

- high volume throughput 

- ability to adjust the temperature and pH of the 

trickled liquid 

- stability of the process 

- able to treat acidic VOC degradation products 
- able to remove hydrophobic VOCs that are difficult 

to dissolve in water 

- possible for direct contact of microorganisms (e.g. 

fungal hyphae) with the removed compound 

- investment costs vary depending on the assumptions and 

requirements of the project 

- complicated construction 

- requires additional effort to start the process to immobilize 

selected microorganisms on the inert packing material 

- possible leaching of microorganisms from the column 

packing 
- possible excessive accumulation of biomass in the filter bed 

- secondary waste stream is created 
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Bioscrubbing 

- two reactors 

- the filling of the bioscrubber is 

sprinkled with liquid containing 

activated sludge - the mobile 

liquid phase 

- suspended biomass 

- most often the filling is made of 

neutral materials whose structure 
is conducive to the development 

of microorganisms 

- sometimes bed elements are not 

only biofilm carriers, but also 

adsorbents of gaseous pollutants, 

e.g. activated carbon 

- relatively small pressure drop 

- relatively smaller space requirements (compared to 

large-area external (soil) biofilters) 

- high solubility of oxidation products; 

- better control of operating parameters and work 
stability 

- able to cope with severe fluctuations and high flow 

rates 

- investment costs vary depending on the assumptions and 

requirements of the project 

- high operating costs 

- higher energy consumption than biofilter 

- the need to ensure energy supplies 

- possible complications in commissioning, operation and 

maintenance may be encountered 

- additional air supply may be required 
- production of liquid waste 

- sometimes it is necessary to remove excessive sediment 

- effectiveness of odour removal depends on weather 

conditions (in the case of external bioscrubbers) 

- only removal of water-soluble compounds possible 
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Figure 3. General mechanism of removing gas pollutants in bioreactors. 

The biodegradation process takes place in two stages. The first stage is biosorption, which involves organic 

compounds being retained on the cell surface. On this surface, the penetration of molecules takes place in 

both directions - odour particles penetrate into the cell, and waste metabolic products exit in the opposite 

direction. The phenomenon of penetration of intracellular and extracellular contents within the cell enables 

the uninterrupted continuation of the process of absorbing new pollutant particles. The second stage of 

biodegradation is mineralization, which consists of the use of energy and biogenic elements for the 

enzymatic decomposition of VOCs by microorganisms. The decomposition of VOC molecules usually 

takes place inside the cell, accompanied by the excretion of simple mineral products. In contrast, 

macromolecular compounds are hydrolyzed outside the cell [86,117]. 

Usually, the dominant factor in biological treatment, regardless of the technical solutions, is the activity of 

the microorganisms used [118]. In biological methods, bacteria are most often used, but fungi are also 

always present in the biofilter and their participation in the purification process depends on the process 

30

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

conditions [5,119]. In recent years there has been a growing interest in understanding the metabolism of 

fungi and bacteria involved in the biofiltration process. Due to the large variety of species of 

microorganisms involved in biofiltration, there is a large variance in the metabolic pathways employed by 

them [107,120]. To date, the metabolic pathways of bacteria have been extensively studied, while the 

metabolism of fungi capable of degrading VOCs remains poorly understood. The study and understanding 

of the metabolism of microorganisms is enabled by molecular techniques, including the next generation 

sequencing, detection of single strand conformation polymorphism (SSCP), as well as the modified SSCP 

- DGGE (denaturing gradient gel electrophoresis) method, or the TGGE (temperature gradient gel 

electrophoresis) method [121–124]. 

1.3.  The use of fungi in biofiltration 

When designing biofiltration processes, regardless of technical solutions, one of the most important factors 

affecting the effectiveness of air deodorization is the type of microorganisms used, and thus their 

metabolism in relation to the specific odorous VOCs removed [77,116]. The selection of a culture of 

microorganisms for biofiltration is usually made on the basis of the composition of the purified air and the 

analysis of the ability of microorganisms to degrade pollutants present in the gas stream [4,5]. In some 

cases, a single species of microorganism is enough to remove some VOCs from the air, while other times 

the use of a consortium of microorganisms is required to effectively deodorize the air of pollutants 

[32,125,126]. The removed VOCs are used by these microorganisms as a source of elements necessary for 

their lifecycle, mainly carbon, and/or a source of energy [106]. 

Over the past few years, extensive research has been conducted into the versatility of microorganisms used 

in biofiltration [5,19,76,97,127–131]. The most commonly used microorganisms in biofiltration are 

bacteria and fungi. However, to this day, bacteria are used in biofiltration much more often than fungi 

[109,130]. Particularly high efficiency of bacterial processes has been noted in the case of air deodorization 

from hydrophilic VOCs [32,132]. Over the past several years, fungi have been garnering more and more 

interest in this field, especially when it comes to the biodegradation of VOCs of a hydrophobic nature 

[88,97,133–135]. It is worth mentioning that the terms "bacterial biofilters" or "fungal biofilters" are not 

always correct in biofiltration. In open biofilters, it is not possible to maintain aseptic conditions, and thus 

the input composition of microorganisms inhabiting the biofilter bed. In the biofilter during the process, 

primary microbiota are replaced in various proportions by secondary microbiota, both by fungi and bacteria. 

On the other hand, under favorable conditions, it is possible to maintain the dominance of microorganisms 

inhabiting the filling of the biofilter throughout entire duration of the process. This phenomenon is 

influenced not only by the competitive ability of the microorganisms themselves, but also by the physical 

and chemical conditions of the process [76]. 

Bacteria are effectively used in biofiltration to remove hydrogen sulphide, nitrogen compounds and some 

VOCs [136–138]. The most commonly used bacteria in biofiltration are microorganisms belonging to the 

following species: Pseudomonas, Rhodococcus, Burkholderia and Bacillus [132,139–144]. Bacteria, 
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compared to fungi, are characterized by higher biochemical activity and faster growth [125]. However, 

hydrophobic VOCs are poorly removed by bacteria colonizing the inert or organic fillings of the biofilter 

column. The most likely reason is frequent drying in BFs and acidification of the bed filling the column 

[145,146]. In order to overcome these operational problems, a technique has been developed for the 

colonization of inert packing materials by fungi [145,147]. Compared to bacteria, fungi are more resistant 

to dry and acidic conditions, which are the two main factors that most often reduce the efficiency of 

biofiltration. This is particularly important when biofiltration is carried out on an industrial scale and is in 

a transitional state, which is often associated with changes in the pH value, rapid changes in the degree of 

hydration or changes in loads caused by biofilter downtime, which usually have disastrous effects on the 

bacteria inhabiting the bed biofilter [148,149]. Fungi are also less sensitive to the toxic effects of pollutants 

and have a greater ability to survive during a shortage of elements necessary for proper functioning than 

bacteria [150]. In addition, fungi have specific hydrophobic proteins in their cell wall, called hydrophobins, 

which increase the biodegradation of hydrophobic VOCs directly from the gas phase [145,151–154]. Many 

species of fungi, mainly yeasts and filamentous fungi, can produce biosurfactants to degrade hydrophobic 

VOCs and use them as a carbon source [155]. Biosurfactants are amphiphilic molecules containing two 

parts: hydrophilic (head) and hydrophobic (tail) [98]. These molecules are synthesized as metabolic 

products, often by-products, using various substrates such as VOCs, carbohydrates, hydrocarbons or fats 

[156]. Biosurfactants, which enable the emulsification, dispersion and dissolution of insoluble substances, 

are produced by microorganisms as a mechanism to deal with interfacial challenges [157]. Both 

biosurfactants (molecules naturally produced by microorganisms during the process) and surfactants 

(compounds artificially added to the biofiltration process) increase the bioavailability of the hydrophobic 

VOCs to be removed by reducing the surface tension of the biofilm and interfacial tension at liquid-liquid 

or liquid-gas interfaces [88]. In 2019, Miller et al. concluded that both surfactants and biosurfactants can 

be sorbed on cells and affect the hydrophobicity of the outer layers, which directly affects the hydrophobic 

affinity of microbial cells for poorly soluble VOCs [92]. A variety of fungus able to produce biosurfactants 

can be found in [156,158–161]. However, cases of negative or neutral impact of surfactants on the process 

of removing odours from the air have also been reported. Therefore, when designing a biofiltration process, 

it is necessary to consider whether or not to add a surfactant. In the case of a decision to add these types of 

compounds, they should be properly selected, as they show high selectivity of action, and by increasing the 

rate of biodegradation of a given pollutant, they can also block the development of microorganisms 

responsible for the biofiltration process [162]. 

Two types of fungi, yeasts and moulds, are mainly used in biofiltration (Figure 4) [146,163,164]. Moulds 

are distinguished from other microorganisms by having a substrate mycelium that grows into the substrate 

and aerial mycelium, which is formed by loosely collected hyphae (Figure 4 b) [165]. As already mentioned, 

the removal of hydrophobic VOCs is currently one of the greatest technological challenges in biofiltration 

due to their low solubility in the liquid phase. On the other hand, moulds, having an extensive aerial 

mycelium, have an extensive mass exchange surface from the gas phase to the biofilm. The whole process 

is also facilitated by the fact that the cell walls of fungal hyphae are hydrophobic, which greatly facilitates 
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the penetration of hydrophobic pollutants into the fungal biofilm [151,153]. Vergara-Fernández et al. (2006) 

observed that the solubility of hydrophobic compounds is usually higher in the presence of fungal biomass 

and their metabolites [151]. One of the first studies focusing on the quantitative determination of the 

importance of aerial mycelium in the process of n-pentane deodorization in a biofilter inoculated with the 

fungus species Fusarium solani, showed that the aerial mycelium biomass alone accounted for 25.9(±3)% 

of the total mass of biomass and was responsible for the removal of 71.6(±4)% n-pentane [166]. In addition, 

the growth of the aerial mycelia of fungi can significantly increase the mass transfer of hydrophobic VOCs 

to the biofilm phase from the gas phase [97]. To summaries, moulds with aerial mycelium are able to 

effectively adsorb and biodegrade hydrophobic VOCs due to direct contact with the gas phase. 

 

Figure 4. Representation of fungal growth in biotrickling filter. (a) yeast biofilm, (b) mould fungi growth. 

Most examples of the use of fungi in biofiltration involve moulds, due to their filamentous mycelium 

formation. However, the possibility of inoculating biofilter beds with isolated yeast strains is being 

investigated more frequently, due to the latest optimistic literature reports on this subject 

[151,164,167,168]. Yeast forms a thin layer (biofilm) on the surface of the inhabited packing material, 

which performs significant functions during the biofilter process (Figure 4 a). During the biofiltration 

process, pollutants from the air are absorbed on the surface of the biofilm, while during biotrickling 

filtration, VOCs are first dissolved in the trickling liquid medium flowing through the biofilm column. Only 

in the next stage will waste particles penetrate directly into the biofilm. The extracellular polymeric 

substance (EPS) is responsible for the coherence of the biofilm, and is also its main component (50-80% 

by weight of the entire biofilm) [169]. The EPS has both hydrophilic and hydrophobic properties, which 

facilitate the adhesion of both hydrophilic and hydrophobic gas molecules, despite the low solubility of the 

latter in water [170]. Späth et al. (1998) showed during sorption experiments with benzene, toluene and 
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xylene for sewage sludge that the extracellular matrix of EPS is a hydrogel and therefore has a hydrophilic 

character, but also contains hydrophobic regions [171]. The results in which the removed compounds were 

accumulated in the EPS matrix are presented. Thus, biofilms can react dynamically to sorption processes, 

while the exact location of hydrophobic VOC sorption in the extracellular matrix is not yet known [172]. 

In conclusion, there is experimental evidence that the removal efficiency of hydrophobic compounds can 

be improved by using fungal biofilters. However, literature information on fungal biofiltration of most 

hydrophobic VOCs is not sufficient to implement this technology in industrial practice. There is a need to 

conduct such research that will allow us to gain detailed information and experience. Therefore, further 

research is still needed to optimize this solution and eliminate potential disadvantages associated with these 

types of new solutions. Further research into the exact mechanisms involved in fungal biofiltration is also 

needed. 

  

34

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

2. Aim of the research work 

The development of new process solutions for the removal of hydrophobic VOCs represents a great 

technological challenge and requires a multifaceted approach, as indicated in the previous chapter of this 

dissertation. It includes two main aspects: the equipment and process part and the microbiological part 

(including selection of the appropriate species of microorganisms). 

The aim of this PhD dissertation was to develop a hydrophobic VOC air deodorization system from 

biofilters inhabited by various species of microorganisms. Information collected on the basis of literature 

reviews in two review publications (P1 and P2) resulted in a decision to develop a fungal BTF. The use of 

a fungal BTF allows for greater control of process variables compared to bacterial biofilters and enables 

the removal of gaseous pollutants at higher VOC load rates than in BF. The efficacy of the developed 

solutions was checked using model organism Candida subhashii in BF and BTF to remove a mixture of 

hydrophobic VOCs on a laboratory scale.  

The following tasks were planned to gain the aim: 

T1 - Selection of the best biological method of air deodorization and comparison of microorganisms used 

in biofiltration in terms of their ability to remove hydrophobic compounds based on a literature review.  

T2 - Identification of a fungus isolate, previously not used in biofiltration, which will effectively remove 

hydrophobic VOCs from the air. 

Ø Isolation of pure fungal cultures from peat used in the biotrickling filtration process; 

Ø Selection of fungal isolates capable of using hydrophobic VOCs as a carbon source; 

Ø Species identification of fungi capable of decomposing selected VOCs (selection of a fungus isolate – 

C. subhashii, not used in biotrickling filtration so far, capable of removing selected hydrophobic VOCs 

from the air). 

T3 - Development of a quick and low-cost method of fungal cell immobilization on internal packing 

material and development of a simple and low-cost method for monitoring the condition of the fungi used 

during the biofiltration process. 

Ø Development of a new method for the immobilization of yeast and mould on various types of artificial 

packing materials used in BTF; 

Ø Selection of the material most effectively inhabited by selected fungal isolates; 

Ø Designing and developing methods for evaluating the settlement of fungi and their  viability on the 

support material. 

T4 - Elaboration of method allowing for assessment of the fungi immobilization and monitoring their 

condition during the biofiltration process. 

T5 - Checking the ability of the selected fungus to use a mixture of hydrophobic VOCs from the gas phase 

as a carbon source in BTF. 

Ø Comparison of the efficiency of this process in BT and BTF. 

T6 - Comparison of selected fungus with the species most effectively used in biofiltration (according to 

prior literature) in their ability to use a mixture of hydrophobic VOCs from the gas phase as a carbon source. 
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3. Description of the research 

The implementation of the research objectives has been presented in the scientific publications that are the 

basis of this doctoral dissertation. The dissertation is based on two review publications (1-2) and four 

publications (3-6) in which the results and conclusions of the research were presented: 

P1 - Gospodarek, M., Rybarczyk, P., Szulczyński, B., & Gębicki, J. (2019). Comparative evaluation 

of selected biological methods for the removal of hydrophilic and hydrophobic odorous VOCs from air. 

Processes, 7(4), 187. doi.org/10.3390/pr7040187 (IF=3.352) 

P2 -  Marycz, M., Brillowska-Dąbrowska, A., Muñoz R., Gębicki, J. (2022). A state of the art review on 

the use of fungi in biofiltration to remove volatile hydrophobic pollutants. Reviews in Environmental 

Science and Bio/Technology, 21(1), 225-246. doi.org/10.1007/s11157-021-09608-7 (IF=14.284) 

P3 - Marycz, M., Brillowska-Dąbrowska, A., Gębicki, J. (2020). Evaluation of immobilization of 

selected peat-isolated yeast strains of the species Candida albicans and Candida subhashii on the surface 

of artificial support materials used for biotrickling filtration. Processes, 8(7), 801. 

doi.org/10.3390/pr8070801 (IF=3.352) 

P4 - Rybarczyk, P., Marycz, M., Szulczyński, B., Brillowska-Dąbrowska, A., Rybarczyk, A., Gębicki, 

J. (2021). Removal of cyclohexane and ethanol from air in biotrickling filters inoculated with Candida 

albicans and Candida subhashii.  Archives of Environmental Protection, 47(1), 16-34. 

doi.org/10.24425/aep.2021.136445 (IF=1.872) 

P5 -  Marycz, M., Rodríguez, Y., Gębicki, J., Muñoz, R. (2022). Systematic comparison of a biotrickling 

filter and a conventional filter for the removal of a mixture of hydrophobic VOCs by Candida 

subhashii. Chemosphere, 135608. doi.org/10.1016/j.chemosphere.2022.135608 (IF=8.943) 

P6 -  Marycz, M., Brillowska-Dąbrowska, A., Cantera, S., Gębicki, J., & Muñoz, R. (2023). Fungal co-

culture improves the biodegradation of hydrophobic VOCs gas mixtures in conventional biofilters and 

biotrickling filters. Chemosphere, 313, 137609. doi.org/10.1016/j.chemosphere.2022.137609 (IF=8.943) 
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3.1.  Publication 1: Comparative evaluation of selected biological methods for the removal of 

hydrophilic and hydrophobic odorous VOCs from air 

The first review publication in the series, which is the basis of this doctoral dissertation, is devoted to the 

comparison of selected biological methods of removing various air pollutants, both hydrophilic and 

hydrophobic VOCs, and common inorganic odour compounds. The strategy of comparing BF, BTF and 

bioscrubbers in terms of their suitability for effective odour removal was based on the criteria and their sub-

criteria. The following aspects of biofiltration were analysed: efficiency (removal efficiency (RE) and 

empty bed residence time (EBRT)), costs (investment and operation), technical aspects and problems 

(periodic replacement of packing elements, periodic liquid regeneration, system complexity and ease of 

process control) and impact on the environment (dimensions of apparatus and waste streams). A pairwise 

comparison model was used to compare these methods in terms of their suitability for effective VOC 

removal. This model was used to assess the effectiveness of selected biological processes in terms of the 

aforementioned criteria and sub-criteria. In addition, for the same purpose, a decision tree was prepared to 

verify the input and output data of the pairwise comparison model in various ways. 

Taking into account both the economic, technical and environmental aspects, the obtained test results 

showed that BTFs and BFs are best suited for purifying air of hydrophobic VOCs. However, both BFs and 

BTFs still encounter problems during reduction of hydrophobic VOCs. Indeed, due to the low water 

solubility of hydrophobic VOCs, these pollutants are poorly absorbed in recirculating aqueous solution or 

in bacterial biofilms. In this context, fungal colonization of inert packing materials in BTFs and BFs were 

chosen for further experimental study after consideration was taken of all relevant criteria, with particular 

weighting given to the economic and processing constrains of this research project, as well as in purpose 

overcome the mentioned operational problems.  
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piotr.rybarczyk@pg.edu.pl (P.R.); bartosz.szulczynski@pg.edu.pl (B.S.); jacek.gebicki@pg.edu.pl (J.G.)
* Correspondence: milena.gospodarek@pg.edu.pl; Tel.: +48-58-347-20-58

Received: 8 March 2019; Accepted: 28 March 2019; Published: 1 April 2019
����������
�������

Abstract: Due to increasingly stringent legal regulations as well as increasing social awareness,
the removal of odorous volatile organic compounds (VOCs) from air is gaining importance. This paper
presents the strategy to compare selected biological methods intended for the removal of different
air pollutants, especially of odorous character. Biofiltration, biotrickling filtration and bioscrubbing
technologies are evaluated in terms of their suitability for the effective removal of either hydrophilic
or hydrophobic VOCs as well as typical inorganic odorous compounds. A pairwise comparison model
was used to assess the performance of selected biological processes of air treatment. Process efficiency,
economic, technical and environmental aspects of the treatment methods are taken into consideration.
The results of the calculations reveal that biotrickling filtration is the most efficient method for the
removal of hydrophilic VOCs while biofilters enable the most efficient removal of hydrophobic
VOCs. Additionally, a simple approach for preliminary method selection based on a decision tree
is proposed. The presented evaluation strategies may be especially helpful when considering the
treatment strategy for air polluted with various types of odorous compounds.

Keywords: air deodorization; comparison; biofiltration; volatile organic compound; decision tree

1. Introduction

1.1. Air Deodorization by Biological Methods

Pollution caused by VOCs and other air pollutants, especially odorous compounds,
including organic and inorganic compounds, including nitrogen-containing compounds (NH3, amines)
and sulfur-containing compounds (H2S, mercaptans, sulfides), have adverse effects on both humans
and the environment [1–3]. Odorants have been proven to pose toxic effects on human health as well
as to negatively influence the quality of life. Thus, a lot of attention has been devoted to the emission
control of VOCs and other odorous pollutants in recent years [4,5].

Odorous compounds are emitted from many sectors of human activity, including wastewater
treatment plants, communal waste landfills, agriculture and plenty of industrial facilities e.g., crude oil
refineries, pulp and paper mills and various chemical industries. Additionally, the need for indoor
air treatment is gaining interest [6–11]. Such emissions are controlled by various deodorization
techniques. The following methods are most often applied: thermal oxidation, absorption (in water
or with chemical reaction), adsorption, masking and biological techniques. The selection of the most
appropriate methods is case-specific and depends on the properties of a gas stream, concentration of
pollutants, emission source and the desired level of gas deodorization [1,5,12–15].

Processes 2019, 7, 187; doi:10.3390/pr7040187 www.mdpi.com/journal/processes
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Among the aforementioned gas deodorization methods, the group of biological methods seems
to be superior, especially with the perspective of environment, economy and sustainable development.
Biological methods are characterized by low operating costs, low secondary pollution and very
high purification efficiency when treating large volumes of gases containing low and medium
concentrations of pollutants [16–18]. The process of biological gas treatment is most commonly referred
to as “biofiltration”. The most common apparatus intended for air biofiltration include conventional
biofilters (BF), bioscrubbers (BS) and biotrickling filters (BTF) [19–21]. Beside the differences in the
apparatus design, the mechanism of the air treatment process is similar.

The process of biofiltration is based on the degradation of gas contaminants as a result of biological
activity of microorganisms inhabiting the porous packing of the biofilter. The microbes are especially
present in so-called biofilm developing over the surface of packing elements. The mechanism of the
process consists in the diffusion of pollutants from the gas phase to the biofilm surrounded by a liquid
phase. This liquid phase may either be supplied as a trickling liquid (biotrickling filter) or may result
from former gas humidification (conventional biofilter). Thus, pollutants from the gas phase are either
adsorbed on or absorbed by the biofilm and then undergo biodegradation. The stream of treated
(cleaned) air leaves the biofilter together with formation of CO2, H2O and biomass as biodegradation
products [5,22,23] (Figure 1).

Figure 1. General mechanism of biofiltration.

A conventional biofilter is usually packed with a bed made of organic materials (wood chips, cones,
peat) that are naturally colonized by microorganisms capable of degrading various air pollutant impurities.
The contaminated gas is humidified in a separate chamber prior to entering the biofilter [24,25].

In the case of BTF, the filter packing is made of inert natural or synthetic materials (ceramic elements,
polyurethane foam, lava rock). Such a packing requires inoculation of microbes prior the process start-up
and the role of the packing is mainly to give a physical support for the biofilm development. BTF uses a
trickling liquid, usually enriched with additional nutrients for microorganisms. Such a configuration
enables the pollutants’ adsorption/absorption and biodegradation in one apparatus [19,26].

Biological air treatment in bioscrubbers consists in two main processes: absorption of gas
contaminants in the liquid phase and biodegradation of these pollutants with the use of additional
bioreactors, enabling the liquid regeneration, aeration and circulation [1].

Typical processes of biological air treatment are designed for the removal of water-soluble
compounds. The efficiency and the rate of biofiltration of hydrophilic compounds is mainly dependent
on the rate of their biodegradation in the biofilm. However, when hydrophobic gas pollutants are
considered, the biofiltration efficiency depends drastically on the transfer rate of the components from
the gas phase to the liquid, usually aqueous phase [27–29]. This is why biofiltration of hydrophobic
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compounds precedes with much lower efficiency than hydrophilic compounds and currently the
improvement of the efficiency of hydrophobic compounds biofiltration is a challenge in the design of
the biological treatment processes [16,30].

Depending on the air pollutant type and concentrations, one of above discussed biological
treatment methods may be chosen. Biological methods of air treatment have been increasingly
investigated since the beginning of the 1990s. Firstly, the research concentrated mainly on the effect of
basic parameters on the process performance [5,22,31–33]. Furthermore, more in-depth research on the
biological aspects have been developing, including the biotechnological assays for the composition of
microbial composition of the biofilm. Currently, the research is focused on the improvement of the
removal of hydrophobic air pollutants, biofiltration of which is usually limited by low mass transfer
rate from the gas to the liquid (biofilm) phase. Parallel to typical experimental investigations, also
in the semi-pilot and pilot scales, modeling of these processes is investigated and developed [34–37].
Examples of the latest research include the application of fungi for biofiltration [38], modeling of
serial biofiltration unit [39], upgrading of biogas in biofilters [40] or biomass overgrowth control
strategies [41]. Research in the field of biotrickling filtration is devoted to e.g., small-scale applications
for indoor air treatment [42], application of new strands of microbes [43] or process scaling-up [44].
Examples of current research on bioscrubbers are the emission control of NH3 from agricultural
applications [45] or treatment of air polluted with H2S and others [46–48].

The selection of the most suitable treatment method is a function of several factors, especially when
mixtures of hydrophilic or hydrophobic compounds are considered. In this perspective, a broad set of
data or mathematical tools aiding the decision-making may be of importance. In the literature, several
papers devoted to comparison of various deodorization methods [12,49–51] may be found. However,
these papers mainly present the experimental results and economic analyses or compares different
processes/process conditions, leaving the reader with general ideas about the processes discussed.
Therefore, the development of a comparative tool for the selection of the treatment method is of both
scientific and practical importance.

1.2. Assessment of Biological Methods of Air Treatment

In this paper, two approaches of comparative analysis or selection criteria for the treatment of
air polluted with various volatile compounds are investigated. An evaluation methodology based
on the procedure described by Oliva et al. [15] is proposed in this paper. The adopted method is
derived from a pairwise comparison model, using numerical judgments from an absolute scale of
numbers. This method was initially proposed by Henri Lebesgue and it enables the comparison of
the examined objects, with the aid of the analysis of their properties and selection of the appropriate
scale [52]. It is based on comparing elements, in order to receive their assessment, based on a preference.
This method also allows to choose which of the analyzed elements are characterized by a larger number
of the selected quantitative properties. Pairwise comparison is often a crucial step in multi-criteria
decision analysis [53]. This method was chosen due to the fact that it allows for a fair division
and balance of the final value into individual components [54,55]. Similar comparisons are made
in other fields of science, e.g., assessment of fuels [56], voting system [57–59], psychology [60,61],
artificial intelligence system [62] and others [63–65]. They key element is to provide a tool for making
an objective comparison taking into account the division into various aspects of a given field.

Additionally, a decision tree procedure for the selection of a treatment technology is proposed.
Decision tree is a graphical method of supporting the decision-making process, which can be used
for different types of modeled variable, i.e., continuous or discrete. The goal is to create a model that
predicts the value of a target variable based on several input variables [66,67]. The main task of the
decision tree method is to generate mutually exclusive regions in which there are as many samples as
possible classified into one group. These regions are created by successive divisions of the training set,
using binary logical rules [68]. The learning process is carried out to obtain the most homogeneous
group of sample sets. As an algorithm output, decision trees can provide two types of information:

40

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Processes 2019, 7, 187 4 of 22

the description of which group the examined object is located in or the probability of belonging to a
given group [69].

1.3. Aim of Investigations

The aim of this paper is to provide a comprehensive assessment of the selected biological methods
for the removal of various volatile compounds from air i.e., biofiltration, biotrickilng filtration and
biscrubbing with the use of a pairwise comparison model as well as decision tree procedure.

This paper presents three interesting elements from the novelty viewpoint. Firstly, the paper
revises the results of selected recent research on the application of biological methods for selected air
pollutants, thus it may serve as a source of experimental results. Secondly, the authors adopted
a comparison procedure for evaluating the holistic effects of performance, costs and technical
aspects of treating air with a given method. Thirdly, a simple tool for preliminary selection of the
method is proposed. Such an approach is hardly met in the literature and presents useful way of
comparing processes.

2. Materials and Methods

2.1. Data Collection

For the purpose of calculations for a pairwise model as well as the development of a decision
tree, literature data was used. For literature search, Science Direct, PubMed and MDPI databases were
applied. Articles from last 10 years were selected with the priority of choosing, however older articles
were used as well (depending e.g., on the target chemical compound in a given treatment method).
Selection of literature data was applied according to the target compound so as to collect data suitable
for comparison purposes. Data applied in calculations were taken directly from the literature without
normalization procedures.

2.2. Comparative Analysis

A comparative analysis of biological methods in the perspective of the removal of hydrophilic,
hydrophobic or inorganic odorous gases is presented with the use of a pairwise comparison model [52].
The numerical procedure used is based on the quantification of a set of parameters previously classified
in clusters. It is used to select the best biological process of air purification from impurities. The results
obtained on the basis of the semi-quantitative ranking of selected parameters pointed to the advantages
and disadvantages of the processes studied. For the purpose of comparison, the focus is on the process
performance, technical, economic as well as environmental aspects. The applied method consists in
assigning specific values to all highlighted alternatives. Calculations are realized in four main stages
i.e., selection of the main criteria determining the deodorization process (C1–C4) as well as selection of
sub-criteria affecting the main criteria (C1.1–C4.2); assigning weights to each criterion and sub-criterion
(wi and wij); assigning indicators to sub-criteria (values in the range between 0 and 1); calculation of
the results of all alternatives.

The results of all alternatives were obtained using the following equations [28]:

Ri = wi,j1·ri,j1 + wi,j2·ri,j2 + . . . + wi,jn·ri,jn ; i = 1, . . . , n; j = 1, . . . , n (1)

R = wi1·Ri1 + wi2·Ri2 + . . . + win·Rin ; i = 1, . . . , n; j = 1, . . . , n (2)

where:

wi,j - weight of a given sub-criterion Ci,j,
ri,j - result of an alternative to the sub-criterion Ci,j,
Ri - result of an alternative to the criterion Ci,
wi - weight of given criterion Ci,j,
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R - overall result of the alternative,
n - number of analyzed criteria.

2.3. Decision Tree for the Preliminary Selection of the Deodorization Method

In the second part of this paper, a decision tree procedure was applied. The decision tree has been
built based on data from 57 biological processes of removing various chemical compounds from the
air i.e., conventional biofiltration, biotrickling filters and bioscrubbers. The data set is presented in
Table 5. The following process parameters were selected as input variables: inlet concentration, Henry’s
constant and empty bed residence time (EBRT). As the result of the decision tree, the most optimal air
purification method may be indicated. All calculations were performed in RStudio 1.1.463 [70] using
the ‘rpart’ library [71].

The main advantages of using decision trees are their non-parametric character as well as the
automatic identification of the most significant variables by the algorithm and the elimination of
statistically insignificant variables. Moreover, the mathematical transformation (e.g., logarithm) of
one or more explanatory variables does not change the structure of the tree which is changed only by
threshold values. Among the disadvantages should be indicated: a slight modification of the training
set (e.g., removal of several observations) can radically change the structure of the tree. In addition,
in one step the tree can divide the space only in relation to one variable (in other words: the dividing
lines are always perpendicular to the divided axis in the variable space).

2.4. Calculation of Process Performance Parameters

Removal efficiency and empty bed residence time were selected as parameters presenting process
performance. These parameters indicate both the degree of the removal of odorous compounds from
air as well as gives the information about the rate of the process course based on the air flow rate and
the capacity of a bioreactor. Values of RE and EBRT were either taken directly from literature data or
calculated according to Formulae (3) and (4):

RE =

(

Cin − Cout

Cin

)

·100% (3)

EBRT =
V
Q

(4)

where:

Cin - inlet concentration of target compound,
Cout - outlet concentration of target compound,
V - volume of the filter bed,
Q - inlet gas flow rate.

3. Results and Discussion

3.1. Selection of Comparison Main Criteria

In order to characterize biological methods of air deodorization, four main criteria were selected:
efficiency/process performance, costs, technical aspects and problems as well as the environmental
impact. The aforementioned criteria have been chosen in the perspective of possibly complete
evaluation of each analyzed treatment method. The selection criteria are presented in Figure 2.
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Figure 2. Hierarchy of selected criteria and sub-criteria.

Each of the selected criteria has been divided into second-order criteria. As part of the performance
criterion, two sub-criteria were distinguished: removal efficiency (RE) and empty bed residence time
(EBRT) [1,4,5,72]. Values of RE inform about the degree of air purification and enable to differentiate
among the process performance of analyzed methods. Comparison of the values of empty bed
residence time allows for the assessment of the rate of the assessed treatment processes. The criterion
related to the costs include investment and operating costs as sub-criteria [12,19,73,74]. These costs are
crucial for the process realization, especially when industrial-scale applications are considered.

The authors of this manuscript have proposed two more criteria related to the deodorization
strategy i.e., technical problems arising during the process [1,5,19,20,31] as well as the environmental
impact of the technology [12,73–75]. Among the technical aspects and possible technical problems,
which are thought to greatly affect the long-term process operation, following sub-criteria have been
distinguished: periodic replacement of packing elements, the need for periodic regeneration of the
liquid, the complexity of the system, as well as the ease of process control and the ability to adapt the
system to changes in the charge of current regulation. These sub-criteria have been proposed based on
a literature review.

The following sub-criteria have been proposed when the environmental impact of the
deodorization technique is considered: dimensions of the apparatus and waste streams generated
during the treatment process. Depending on the flow rate of treated air streams, the dimensions of
the apparatus may greatly differ (laboratory to industrial scale) [75]. In this perspective, conventional
biofilters, especially the open-type, occupy plenty of land area, resulting in a high foot-print. Sizes of
biotrickling filters are much smaller. On the other hand, the operation of bioscrubbers generates high
volumes of liquid containing compounds absorbed from air and these liquid streams must be further
processed [1,5]. This is why the sub-criteria including apparatus size and waste streams generation
have been proposed.

3.2. Assigning of Weights to Criteria and Sub-Criteria

The choice of criteria and sub-criteria was made on the basis of a literature review. A literature
review was prepared using peer-reviewed journals, other professional literature [72] as well as
conference materials. When choosing and proposing the values of the criteria, the authors took
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advantage of the process experience of the team [13,21,25,76]. Having the above set of data, the
authors attributed the criteria and sub-criteria to the weights, reflecting the importance of the aspect
to the entire process of biological purification of air from pollutants. The values of weights are given
in Table 1.

Table 1. Weight of the criteria and sub-criteria and ranges of sub-criteria indicators.

Criterion wi (%) Sub-Criterion wi,j (%) Range of the Indicators (ID)

C1

(Efficiency) 35

C1.1

(RE)
60 0 . . . 1 (low . . . high)

C1.2

(EBRT)
40 1 . . . 0 (low . . . high)

C2

(Costs) 25

C2.1

(Investment costs)
60 1 . . . 0 (low . . . high)

C2.2

(Operating costs)
40 1 . . . 0 (low . . . high)

C3

(Technical aspects and problems) 15

C3.1

(Periodic replacement of packing elements)
30 1 . . . 0 (slow . . . fast)

C3.2

(Periodic regeneration of liquids)
20 1 . . . 0 (rarely . . . often)

C3.3

(System complexity)
20 1 . . . 0 (low . . . high)

C3.4

(Ease of process control)
30 0 . . . 1 (complex . . . simple)

C4

(Environmental impact) 25

C4.1

(Dimensions of apparatus)
30 1 . . . 0 (small . . . big)

C4.2

(Waste streams)
70 1 . . . 0 (yes . . . no)

3.3. Assigning of Indicators

Based on the literature data presented in Table 2; in Table 3, indexes were assigned to indicators
taking into account the “bigger is better” principle, i.e., values were assigned from the range from 0
to 1, where the value of 1 is the most favorable considering the whole group of analyzed methods,
as given in Table 2. Each criterion and sub-criterion has been transformed into an indicator (values
assigned to sub-criteria C1.1–C4.2).

The differences in the hydrophilic character of the compounds were estimated using Henry’s law
constant. The greater the Henry’s law constant, the greater the volatility and the lower the solubility of
a compound, which is valid for dilute solutions and non-reacting gases at near ambient pressure and
temperature. The Henry’s law constant (Hc) can be expressed as the dimensionless ratio between the
aqueous-phase concentration Ca of a species and its gas-phase concentration Cg [77]:

HC =
Cg

Ca
(5)

Taking into account Equation (4), values of dimensionless Henry’s constant in Table 2 were
calculated using Formula (5):

HC =
RF
H

(6)

where:

RF - recalculation factor equal to 4.03395 × 10−4, taken from [77],
H - Henry’s constant given as (mol·m−3

·Pa−1) in Table 2.
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Table 2. Literature data for determining the values of sub-criteria 1.1 and 1.2.

Conventional Biofilter Biotrickling Filter Bioscrubber

Compounds
H

(mol·m−3
·Pa−1)

Hc (-)
Cin

(mg·m−3)
RE (%) EBRT (s) Reference

Cin

(mg·m−3)
RE (%) EBRT (s) Reference

Cin

(mg·m−3)
RE (%) EBRT (s) Reference

Hydrophilic - - - 99 - [73] - 99 - [73] - 99 - [73]
butanol 1.2 [77] 3.4 × 10−4 900–2600 >73 60 [78] 400–1200 15–99 60–124 [79] - 98–100 48 [80]
aniline 1.1 [5] 3.7 × 10−4 - - - - 300 <99 42–166 [81] - - - -

isopropanol 1.3 [77] 3.1 × 10−4 1000–8000 81 94.2 [82]
20–65

(g m−3
·h−1)

<95 14–160 [83] 200–500 99 - [84]

ethanol 9.0 [77] 4.5 × 10−5 3700 63–85 101 [85] 470 ~80 66 [86] - 80–99 - [87]

methanol 2.0 [77] 2.0 × 10−4 - >95 25 [88]
300–37,000 65 20–65 [89]

50–100 69–81 600 [90]
0.79–3.3 93.33 38 [91] - 75 2.5 [92]

Hydrophobic - - - 75 - [73] - 50 - [73] - 50 - [73]

hexane 6.1 × 10−3 [77] 6.6 × 10−2 500–11,000 79 60 [93]
600 57–91 8–30 [94] 6200 70 420 [92]

200–10,000 59–76 60 [95]
methane 1.4 × 10−5 [77] 2.9 × 10−1 4581–4908 43 257 [96] 0–500 ~40 240 [97] - 5–25 1.6 [98]

ethylene 5.9 × 10−5 [77] 6.8 331 100 2160 [99]
8–100

(g m−3
·h−1)

70–95 30 [27,100] - - - -

α-pinene 2.9·× 10−4 [77] 1.4
100–450 90 42 [101] - - 14–60 [102] - - - -

4227 47–67 78 [103]

styrene 2.7 × 10−3 [77] 1.5 × 10−1 0.1–0.9 90 9–18 [104] 800–3300 95 60–120 [105] - - - -
0.85 97 1845 [106] 55–312 90 15–30 [107] - - - -

toluene 1.5 × 10−3 [77] 2.7 × 10−1
2.3 90 137–825 [108] 2–1128 99 400 [109]

3300 89 - [110]1.9 >80 21.6 [111] 2200 <99 16.2 [112]
6 <98 70 [113] 1000 60 57 [114]

Inorganic

ammonia 5.5 × 10−1 [77] 7.3 × 10−4 14–350 92–100 17 [115]
9.6 82 1.2 [116]

14 99 142 [117]
20–100 99 960 [118]

H2S 1.0 × 10−3 [77] 4.0 × 10−1 7–3750 100 23–200 [119] 300–650 65–100 53-79 [120] 14–140 98 12–32 [47]
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Table 3. Literature data for determining the values of sub-criteria 2.1–4.2 (investment and operating
costs are presented for a flowrate 50,000 m3 h−1).

Criteria and Sub-Criteria Units BF BTF BS Reference

2 Costs

2.1
Investment

(€ per m3
·h−1) 6 11 4 [73]

(€ per m3
·h−1) 5 10 4 [12]

2.2
Operating

(€ per m3
·h−1) 2 1.2 3.6 [74]

(€·10−4
·m−3) 0.2 0.1 0.28 [73]

3 Technical aspects and problems

3.1

Periodic replacement of element
Packing material (years) 2 10 10 [73]

Annual/material-reagents (kg m3
·h) 4 0.1 0.1 [73]

Packing material (%) 47 44 4 [74]

3.2
Periodic regeneration of liquids

Annual water consumption (L·m−3
·h·102) 2.4 6.3 3.3 [73]

Water that can be replaced
with secondary effluent

(-) Possible Possible Impossible [73]

3.3

Complexity of the system

Basic elements of
the apparatus

(-)
-Humidification chamber

-Packed bioreactor

-Packed bioreactor
-Liquid container

-Pump

-Absorption column
-Pump

-Absorbent tank
[5]

number of basic elements of
the apparatus

(-) 2 3 3 (-)

3.4
Ease of process control

impact on the control process V Low High Medium (-)
Customization at work (-) Impossible High Medium (-)

4 Environmental impact

4.1
Dimensions of the apparatus

The size of the apparatus [m2
·m−3

·h·102] 1.75 0.25 0.1 [73]
Surface area (-) High Low Low [87]

4.2

Waste streams
Use of filling (-) Possible Impossible Impossible [73]

The possibility of replacing
water with sewage

(-) Possible Possible Impossible [12]

Volume of liquid vol<<VOL - vol VOL [12]
- - Very low Medium High [-]

The values of indicators (Figure 3) are proposed and derived from data presented in Table 2;
Table 3 as well as additional literature data [1,19,20,31].

The values of indicators for investment and operating costs are presented in Figure 3a.
The obtained results indicate that BSs are characterized by the lowest investment costs (ID = 1),
while the highest investment costs are found for BTFs (ID = 0.3). Such a result may be justified by the
number of basic elements of apparatus included in the system (BTF contains the highest number of
elements, i.e., biofilter chamber, packed bed, circulating pumps, liquid containers, trickling system).

Interestingly, the lowest operating costs are associated with BTF operation (ID = 1), while the
highest are attributed to bioscrubbers. The operating costs of BFs (ID = 0.66) are medium in the
compared group of methods. It mainly results from the periodic maintenance requirements, as
described more precisely by the technical-aspects-and-problems sub-criterion. The BS process is
associated with the highest operating costs (ID = 0.33).

Figure 3b shows the values of indicators for periodic replacement of packing elements, periodic
regeneration of liquid, complexity of the system and possibility of process control. The literature
indicates that the packing material in BTF (ID = 1) should be replaced the least frequently. It is mainly
because of the fact that inert, ceramic or synthetic materials are applied as packing materials and their
durability is much higher than for natural packing materials, used in BFs [1,5]. By contrast, the results
indicate that BF requires the most frequent replacement of the packed bed (ID = 0.2) because BFs are
usually packed with natural organic packing materials. The replacement of liquid, due to apparatus
construction, does not typically apply for BF (ID = 1). Interestingly, in terms of BS and BTF it is possible
to replace water with so called secondary wastewater [73]. Periodic liquid replacement is the biggest
problem in the case of BS (ID = 0.3), despite the fact that water consumption compared to the other
two processes is at an average level. This results from the inability to use “wastewater” for secondary
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use. BTF and BS are characterized by the greatest complexity of the system (ID = 0.8). They have three
or more basic elements of the apparatus (e.g., bioreactors, packing elements, pumps, trickling system,
absorption column etc.). BF, on the other hand, is a relatively simple system (ID = 1), having only two
basic elements in its construction (humidification chamber and biofilter itself).

Figure 3. Diagrams presenting indicator values for each sub-criterion: (a) diagram of criterion 2.
(b) diagram of criterion 3. (c) diagram of criterion 4.

The results regarding the possibility of a system control indicate that BTFs are characterized with
ID = 1. This is because this treatment method enables the application of the most complex, effective
and quickly responding control system (e.g., control and regulation of trickling liquid frequency, pH,
flow rate or composition) [5,31]. The control of process realized in BS is much lower (ID = 0.67) and
the lowest control possibility is for BF (ID = 0.33), indicating high inertness of the process and little
regulation possibility in the case of conventional biofilters.
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The size of the apparatus (both occupied surface area and capacity) is the largest for BF and
this is why the ID calculated for BF is equal to 0.2 (ID = 0.2) (Figure 3c). BS has the smallest area
occupied by the apparatus (ID = 1), however the volume of liquid used for the BS process is high.
The amount of waste produced is the smallest in the case of BF (ID = 1). Additionally, further reuse
of packing material (for anther purposes e.g., land fertilizers) as well as the replacement of water by
secondary water [12] is possible. The least favorable method in terms of generation of waste streams is
BS (ID = 0.1), indicating the need of further processing of generated wastewater for the recovery of
absorbed compounds as well as down-stream water purification.

3.4. Results of a Pairwise Comparison

Table 4 was prepared in order to summarize the results collected during a pairwise evaluation
procedure. The results contained therein q compare the cost-effectiveness of each analyzed method, in
general, as well as the given criterion. Table 4 presents the aggregated results for the criterion (C1–C4)
and overall result of the alternative (depicted as Summary) to highlight the weaknesses and strengths of
the processes studied. The values given in Table 4 were calculated on the basis of Formulae (1) and (2).

The summary results for each investigated treatment method indicate that BTF is the best method
for removing hydrophilic compounds. In the case of hydrophobic compounds, BTs are the most
convenient, with BTFs presenting very similar efficiency. The removal of inorganic compounds are
characterized by the same tendency. In the case of the three methods analyzed, it is least profitable to
use BS. These results are supported by the literature data [1,12,19,20,30,73].

Table 4. Scores of the alternatives for each criterion.

Process
Hydrophilic Compounds Hydrophobic Compounds Inorganic Compounds

BF BTF BS BF BTF BS BF BTF BS

C1 0.76 0.93 0.59 0.90 0.88 0.44 0.71 0.67 0.65
C2 0.80 0.58 0.73 0.80 0.58 0.73 0.80 0.58 0.73
C3 0.56 0.88 0.69 0.56 0.88 0.69 0.56 0.88 0.69
C4 0.76 0.80 0.37 0.76 0.80 0.37 0.76 0.80 0.37

Summary 0.74 0.77 0.60 0.78 0.76 0.56 0.72 0.71 0.61

The distribution of the results of individual variants from various criteria is given in Table 4.
The results show that BF is a superior technique, among others compared, for the removal of
hydrophobic and inorganic compounds from air. BTF proved to be the most beneficial method for
removing hydrophilic compounds from air. However, it is of worth to note that very similar results are
obtained for BF and BTF for all investigated types of target compounds. The most convenient process
in the perspective of exploitation and operating costs is BF, while the least-economic seems to be BTF.
BTF and BS presented as the most favorable processes in terms of technical aspects and possibilities of
problem elimination. Processes realized in BF and BTF are also the most environmentally-friendly.

Analyzing the obtained results for the removal of hydrophobic compounds, BF is found to be the
most efficient. However, BTF attains similar performance as BF in terms of the final summary result.

In terms of efficiency of H2S and ammonia removal, BF and BTF performance is better than BS.
Both methods i.e., BF and BTF are characterized by the lowest negative influence on the environment.

Figure 4 presents the percentage distribution of the results of individual variants from various
criteria, based on data from Table 4. The analysis of Figure 4 allows to identify the adequacy of various
methods for the removal of odorous compounds.
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Figure 4. Distribution of alternative results related to different criteria for: (a) hydrophilic compounds,
(b) hydrophobic compounds and (c) inorganic compounds.

The results showed that for hydrophilic compounds (Figure 4a), the highest removal efficiency is
obtained using BF. BS proved to be the most beneficial due to the costs involved. Similar conclusions for
BS concerned technical aspects as well as possible problems faced during the system operation. BF and
BTF methods are the most environment-friendly methods. In this respect, BS differs significantly
from the other two methods, due to the large production of sewage and the inability of replacing the
absorbent by a secondary wastewater.

Analyzing the results for methods of hydrophobic compounds removal from air (Figure 4b), it can
be stated that the greatest advantage of the BF method is high removal efficiency and environmental
friendliness. The use of the BS method is reasonable when attention is paid to the costs incurred and
the technical aspects together with rather low possibility of exploitation problems. In the case of BTF,
the results reveal a comparable and even distribution of results for all criteria.

The results obtained for the methods in terms of the removal of inorganic compounds (Figure 4c)
revealed that BTF is the optimal method when environmental issues and technical aspects with possible

49

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Processes 2019, 7, 187 13 of 22

exploitation problems are considered. On the other hand, BS is outstanding in terms of efficiency
and costs of treatment. Due to the fact that BF is characterized by a balanced distribution of results
for all analyzed criteria, it may be regarded as a suitable method of purifying air from H2S and NH3.
Additionally, BF seems to be the best choice when none of the criteria is favored, and only optimal
profitability is sought in every respect.

A similar approach of a pairwise comparison was taken up by Oliva et al. [15]. However,
the comparison was focused on the advanced oxidation processes, but also included biofiltration
methods. In recent years, comparative evaluation of biological methods of air treatment have been
proposed by other researchers [12,73,74]. Similar to the results of a pairwise comparison presented in
this paper, conventional biofilters seem to be the best choice. Comparing the obtained results with the
outcomes of this paper it can be stated that bioscrubbers are the least-favored method of removing
compounds of various types from the air.

3.5. Result of Decision Tree for the Preliminary Selection of the Deodorization Method

A decision tree for preliminary selection of an air deodorization method is presented in Figure 5.
Table 5 presents the results of investigations used previously for the pairwise comparison procedure
as well as additional data collected with the purpose of the tree development. The probability of
belonging to a given group of processes is shown at the bottom of Figure 5. The presented decision
tree shows, based on the input data used, that only two parameters are important when choosing
the proper method i.e., the inlet concentration of a target compound and the hydrophobicity of the
compound, represented by Henry’s law constant.

Table 5. Data set used for the decision tree development.

Process Compound
H

(mol·m−3
·Pa−1)

Cin

(mg·m−3)
EBRT

(s)
References

BF butanol 1.2 2600 60 [78]
BF isopropanol 1.3 8000 94.1 [82]
BF ethanol 9 3700 101 [85]
BF methanol 2 3.3 38 [91]
BF hexane 0.0061 10,000 60 [95]
BF methane 0.000014 4908 257 [96]
BF ethylene 0.000059 331 2160 [99]
BF α-pinene 0.00029 450 42 [101]
BF styrene 0.0027 0.85 1845 [106]
BF toluene 0.0015 1.9 21.6 [111]
BF ammonia 0.59 350 17 [115]
BF hydrogen sulfide 0.001 3750 200 [119]
BF hexane 0.0061 700 30 [121]
BF ethanol 9 3700 150 [85]
BF phenol 0.025 1000 54 [122]
BF dichloromethane 0.0036 175 60 [123]
BF methylamine 0.35 136 220 [124]
BF dimethyl sulfide 0.0056 400 27 [125]
BF triethylamine 0.066 3000 60 [126]
BF toluene 0.0015 2800 516 [127]
BF styrene 0.0027 250 81 [128]
BS butanol 1.2 1000 48 [80]
BS isopropanol 1.3 500 60 [84]
BS methanol 2 100 600 [90]
BS hexane 0.0061 6200 420 [92]
BS toluene 0.0015 3300 89 [110]
BS ammonia 0.59 14 142 [117]
BS hydrogen sulfide 0.001 140 32 [47]
BS trichloroethylene 0.0011 300 931 [129]
BS acetone 0.27 118 195 [130]
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Table 5. Cont.

Process Compound
H

(mol·m−3
·Pa−1)

Cin

(mg·m−3)
EBRT

(s)
References

BS 1,2-dichloroethane 0.0089 2400 300 [131]
BS ethyl acetate 0.059 500 84 [132]

BTF butanol 1.2 1200 124 [79]
BTF aniline 1.1 300 166 [81]
BTF isopropanol 1.3 65 160 [83]
BTF ethanol 9 470 66 [86]
BTF methanol 2 300 65 [89]
BTF hexane 0.0061 600 30 [94]
BTF methane 0.000014 500 240 [97]
BTF ethylene 0.000059 100 30 [27,100]
BTF styrene 0.0027 3300 120 [105]
BTF toluene 0.0015 1128 400 [109]
BTF ammonia 0.59 100 960 [118]
BTF hydrogen sulfide 0.001 650 79 [120]
BTF methyl mercaptan 0.0038 25 50 [28]
BTF dimethyl sulfide 0.0056 25 123 [120]
BTF nitrobenzene 0.64 300 24 [133]
BTF aniline 52 60 42 [81]
BTF trichloroethylene 0.0011 300 21 [134]
BTF chlorobenzene 0.0027 1700 60 [135]
BTF toluene 0.0015 1000 60 [114]
BTF methyl acrylate 0.049 5000 400 [136]
BTF methyl acrylate 0.049 5000 200 [136]
BTF acetone 0.27 8000 137 [137]
BTF styrene 0.0027 1000 90 [105]
BTF formaldehyde 3.2 100 80 [138]
BTF isopropanol 1.3 1000 140 [139]

The decision tree learning algorithm is a non-arbitrary algorithm. A tree was “learned” by splitting
the training set into subsets based on an attribute value test. This process was repeated on each derived
subset in a recursive manner called recursive partitioning. The recursion is completed when the subset
at a node has all the same values of the target variable, or when splitting no longer adds value to
the predictions.

In the decision tree model development, only process performance was included, while cost
analysis was excluded. Considering such an approach, for high inlet concentrations (higher than
2500 mg·m−3), the best treatment option is to use the conventional biofilter. Traditional biofilters
based on natural packing materials, for both hydrophilic and hydrophobic compounds, tend to
be applied when relatively high inlet concentrations are used [78,82,93,95,96,119]. The use of large
EBRT values is necessary for high inlet concentrations, which consequently significantly increases the
dimensions of the apparatus. Organic packing materials are cheaper than synthetic ones. The use of a
trickling or absorption liquid (BTF and BS) at high concentrations generates the necessity of its frequent
replacement (hydrophobic compounds very quickly achieve the saturation state of the liquid), the use
of surfactants or increase in the dimensions of the apparatus. The results of applied algorithms show
that for the inlet concentrations lower than 2500 mg·m−3 and for hydrophilic compounds, biotrickling
filtration seems to be the best treatment method. Similar results are obtained for hydrophobic
compounds for the inlet concentration range between 475 and 2500 mg·m−3. If concentration is lower
than 475 mg·m−3, the better choice will be the application of a conventional biofilter. Bioscrubbers may
be used for compounds characterized by Henry’s law constant between 0.0075 and 0.62 mol·m−3

·Pa−1

and for inlet concentrations lower than 2500 mg·m−3. In this group of compounds, the use of a
conventional biofilter should also be considered (due to the low differences in probability of belonging
to a given group: 50% and 38% for the bioscrubber and conventional biofilter, respectively).
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∙ − ∙ − ∙ −

∙ −

∙ −

∙ −

∙ −

∙ − ∙ − ∙ −

Figure 5. Developed decision tree for the selection of the most suitable biological treatment method
(C—inlet concentration, mg·m−3; Henry’s constant, mol·m−3

·Pa−1).

3.6. Practical Applications and Future Research Perspectives

The presented comparative analysis together with a proposed decision tree model seem
to be useful when selecting a treatment procedure for air polluted with odorous compounds.
Current development of the legislation regarding the odorous quality of air implies the increased
interest in sustainable and efficient deodorization methods, thus the use of biological methods with
applications in industrial, agricultural as well as indoor air treatment applications will in particular
be increasing in the nearby future. Additionally, currently observed development of these methods,
especially when biotrickling filtration is considered, suggests highly probable possibility of eliminating
most of the related problems e.g., the effective removal of hydrophobic air pollutants or efficient
long-term operation of biological systems. The results of comparative assessment of investigated
deodorization methods presented in this paper may, therefore, aid the decision-making process when
considering the most efficient biological method of air deodorization.

This paper presents a prototype of a decision model, which after expansion, based on a larger set
of input data, will allow for a quick selection of the appropriate method of purification of air polluted
with specific compounds. Such an extension of the procedure proposed in this paper is planned by
the authors. The future model will take into account the inlet concentrations, geometry as well as the
dimensions of apparatus and all important process parameters, including the gas flow rate but also the
packed bed material as well as microbial species, especially those selected for the efficient removal of
specific compounds from air. In this perspective, the authors believe that a future model will aid and
simplify the selection of the treatment method, especially for industrial applications (e.g., pulp and
paper, chemical of pharmaceutical) providing that all required input data are available.
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4. Conclusions

The results of the comparative evaluation indicate that conventional biofilters and
biotrickling filters exhibit similar and good performance of treatment of hydrophobic compounds.
Biotrickling filters are superior in terms of the removal of hydrophilic compounds while bioscrubbers
present moderate or low performance when compared to BF and BTF. The decision rules obtained
from the decision tree method suggest that the most important parameters in the method selection
are: inlet concentration and Henry’s constant. Based on the literature data presented in this study,
the decision tree output suggests using conventional biofilters for the treatment of relatively highly
concentrated streams (concentration above 2500 mg·m−3). For streams with concentrations of odorous
compounds lower than depicted, biotrickling filtration is a more suitable method than biofiltration or
bioscrubbing. This manuscript reveals the first iteration of the problem related to the selection of the
treatment method for hydrophilic and hydrophobic odorous compounds using a proposed decision
algorithm. Further expansion of this algorithm is planned in the future and it will be based on more
complex input data, including a packing material type or microbial species with the perspective of
facilitating the method selection process.

Author Contributions: M.G., P.R., B.S. and J.G. wrote a paper. M.G. revised the literature data, prepared a method
of comparison and performed the calculations. P.R. revised the literature for the introduction and discussed the
results. B.S. developed a decision tree model. J.G. supervised the preparation of the manuscript, consulted with
discussions, and prepared the final conclusions.

Funding: This research received no external funding.

Acknowledgments: The authors are grateful for the support by the project “INTERPHD2” No.
POWR.03.02.00-IP.08-00-DOC/16.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Barbusinski, K.; Kalemba, K.; Kasperczyk, D.; Urbaniec, K.; Kozik, V. Biological methods for odor
treatment—A review. J. Clean. Prod. 2017, 152, 223–241. [CrossRef]

2. Qian, H.; Cheng, Y.; Yang, C.; Wu, S.; Zeng, G.; Xi, J. Performance and biofilm characteristics of biotrickling
filters for ethylbenzene removal in the presence of saponins. Environ. Sci. Pollut. Res. 2018, 25, 30021–30030.
[CrossRef]

3. Wu, H.; Yan, H.; Quan, Y.; Zhao, H.; Jiang, N.; Yin, C. Recent progress and perspectives in biotrickling filters
for VOCs and odorous gases treatment. J. Environ. Manag. 2018, 222, 409–419. [CrossRef] [PubMed]

4. Brancher, M.; Griffiths, K.D.; Franco, D.; de Melo Lisboa, H. A review of odour impact criteria in selected
countries around the world. Chemosphere 2017, 168, 1531–1570. [CrossRef]
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3.2.  Publication 2: A state of the art review on the use of fungi in biofiltration to remove volatile 

hydrophobic pollutants  

This review focused on the bioavailability of hydrophobic VOCs in fungal biofilters, and investigated 

fungal properties and other factors affecting both bioavailability and biodegradation, and strategies to 

improve bioavailability using selected fungal species.  This led to increased knowledge of, and better design 

of hydrophobic VOC biofiltration experiments.  

Recently, fungi have gained increased popularity based on their ability to biodegrade hydrophobic odour 

compounds. This article presents an overview of the latest research (primarily focusing on the last decade) 

of the biocatalytic activity of fungi and the assessment of their practical application in biofiltration systems 

for hydrophobic VOC removal. 

Despite improvements in technologies for removing air pollutants, purifying air of hydrophobic VOCs 

remains challenging due to the low water solubility of these contaminants. This publication compared fungi 

and bacteria used in biotrickling filtration, and found that selected species of fungi are more effective than 

bacteria at filtering hydrophobic VOCs in biofilters. The use of fungal BTFs has the potential advantage of 

allowing us to more finely control process conditions, such as biofilm thickness and pH, enabling gas 

pollution abatement to be used at higher VOC loading rates than with BFs. Additionally, the article 

highlights the potential of fungi to remove hydrophobic VOCs that have not been used in biofiltration so 

far. 
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Abstract The physical/chemical abatement of gas

pollutants creates many technical problems, is costly

and entails significant environmental impacts. Bio-

logical purification of off-gases is a cheap and

ecologically safe way of neutralization of gas pollu-

tants. Despite the recent advances, the main techno-

logical challenge nowadays is the purification of

volatile organic compounds (VOCs) of hydrophobic

character due to their low solubility in water. Among

all known biological methods of air purification, the

most cost-effective biodegradation of hydrophobic

VOCs is conducted by biotrickling filters. In this

context, fungi have gained an increasing interest in

this field based on their ability to biodegrade

hydrophobic VOCs. In addition, biotrickling filtration

using fungi can support a superior hydrophobic VOC

abatement when compared to the bacterial biofilters.

This paper aims at reviewing the latest research results

concerning biocatalytic activity of fungi and evaluat-

ing the possibilities of their practical application in

biofiltration systems to remove hydrophobic VOCs.

Keywords Biofiltration � Biotrickling filtration �

Fungi � VOCs � Hydrophobic compounds � EPS

1 Introduction

Anthropogenic activity introduces different gas pol-

lutants into the environment, the removal of which

entails many technical problems and often generates

high costs. Recently, social awareness has resulted in

more emphasis on ecological aspects in all human

activities. Hence, the selection of the optimal method

for air pollutant removal should not be based exclu-

sively on financial aspects but also, and more impor-

tantly, on the environmental friendliness following

green engineering principles. Despite the fact that the

techniques of mitigation of gases generating odour

nuisance are relatively well-known, the sustainable

removal of hydrophobic volatile organic compounds

(VOCs) has not been fully tackled. Thus, biological

processes for exhaust gas purification have been

extensively investigated in the last few decades.

Compared to the other off-gas treatment techniques
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Department of Process Engineering and Chemical

Technology, Faculty of Chemistry, Gdansk University of

Technology, 11/12 G. Narutowicza Street,

80-233 Gdansk, Poland

e-mail: milena.marycz@pg.edu.pl

M. Marycz � R. Muñoz
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such as chemical absorption, adsorption and inciner-

ation, biotechnologies are characterized by their low

operation costs, practically unattended operation, low

emission of the secondary pollutants and high purifi-

cation efficiency upon treatment of high volumes of

gas with low or medium concentration of VOCs

(Jianming et al. 2014; Abraham et al. 2015; Schiavon

et al. 2016; Gospodarek et al. 2019b).

The first biological filter was employed in 1893 in

England for sewage treatment. Originally, biofilters

were constructed using rock or slag as a filtration

medium (Metcalf et al. 1979; Chaudhary et al. 2003).

In a publication from 1923, H. Bach presented for the

first time the concept of controlling odor (hydrogen

sulphide) emissions from composting plants and

wastewater treatment plants by means of a soil bed

(Leson and Winer 1991). Since 1950, biofiltration has

been also used for the filtration of off-gases. In the

early 1950s, the first successful applications and

patents for biofilters were filed in the United States

and Germany (Pomeroy 1957). The developed sys-

tems were highly effective, unfortunately only for a

short time. They were characterized by a simple

structure, consisting only of open spaces filled with

soil, under which perforated pipes that distributed air

were placed. Due to their structure, these systems

required a lot of space due to the low specific activity

of the soil. Their major disadvantages were suscepti-

bility to cracking, acidification, drying out and uneven

air distribution, which resulted from low air perme-

ability through soil layers. Thus, microorganisms have

been employed for the removal of VOCs from air for

almost 70 years. Similarly, a detailed investigation

was conducted on removal of hydrogen sulphide,

sulphur dioxide and thiols from air using microorgan-

isms (Gumerman and Carlson 1966; Carlson et al.

1970; Bremner and Banwart 1976; Baltensperger et al.

2008). One of the first applications of fungi in

biofiltration was presented in 1982 in the United

Kingdom (Wheatley et al. 1982) in order to improve

the economy of odour abatement during sewage

treatment. In this case study, the filter bed packing of

the pilot installation was colonized with filamentous

fungi of Fusarium and Geotrichum species. These

organisms developed and multiplied strongly on the

highly acidic medium, which effectively outcompeted

other microorganisms. The plant was used to treat/

process the sewage from a production of dairy

products. The process was conducted at pH 4–5 with

a high biological oxygen demand. In 1977 in

Germany, Bohn and Bohn, designed the first soil

biofilter for the removal of organic waste gases (Bohn

and Bohn 1986). In 1987, they discovered that

sorption was not responsible for odor removal by

biofiltration, but biodegradation (Detchanamurthy

and Gostomski 2012).

S. Ottengrafa in the 1980s extended the use of

biofiltration to the treatment of VOCs and hazardous

air pollutants (Ottengraf and Oever 1983). Compost

was used to effectively remove moderate concentra-

tions of VOCs from the air. Extending biofiltration

research has resulted in the development of two new

bioreactor configurations for air pollution control,

biotrickling filter and bioscrubbers. In biotrickling

filter, a nutrient-laden aqueous solution is constantly

recirculated through an inert packing material colo-

nized by microorganisms, treating the gas pollutant

present in the gas emission pumped co or countercur-

rently. On the other hand, bioscrubbers are composed

of an absorption unit, where gas pollutant absorption

occur, coupled with a suspended growth bioreactor for

the biodegradation of the absorbed VOCs. In conven-

tional biofilters, natural packing materials are most

often used, e.g. peat, compost, wood chips. This type

of biofilter often uses unidentified microorganisms

that naturally inhabit a given packed bed. Most of

these microorganisms are autotrophs. Sometimes the

packing material is additionally inoculated with

heterotrophic organisms, whose task is to increase

the efficiency of the organic gas pollutant degradation

process. The stream of gas to be purified is passed

through the bed, in which the removal of pollutants

takes place. In biotrickling filters, inert beds naturally

laking microorganisms and nutrients, are used as

packing materials (e.g. polyurethane foam, Pall rings,

Rashig rings) (Marycz et al. 2020). Therefore, packed

bed material inoculation with selected microorgan-

isms is needed in biotrickling filters. The nutrients,

along with the water phase, are continuously recircu-

lated through the biofilter bed. Finally, bioscrubbers

are composed of two main units: an absorber and an

aerated bioreactor. The first step of the process takes

place in the absorber, which is the absorption of

pollutants by the recirculating sorbent. The second

step takes place in the bioreactor column, where

biodegradation of the compounds removed from the

air takes place. The microorganisms used in the

process are typically activated sludge, so they are

123

226 Rev Environ Sci Biotechnol (2022) 21:225–246

62

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


suspended in the liquid phase flowing through the

device. This method of biofiltration is especially

dedicated to the removal of hydrophilic gas pollutants,

due to the fact that the water phase governs pollutant

removal in bioscrubbers. The development of biotrick-

ling filters and bioscrubbers allowed greater control of

process variables such as pH and biofilm thickness,

and subsequently gas pollutant abatament can be

operated at higher VOC loading rates than with

conventional biofilters.

In 1995, Weber and Hartmans (1996) concluded

that fungi could play a significant role in the degra-

dation of gas pollutants in biotrickling filter (BTF),

which had been usually attributed to bacteria so far.

They inoculated two BTFs for toluene removal with

different inocula and observed dominant growth of

fungi in one BTF over bacteria in the other BTF,

although operation conditions were the same for both.

Under nutrient limiting conditions, the fungal BTF

revealed significantly higher ability to remove toluene

(27 g of carbon per m3 per hour versus 13 g of carbon

per m3 per h in the bacterial BTF). Figure 1 shows a

schematic diagram where the main milestones of the

development of biofiltration are depicted, including

the use of fungi for biofiltration of hydrophobic VOCs

(Yadav et al. 1995).

The elimination of gas pollutants in BTFs is the

result of a complex combination of various biological

and physico-chemical phenomena (Fig. 2). The pro-

cess of air purification by biological methods consists

of the application of microorganisms, most frequently

bacteria and fungi, to decompose the VOC to non-

toxic or less toxic compounds. While polluted air is

passed through the filter bed packing typically

upwards, the nutrient medium is recirculated in the

column to provide moisture and mineral nutrients for

the growth of pollutants-decomposing microorgan-

isms (Cox and Deshusses 1998). During biofiltration,

the pollutants contained in air adsorb on a surface of

thin biolayer (biofilm), while during biotrickling

filtration the gas pollutant must dissolved first in a

trickling aqueous solution flowing over this biofilm.

Then, the pollutants diffuse into the biofilm, which

covers the column’s packing (Figure B). Dissolved

pollutants present inside the biofilm are decomposed

by microorganisms, which results in the formation of

1893
• The first biological sewage filter

1923

• The first presentation of the concept of controlling odor emissions from composting plants and 
wastewater treatment plants using a soil bed

1950s

• The first successful applications and patents for biofilters were filed in the United States and 
Germany

1950
• Biofiltration is used to filter harmful gases

~1952
• Biofiltration is used to remove VOCs from gas streams

1977
• Development of the first soil biofilter for the removal of organic waste gases

1980s

• Extension of the use of biofiltration to the treatment of volatile organic compounds and hazardous 
air pollutants 

• Development of a biotrickling filter and a bioscrubber

1982
• The use of fungi in biofiltration

1987
• Discovery that biodegradation is responsible for odor removal by biofiltration

1995

• The first use of biotrickling filters inhabited only by fungi

• The first use of biotrickling filters inhabited only by fungi to remove a VOC mixture

Fig. 1 Main milestones in the development of fungal biofiltration
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simple reaction products such as CO2, water and

biomass following the Eq. (1):

VOC þ O2 ! H2O þ CO2 þ biomass

þ side products ð1Þ

Biofilm—one of the form of microorganims’

growth promote an increase in biofiltration effective-

ness up to a point when the amount of biomass is large

enough to trigger clogging, which impairs the biofil-

tration process by creating preferential pathways and

anaerobic conditions (Devinny and Ramesh 2005). An

advantage of biofilters and BTF is the fact that

pollutants are not only transferred to the water phase

or the biofilm, but converted into biomass, a com-

pounds less harmful and odorous than their parent

pollutants (Revah et al. 2011). Biological processes

for off-gas treatment are usually conducted at room

temperature and under atmospheric pressure. A draw-

back of bioprocesses, relatively easy to cope with in

BTF, is the sensitivity of microorganisms to non-

optimal conditions of temperature, pH or humidity

(Kośmider et al. 2012).

The process of air purification consists not only of

transferring pollutants from the gas to another phase

Fig. 2 General mechanism of gas pollutant removal in biotrickling filtration
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(aqueous phase or biofilm), but also of removing them:

i.e. transformed into less toxic, non-toxic and odorless

compounds, converted into biomass or mineralized.

The process of decomposition of gas pollutants by

microorganisms can take place in two stages: biosorp-

tion followed by mineralization, co-metabolic

biodegradation or partial biotransformation to inter-

mediates. The first one, so-called biosorption, involves

trapping the gas pollutants on the surface of microor-

ganisms’ cells, where a bidirectional exchange occurs:

pollutants molecules diffuse into the cells, while

enzymes and metabolites travel in the opposite

direction (Fig. 3). The second stage, mineralization

of the gas pollutants, takes place inside the cells.

VOCs are decomposed by microbial enzymes, which

results in production of simple molecules. The prod-

ucts of this reaction undergo oxidation after diffusion

inside the microorganisms’ cells (Lalanne et al. 2008;

Yang et al. 2018).

Adsorption onto the surface of the packing material

is often negligible in BTFs due to the inert nature of

the bed. Biotrickling filters employ inert beds, which

are free of microorganisms and nutrients, for instance

polyurethane foam, Pall rings, Rashig rings, expanded

clay, ceramic saddles, tri-pack, alginate balls, volcanic

rock and perlite (Marycz et al. 2020). In this way, it is

possible to inoculate them with selected microorgan-

isms. Nutrients together with water are continuously

recirculated through the BTF bed packing, which often

has no water retention capabilities. The trickling fluid

flowing down the bioreactor is in contact with the

biofilm and provides the conditions for control of

microbial growth, such as pH, mineral nutrients

concentration, conductivity, temperature, etc. Inside

the biofilm, pollutant biodegradation occurs due to the

catalytic action of bacteria and/or fungi developing in

a complex ecosystem. The BTF can be also occupied

by predators, for instance protozoa and other higher

organisms. Kinetics of pollutants elimination in the

biofilm are driven by environmental conditions. BTFs

operate in a continuous mode supplying the microor-

ganisms with necessary mineral elements for micro-

bial growth, such as nitrogen, phosphorus, potassium

and trace elements. Predators, for example protozoa,

nematodes and higher organisms, observed in BTF

play an important role in the recycling of key nutrients.

Pollutants biodegradation can be accompanied by

formation of the final products such as chlorides or

sulphates and/or partially oxidized metabolites (i.e.

carboxylic acids), which can inhibit biomass growth.

The periodic renewal of the trickling solution allows

mitigating this product-based inhibition while replen-

ishing essential nutrients. Typically, less than 10% of

the carbon present in the pollutants removed is

transferred to the trickling liquid and eliminated in

this way (Cox et al. 1998).

In recent years, many efforts have been devoted to

optimize methods for the abatement of hydrophobic

VOCs using microorganisms. Biofiltration is typically

cost-effective in the case of exhaust gases with low

VOCs concentration (\ 3 g/m3) (van Groenestijn and

Hesselink 1993). However, conventional biofilters

based on compost encounter problems for the elimi-

nation of hydrophobic VOCs such as aromatic com-

pounds, alkenes and alkanes. Due to their low

solubility in water, these compounds are hardly

absorbed by the bacterial biofilms. BTFs inhabited

by fungi on an inert material are used to overcome

these problems (Cox 1995; Groenestijn et al. 1995).

Fungi are more resistant to acidic and dry conditions

than bacteria, which is a useful feature upon biofilters

maintenance. The hypotheses supporting why fungi

exhibit a relatively better performance during the

abatement of hydrophobic VOCs are: (i) the aerial

mycelium of fungi, which is in direct contact with the

gas phase, can absorb hydrophobic VOCs much faster

than the flat surfaces of the bacterial biofilm. The

aerial mycelium supports high surface area of the

biofilm in gas phase, which results in more effective

trapping of the hydrophobic VOCs (van Groenestijn

et al. 2001): (ii) the extracellular polymeric substance

(EPS) can participate in the degradation and sorption

of the hydrophobic VOCs (Avalos Ramirez et al.

2012; Han et al. 2020); and finally (iii) the release of

surface active substances synthesized by fungi (Ron

and Rosenberg 2001b). These biosurfactants can

decrease the surface tension and thus facilitate trans-

port of the hydrophobic VOCs to biologically active

surfaces.

The topic of fungi applied in biofiltration in recent

years has been extensively described by scientists. To

date, many aspects of biofiltration involving fungi

have been researched and described. However, the

reviews published so far indicate new, and therefore

unresolved, challenges that remain to be resolved and

therefore inspired the authors to write this review. The

publication of van Groenestijn and co-workers from

2001, as one of the first, indicated the superiority of the
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use of fungal over bacterial biofilters for the removal

of hydrophobic VOCs (van Groenestijn et al. 2001).

The research described in this review identified the

important working conditions of fungal biofilters. The

review by Kennes and Veiga in 2004 pointed out the

dynamic development in the creation of new types of

bioreactors, new carrier materials and more efficient

biocatalysts (Kennes and Veiga 2004). At that time,

the search for efficient fungal biocatalysts, mainly for

VOC biofiltration, was presented as a novelty. The

publication described novel isolated fungal strains

capable of degrading mainly alkylbenzenes. This

publication inspired the authors of this review to

collect and systematize knowledge about fungal

Fig. 3 Phenomena involved in the operation of biofilters during pollutant mineralization. a Physiochemical mechanisms in biosorption

and mineralization of pollutants. b Biodegradation processes during VOC removal
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species capable of removing hydrophobic VOCs that

have been studied in biotrickling filters in the last

10 years. The review paper of Vergara-Fernández

et al. (2018), using conceptual and mathematical

models, proved that the abatement efficiency of

bacterial biofilters is lower for compounds that are

poorly soluble in water compared to fungal biofilters.

This review indicated that despite the fact that the

main problem in biofilters is the description of the

phenomenon of mass and momentum transfer between

gas, liquid and biofilm, in order to advance design and

optimization of biofilters, it is necessary to understand

in detail the relationship between the rate of biodegra-

dation and knowledge of the internal growth of

microorganisms in the columns, on various types of

packing materials. In a 2018 review by Prenafet-Boldú

and co-workers, the the role of melanised hydrocar-

bonoclastic fungi in biofiltration and biosafety have

been discussed was discussed extensively (Prenafeta-

Boldú et al. 2018). At that time, there was also no

revision of the fungal activity on the removal of

VOCs, especially of the hydrophobic nature of their

modeling. This review included a detailed description

of the phenomena occurring during the biofiltration

process (mass, heat and momentum transport) as well

as the growth and biodegradation kinetics of bacteria

and fungi.

The aim of this paper is the presentation and

discussion of the investigation results from the last

10 years on the removal of the hydrophobic VOCs

using fungi and their consortia in biofiltration systems.

A comparative analysis of fungi and bacteria for the

removal of hydrophobic VOCs in biofiltration systems

will be carried out. Additionally, the biodegradation

potential of fungi not previously exploited in biofil-

tration will be discussed in term of hydrophobic VOCs

removal in biofiltration systems.

2 Comparison of fungi and bacteria in biotrickling

filtration

One of the most important parameters in the design of

biotrickling filters is the selection of the suitable mi-

croorganisms capable of biodegrading the target

pollutants. In order to provide the highest biodegra-

dation efficiency, proper operational parameters must

be adjusted in every process. The tuning of the

parameters influencing on microorganisms growth can

result not only in an increase in the VOC biodegra-

dation activity but also cause an increase in microbial

growth, which will eventually trigger the process of

pollutant removal (under non mass transfer limiting

conditions). The microorganisms forming the consor-

tium present in the BTF packing must possess

suitable metabolic properties and be capable of

cooperation with all microorganisms present in the

consortium.

Microorganisms require many macro and micro

nutrients to grow and support metabolic activity.

Biomass growth and pollutant biodegradation in a

bioreactor depend on the number and concentration of

nutrients available. These elements are either naturally

present in filter bed packings or added to the bed

packings when using synthetic or inert materials.

Microorganisms are composed of 4 basic elements:

carbon, hydrogen, nitrogen and oxygen. In this

context, a typical composition of the fungal cells can

be described as C4H7N0.6O2, whereas for bacteria the

stoichiometric formula is C5H8.3NO1.35 (Shareefdeen

et al. 2005).

Microorganisms also require trace elements (Mg,

Mn, K, Ca, P, S and Fe) for proper development and

operation of enzymes and osmotic equilibrium. Oxy-

gen supply to the microorganisms can be troublesome

when treating high loads of highly or moderately

soluble VOC or in BTF with thick biofilm layers

(Shareefdeen et al. 2005). Regardless of the bioreactor

configuration, enzymatic activity of bacteria is often

regarded as the dominant factor during biological air

purification. However, fungal activity can also play a

key role depending on the operational conditions

prevailing in the bioreactor. In BTFs operated under

non sterile conditions, the packed bed is always

inhabited by both bacteria and fungi. Microbial

population structure is influenced by the competition

among VOC degrading strains, process conditions,

technical solutions as well as by microbial contami-

nation since sterile conditions are very difficult to

achieve in full scale air purification facilities. There-

fore, the composition of microorganisms changes with

time and very often without a significant impact on the

macroscopic VOC abatement performance. So far,

most of the papers published put an emphasis on

bacterial population structure in BTFs. Nevertheless,

regardless of the conditions in the bioreactor, BTF

packing becomes inhabited by other strains that do not

belong to the primary microbiota—these could be
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fungi as well as bacteria feeding on metabolites or cell

debris. Thus, the primary microbiota can be substi-

tuted with the secondary microbiota. In this context,

Maestre et al. (2007) described the change from the

dominant bacteria into fungi inside the bed packing in

a biofilter treating toluene inoculated only with

bacteria (Maestre et al. 2007). The reason underlying

this shift in the dominant microbial community was

the increased acidification in the biofilter. Interest-

ingly, no decrease in pollutant removal efficiency was

observed. On the contrary, a significant improvement

in toluene removal was recorded. Due to the fact that

fungi are able to survive in much more extreme

environmental conditions than bacteria, it is much

easier for them to maintain dominant status in the bed

packing under long term operation.

Most examples of aromatic hydrocarbons degrada-

tion by fungi found in literature are based on a co-

metabolism consisting of independent cooperation

with the other organisms. One microorganisms typi-

cally breaks down the target pollutant into an inter-

mediate metabolite, which becomes available for a

second organism that benefits from its partial degra-

dation (Chang et al. 1993). However, there are many

studies where fungi were able to use the target organic

pollutant as the sole source of carbon and energy.

Rybarczyk et al. (2021) reported an efficient removal

of cyclohexane and ethanol (95–99%) from air in a

BTF inoculated only with the fungal species Candida

albicans and Candida subhashi. When comparing the

advantages and disadvantages of bacteria and fungi for

the removal of gas pollutants in BTFs, scientists have

typically focused only on the values of VOC removal

efficiency. However, a complete comparative analysis

must also take into account the elimination capacity,

microbial acclimation time and VOC loading rate and

process robustness.

Fungi are eucaryotic organisms that substantially

differ in structure and metabolic processes from

bacteria, which are the representatives of the procary-

otic domain. Table 1 presents a general comparison of

morphological and phenotype features of fungi and

bacteria (Griffin 1985; Pietarinen et al. 2008).

Today, approximately 70 thousand species of fungi

have been described in literature, but it is estimated

that their number is much higher in nature

(Ławrynowicz 2002). Saprobionts (sporophytes) are

an ecological group of fungi, the most frequently

presented in papers dealing with gas biofiltration

(Thormann and Rice 2007; Gospodarek et al. 2019a).

They play a very important role in nature by decom-

posing organic substrates. Saprobionts convert com-

plex organic substances into simple inorganic

compounds and products of their own metabolism,

playing a key role on the cycles of the elements in

nature. Their specific structure and course of meta-

bolic processes make fungi successful candidates for

the removal of VOCs. As above highlighted, the main

advantages of fungi over bacteria include:

• much higher resistance to environmental factors

such as temperature, pH and humidity (Kennes and

Veiga 2004).

• ability to survive upon shortage of nutrients.

Indeed, when the concentration of chemical sub-

stances/nutrients is too low, blocking of enzymes

synthesis is not observed.

• lower sensitivity to the toxic impact of pollutants.

• some fungi do not need additional time for

adaptation, which is typically necessary to start

the synthesis of the degradation enzymes in

bacteria (Carrera 2010).

In the next sections of the publication (Sects. 2 and

2.1), the authors use the term ‘‘biofiltration’’ to refer to

conventional biofiltration and biotrickling filtration

processes. This generalization aims at presenting the

phenomena which, regardless of the process in which

they were described, also take place in both types of

the aforementioned biofiltration. In addition, an

indisputable advantage of the fungi used in biofilters

is their much higher resistance to drying and acidifi-

cation compared to other organisms (Cox 1995; van

Groenestijn et al. 2001). Under mesophilic conditions

Table 1 Comparison of morphological and phenotype features

of fungi and bacteria

Feature Fungi Bacteria

Size ca. 10 lm (on average one

order of magnitude larger

than bacteria)

ca. 1 lm

Composition

of the cell

wall

Made of polysaccharides,

chitin and other substances

Made of

peptidoglycan

Osmophilic

nutrition

Yes (they secrete enzymes

decomposing organic

substances and then

absorb decomposed

nutrient via osmosis)

No (large

majority)
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(15–40 �C), bacteria grow at pH of 5–9, whereas fungi

can grow at pH 2–7. The growth as well as the

biocatalytic activity of most microorganisms

decreases substantially beyond pH 4–8. It is worth

noting that almost all microorganisms present in BTFs

do not tolerate pH variations higher than 2–3 units

(Shareefdeen et al. 2005), whereas microbial activity

drops significantly under dry environmental

conditions.

Another advantage of fungi in comparison to

bacteria is the fact that they possess an aerial

mycelium, which significantly increases the surface

area of the biofilm in the gas phase, resulting in more

effective capture of hydrophobic VOCs (van Groen-

estijn et al. 2001). All filamentous fungi exhibit

branched hypha or numerous hyphae concentrated in

one place. Two types of mycelium can be distin-

guished—substrate (submerged) and aerial (surface)

(Fig. 4). The former penetrates the substrate in order

to absorbs water and nutrients, whereas the latter

develops on the substrate’s surface and is used for

respiration and reproduction (Bowman and Free 2006;

Ruiz-Herrera 2016). In addition, hydrophobins play a

key role in the process of growth and development of

the filamentous fungi. These proteins are produced by

fungi and participate in the formation of surface

structures and hyphae, and their attachment to differ-

ent types of hydrophobic surfaces. Hydrophobins fulfil

these functions as they are produced by fungi on the

hydrophobic-hydrophilic surfaces. In BTFs, such

surface is established at a liquid-purified gas interface.

Based on these properties, fungi can be used in

biofilters and biotrickling filters for highly efficient

removal of pollutants directly from the gas phase,

which allows overcoming VOC mass transfer resis-

tance in the aqueous phase (Wösten et al. 1999;

Wösten 2001) and confirms fungi as perfect candidates

for removal of the hydrophobic VOCs.

The hydrophobicity of fungal surface can increase

proportionally with an increase in the presence of

hydrophobic substrates. This phenomenon explains

the high efficiency of fungi removing hydrophobic

VOCs in biofilters (Vergara-Fernández et al. 2006).

However, high pressure drops are recorded when using

filamentous fungi, which ultimately entails opera-

tional problems such as clogging and channelling of

bed packings in biofilters. A solution to these problems

can be application of saprophytes during fungal

biofiltration. Thus, the addition of higher organisms

to biofilters or BTFs prevents from rapid increase in

pressure drop and reduces energy consumption for gas

circulation. Woertz and co-workers proved that

saprophytes in biofilters were relatively easy to

maintain during the biofiltration process and could

be successfully used to control fungal biomass over-

growth (Woertz et al. 2003). The reduction in the

supplementation of some nutrients, such as phosphate

and potassium ions or nitrogen, can also limit biomass

growth in biofiltration systems (Wübker and Friedrich

1996). Many fungi species also exhibit high potential

Fig. 4 Representation of fungal growth in a biotrickling filter
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of surviving during ‘‘pollutant surges’’ and recover full

functionality even after few days of starvation (Jin

et al. 2007; Rene et al. 2012). Particular attention

should be paid to the robustness of VOC purifying

biofiltration units on an industrial scale, where tran-

sient conditions are relatively common as a result of

process shutdown and restart, sudden changes in the

VOC loadings. Substrate starvation, which occurs

when the bioreactor is deprived of energy and carbon

source, is one of the most typical process perturba-

tions. The time of recovery of the biocatalytic activity

is influenced by the type of VOC, fasting period,

bioreactor configuration and operational parameters.

2.1 Fungal biofilm in biofiltration systems

and EPS production

Both bacteria and fungi are able to produce a biofilm

with similar functions. However, the publication

focuses on a detailed description of only the fungal

biofilm due to the topic discussed in the publication.

Formation of a biofilm’s structure is a multi-stage

process that depends on the properties and structure of

the material of the bed packing and on the properties of

the microorganisms inhabiting the bioreactor.

Figure 5 illustrates the four main stages of biofilm

formation. In the first stage, suspended fungal cells

attach to the surface of the column’s bed packing.

Initially, cells bind onto the substrate via reversible

and non-specific interactions (including hydrophobic

van der Waals interactions, electrostatic interaction,

gravitational forces) (Flemming and Wingender

2010). The extracellular structures of mould fungi,

substrate (submerged) mycelia, play an important role

in this stage. In the second stage of biofilm formation,

a specific reaction takes place between the adhering

fungi and the substrate. In this context, the adhesins

produced by Candida species have been thoroughly

examined and described (Sundstrom 2002; Rapoport

et al. 2011). Strong adhesion of the microbial cells to

the substrate for a long time creates irreversible

connection, which at this stage can be broken only in a

mechanical way. The degree of adhesion depends on

the physico-chemical properties of the packing, trick-

ling liquid flow rate in BTFs, flow rate of polluted air

and the concentration and species of the fungi

colonizing the BTF. At this stage of the process,

fungal cells produce an extracellular matrix based on

extracellular polymeric substance (EPS). Adhesion of

cells to the substrate and EPS formation are followed

Fig. 5 Stages of biofilm formation in a biofiltration systems
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by the third stage of biofilm formation, which involves

multiplication and differentiation of the fungal cells.

The factors impacting the extent and rate of biofilm

growth include:

• availability of the elements indispensable for life

and growth of fungi.

• content of nutrients in substrate and trickling

liquid.

• oxygen availability.

• trickling liquid flow rate.

• flow rate of supplied polluted air.

• VOC concentration.

• pH,

• ambient temperature,

• solubility of VOCs in water.

During the last stage of biofilm formation, fungal

cells detach from the biofilm structure and via

gravitational forces and bulk transport with the

trickling liquid, they expand over new surfaces of

the BTF bed packing to create a new biofilm. Mature

biofilms are a compact, three-dimensional structure

composed of a few up to several layers of the fungal

cells of the same or different species embedded in

EPS. EPS is the main constituent of the biofilm (it

corresponds to 90% of the biomass in a mature biofilm,

the remaining being fungal cells) responsible for

adhesion to the surface of the bed packing and for

cohesion inside the film. EPS also forms a scaffolding

for a three-dimensional biofilm structure. The main

components of EPS and their functions are shown in

Table 2. The components of the matrix stabilize the

biofilm structure and participate in the formation and

maturing of the biofilm, being also a source of

nutrients and water. EPS can be also a source of

substrate during periods of starvation. The compo-

nents of the matrix can also protect fungal cells against

physical factors, mainly UV radiation.

The knowledge of the structure and functional

properties of the biofilm is central to the understanding

of its role. Despite the fact that carbohydrates and

proteins are considered the main EPS components,

biochemical properties of these compounds remain

unclear due to their complex structure and unique

combinations, and to the fact that each organism can

produce different EPS. Moreover, elucidating

biofilm’s composition can help explaining the struc-

ture–function relations, which can facilitate the design

of new strategies to maximize VOC removal in BTFs.

This can be the basis of the selection of other species

of microorganisms within the consortium, which will

work more effectively than pure strains.

EPS are located on or around the surface of the

fungal cell and they are considered glycocalyx or

slime, which facilitates and accelerates adhesion of

fungi to the substrate. EPS contains mainly fungal

secretions from the cell’s surface, cellular lysates and

hydrolysates and organic substances adsorbed from

the environment. EPS is a complex mixture of

biomolecules (proteins, polysaccharides, nucleic

acids, lipids and other macromolecules), which are

released by the microorganisms and maintain micro-

bial aggregates together. Proteins and exopolysaccha-

rides are the key components of the macromolecules,

which represents 40–95% of EPS dry matter. EPS was

referred to as ‘‘a home of biofilm cells’’ by Flemming

et al. (2007), (Flemming et al. 2007), which can be

attributed to its three-dimensional (3D) polymer

network (comprising over 90% of biofilms). In

practice, EPS participates in the transition from

reversible to irreversible adhesion of single cells

(inhabitation of inert material inside the biofiltration

systems) in immobilized but dynamic microbial

environment in BTF. This facilitates the formation

of compact, three-dimensional polymer networks,

which connects and temporarily immobilizes biofilm’s

cells. EPS can take part in the degradation and sorption

of organic and inorganic compounds and as a barrier to

protect cells from hostile environments.

Extracellular polysaccharides, proteins and DNA

are strongly hydrated molecules of hydrophilic char-

acter, the remaining EPS being composed of

hydrophobic molecules. The hydrophobic character

of EPS is associated to the acetylene and methyl

groups, and lipids combined with polysaccharides,

present in the matrix (Neu et al. 1992). Biosurfactants

produced by microorganisms in BTFs play an impor-

tant role during VOC treatment, influencing the

surface tension of the trickling solution and thus

facilitating gas exchange between the gas and liquid

phases. Biosurfactants are surface active substances

synthesized by living cells, including yeast (Ron and
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Rosenberg 2001b), that decrease surface tension,

undergo biodegradation and they are generally non-

toxic (Neu 1996). Table 3 compiles the main surfac-

tants synthesized by fungal species. In this context, the

synthesis of surfactants such as glycolipids and

phospholipids is boosted when microorganisms use

hydrocarbons as a source of carbon. It was hypothe-

sized that these chemicals are synthesized in order to

emulsify the hydrocarbon substrate and to facilitate

their transport to the cells (Flemming and Wingender

2010).

3 Application of fungi to biofiltration

of hydrophobic compounds

The low aqueous solubility of hydrophobic VOCs is

one of the main limitations of biological methods,

which entails the need for large gas residence times

and bioreactor volumes. A low VOC solubility in

water influences gas–liquid or gas-biofilm pollutant

transfer, thus significantly limiting the bioavailability

of hydrophobic compounds or the possibility of their

leaching. In this context, surface active compounds,

Table 2 Main components of EPS and their functions (Singh et al. 2006; Flemming and Wingender 2010; Lewandowski and Boltz

2011)

Main component of

EPS

Function

Water Water constitutes 97% of the entire EPS biomass—protects biofilm from drying

Proteins Enzymatic activity allowing decomposition of exogenous macromolecules to monomers constituting

nutrients for microorganisms. Degradation of EPS structure leads to biofilm or cell dettachment

Proteins and

polysaccharides

Adhesion (cohesion) of biofilm

Intercellular communication

Maintenance of mechanical stability

Adhesion of free cells to biotic and abiotic surfaces

Aggregation of cells and density increase

Water retention allowing maintenance of aqueous microenvironment, providing cells with tolerance to

drying

Formation of protective barrier allowing tolerance

To antimicrobial factors

Sorption of organic compounds enabling

Accumulation of nutrients and xenobiotics sorption

Lipids and

glycoproteins

Potential source of carbon, nitrogen and phosphorous compounds utilized by microorganisms in the biofilm

as nutrients

Extracellular DNA

(eDNA)

Architectural role and conditions proper distribution of microorganisms in biolayer (Smalyukh et al. 2008;

Gloag et al. 2013)

Table 3 Examples of surface active compounds produced by fungi

Fungi Biosurfactant References

Candida antarctica Mannosylerythritol lipids (Rodrigues et al. 2006)

Candida batistae & Candida bombicola Sophorolipids (Bhardwaj et al. 2013; De et al. 2015)

Torulopsis bombicola Sophorolipids (Siñeriz et al. 2001; De et al. 2015)

Candida petrophilum Peptidolipid (Siñeriz et al. 2001; De et al. 2015)

Ustilago sp. Cellobioselipids (Siñeriz et al. 2001)

Torulopsis sp. Sophorolipids (Ito and Inoue 1982; Ron and Rosenberg 2001a)
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which are characterized by their ability to change free

interphase energy, can decrease the surface tension of

the aqueous phase/biofilm and improve the gas–liquid/

biofilm mass transfer (Miller et al. 2019). Similarly,

the addition of a hydrophilic compound to the BTF can

increase the efficiency of hydrophobic VOC removal.

This can result in stimulated fungal growth and

increased carbon demand of the microbial species

inhabiting the biofilm (Cheng et al. 2020), leading to

co-metabolism of the hydrophilic compounds in the

presence of hydrophobic compounds. However,

despite the fact that the synergistic effects of simul-

taneous removal of hydrophilic and hydrophobic

VOCs in biofiltration processes are known (Zhang

et al. 2006; Yang et al. 2018), the molecular mech-

anisms of this improvement have not been identified

yet. However, the investigations focused on the

mechanism of VOC trapping in the mycelium and in

the fungal structure did confirm that fungi could

uptake hydrophobic VOCs directly from the gas phase

(Krailas et al. 2000). Prenafeta-Boldú and co-workers

have published a series of publications in which they

demonstrated that black yeast (Capnodiales and

Chaetothyriales) can be successfully used for air

biofiltration (Prenafeta-Boldú et al. 2008, 2012, 2019;

Mayer et al. 2021). These fungi showed a high ability

to eliminate VOCs, even those of a hydrophobic nature

(e.g. toluene, p-xylene) (Prenafeta-Boldú et al. 2012).

Table 4 presents a review compiling studies of

hydrophobic VOCs removal in the biotrickling filtra-

tion processes published over the last 10 years. The

model fungi employed in these studies were capable of

biodegrading aliphatic and aromatic pollutants such as

a-pinene, styrene, alkyl benzenes and BTEX (Cox

et al. 1996, 1997; Braun-Lüllemann et al. 1997;

Shareefdeen et al. 2005).

The overview of the studies using fungi for gas

purification of hydrophobic VOCs in biotrickling

filtration processes presented in Table 4 shows that

the vast majority of studies are focused on the removal

of single compounds. The hydrophobic VOCs most

frequently removed in BTF inhabited by fungi include

toluene, styrene, a–pinene and TCE. The most

frequently used trickling liquid is mineral salt

medium, often enriched with organic nutrients neces-

sary for the proper functioning and growth of the

microorganisms used. EBRT values ranged from

several seconds to several minutes (from 15 to

405 s). The different EBRT values resulted, among

others, from the variety of dimensions of biofiltration

systems, and thus the scale of tests and flowrates of

purified gas. Gas chromatography with a flame

ionization detector was most often used to evaluate

the VOC removal efficiency of the processes. On the

other hand, the most popular packing material used in

BTFs is polyurethane foam (Moe and Irvine 2000),

which is characterised by a high porosity, proper size

of the pores to be inhabited by the fungal cells, low

density and low pressure drop (Moe and Irvine 2000).

Perlite is the second most frequently used packing

material in BTFs. Perlite is a naturally occurring

amorphous volcanic glass with high thermal and

mechanical stability. It is widely used in BTFs due to

its non-toxicity, resistance to organic compounds and

ease to support the immobilization of microorganisms.

The popular fungal species used in biofiltration

studies to abate hydrophobic VOCs were mould (e.g.

Fusarium sp.) and yeast (e.g. Candida sp., Clado-

phialophora sp.). The most efficient fungal species

used for the purification of toluene were Exophiala

lecanii-corni (RE 95%) (Woertz et al. 2001) and

Cladophialophora sp. (RE 99%) (Woertz et al. 2002).

Sporothrix variecibatuswas the most common species

in styrene biodegradation studies, supporting a RE of

95% at EBRTs of 19–77 s (Rene et al. 2010a). In

addition, the removal of styrene in the presence of

acetone (hydrophilic compound) increased, achieving

a RE of 97.5% at an EBRT of 360 s (Rene et al.

2010b). a-pinene removal was carried out with

Ophiostoma sp. (RE 95%, EBRT 143 s) (Jin et al.

2006), while TCE abatement in the presence of

methanol (hydrophilic compound) has been conducted

with a consortium of Fusarium verticillioides and

Fusarium solani (max. RE 87.1%, EBRT 9 s) (Quan

et al. 2018). Hexane has been effectively removed

using Cladophialophora sp. (RE 99%, EBRT 60 s)

(Arriaga and Revah 2009) and Candida subhashii was

successfully used to remove cyclohexane in the

presence of ethanol (hydrophilic compound) (RE

98.9%, EBRT 60 s) (Rybarczyk et al. 2021).

4 Untested fungi with potential to be used for VOC

abatement

Table 5 displays fungal species that have not been used

in gas phase bioreactors for hydrophobic VOC abate-

ment based on the comprehensive literature search
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herein conducted. The main fungal candidate for gas

biofiltration are mainly white rot fungi with ability to

decompose xenobiotics. In fact, many fungal enzymes

participating in the decomposition of lignin, including

lignin and manganese peroxidase as well as laccase,

exhibit a low substrate specificity towards multiple

organic compounds of different structure (Cullen and

Kersten 1992; Reddy and Mathew 2001). These fungi

have been successfully applied in the degradation of

toxic, persistent and hardly biodegradable pollutants,

which cannot be decomposed by other microorgan-

isms, and of compounds with limited solubility in

water (Table 5). For instance, the fungi Trametes

versicolorwas able to limit significantly the toxicity of

chlorinated organic compounds. White rot fungi and

some yeast strains can biodegrade highly toxic

nitroaromatic compounds under aerobic conditions

in a multi-stage process consisting of the reduction of

nitro groups and/or aromatic rings. These facts support

the potential of the genus Trametes, Trichoderma,

Penicillium, Aspergillus, Phanerochaete, Pae-

cilomyces, Scedosporium, Yarrowia, Gymnopilus,

Kuehneromyces and Rhizopus to biodegrade

hydrophobic VOC in biofilters and BTFs.

5 Summary and future prospects

Despite bacterial biofiltration units are commercially

available for air purification, their effectiveness

rapidly drops as a result of the low pH, low humidity

and nutrient limitations under long term operation.

Fungal biofilters and BTFs are considered as more

resistant to low humidity and pH and more effective

for the removal of hydrophobic VOCs. The most

recent literature in the field indicates that many species

of fungi, including mold fungi (e.g. Fusarium sp.),

yeast (e.g. Candida sp.) andCladophialophora sp., are

able to remove the most common hydrophobic VOCs

emitted from industry (a-pinene, styrene, toluene,

n-hexane, cyclohexane, TCE) with efficiencies above

90% under optimal design and operational conditions.

Fungi can absorb hydrophobic VOCs faster than

bacterial biofilm and exhibit unique properties that

Table 5 Examples of fungi that degrade xenobiotics

Xenobiotics Division/class Species References

Chlorinated organic compounds,

e.g. TCE

Basidiomycota/

Agaricomycetes

Trametes versicolor (Marco-Urrea et al.

2006)

Aliphatic hydrocarbons Ascomycota/

Sordariomycetes

Trichoderma asperellum (Husaini et al. 2008)

Ascomycota/Eurotiomycetes Penicillium sp. (Husaini et al. 2008)

Aspergillus sp. (Husaini et al. 2008)

Low molecular weight aromatic

hydrocarbons

Basidiomycota/

Agaricomycetes

Phanerochaete

chrysosporium

(Jorio et al. 2009)

Ascomycota/Eurotiomycetes Paecilomyces variotii (Garcı́a-Peña et al.

2001)

Ascomycota/

Sordariomycetes

Scedosporium apiospermum (Garcı́a-Peña et al.

2001)

Aromatic nitro compounds Ascomycota/

Saccharomycetes

Yarrowia lipolytica (Ziganshin et al. 2007)

Basidiomycota/

Agaricomycetes

Gymnopilus luteofolius (Anasonye et al. 2015)

Kuehneromyces mutabilis (Anasonye et al. 2015)

Phanerochaete velutina (Anasonye et al. 2015)

Hydrocarbon mixtures,

e.g. crude oil, engine oil

Ascomycota/

Saccharomycetes

Yarrowia lipolytica (Ferreira et al. 2009)

Ascomycota/Eurotiomycetes Aspergillus sp. (Thenmozhi et al. 2013)

Mucoromycota/Mucorales Rhizopus sp. (Thenmozhi et al. 2013)
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justify further investigations to fully exploit the

potential of these microorganisms.

Compared to conventional fungal biofilters and

BTFs, where columns are colonized with one selected

species of fungus, an interesting alternative is to use a

consortium of different species of fungi to remove

hydrophobic VOCs mixtures. In the future, it is

necessary to focus on the search for synergistic

consortia of fungi, so that individual species of fungi

mutually increase their effectiveness in removing

hydrophobic VOCs due to cross-feeding interactions

or to the excretion of surfactants to the trickling

solutions. In this context, understanding the mecha-

nisms inside the fungal cells used in biofiltration

systems to remove hydrophobic VOCs and elucidating

the biocatalytic properties of fungi and the role of EPS

in relation to hydrophobic VOCs will facilitate the

selection of the most effective species of fungi, and

thus allow the optimization of the biofiltration process.

The prospect of using mutagenesis to increase their

ability to remove hydrophobic compounds will

provide great opportunities for the development of

high performance fungal species.

Finally, the use of fungi for the biofiltration of

hydrophobic VOCs is in line with the principles of

green engineering, which aims at developing pro-

cesses in a manner conducive to reducing pollution,

promoting sustainable development and minimizing

the risk to human health and the environment. One of

the most promising applications of fungal biofiltration

for the principles of green technology is the develop-

ment of microbial fuel cell technology. This platform

is a source of power production, which can be an

interesting alternative to the methods used so far, due

to the ability of microorganisms to generate electricity

while removing pollutants in bioelectrochemical gas-

phase reactors.
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tantów w biotechnologii środowiska. In: EKO-DOK 11th

conference on interdisciplinary problems in environmental

protection and engineering. Polanica-Zdrój (Poland)
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Siñeriz F, Hommel RK, Kleber H-P (2001) Production of bio-

surfactants. Encyclopedia of life support systems. Eolls

Publishers, Oxford

Singh R, Paul D, Jain RK (2006) Biofilms: implications in

bioremediation. Trends Microbiol 14:389–397

Smalyukh II, Butler J, Shrout JD et al (2008) Elasticity-medi-

ated nematiclike bacterial organization in model extracel-

lular DNA matrix. Phys Rev E Stat Nonlinear Soft Matter

Phys 78:030701. https://doi.org/10.1103/PhysRevE.78.

030701

Sundstrom P (2002) Adhesion in Candida spp. Cell Microbiol

4:461–469. https://doi.org/10.1046/j.1462-5822.2002.

00206.x

Thenmozhi R, Arumugam K, Nagasathya A et al (2013) Studies

on Mycoremediation of used engine oil contaminated soil

samples. Pelagia Res Libr Adv Appl Sci Res 4:110–118

Thormann MN, Rice AV (2007) Fungi from peatlands. Fungal

Divers 24:241–299

van Groenestijn JW, Hesselink PGM (1993) Biotechniques for

air pollution control. Biodegradation 4:283–301. https://

doi.org/10.1007/BF00695975

van Groenestijn JW, van Heiningen WNM, Kraakman NJR

(2001) Biofilters based on the action of fungi. Water Sci

Technol 44:227–232

Vergara-Fernández A, Revah S,Moreno-Casas P, Scott F (2018)

Biofiltration of volatile organic compounds using fungi and

its conceptual andmathematical modeling. Biotechnol Adv

36:1079–1093. https://doi.org/10.1016/j.biotechadv.2018.

03.008

Vergara-Fernández A, van Haaren B, Revah S (2006) Phase

partition of gaseous hexane and surface hydrophobicity of

Fusarium solani when grown in liquid and solid media with

hexanol and hexane. Biotechnol Lett 28:2011–2017.

https://doi.org/10.1007/s10529-006-9186-4

Weber FJ, Hartmans S (1996) Prevention of clogging in a bio-

logical trickle-bed reactor removing toluene from con-

taminated air. Biotechnol Bioeng 50:91–97. https://doi.

org/10.1002/(SICI)1097-0290(19960405)50:1%3c91::

AID-BIT10%3e3.0.CO;2-A

Wheatley AD, Mitra RI, Hawkes HA (1982) Protein recovery

from dairy industry wastes with aerobic biofiltration.

J Chem Technol Biotechnol 32:203–212. https://doi.org/

10.1002/jctb.5030320125

Woertz JR, Kinney KA, Kraakman NJR et al (2003) Mite

growth on fungus under various environmental conditions

and its potential application to biofilters. Exp Appl Acarol

27(4):265–276

Woertz JR, Kinney KA, McIntosh NDP, Szaniszlo PJ (2001)

Removal of toluene in a vapor-phase bioreactor containing

a strain of the dimorphic black yeastExophiala lecanii-

corni. Biotechnol Bioeng 75:550–558. https://doi.org/10.

1002/bit.10066

van Woertz W, van Heiningen M, Ee J, van Heiningen W, van

Eekert M et al (2002) Dynamic bioreactor operation:

effects of packing material and mite predation on toluene

removal from off-gas. Appl Microbiol Biotechnol

58:690–694. https://doi.org/10.1007/s00253-002-0944-5
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3.3.  Publication 3: Evaluation of immobilization of selected peat-isolated yeast strains of the species 

Candida albicans and Candida subhashii on the surface of artificial support materials used for 

biotrickling filtration 

The first part of the experimental research was aimed at identifying environmental fungal isolates from peat 

capable of degrading hydrophobic VOCs. In order to familiarize with the methodology of conducting 

biofiltration processes, the research began with the removal of n-butanol in BTF [173]. Beginning of 

research on a hydrophilic compound was motivated by the fact that this compound is characterized by high 

biodegradability, so the process of its removal from the air is a problem-free and efficient process, and thus 

allows for easy verification of the correctness of the process. Conducting this experiment made it possible 

to collect a sample from a working biofilter in order to isolate the strains of microorganisms inhabiting it. 

Using peat from a working biofilter column, rather than fresh peat, increased the chance of isolating 

organisms that were able to use VOCs as a carbon source. The experiment was carried out in a two-section 

BTF filled with a commercially purchased mixture of peat and perlite, naturally inhabited by various species 

of microorganisms. From the 3rd day of the process to the end of the process, stabilization of the RE value 

in the range of 85-92% was achieved. The sample was taken on the last day of the process. Subsequently, 

the fungal strains were cultured on Sabouraud medium, and a short method developed by Brillowska-

Dąbrowska et al. was used to isolate the DNA of the strains [174]. Primers ITS1 and ITS4 were used to 

obtain polymerase chain reaction (PCR) products. One isolate of C. subhashii and five isolates of C. 

albicans were identified in the tested peat sample. For further stages of research, isolates were selected that 

were characterized by the highest efficiency of carbon assimilation from selected VOCs, both hydrophobic 

and hydrophilic. Subsequently, new methods were proposed to immobilize fungi on various types of 

artificial support materials used for BTF (Bialecki rings (25x25), Pall rings, polyurethane foam, Bialecki 

rings (50x50)). An innovative method was also developed that allowed for safe detachment of fungal cells 

from the surface of the packing material, so as not to damage them. The assessment of fungal 

immobilization and their viability on the support material was carried out using the following methods: 

optical microscopy, flow cytometry and tests using propidium iodide and annexin V. The viability of fungi 

isolated from the surface of support materials was determined at the level of 95%. The article also compares 

materials that can be used as BTF packing materials, using flow cytometry and optical microscopy, in terms 

of the effectiveness of their immobilization by selected species of fungi. On the basis of the proposed 

comparative tests and the analyses carried out, polyurethane foam was selected as the best support material 

in the BTF for immobilization by fungal species. This study also showed that the proposed methods of 

immobilization of fungal species as well as methods of its assessment, apart from their relatively low price, 

are effective, quick and simple. The proposed methods, together with the obtained results, could be useful 

in improving biofiltration processes and providing comprehensive knowledge about the types of 

microorganisms inhabiting the biofilter bed. This would allow to increase its efficiency by isolating a 

specific strain of microorganisms and inoculating them on the aseptic packing materials. 
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The publication presents experiments leading to the implementation of task T2 Identification of a fungus 

isolate, previously not used in biofiltration, which will effectively remove hydrophobic VOCs from the air 

and T3 Development of a quick and low-cost method of fungal cell immobilization on internal packing 

material and development of a simple and low-cost method for monitoring the condition of the fungi used 

during the biofiltration process.  

The novelties presented in it are: 

Ø Species identification isolate, capable of removing selected hydrophobic VOCs from the air, not yet 

used in BTF, as C. subhashii. 

Ø Development of a proprietary, cheap and simple method of fungi immobilization on various types of 

packaging materials most commonly used in BTF (Bialecki rings (25x25), Pall rings, polyurethane 

foam, Bialecki rings (50x50)). 

Ø Proposal of full method for the assessment of fungal colonization and their viability on the packing 

material in BTF using the following methods: optical microscopy, flow cytometry and tests using 

propidium iodide and annexin V. 
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Abstract: The paper describes the process of n-butanol abatement by unicellular fungi, able to deplete
n-butanol content in gas, by using n-butanol as source of carbon. Isolated and identified fungi species
Candida albicans and Candida subhashii were subjected to a viability process via assimilation of carbon
from hydrophilic and hydrophobic compounds. The isolates, which exhibited the ability to assimilate
carbon, were immobilized on four different types of artificial support materials used for biotrickling
filtration. Application of optical microscopy, flow cytometry and the tests employing propidium
iodide and annexin V revealed viability of the fungi isolated on support materials’ surfaces at the
average level of 95%. The proposed method of immobilization and its evaluation appeared to be
effective, cheap and fast. Based on performed comparative analyses, it was shown that polyurethane
foam and Bialecki rings (25 × 25) could be attractive support materials in biotrickling filtration.

Keywords: biotrickling filtration; fungi; polyurethane foam; Pall rings; Bialecki rings; n-butanol;
cyclohexane; flow cytometry

1. Introduction

One of the most common techniques of biological gas treatment is biofiltration. The process
of biofiltration consists in passing a polluted stream of gas through a filter bed, inhabited by
microorganisms (bacteria, fungi), belonging to different species. The impurities diffuse from the gas
phase to the biofilm forming on the surface of elements of the packed bed. The compounds adsorbed on
the surface of elements or absorbed in the biofilm undergo biodegradation, and the air free of odorous
compounds leaves the biofilter. The most popular apparatus for biofiltration includes conventional
biofilters, biotrickling filters and bioscrubbers [1–3].

Microorganisms and type of packing are crucial elements for biological air purification processes.
The selection of microorganisms colonizing the biofilter located on the packing is pivotal for the
effective degradation of specific groups of chemical compounds. Biofilters can be populated with
a single strain of microorganisms or their consortia [3].

A literature review of available techniques for removal of odorous volatile organic compounds
(VOCs) from air revealed that biotrickling filtration was a highly effective method for the removal of
contaminants from gaseous streams [1]. The most important element of the biofiltration apparatus
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is a column packing that is colonized by the microorganisms responsible for VOC removal, the
compounds of odor nuisance. Usually, ambiguous term like fungi or microbial consortium is used,
without clear indication of the species present in a biofilter bed [4–9]. At present, especially bacterial
strains used in biofiltration are a subject of extensive studies [10,11]. In the case of fungi, especially those
used in conventional biofiltration are under investigation [12]. Table 1 presents typical fungi and types
of packing material employed in the conventional biofilters and biotrickling filters. Considering the
technical and operational differences between conventional biofiltration and biotrickling filtration [2,13],
the beds of these biofilters differ in the types of fungal strains present in a packing material. Depending
on the mode of biofiltration, the process makes use of the microorganisms either naturally inhabiting
the packing material (e.g., bark, leaves or peat in conventional biofilters, straw, wood shavings,
compost, cones) [3,14–17] or those intentionally inoculated on the filter bed elements (e.g., inoculation
of polyurethane foam or ceramic materials for biotrickling filter, alginate beads, ceramic saddles,
Pall rings, Raschig rings, tri-Pack) [18–21]. Accordingly, assuring of high efficiency of malodorous
compounds removal requires not only selection of suitable microorganisms but also fitting of such
biofilter packing, which is easily colonized by selected microorganisms and allows their growth during
the process allows maintenance of proper biomass concentration on the filter bed. Cultivation of the
microorganisms occurs both in interstitial spaces as well as in micropores, the size of which allows
penetration of the cells of microorganisms forming so-called sites protected from the impact of adverse
shearing forces due to water flow. The biofilter’s packing material can play the role of not only a support
material for biological film development but also an adsorbent, an ion exchanger, a nutrient medium
and a substance buffering the biochemical reaction environment [22]. Apart from the effectiveness of
microorganism colonization, the price should also be taken into account while selecting the biofilter’s
packing. Hence, the following features of the packing became a target: low price, effective colonization
with the microorganisms and stimulation of growth of the microorganisms capable of malodorous
compounds removal. Such material should be characterized by a significant specific surface area but it
should not influence on biofilm formation [23–25].

Regarding the fungi which are to colonize the biofilm substrate, a big surface area of thread-like
structure of a fungi’s hyphae allows easy assimilation of carbon from organic compounds present
in a surrounding gas phase [26]. Wu et al. revealed that fungi could be as effective as bacteria in
the removal of organic contaminants from air [27] and some research indicate that fungi can assimilate
carbon with higher efficiency as compared to bacteria [28,29]. The information about VOCs assimilation
by the fungi isolated from pine needles can be found in literature [30]. As opposed to bacteria, fungi are
more resistant to low humidity and high acidity. It is especially beneficial for the removal of hydrophobic
compounds [31]. Moreover, fungi can be applied in acidic gas streams with high concentration of
organic contaminants [32]. Abovementioned properties of fungi make them an interesting subject for
further investigation.

In microbiological processes it is necessary to provide carbon, nitrogen and phosphorus for
microorganisms. The last two can be easily accessed through ammonium salts, nitrates or phosphates.
The problem of carbon assimilation is far more complex. Despite the fact that there is about 30 times
more carbon in the environment as compared to nitrogen, the multiplicity of its chemical connections
causes that carbon containing compounds can affect microorganisms in different ways e.g., enhance
as well as inhibit their growth. The form of carbon most suitable for assimilation are carbohydrates,
preferably glucose. However, in the absence of carbohydrates, microorganisms can obtain carbon from
other sources e.g., volatile organic compounds present in air. To improve the ability of microorganism
to decompose VOCs in biotrickling filtration processes, it is desirable to provide the surface of biofilm
i.e., packing elements covered with biofilm as densely as possible, to increase the contact area between
the biofilm and gas phase. In practice, it is realized by immobilization of the microorganisms on
a support material. A literature review revealed a variety of different supports e.g., expanded clay
aggregate [33], tuff [34], activated carbon [35], perlite [36], alginate beads [37], polyurethane foam [38],
ceramic saddles [39], Pall rings [40–42], and Raschig rings [43].
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Table 1. Examples of fungi employed for gas purification in conventional biofiltration and biotrickling
filtration processes.

Predominate Species Contaminant Packing Material Reference

Conventional Biofilter—microorganisms naturally inhabiting the packing material
Paecilomyces variotii toluene ceramic rings [44]

Phanerochaete
chrysosporium

butanol straw
[45]

Trametes versicolor aniline peat
Pichia pastoris methanol perlite [46]
Cladosporium

sphaerospermum
xylene wood shavings [47]

Ophiostoma sp. α-pinene volcanic rock [48]
Aspergillus niger n-hexane kermesite [49]

Candida utilis ethanol sugarcane bagasse [50]
Scedosporium
apiospermum

toluene
GAC:vermiculite (15:85) [51]

perlite
[52]

Paecilomyces variotii toluene perlite
Sporothrix veriecibatus styrene perlite [53]
Exophiala jeanselmei styrene perlite [54]

Exophiala sp. BTEX perlite [55]
Fusarium solani n-hexane perlite [56]

Biotrickling Filter—microorganisms intentionally inoculated on the filter bed elements
Sporothrix variecibatus styrene ceramic monolith [57]

Fusarium solani n-hexane perlite [58]
Candida palmileophila

strain MA-M11
styrene ceramic Raschig rings [59]

Cladosporium
sphaerospermum

methyl propyl ketone,
MEK, toluene, and

n-butyl acetate
polyurethane foam [60–63]

Candida boidinii,
Ophiostoma stenoceras

α-pinene polyurethane foam [64]

GAC—Granular Activated Carbon, BTEX—Benzene, Toluene, Ethylbenzene and Xylenes, MEK—Methyl
Ethyl Ketone.

Flow cytometry can be used to check the effectiveness of fungi colonization in a quantitative
as well as qualitative manner [65]. Flow cytometry is a rapid and sensitive technique with important
applications in biology and medicine [66,67]. This technique allows analysis of the microorganisms
involved in technological processes as well as characterization of the starter cultures aimed at precise
determination of their species composition. Monitoring of film damage can provide fast identification
of microorganism failure or their death. Flow cytometry has already been utilized for Candida

albicans [68,69], however, up to our best knowledge, it has not been implemented for investigation of
fungi viability during biofiltration processes.

The paper presents the investigation on isolation of fungi from peat as a natural type of packing
used in the classic biofilters. The study concerns immobilization of selected fungi (Candida albicans and
Candida subhashii) on the surface of typical support materials of the biotrickling filters i.e., polyurethane
foam, Pall rings and Bialecki rings. Effectiveness of their colonization was measured and compared
using flow cytometry and optical microscopy. Moreover, the investigations aimed at determination
of viability and ability to assimilate carbon from such compounds as n-butanol and cyclohexane,
representing hydrophilic and hydrophobic compounds removed by the biotrickling filters, were
carried out for the aforementioned fungal isolates. The obtained information can be employed for
proper design of the process and maintenance of the optimum operation conditions. Additionally,
correctly selected support material with respect to fungi types determines achievement of assumed
deodorization effectiveness in the biotrickling filters.
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2. Materials and Methods

2.1. Chemicals and Reagents

N-butanol was purchased from POCH (Gliwice, Poland) and was used in the biofiltration
experiments as a carbon source for the microorganisms. The composition of the used trickling medium
is as follows: Na2HPO4·2H2O (15.2 g/dm−3), KH2PO4 (3 g/dm−3), NaCl (0.5 g/dm−3) and NH4Cl
(1 g/dm−3). All materials were purchased from POCH (Gliwice, Poland). Cyclohexane was purchased
from Merck (Darmstadt, Germany).

The primers ITS1 (TCCGTAGGTGAACCTGCGG) and ITS4 (TCCTCCGCTTATTGATATGC) [70]
were purchased from Genomed (Warsaw, Poland). The High GC PCR mix was purchased from A&A
Biotechnology, Gdynia, Poland.

2.2. Support Materials

Characteristics of the materials employed as a surface for immobilization of selected fungi is
presented in Table 2. The shape and general appearance of utilized types of support materials are
illustrated in Figure 1.

Table 2. Characteristics of investigated materials used for immobilization of fungi [71].

Type of Material
Characteristics

Polyurethane
Foam

Bialecki Rings
(25 × 25)

Pall Rings
(50 × 50)

Bialecki Rings
(50 × 50)

material polyurethane polypropylene
polypropylene

admixed with chalk
polypropylene

color/transparency
blue color, low
transparency

milky color, high
transparency

milky color, medium
transparency

dark green color, no
transparency

surface 600 m2/m3

245 m2/m3

(in bulk);
0.0047 m2/piece

(in bulk)

110 m2/m3 (in bulk);
0.017 m2/piece

(in bulk)

155 m2/m3 (in bulk);
0.024 m2/piece

(in bulk)

number
6369 pieces/m3

(arranged)
52000 pieces/m3

(in bulk)

6500 pieces/m3

(in bulk);
8980 pieces/m3

(arranged)

6500 pieces/m3

(in bulk);
8980 pieces/m3

(arranged)

 

ą

Figure 1. Selected examined support materials. (a) Bialecki rings (25× 25), (b) Pall rings, (c) polyurethane
foams, (d) Bialecki rings (50 × 50).
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2.3. Isolation of Fungi Species Present in Peat and Their Species Identification

For the experiment, the peat samples were taken from a biofilter column and cultivated in
Sabouraud agar, which is selective for fungal growth. The isolation and preservation of pure culture
was carried out as follows: the peat specimens were collected at day 20 of the process from a biofilter
removing n-butanol. This approach allowed easy selection of the strains being able to survive in
the n-butanol environment (hydrophilic compound). Then, several (up to 20) streak plates were
prepared to obtain pure colonies. Next, the pure isolates were kept frozen at −80 ◦C (glycerol/water
1/3). After obtaining the isolates, the identification by means of PCR (Polymerase Chain Reaction)
and ITS sequencing (Genomed, Warszawa, Poland) was performed. In order to isolate DNA, a short
method developed by Brillowska-Dąbrowska [72,73] was used. The PCR mixture was prepared for
each of the isolates as indicated in Table 3. The conditions of PCR are described in [3].

Table 3. Composition of the reaction mixture for the PCR (Polymerase Chain Reaction) reaction.

Reagent Volume (µL)

Water 6.0
2xPCR Mix Plus High GC 10.0

Starter ITS1 (10 mM) 1.0
Starter ITS4 (10 mM) 1.0

Matrix 2.0
Final volume 20.0

2.4. Selection of Fungal Isolates Able to Utilize Hydrophilic and Hydrophobic Compounds as a Carbon Source

After identification (by ITS region sequencing), the isolates were taken for the measurement
of capability of n-butanol, cyclohexane and their mixture (50/50) biodegradation. Determination of
their ability to assimilate carbon for tested compounds was performed as follows: the incubation
of all samples was carried out at 24 ◦C for 16 h and the optical density was measured at 595 nm
wavelength [74–76]. This wavelength is applied for optical density measurement of fungi cultures.
n-butanol, cyclohexane and selected 2-component mixtures (50/50 (v/v)) at the concentrations of 10%,
1% and 0.1%, were added to the cultures at 24, 48, 72 and 96 h. Observation of increasing optical
density (OD) value over time for specific concentration was a sign of an increase in tested isolates, and
thus the ability to assimilate carbon from the tested compounds.

2.5. Immobilization of Selected Fungal Isolates on the Support Materials (Polyurethane Foam, Pall Rings and
2 Types of Bialecki Rings)

The examined support materials were polyurethane foam (Ultramare, Warsaw, Poland) cut into
approximately 100 mm diameter and 20 mm high discs, Pall rings (50 × 50) and 2 types of Bialecki
rings (25 × 25 and 50 × 50) (LCS, Cracow, Poland). The immobilization of fungi on the support
particles was carried out in 500 ml sterile beakers containing single type of the substrate and 100 mL
growth Sabouraud medium with 10% (v/v) inoculum, under orbital agitation at 100 rpm and at 24 ◦C
(Figure 1a,b). After 24 h, 50% of the volume of medium was replaced with the same volume of the
minimal medium: Na2HPO4·2H2O (15.2 g/dm−3), KH2PO4 (3 g/dm−3), NaCl (0.5 g/dm−3) and NH4Cl
(1 g/dm−3) (Figure 1c). The beakers with appropriate contents were shaken throughout the whole
immobilization. The next day, all medium was poured out, replacing it with the minimal medium
(Figure 1d). The procedure was repeated after one day with the difference that the medium spilled
was replaced with the Sabouraud medium (Figure 1e). After the same time interval the support
materials were completely colonized (Figure 1f). The samples were routinely taken for analysis
(optical density measurement). After 5 days from the beginning, the polyurethane foam material was
completely colonized.

Due to lower porosity and the specific surface of Pall rings and 2 types of Bialecki rings as
compared to polyurethane foam, and therefore greater difficulty in immobilizing the fungus on the
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surface of the support material, the process has been extended over time. In order to immobilize fungi
on these materials, all the above mentioned stages must be carried out, except that all incubation
times of the cultures should be extended from 24 to 48 h. Therefore, after 9 days from the beginning,
the supporting materials were completely colonized. The process of fungi immobilization on the
aforementioned support materials is schematically presented in Figure 2.

 

Figure 2. Scheme (a)–(f) showing immobilization of selected fungi on the support materials.

2.6. Microscopic Observations

Viability staining technique was used for evaluation of vitality of investigated fungi. Pictures of
immobilized fungi were made using transmitted light, employing an optical microscope with a 10×
long working distance lens (LAB 40 Series Optical Microscope, Katowice, Poland).

2.7. Preparation of Fungal Cells to Cytometric Analysis

A fragment of the investigated support material was placed in 40 mL of physiological salt solution
buffered with phosphate (pH 7.6, 0.01 M) and then shaken in an ultrasonic washer (100 W) for 15 s.
Next, the vessel was placed in ice for 15 s. In order to remove contaminants, cell suspension was
filtered through a nylon with 400-mesh. The residue was washed twice with PBS and suspended in
1 ml of PBS after centrifugation at 6000 rpm and at 4 ◦C (Eppendorf Centrifuge 5415 R, Hamburg,
Germany) for 10 min. The number of cells in the examined sample was determined using a flow
cytometer. The volume corresponding to 1 million of fungal cells was utilized in further investigations.
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2.7.1. Cytometric Analysis of Distribution in the Life Cycle of Fungi after Immobilization

Cytometric analysis of distribution in the life cycle of cells is based on detection of increased
permeability of cell membrane for propidium iodide (PI), which binds with DNA in a stoichiometric
way. This phenomenon and the knowledge that the amount of bound propidium iodide is proportional
to cell DNA make it possible to determine the cell population in a given phase of the life cycle. PI is
also capable of binding with RNA, which can lead to erroneous results. Hence, RNase A is added to
the staining solution.

Then, 300 µL of PBS (Phosphate Buffered Saline), 300 µL of sodium deoxycholate (25 mM)
(Sigma Aldrich, Darmstadt, Germany) and 0.3 µL of PI (2 mg/mL) (Sigma Aldrich, Darmstadt,
Germany) were added to the pellet. The final concentration of PI in the tubes was 1 mg/ml. Staining
was carried out for 30 min at 24 ◦C in the dark. Measure the fluorescence intensity emitted by
DNA-bound propidium iodide using a flow cytometer (Merck Millipore guava easyCyte 8, Darmstadt,
Germany). The excitation wavelength for propidium iodide is 488 nm, emissions are 617 nm. Each flow
cytometric susceptibility test analyzed 10,000 events or yeast cells. The threshold between permeable
and impermeable membranes was determined based on publication [77]. In order to obtain reliable
results, the number of cells from 3 tested elements of each type were measured, settled in the same
way, under the same conditions. The technical replicates were not included in the study.

2.7.2. Microbial Populations Viability State after Immobilization (Annexin V Test)

Annexin V test is aimed at investigation of the changes in asymmetry and integrity of cytoplasmic
membrane of cells. A method consisting in double staining with annexin V marked with fluorescein
and propidium iodide, which allows identification of the cells subjected to apoptosis or necrosis, was
utilized in order to detect changes of cytoplasmic membrane after immobilization of fungal cells on the
surface of selected materials.

100 µL of annexin V binding buffer (BD Pharmingen, San Diego, CA, USA), 0.5 µL of FITC Annexin
V (Annexin V fluorescein conjugate; Introgen by Thermo Fisher, Eugene, OR, USA) and 0.25 µL of
7-aminoactinomycin D (Sigma, Dorset, UK) were added to the pellet. Staining was carried out for
15 min at 24 ◦C in the dark. These two dye conjugates can emit red and green fluorescence excited by
488 nm wavelength and can be detected by a fluorescence detector of the flow cytometry. In order to
obtain reliable results the number of cells from 3 tested elements of each type were measured, settled
in the same way, under the same conditions. The technical replicates were not included in the study.

3. Results and Discussion

3.1. Measurement of Viability and Carbon Assimilation from Hydrophilic and Hydrophobic Compounds

Fungi were isolated from the samples of peat collected from the biofilter intended for removal
of n-butanol vapors from air. Five isolates were identified as Candida albicans and one as Candida

subhashii. Next, evaluation of the microorganisms able to assimilate carbon from selected volatile
organic compounds (n-butanol (B), cyclohexane (C) and their mixture of 50/50) was performed. For the
liquid culture of the test isolates after 24, 48, 72 and 96 h, the test compound solutions and their mixture
at the concentrations of 10%, 1% and 0.1% were successively added. Every 24 h after the addition of
the test compound solution, the optical density of the culture was measured at 595 nm wavelength.

The obtained optical density values (Figure 3) showed that C. albicans MG2, C. albicans MG4,
C. albicans MG5 and C. subhashii MG6 in concentrations of tested compounds grew with time (an
increase in optical density value). C. albicans MG2 has higher OD value when fungi grow in the media
“B 0.1%”, “C + B 10%”, “C + B 0.1%” and the OD is increased by ~130%, 130% and 97%, respectively. In
addition, C. albicans MG3 grows better in “C 1%” supplemented media than C. albicans MG2. 50% OD
increase and can use “C + B 0.1%” as a source of carbon, however in lower yield than C. albicans MG2
(70% OD increase). Remarkably, C. albicans MG4 is able to assimilate carbon from the medium in broad
range “C + B 10%” at the same extent as C. albicans MG2 (~130% OD increase). On the other hand,
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C. albicans MG5 is able to grow in the media “B 0.1%”, “C + B 1%”, “C + B 0.1%” owing to the following
OD: ~190, ~100 and ~60%. Finally, C. subhashii MG6 is able to use cyclohexane and n-butanol from the
media complemented as “B 10%”, “B 0.1%” and “C + B 0.1%”, the OD increase is ~200, ~140 and ~70%,
respectively. C. subhashii MG6 is able to grow only in “B 10%” medium, other isolates require at least
mixture of cyclohexane and n-butanol to show higher OD after 72 h of incubation. On the other hand,
C. albicans MG1 and C. albicans MG3 did not increase their optical density, so they cannot be used as
a source of carbon in tested compound. The studies have shown that the strains isolated from peat,
i.e., the isolates of Candida albicans and Candida subhashii, have a promising future regarding the use of
volatile organic compounds as a source of carbon (Figure 3).

 

 
Figure 3. The growth curves of examined strains cultured in the presence of cyclohexane, n-butanol and
their selected mixtures. (a) Candida albicans MG1. (b) Candida albicans MG2. (c) Candida albicans MG3.
(d) Candida albicans MG4. (e) Candida albicans MG5. (f) Candida subhashii MG6. OD—optical density.
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Based on the results presented in Figure 3, 2 isolates (C. albicans MG2 and C. subhashii MG6)
exhibiting the highest rate of carbon assimilation from the tested compounds were selected. They were
utilized in the further stage of investigation for immobilization on the surface of selected materials
employed in biotrickling filtration.

3.2. Evaluation of Immobilization of Fungal Isolates on Support Materials Using Microscopic and
Cytometric Measurements

Microscopic observations of the cells of Candida albicans and Candida subhashii on polyurethane foam
reveal that after assumed incubation time selected fungi species are able to form biofilms of relatively
comparable thickness on the surface of the foam (Figure 4). The optical microscope image confirmed
colonization of the microorganisms on the foam’s surface manifested by a presence of numerous
stained fungal cells (Figure 4). The colonization was also confirmed by the investigation carried out
with a flow cytometer. Obtained information (Table 4) shows that the highest colonization effectiveness
(from a quantitative standpoint) on the polyurethane foam occurs for C. subhashii 67 ± 0.4 million cells,
whereas for C. albicans it amounts to 53.5 ± 0.6 million cells.

 

 

Figure 4. Optical microscope biofilm images. (a) The optical microscope images (10×) of a biofilm
produced by C. albicans on polyurethane foam. (b) The optical microscope images (10×) of a biofilm
produced by C. subhashii on polyurethane foam. (c) Control image: clean polyurethane foam.

The microscope images presenting the effect of immobilization of two different fungal isolates on
the surface of Bialecki rings (25 × 25) illustrate 2 various ways of the same surface colonization by
different fungal isolates (Figure 5). The isolate of C. albicans colonizes the surface in form of the clusters.
The C. subhashii isolate colonized of the surface in a non-uniform way, small clusters of fungal cells were
present. The fact that fungi did not occupy the entire available surface is a convenient phenomenon
because it enables population growth during running of the processes, in which they will be utilized.
According to the microscopic observation and the analyses of fungal cells count using the cytometer
(Table 4), the most effective colonization (from a quantitative standpoint) on the Bialecki rings’ surface
occurs for the isolate C. subhashii (1.21 million per 1 cm2). The smaller numerous colonization was
found for C. albicans (1.06 million per 1 cm2).
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Table 4. Cytometric count of selected fungal cells after detaching them from the support materials.

Polyurethane Foam Bialecki Ring (25 × 25) Pall Ring (50 × 50) Bialecki Ring (50 × 50)
C. albicans C. subhashii C. albicans C. subhashii C. albicans C. subhashii C. albicans C. subhashii

Number of cells
from one

element of
the support material

(53.5 ± 0.6) × 106 (67.0 ± 0.4) × 106 (49.9 ± 0.5) × 106 (56.8 ± 0.4) × 106 (77.2 ± 0.6) × 106 (72.2 ± 0.3) × 106 (69.6 ± 0.7) × 106 (82.4 ± 0.5) × 106

Number of cells
from one element

of the support
material per

1 cm2

ca.
0.55 × 106

ca.
0.69 × 106

ca.
1.06 × 106

ca.
1.21 × 106

ca.
0.45 × 106

ca.
0.42 × 106

ca.
0.2 × 9106

ca.
0.34 × 106

Volume of one
element of the

support material
157 cm3 12.27 cm3 98.13 cm3 98.13 cm3

± standard deviation, ca.—circa.
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Figure 5. Optical microscope biofilm images. (a) The optical microscope image (10×) of a biofilm 

 

Figure 5. Optical microscope biofilm images. (a) The optical microscope image (10×) of a biofilm
produced by C. albicans on Bialecki ring (25 × 25). (b) The optical microscope image (10×) of a biofilm
produced by C. subhashii on Bialecki ring (25 × 25). (c) Control image: clean Bialecki ring (25 × 25).

Analyzing the microscope images showing the effect of colonization of Pall rings with fungi,
which have different surface than previously examined Bialecki rings (Table 2). C. albicans and the
isolate of C. subhashii were immobilized on Pall rings’ surface (Figure 6) in a similar manner, however
different than in the case of Bialecki rings (25 × 25). The cells covered the surface uniformly, locally the
cell clusters are also visible. Comparing these two isolates, in the case of C. subhashii the average size of
the cell clusters is bigger than for of C. albicans which translates into the occupied surface by them.
Looking at the results of the fungal cell count using the cytometer (Table 4), the biggest number of
cells immobilized on the Pall ring occurs for C. albicans (0.45 million per 1 cm2), then for C. subhashii

(0.42 million per 1 cm2).
Due to the fact that the third type of the investigated rings—Bialecki rings (50 × 50)—were

manufactured from dark green, completely opaque polypropylene, it was not possible to perform
observations with the optical microscope. Nevertheless, these rings are made of the same material (the
only difference is in color and transparency) (Table 2) and by the same producer as previously analyzed
Bialecki rings (25 × 25). Thus, surface of these rings is colonized in a similar way, so the investigation
(comparison) should concern only structure of the entire ring and efficiency of its colonization. Looking
at the results of fungal cells count using the cytometer (Table 4), the biggest number of cells immobilized
on Pall ring occurs for C. subhashii (0.34 million per 1 cm2), then for C. albicans (0.29 million per 1 cm2).

Comparing the obtained results regarding application of particular support materials in the
biotrickling filter, it can be noticed that the best operational parameters are exhibited by Bialecki ring
(25 × 25). The biggest number of fungal cells (per 1 cm2) are colonized on its surface as well as 1 m3

of this support material also contains the biggest number of fungal cells. Another carrier material
characterized by the largest colonization of fungi on the surface is occupied by polyurethane foam.
Additionally, it is characterized by the biggest specific surface area, which provides excellent contact
of the gas under purification with the biofilm surface on the support material. It should be noted
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that counting of microorganisms on polyurethane foam requires an exceptional method as the results
obtained with application of standard procedure are not realistic. This is due to the fact that the
method used to detach fungal cells from the surface does not allow to detach cells from the inside
of the foam disk without damaging them. The structure of foam is the reason of retaining the cells
inside the disk—both those colonizing and already detached. To perform the examination of the cells
presence inside the cells, the disc was cut into 1–2 mm slices stained with methylene blue. Microscopic
observation of stained cells allowed for examination the level of their detaching. Such examination
exhibited that the number of cells indicated by cytometry is false in case of polyurethane foam discs.
Polyurethane foam offers maintenance of constant microbiological activity of biofilm and uniform
distribution of biofilm surface over the entire cross-section. It seems that these two types of carrier
materials can be successfully used for the immobilization of fungi and used for biotrickling filtration.

 

 

Figure 6. Optical microscope biofilm images. (a) The optical microscope image (10×) of a biofilm
produced by C. albicans on Pall ring. (b) The optical microscope image (10×) of a biofilm produced by
C. subhashii on Pall ring (c) Control image: clean Pall ring.

3.3. Measurement of Viability of Fungal Isolates Immobilized on Support Material Surface

Membrane permeability after immobilization on the support materials was measured by flow
cytometry using propidium iodide, a nucleic acid-binding fluorochrome largely excluded by the
intact cell membrane. The results of these studies show that the flow cytometry provides a rapid and
sensitive in vitro method for antifungal susceptibility testing of Candida albicans and Candida subhashii.

After staining of all selected fungal isolates with PI, it was determined that viability remained at a very
high level (above 95%). Constant percentages of fungi with permeable membranes were observed and
they were on average 4.5–5% for selected fungal isolates from polyurethane foams, 1–3% for Bialecki
rings (25 × 25), 1.5–2% Bialecki rings (50 × 50) and 1.25–3% for Pall rings (Figure 7).
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 7. Cont.
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(i) (j)

  
 

 ——

Figure 7. Analysis of viability determined by flow cytometry for PI-stained selected fungal isolates.
(a) C. albicans from polyurethane foam. (b) C. subhashii from polyurethane foam. (c) C. albicans

from Bialecki ring (25 × 25). (d) C. subhashii from Bialecki ring (25 × 25). (e) C. albicans from Pall
ring. (f) C. subhashii from Pall ring. (g) C. albicans from Bialecki ring (50 × 50). (h) C. subhashii from
Bialecki ring (50 × 50). The regions H-2 indicated by the bars represent the percentage of fungi with
permeable membranes, whereas H-1 are living cells. (i) C. albicans—control with cells not immobilized.
(j) C. subhashii—control with cells not immobilized.

Immobilization processes can change the microbial population’s viability state on the support
materials, which includes intact cells, apoptosis-like decayed cells, necrotic cells, and mechanically
damaged cells. In this study, the Annexin V binding assay is used to detect microbial population’s
viability state by the flow cytometry [78–80].

Simultaneous supply of propidium iodide and annexin to the cells allows differentiation between
intact cells, necrotic cells as well as early and late apoptosis cells. Annexin V is a protein, which
possesses high affinity to phosphatidylserine and thus makes it possible to detect apoptosis-like
decayed cells. Propidium iodide binds to cell DNA; it must be emphasized that at low concentrations it
can penetrate only through damaged cell membranes, which lost their integrity. The results presented
in Figure 8a–h can be interpreted in the following way: intact cells, which are not penetrated by
propidium iodide and not connected with annexin V, are located in the lower left quarter. One of
the features characteristic for apoptosis-like decayed cells is phosphatidylserine translocation to the
external layer of a lipid membrane. In normal living cells this lipid is present only in the internal layer
of the membrane. The upper left quarter is occupied by necrotic cells absorbing propidium iodide,
which possess phosphatidylserine on the cytosol side of the membrane, so they do not bind annexin V.
The lower right quarter corresponds to early apoptosis cells binding annexin V, the plasmalemma
of which is tight and impermeable for iodide. In the upper right quarter there are medium and late
apoptosis cells with permeable membrane, which bind annexin and absorb propidium iodide.

Analyzing the changes in structure of the cytoplasmic membrane of all investigated fungi strains
on all tested support materials, it can be noticed that in every case the majority of cells remained alive
(Figure 8). It is also clear that population distribution in the figures does not differ significantly within
a single isolate. Relatively highest decay occurs for the cells, which were immobilized on Bialecki
rings 50 × 50. Annexin V test confirmed the results obtained in the experiment on analysis of viability
determined by the flow cytometry for PI-stained, which show that the cell immobilization process
as well as in principle the dangerous process of cell detachment from the support material’s surface are
not serious issues here (Figure 8). Cell detachment from the support material imposes a risk of cell
membrane damage, which can result even in cell decay. This phenomenon is especially adverse in this
type of studies because membrane permeability was employed as a measure of fungal cells viability.
Hence, if the results of cytometric investigations had revealed high cell mortality, it would not have
been possible to identify the cause of their low viability without additional examinations. It could
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result from both imperfect method of cell immobilization on the support material as well as from
improper cell detachment. Favorably, both cytometric analyses revealed high viability of all isolates on
all support materials, so they can be recommended for future investigations on viability of fungal cells
immobilized on the materials utilized in the biotrickling filters. Analyzing Figure 9, regularity can
be found; the bigger diameter of the pellet, the bigger number of damaged cells. It results from the
fact that for bigger pellets it is more difficult to detach cells from its entire surface. The investigations
presented in this paper confirm high effectiveness of the method of colonization of polyurethane and
polypropylene materials by fungal (yeast) cells, which, besides ascomycetes, are the fungi species
most frequently applied to removal of malodorous compounds from air. Proposed method of cell
detachment from the support materials’ surface combined with cytometric investigations constitutes
a full methodology allowing control over efficiency of colonization of particular support material.
The authors are sure that the proposed methodology can be also successfully implemented to control
viability of microorganisms during biotrickling filtration processes.

 

 

(a) 

  
(b) (c) 

  
(d) (e) 

Figure 8. Cont.
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(f) (g) 

  
(h) (i) 

  
(j)  (k)  

——

Figure 8. Flow cytometry cytograms of cell viability (intact cells (Q1-LL), early apoptosis cells (Q1-LR),
late apoptosis cells (Q1-UR), necrotic cells (Q1-UL)) (a) and (b) C. albicans from polyurethane foam.
(c) C. subhashii from polyurethane foam. (d) C. albicans from Bialecki ring (25 × 25). (e) C. subhashii from
Bialecki ring (25 × 25). (f) C. albicans from Pall ring. (g) C. subhashii from Pall ring. (h) C. albicans from
Bialecki ring (50 × 50). (i) C. subhashii from Bialecki ring (50 × 50). (j) C. albicans—control with cells not
immobilized. (k) C. subhashii—control with cells not immobilized.
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Figure 9. Percentage distribution of cells of selected fungal isolates showing changes in the structure of
the cytoplasmic membrane. The diagrams take into account the percentage of cells in the cytograms’
quarters (Figure 8): (intact cells (Q1-LL), early apoptosis cells (Q1-LR), late apoptosis cells (Q1-UR),
necrotic cells (Q1-UL)). (b) C. albicans from polyurethane foam. (c) C. subhashii from polyurethane foam.
(d) C. albicans from Bialecki ring (25 × 25). (e) C. subhashii from Bialecki ring (25 × 25). (f) C. albicans

from Pall ring. (g) C. subhashii from Pall ring. (h) C. albicans from Bialecki ring (50 × 50). (i) C. subhashii

from Bialecki ring (50 × 50). (j) C. albicans—control with cells not immobilized. (k) C. subhashii—control
with cells not immobilized.

4. Conclusions

Strains of species of unicellular fungi from the peat samples collected from the operating biofilter
intended for removal of n-butanol vapors from air streams were isolated and recognized. Identified
fungi species included: 5 isolates of C. albicans (C. albicans MG1, C. albicans MG2, C. albicans MG3,
C. albicans MG4, C. albicans MG5) and C. subhashii MG6. Optical density measurements revealed that
some fungal isolates were able to assimilate carbon directly from the compounds subjected to removal.
The investigations employed n-butanol as hydrophilic compound and cyclohexane as hydrophobic
one. The purpose of such an approach was to show that fungi inoculated on artificial support material
of the biotrickling filter are able to survive and additionally to take part in air purification from
malodorous compounds via carbon assimilation from removed compounds. The immobilization
process of selected fungal isolates was conducted on four popular artificial support materials utilized in
biotrickling filtration, namely polyurethane foam, Bialecki rings (25 × 25) and (50 × 50) as well as Pall
rings (50 × 50). Optical and cytometric measurements showed that the immobilization was successful.
Propidium iodide and annexin V tests revealed fungal isolates viability at average level of 95%.
Moreover, proposed method of cell detachment from the support materials’ surface combined with
cytometric investigations constitutes a full methodology allowing control over efficiency of colonization
of particular support material. Additionally, it can be cheap, fast and highly efficient methodology,
which could be a starting point for the biofiltration process aimed at removal of malodorous compounds
by selected fungi species. Based on performed comparative analyses, it was found that two types of
the support materials, polyurethane foam and Bialecki rings (25 × 25), could be attractive candidates
for biotrickling filtration. Polyurethane foam offers maintenance of constant microbiological activity of
biofilm and uniform distribution of biofilm surface over the entire cross-section. Small-size Bialecki
rings provide unrivalled high colonization of fungal cells per 1 cm2.

The obtained results could be useful for improving biofiltration processes and provide
comprehensive knowledge about the types of microorganisms existing inside the biofilter bed,
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allowing to enhance its performance through isolation of a specific microbial strain and artificial
inoculation in the biofilter bed.
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2. Rybarczyk, P.; Szulczyński, B.; Gębicki, J.; Hupka, J. Treatment of malodorous air in biotrickling filters: A
review. Biochem. Eng. J. 2019, 141, 146–162. [CrossRef]
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3.4.  Publication 4: Removal of cyclohexane and ethanol from air in biotrickling filters inoculated 

with Candida albicans and Candida subhashii 

The aim of the work was to apply and evaluate the effectiveness of the above proposed methods as part of 

a separate process of deodorization of air polluted with cyclohexane and ethanol in BTF. A new method of 

immobilizing C. subhashii and C. albicans on an artificial support material (polyurethane foam) was 

successfully used. In addition, the developed method for effective and safe detachment of fungal cells from 

the surface of polyurethane foam was used. A cytometric analysis of the distribution in the life cycle of 

fungi and the state of viability were carried out, both immediately after immobilization and after 100 days 

of the process. Optical microscopy studies were also carried out.  Based on the results of the above-

mentioned tests, the formation of a stable biofilm on the surface of the material filling both biofilter columns 

was observed. The formation of a stable biofilm immediately after immobilization proves the effectiveness 

of the process of settling the inert material by the fungus cells. The development and growth of the biofilm, 

and thus the good condition of the fungal cells after 100 days of the process, proves that both species can 

use the tested compounds as a carbon source, which is tantamount to removing these compounds from the 

deodorized air. 

The publication presents experiments leading to the implementation of task T4 Elaboration of method 

allowing for assessment of the fungi immobilization and monitoring their condition during the biofiltration 

process. 
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Introduction

The use of biofiltration processes to purify air from 
odorous compounds has been practiced for many years. 
Biofiltration, compared to other deodorization methods, 
has a number of advantages, such as low process costs, high 
purification efficiency for large volumes of gases with low 
odor concentrations, and very low emissions of secondary 
pollutants (Mudliar et al. 2010). A particularly attractive way 
of conducting biofiltration is the use of biotrickling filters. This 
is due to the possibility of quick adjustment of key process 
parameters (pH, composition and flow rate of the spraying 
liquid), which results in higher efficiency of air deodorization 
and longer life-time of such systems, compared to conventional 
biofilters (Rybarczyk et al. 2019a). In biotrickling filters, gas 
contaminated with odorous compounds is passed through 
a bed made of inert elements (e.g. polyurethane foam, 
ceramic elements), previously inoculated with consortium of 
microorganisms. The bed is trickled with liquid enriched with 
mineral salts. The trickling liquid circulates in a closed system, 
with the possibility of periodic replacement or regeneration. As 

a result of the growth of microorganisms, the so-called biofilm 
is formed over the packing elements. It is the biofilm in which 
compounds are adsorbed and absorbed from the gaseous phase 
and then undergo biodegradation. 

It is well-known that efficient performance of biotrickling 
filters is greatly dependent on the biofilm formed over the 
packing elements (Purswani et al. 2011). What is more, 
microorganisms inhabiting the biofilm differ greatly in terms of 
both the rate of biofilm formation as well as ability to degrade 
pollutants (Feng et al. 2019). Usually, bacteria species are used 
for biofilter inoculation. Interestingly, fungi are known to be 
able to maintain the microbial activity under shock loads of 
pollutants, starvation periods or drought episodes (Rybarczyk 
et al. 2019b; Zhang et al. 2019). Besides, due to filamentous 
morphology, fungi offer a large surface area for, and thus 
increase the mass transfer of pollutants from the gas phase to 
the biofilm (Ferdowsi et al.,2017; Spigno et al. 2003). Because 
of the above listed features, fungi are of special interest when 
designing biotrickling filtration processes.

Biofiltration systems are especially efficient when water-
-soluble compounds are considered. Such compounds easily 
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Abstract: This paper presents investigations on the removal of cyclohexane and ethanol from air in polyurethane-
-packed biotrickling filters, inoculated with Candida albicans and Candida subhashii fungal species. Results on 
process performance together with flow cytometry analyses of the biofilm formed over packing elements are 
presented and discussed. The results indicate that the presence of ethanol enhances the removal efficiency of 
cyclohexane from air. This synergistic effect may be attributed to both co-metabolism of cyclohexane with ethanol 
as well as increased sorption efficiency of cyclohexane to mineral salt medium in the presence of ethanol. Maximum 
elimination capacities of 89 g m-3 h-1 and 36.7 g m-3 h-1 were noted for cyclohexane and ethanol, respectively, when 
a mixture of these compounds was treated in a biofilter inoculated with C. subhashii. Results of flow cytometry 
analyses after 100 days of biofiltration revealed that about 91% and 88% of cells in biofilm remained actively 
dividing, respectively for C. albicans and C. subhashii species, indicating their good condition and ability to utilize 
cyclohexane and ethanol as a carbon source.
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break the mass transfer barrier between gaseous and aqueous 
(i.e. biofilm) phases and the rate of their biodegradation is mainly 
governed by the rate of biodegradation within the biofilm. 
Contrary, for poorly water-soluble compounds, i.e. hydrophobic 
ones, the efficiency of biofiltration depends greatly on the mass 
transfer rate between the above mentioned phases, and thus 
the biofiltration efficiency is much lower than for hydrophilic 
compounds (Cheng et al. 2016; Gospodarek et al. 2019). 
Several measures may be applied to improve the biofiltration 
performance with respect to hydrophobic compounds, including 
the addition of surfactants, especially biosurfactants, application 
of selected microbial species, including fungi, reactor 
modification, selection of proper process conditions as well as 
co-treatment with hydrophilic compounds (Cheng et al. 2020; 
He et al. 2020; Miller et al. 2019; Miller et al. 2020; Rybarczyk 
et al. 2020, 2019b; Yang et al. 2018, 2010).

In this paper, the possibility of using selected Candida 
fungi to simultaneously remove from air compounds with 
extremely different affinity to the aqueous phase was 
investigated. Hydrophobic cyclohexane and hydrophilic 
ethanol were used as model compounds. These compounds 
are found in post-processing gases from, e.g., paint, petroleum 
and food industries (Avalos Ramirez et al. 2007; Zhanga 
et al. 2018). Biotrickling filtration of air containing single 
cyclohexane or ethanol was previously investigated (Avalos 
Ramirez et al. 2007; Cox et al. 2001; Salamanca et al. 2017). In 
this paper, a mixture of cyclohexane and ethanol was subjected 
to biofiltration in two biotrickling filters, inoculated with 
Candida albicans and Candida subhashii, respectively. The 
composition of biofilms formed in two biotrickling filters was 
tested for purity of inhabiting fungi and compared between the 
process start-up and steady-state operation conditions using 
flow cytometry technique. To the best knowledge of authors 
of this paper, the above given fungi have not been used so far 
in biotrickling filters for air purification, and the search for 
new species of microorganisms capable of biodegradation of 
pollutants, especially of a hydrophobic nature, is an important 
trend in the environmental research. 

Materials and methods
Investigations were performed on biotrickling filters made of 
plexi-glass columns of the following dimensions: 0.08 m in 
internal diameter and 0.68 m in height. Biofilters were packed 
with polyurethane foam discs (pore size PPI 10, Ultramare, 
Poland; dimensions of a single disc: 0.08 m in diameter, 
0.01 m in height) up to the working volume of 2.5 dm3 each. 
Biofilters were fed with a gas mixture from the bottom, while 
the trickling liquid was supplied from the top of a bioreactor, 
by means of a peristaltic pump. Gaseous mixtures of air with 
cyclohexane and ethanol (POCH, Poland) were obtained by 
passing the purified and dried air via a porous sinter through 
vials containing liquid cyclohexane and ethanol. The gas flow 
rate was controlled and regulated using a precise mass flow 
controller (Vögtlin, Switzerland). Gas flow rate of 2.5 dm3 
min-1 was used throughout the experiments, resulting in 
empty bed residence time (EBRT) equal to 1 min. Pressure 
drop across the packings of biotrickling filters was monitored 
using MPX5010dp sensors (NXP, the Netherlands) working 
in the range from 0 to 10 kPa. Maximum noted pressure did 

not exceed 2 kPa and no biomass overgrowth was observed 
throughout the experiments.

Gaseous samples containing cyclohexane and ethanol 
were taken from inlet and outlet gas streams. Samples were 
collected in Tedlar bags and concentrations of the above 
given volatile organic compounds were determined using 
gas chromatography technique using a DB-WAX column 
(30 m × 0.53 mm × 1 μm; Agilent Technologies, USA) and 
flame ionization detector (Varian CP-3800, VarianAnalytical 
Instruments, USA). Nitrogen was used as a carrier gas. The 
parameters of the analytical program were as follows: oven 
temperature: 100°C; FID detector temperature: 200°C, carrier 
gas flow rate: 3 cm3 min-1; split ratio: 10.

During the start-up period (first 7–10 days of biofiltration 
process), packing elements of biofilters were trickled with 
a Buffered Peptone Water medium (Merck, Germany). Then, 
mineral salt medium (MSM) was introduced. MSM contained 
the following salts dissolved in 1 dm3 of distilled water: 
Na2HPO4·2H2O (7.39 g), KH2PO4 (3 g), NaCl (0.5 g) and NH4Cl 
(1 g) (POCH, Poland). Trickling liquid solutions were autoclaved 
before introducing to biofilters (Prestige Medical, England) and 
the MSM solution was exchanged once a week throughout the 
whole reported time period. Trickling liquid was sprayed over 
the packing elements with a frequency of 0.5 minutes per each 
hour, with a volumetric flow rate of 0.2 dm3 min-1.

Prior to the biofiltration start-up, packing elements made of 
polyurethane foam discs were inoculated with Candida albicans 
(biotrickling filter “A”) and Candida subhashii (biotrickling 
filter “B”). Immobilization of fungi on polyurethane discs was 
realized using sterile beakers (each 1 dm3 in volume) in which 
600 cm3 of Sabouraud medium (BTL, Poland) containing 10% 
(v/v) of selected fungi species inoculums was placed. These 
beakers were agitated in an orbital shaker (100 rpm, 24°C). After 
24 hours of shaking, half of the medium volume was replaced 
with a fresh MSM solution. After the next 24 hours of shaking, 
the whole volume of the medium was replaced by a fresh portion 
of MSM solution. Then, a similar procedure was repeated, but 
MSM solution was replaced with Sabouraud medium in two 
steps as described above. The inoculation procedure lasted for 
120 hours. Each day of inoculation, samples of media were taken 
and optical density measurements at wavelength of 595 nm 
using Thermo Scientific Multiskan FC spectrophotometer 
(Thermo Fisher Scientific, Finland) were routinely performed.

Two series of experiments were performed. In the first 
series (I), the performance of two biotrickling filters A and B 
was studied. Both biotrickling filters were initially fed with 
cyclohexane only, and at the 38th day of the process, ethanol was 
introduced into the gas stream. Additionally, flow cytometry 
analyses aiming at the determination of the general condition 
of microorganism populations inhabiting packing elements of 
biofilters were performed. 

In the second series of experiments (II), one biotrickling 
filter inoculated with C. subhashii was investigated. Selection 
of these fungi species out of two investigated was done due 
to pathogenic characteristics of C. albicans as well as due to 
expected high performance of C. subhashii in the biotrickling 
filtration of hydrophobic volatile organic compounds. In this 
series, the biofilter was fed with a mixture of cyclohexane 
and ethanol from the process initiation. This approach was 
intended in order to study the effect of ethanol addition on the 
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performance of cyclohexane biofiltration, in comparison to 
experiments in series I. In series II, the liquid phase (MSM) 
was also investigated in terms of variations of pH as well as the 
concentrations of treated compounds during the biofiltration 
process. 

The experimental staining technique with methylene blue 
(Sigma Aldrich, USA) was used to assess the formation of biofilm, 
containing the tested fungi, on the polyurethane foam elements. 
Photos of immobilized fungi were taken using transmitting light 
optical microscope with a 10× working distance lens (LAB 40 
Series Optical Microscope, OPTA-TECH, Poland).

For cytometric analyses, single polyurethane discs were 
taken from each of the working biofilters. Each disc was placed in 
a beaker and suspended in 40 cm3 of 0.01 M phosphate buffered 
saline solution (PBS, pH = 7.6) and shaken (4 times of 15 s 
shaking) in an ultrasonic bath (Bandelin Sonorex, Germany). 
After each shaking step, a beaker with a disk was placed in an 
water-ice bath for 15 s. The cell suspension was filtered using 
a 400-mesh nylon net to remove impurities. The precipitates 
were washed twice with PBS solution and suspended in 35 cm3 
of PBS solution after the centrifugation (6000 rpm, 6 min, 4°C; 
Eppendorf Centrifuge 5418R, Germany). A cell count was 
determined using a flow cytometry technique (Merck Millipore 
Guava easyCyte 8, Germany). A suspension volume containing 
1 million of fungi cells was used in further investigations.

For the determination of microbial population condition 
using flow cytometry, 100 μL of AAB buffer (Annexin V 
Binding Buffer, BD Biosciences, Pharmingen, USA), 0.5 μL 
of FITC Annexin V (Annexin V fluorescein conjugate; 
Life Technologies Limited, Scotland) and 0.25 μL of 
7-aminoactinomycin D (Sigma Aldrich, Germany) were added 
to the pellet. Staining with Annexin V was carried out for 
15 minutes at 24°C in the dark. Finally, 100 μL of AAB buffer 
was added to the finished sample, in order to increase the sample 
volume. This conjugate can emit red and green fluorescence 
detected by fluorescence detector of flow cytometer.

For cytometric analyses of cell cycle of fungi, to the pellet 
were added: 300 μL of PBS, 300 μL of sodium deoxycholate 
(25 mM) (Sigma Aldrich, Germany) and 0.3 μL of propidium 
iodide, PI (2 mg cm-3) (Sigma Aldrich, Germany). The final 
concentration of PI in the tubes was 1 mg/ml. Staining with 
propidium iodide was carried out for 30 minutes at 24°C in the 
dark. The measurement of fluorescence emitted by PI binded 
to DNA was performed using a flow cytometer. For propidium 
iodide, the wavelengths of excitation and emission are 488 
and 617 nm, respectively. 10 000 of cells was analyzed during 
a single measurement. 

The process conditions as well as performance of 
biotrickling filtration were described and evaluated using 
inlet loading (IL), empty bed residence time (EBRT), removal 
efficiency (RE) and elimination capacity (EC), according to 
the below given formulae:

 
 

(1)

 
 

(2)

 
 

(3)

 
 

(4)

where: Q – volumetric gas flow rate (m3 h-1), V – total 
volume of a biofilter packing (m3), Cin, Cout – inlet and outlet 
concentrations of cyclohexane or ethanol in the gas stream 
(ppm v/v), respectively.

Results and discussion
Performance of biotrickling filtration using Candida 
albicans and Candida subhashii
In the first series of experiments, two biotrickling filtration 
processes were investigated. A mixture of air with cyclohexane 
and ethanol was treated either in a biofilter inoculated with 
Candida albicans (biofilter A) or Candida subhashii (biofilter 
B). Biotrickling filters were fed in a following manner. 
Initially (during the biofiltration start-up period), a gas 
stream contained only cyclohexane. Ethanol was added to the 
feeding gas stream after 38 days of biofiltration. During the 
first 10–14 days of biofiltration, the removal of cyclohexane 
from air is low. The results show that the removal efficiency 
of cyclohexane reaches the values of about 0.3–0.35 after the 
first 10–14 days of biofiltration (biofilter A, Fig. 1A). When 
biofilter B is concerned (Fig. 1B), values of RE fluctuate and 
do not exceed 0.25 during the first 30–35 days of biofiltration. 
A low removal efficiency is related to two main aspects: firstly, 
during the start-up period, the process runs under unsteady-
-state conditions when a biofilm formation precedes and the 
physico-chemical equilibria are set for the system. Secondly, 
the microbial flora inoculated onto the biofilters’ packing 
elements undergoes acclimation to the treated compounds. The 
stabilization of the RE values, for both biotrickling filters, after 
about 14–38 days of the process duration indicate that steady-
-state conditions were attained since an increase of inlet 
loading at 21st day of biofiltration did not result in a decrease 
of the process performance. 

At 38th day of biotrickling filtration processes, ethanol was 
added to the gas stream fed to the bioreactors. The addition of 
hydrophilic ethanol resulted in the enhancement of bioflitration 
performance, both for biofilters A and B (Figs. 1A and 1B). 
The removal efficiency of ethanol reaches about 99% after 
45–50 days after the biofiltration process start-up. The values 
of RE, both for ethanol and cyclohexane, are slightly higher for 
the biotrickling filter A than B. 

The increase of a process performance with respect to 
hydrophobic cyclohexane, upon the addition of hydrophilic 
ethanol, may be attributed to the promotion effect of the 
removal of hydrophobic compound. This effect may be a result 
of the stimulated growth and increased demand for carbon of 
microbial species inhabiting the biofilm (Cheng et al. 2020), 
leading to a co-metabolism of cyclohexane in the presence 
of ethanol. Moreover, the improved removal efficiency of 
hydrophobic air pollutants in the presence of ethanol may have 
resulted from improved sorption conditions. Cyclohexane is 
hardly soluble in water (up to about 55 mg dm-3 at 25°C), 
while it is easily soluble in ethanol (completely miscible) 
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(Yalkowsky et al. 2016). On the other hand, ethanol is easily 
absorbed in water, resulting in some content of ethanol in the 
mineral salt medium solution circulating in the biotrickling 
filter (discussed later, Fig. 3). Thus, the sorption efficiency 
of cyclohexane to mineral salt medium may be enhanced 
in the presence of ethanol. However, beside the fact that 
synergistic effects for simultaneous removal of hydrophilic 
and hydrophobic VOCs treated in biofiltration processes 
are already identified (Yang et al. 2018; Zhang et al. 2006), 
the actual mechanisms of this improvement are not yet 
defined.

Fig. 2A presents the performance of a biotrickling filter 
fed with other mode of feed gas supply: the treated gas stream 
contained cyclohexane and ethanol just from the process 
start-up. The following observations may be formulated when 
the course of a process performance (Fig. 2A) is compared 
with previously discussed courses (Figs. 1A and 1B). Firstly, 
the removal efficiencies of ethanol and cyclohexane are 
higher for both the start-up period (about two first weeks of 
biofiltration) as well as the steady-state conditions (after about 
20 days of biofiltration) when two modes of feed supply are 
considered. Secondly, the removal performance with respect 
to cyclohexane is much higher in the second mode (Fig. 2A) 

than in the previous mode (Fig. 1B). Such observations may be 
explained by the increased metabolism of cyclohexane in the 
presence of ethanol, which resulted in promoted development 
of microbial flora within the biofilm and enhanced biofiltration 
performance with respect to cyclohexane. The following 
values of elimination capacity (EC) were reached for the 
investigated process performance: for cyclohexane, about 
67.5 and 89 g m-3 h-1 (Fig. 1 and Fig. 2A, respectively) and 
about 35–36.7 g m-3 h-1 for ethanol. Biotrickling filtration of 
ethanol was studied by Cox at al. and Avalos Ramirez and 
co-workers, and the values of EC were reached as high as 220 
and 970 g m-3 h-1, respectively (Avalos Ramirez et al. 2007; Cox 
et al. 2001). For cyclohexane, elimination capacity of about 
38 g m-3 h-1 was reached by Salamanca and co-workers for 
biotrickling filtration on polyurethane foam using Acivodorax 
sp. CHX100 (Salamanca et al. 2017). Please note that the 
mentioned studies dealt with the removal from air of single 
VOCs and the results presented in this paper reveal enhanced 
removal of cyclohexane in the presence of ethanol, allowing 
for much higher elimination capacity of cyclohexane than 
previously reported in the literature (up to 89 g m-3 h-1 in this 
study compared to about 38 g m-3 h-1 in reached by Salamanca 
and co-workers). 

Fig. 1. Performance of a biotrickling fi lter inoculated with Candida albicans (Fig. 1A) and Candida subhashii (Fig. 1B). 
Inlet loading of cyclohexane: 45 g m-3 h-1 (Cin = 200 ppm v/v; days 1–20) and 90 g m-3 h-1 (Cin = 400 ppm v/v; days 21–100); 

inlet loading of ethanol: 36,9 g m-3 h-1 (ethanol introduced on 38th day of biofi ltration; Cin = 400 ppm v/v).

Fig. 2. Performance of a biotrickling fi lter inoculated with Candida subhashii (inlet loading for cyclohexane: 45 g m-3 h-1 
(Cin = 200 ppm v/v; days 1–35) and 90 g m-3 h-1 (Cin = 400 ppm v/v; days 36–60); inlet loading for ethanol: 36,9 g m-3 h-1; 

Cin = 400 ppm v/v) (Fig. 2A). Eff ect of biofi ltration time on the pH of mineral salt medium (Fig. 2B).
110

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


30 P. Rybarczyk, M. Marycz, B. Szulczyński, A. Brillowska-Dąbrowska, A. Rybarczyk, J. Gębicki

The effects of the gas stream composition on the physico-
-chemical parameters of the trickling liquid were investigated 
in order to evaluate possible effects on the process performance. 
Changes in pH of the trickling liquid as well as variations in the 
concentrations of treated compound in the liquid phase were 
evaluated. Fig. 2B shows changes of the pH values of MSM as 
a function of time after the introduction of a fresh portion of 
a trickling liquid (exchange of a trickling liquid was performed 
once a week throughout the whole time of experiments). The 
results show that only a slight pH drop of the solution was 
observed, probably due to products of microbial metabolism, 
typically leading to acidification of aqueous solutions, in the 
time period between the introduction of new portion of MSM 
and its exchange.

Interesting results are presented in Figs. 3A and 3B. The 
concentrations of the treated compounds were investigated in the 
trickling liquid for time intervals between the solution exchange, 
both for the start-up period as well as during the operation of 
biotrickling filters at steady-state conditions. During the start-up 
period, the concentrations of both cyclohexane and ethanol in 
the MSM solution increase with time after the solution renewal. 
It must be noted that due to the low solubility in water, the 
identified concentrations of cyclohexane are about 3 orders of 
magnitude lower than for hydrophilic ethanol. The increase of 
the target compounds concentrations may be explained by their 
partial absorption in the trickling liquid, which is especially true 
for ethanol. This is why the ethanol concentration in the MSM 
solution increases with time after a solution renewal during the 
start-up period (unsteady-state condition, Fig. 3B). As a result of 
absorption of ethanol vapors in MSM solution, its concentration 
in the gas phase decreases, thus a gas stream undergoing the 
biofiltration process is diluted. Therefore, the decrease of ethanol 
concentration in the outlet gas stream is attributed not only to the 
biofiltration process, but also partially to its absorption in MSM 
solution. Interestingly, the concentrations of ethanol in the MSM 
solution under steady-state conditions are very low, regardless 
of the time since the trickling liquid renewal. This observation 
suggests that a decrease of ethanol concentration in the outlet 
gas stream is predominantly the result of its biodegradation, 
i.e., the rate of biofiltration is high enough for its complete 
biotransformation and removal from the gaseous phase. Similar 
observations are valid for cyclohexane (Fig. 3A), bearing in 
mind its very limited solubility in aqueous solutions.

Optical microscopic analyses of fragments 

of biotrickling filter packing materials

Figures 4a to 4d present optical microscope images of biofilms 
formed on the structure of polyurethane foam applied as 
a packing material in the investigated biotrickling filters (Fig. 4e 
is a control showing polyurethane foam only). The below 
presented images were taken after the immobilization procedure 
(just prior to the introduction of inoculated packing elements to 
biotrickling filters) and after 100 days of biofiltration in order 
to evaluate the development of the biofilm. Optical microscopy 
observations reveal that both selected fungi species are able 
to form a biofilm over the biofilter packing elements and the 
thickness of developed biofilms is about 4 to 5 times higher than 
in the start-up period. Based on images presented in Figs. 4a 
to 4e it was found that the thickness of biofilm observed after 
the immobilization procedure was about 30 and 60 μm for C. 

albicans and C. subhashii, respectively, while the thickness of 
biofilm measured after 100 days of biofiltration was about 130 
and 150 for μm for C. albicans and C. subhashii, respectively.

Flow cytometry analysis of applied fungi species

Cells of Candida albicans and Candida subhashii, sampled 
during the biofiltration start-up and after 100 days of 
biofiltration process, were subjected to flow cytometry analyses 
in order to determine the general condition of the fungi species. 
First series of analyses included a test with Annexin V which 
resulted in identification of apoptotic and necrotic cells. During 
the apoptosis, phosphatidylserine is transported from internal 
to external leaflet of the phospholipid bilayer. Annexin V is 
a specific reagent with high affinity to phosphatidylserine. In 
the commercial tests, Annexin V is conjugated with fluorescein. 
After binding with plasma membrane of apoptotic cells, green 
fluorescence may be detected. Additionally, propidium iodide 
is applied in this test, allowing for the differentiation of three 
main types of cells: alive, early apoptotic as well as necrotic 
and late apoptotic (Fig. 5a) (Chen et al. 2019; Henry et al. 
2013; Vermes et al., 1995). 

The results presented in Figs. 5b to 5e and in Table 1 show 
that the prominent fraction of cells remain alive after 100 days 
of biofiltration. Within a group of a given fungi species, the 
distribution of cell populations is similar for samples taken 
during the start-up period and after 100 days of biofiltration. 
This observation suggests that the same fungi species are 

Fig. 3. Eff ects of biofi ltration time on the composition of mineral salt medium with respect to cyclohexane (CLc, Fig. 3A) 
and ethanol (CLe, Fig. 3B)

111

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 Removal of cyclohexane and ethanol from air in biotrickling fi lters inoculated with Candida albicans... 31

inhabiting the biotrickling filter packing elements as were 
those initially inoculated, indicating that no contamination of 
microbial cultures occurred.

The results presented in Table 1 inform that a decrease in 
the number of alive cells for both investigated fungi species 
is about 3%. It seems that the reduced number of alive cells 
results from a natural physiology of these microorganisms and 
it is not a result of the negative influence of the conditions 
induced by the biofiltration process on their viability. 

Flow cytometry – evaluation of the cell cycle

Cytometric analysis of the cell cycle allow to determine the 
state of the cell population, i.e. how many of the cells in the 
analyzed population are actively dividing (i.e. are alive, 
denoted by index H-1 on the histogram), how many are at rest 
or how many die by apoptosis (denoted by index H-2 on the 
histogram). Membrane perforation, which is one of the stages 

of cell fixation during preparation for cytometric analysis, 
allows propidium iodide to enter the cytoplasm and the nucleus 
and, as a result, bind (intercalate) with double-stranded DNA 
(Martinez-Rojano et al. 2008; Ramani et al. 1997). The results 
presented in the attached histograms (Figs. 6a–6d) show that 
both C. albicans and C. subhashii remain in a good general 
condition, i.e., their cells stay alive, when biofilm samples taken 
during the process start-up and after 100 days of biofiltration 
are compared. During the start-up period, predominating 
cells remain in the interphase (H-1 = 96.5% for C. albicans 
and H-2 = 92% for C. subhashii), thus indicating that these 
cells are alive. After 100 days of the process, the number of 
alive cells slightly decreases at the expense of growth in the 
number of the dying cell population, indicated by H-2 index 
on the histograms. However, this is a natural process because 
the population is aging physiologically during the analyzed 
time interval and no drastic changes are observed that indicate 

Fig. 4. Optical microscopy images (magnifi cation: 10×; cells were stained with methylene blue): a – image of C. albicans biofi lm 
after immobilization; b – image of C. subshashii biofi lm after immobilization; c – image of C. albicans biofi lms after 100 days 
of biofi ltration; d – image of C. subhashii biofi lm after 100 days of biofi ltration; e – image of a fragment of polyurethane foam 

(control sample without a biofi lm); red arrow – biofi lm; green arrow – polyurethane foam
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Fig. 5. Flow cytometry cytograms of cell viability: a – general information on how to read the cytogram; b – C. albicans 
after immobilization (start-up of the process); c – C. subhashii after immobilization (start-up of the process); d – C. albicans 

after 100 days of bilfi ltration; e – C. subhashii after 100 days of biofi ltration

Table 1. Summary of results obtained from Annexin V test

Species/Type of cell populations Alive, % Early apoptotic, % Necrotic and late apoptotic, %
C. albicans (start-up) 94.25 5.44 0.31

C. albicans (after 100 days 
of biofi ltration) 91.6 7.64 0.76

C. subhashii (start-up) 91.16 6.54 2.30
C. subhashii (after 100 days 

of biofi ltration) 88.20 8.36 3.42
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a negative impact of the process conditions on the viability of 
the species of investigated fungi. The results of flow cytometry 
analyses support the postulate that the use of C. albicans and 
C. subhashii in biofiltration processes can be upheld either 
as the main component of the inoculum or as additives that 
improve the process efficiency.

Conclusions
In this paper, Candida albicans and Candida subhashii species 
were inoculated to polyurethane-packed biotrickling filters 
to treat the air stream polluted with cyclohexane and ethanol. 
The obtained results of flow cytometry analyses indicate 
that the investigated fungi species may be applied to remove 
the above mentioned volatile organic compounds from their 
mixture with air. A stable biofilm has been formed on the 
packing elements of biotrickling filters, enabling a biofiltration 
performance with high removal efficiency. A synergistic effect 
of ethanol on the biofiltration of cyclohexane was identified. 
It was found that the removal efficiency of cyclohexane is 
higher when ethanol is introduced from the process start-up 
comparing to the case when it is introduced to a steady-state 
operating biotrickling filter, treating cyclohexane solely from 
the process start-up. Enhancement of biotrickling filtration 
of cyclohexane may result from both its co-metabolism with 
ethanol as well as improved sorption properties of trickling 
liquid for cyclohexane in the presence of ethanol, thus 
decreasing the mass transfer barrier for hydrophobic VOC. 
Additionally, investigations on the composition of liquid phase 
with respect to the treated compounds were performed. The 
results indicate that negligibly small concentrations of these 

compounds are found in the liquid phase in the steady-state 
conditions, when the removal efficiency of cyclohexane and 
ethanol are about 95–99%. The results of these studies indicate 
that the mechanism of enhanced removal of hydrophobic 
volatile organic compounds in the presence of hydrophilic 
compounds is rather complex and requires more in-depth 
elucidation, especially when multi-component systems are 
considered. In such future investigations, attention should be 
paid to link the gas-phase composition with changes occurring 
in the biofilm structure and composition as well as in the liquid 
phase, especially in the perspective of mathematical model 
formulation for biotrickling filtration of multi-component gas 
streams and specified single-component inoculum. 
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3.5.  Publication 5: Systematic comparison of a biotrickling filter and a conventional filter for the 

removal of a mixture of hydrophobic VOCs by Candida subhashii 

The research was carried out as part of the first scientific internship in the laboratory Department of 

Chemical Engineering and Environmental Technology at the University of Valladolid under supervision of 

Prof Raúl Muñoz Torre. The aim of the study was to compare the efficiency of a BF and a BTF using the 

C. subhashii species previously isolated from peat to remove a mixture of hydrophobic VOCs. This part of 

the research focused solely on the C. subhashii isolate, due to the fact that it was characterized by the best 

carbon assimilability from selected VOCs, and it was never used in biofiltration. This decision was also 

influenced by the information that C. albicans may be a pathogenic fungus species for 

immunocompromised people. In rare cases, this species can cause a fungal infection called candidiasis 

[175,176]. 

As a model mixture of hydrophobic VOCs, n-hexane, TCE, toluene and α-pinene were selected. Each of 

the selected compounds are considered significant air pollutants due to their toxicity and cover a wide range 

of VOCs (respectively aliphatic hydrocarbons, halogenated hydrocarbons, aromatic hydrocarbons and 

terpenes) emitted by industrial activities. In addition, the components of the composed mixture are 

characterized by moderate to high hydrophobicity, which is most often the main technical limitation of 

BTFs and BFs. The composition of the tested mixture did not include hydrophilic compounds due to the 

fact that their absorption and decomposition by microorganisms in biofilters are often simple. 

The results of all the experiments presented in the article, both carried out in BF, BTF and a batch test 

conducted in serum bottles, confirmed the ability of C. subhashii immobilized on polyurethane foam to 

biodegrade n-hexane, TCE, toluene and α-pinene. BTF showed a higher VOC reduction efficiency than 

BF. All biodegradation tests described showed a consistent biodegradation pattern: toluene ≈ n-hexane > 

α-pinene > TCE.  

To date, Henry's law constants have been used to determine the role of the hydrophobicity of the tested 

VOCs in their mass transfer to the liquid phase in biofiltration. On the other hand, the biodegradation 

patterns obtained as experimental results (toluene ≈ n-hexane > α-pinene > TCE) differed from those 

theoretically expected, according to Henry's law constants (in order of decreasing solubility: n-hexane > α-

pinene > TCE > toluene). Therefore, it was decided for the first time in biofiltration to use Hansen's 

solubility parameters, which so far have been mainly used in the field of polymers. The obtained values 

were fully consistent with the obtained biodegradation pattern. The presence of the dripping liquid phase 

did not alter the degradation patterns observed. This phenomenon suggests that it is possible that the 

obtained biodegradation pattern is also dependent on the microorganism that inhabits the biofilter, and not 

only on the type of biofiltration used. The verification of this assumption was carried out in the next stage 

of research, described in the next article (P6).  

The publication presents experiments leading to the implementation of task T5 Checking the ability of the 

selected fungus to use a mixture of hydrophobic VOCs from the gas phase as a carbon source in BTF.  
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The novelty presented in it is: 

Ø Confirmation of the ability of C. subhashii to biodegrade a mixture of hydrophobic VOCs (n-hexane, 

TCE, toluene and α-pinene, each of which is considered a significant air pollutant), regardless of the 

gas-phase bioreactor configuration assessed. 
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Systematic comparison of a biotrickling filter and a conventional filter for 
the removal of a mixture of hydrophobic VOCs by Candida subhashii 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A fungal BF and BTF treating hydro-
phobic VOCs were systematically 
compared. 

• subhashii supported an effective removal 
of VOCs at short EBRT of 30 s. 

• Fungal BTF supported a slightly higher 
VOC abatement performance than 
fungal BF. 

• The ability of C. subhashii to remove 
VOCs was also confirmed in batch 
assays. 

• A consistent biodegradation pattern was 
recorded: toluene ≈ n-hexane>α- 
pinene > TCE.  
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A B S T R A C T   

This work systematically compared the potential of a conventional fungal biofilter (BF) and a fungal biotrickling 
filter (BTF) for the abatement of a mixture of hydrophobic volatile organic compounds (VOCs). Candida subhashii 
was herein used for the first time, to the best of the author’s knowledge, to remove n-hexane, trichloroethylene, 
toluene and α-pinene under aerobic conditions. C. subhashii immobilized on polyurethane foam supported steady 
state removal efficiencies of n-hexane, trichloroethylene, toluene and α-pinene of 25.4 ± 0.9%, 20.5 ± 1.0%, 
19.6 ± 1.5% and 25.6 ± 2.8% in the BF, and 35.7 ± 0.9%, 24.0 ± 1.6%, 44.0 ± 1.7% and 26.2 ± 1.8% in the 
BTF, respectively, at relatively short gas residence times (30 s). The ability of C. subhashii to biodegrade n- 
hexane, TCE, toluene and α-pinene was confirmed in a batch test conducted in serum bottles, where a biodeg-
radation pattern (toluene ≈ n-hexane > α-pinene > trichloroethylene) comparable to that recorded in the BF and 
BTF was recorded.   

1. Introduction 

The removal of hazardous gas pollutants prior discharge into the 
environment entails many technical problems and is often costly. When 
selecting the best technology to remove hazardous gas pollutants, 

parameters such as a high pollutant removal efficiency, low capital and 
operational costs, environmentally friendliness and low environmental 
impacts are typically considered (Kośmider et al., 2012; Revah et al., 
2011). In recent years, biological waste gas and odor treatment methods 
have become increasingly popular (Gospodarek et al., 2019; Szulczyński 
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et al., 2019; Abraham et al., 2015). One of the most common biological 
gas purification techniques is biofiltration, which is a relatively cheap 
and ecologically safe process based on packed bed systems. Biofiltration 
consists of circulating the contaminated gas stream through a filter bed 
inhabited by pollutant degrading microorganisms (Rybarczyk et al., 
2019a; Lebrero et al., 2016; Guieysse et al., 2008). Pollutants diffuse 
from the gas phase to the so-called biofilm formed on the surface of the 
packing material. The compounds adsorbed on the surface or absorbed 
into the biofilm undergo biodegradation in the presence of nutrients (N, 
P, etc) and electron acceptors (typically O2), and the purified and 
odorless gas stream leaves the biofiltration unit (Rybarczyk et al., 
2019b; Raboni et al., 2017). The biofiltration process can be engineered 
as a biofilter or biotrickling filter, the latter involving a continuous 
recirculation of a nutritive aqueous solution that helps controlling the 
pH, supplying nutrients and improving gas-biofilm pollutant mass 
transfer (Mudliar et al., 2010; Estrada et al., 2013). 

Biofiltration is cost effective for waste gases with a low concentration 
(<3 g m−3) of volatile organic compounds (VOCs) (van Groenestijn and 
Hesselink, 1993; ÓJ Veiga and Kennes, 2008). However, conventional 
biofilters, based on the action of microorganisms typically growing on 
organic packing materials such as compost, and biotrickling filters 
constructed with inorganic packing materials, still face problems during 
the abatement of hydrophobic VOCs such as aromatics, alkenes and 
alkanes. Indeed, these gas pollutants are poorly absorbed in bacterial 
biofilms or in the recirculating aqueous solution due to the low aqueous 
solubility of hydrophobic VOCs. In addition, the operational stability of 
conventional biofilters is often hampered by acidification and drying of 
the filter bed. In this context, fungal colonization of inert packing ma-
terial in biofilters or biotrickling filters has been proposed in order to 
overcome these operational problems (Cox, 1995; Groenestijn et al., 
1995). 

Fungi are more resistant to acidic and dry conditions than bacteria, 
and their cell wall contains hydrophobic proteins called hydrophobins 
that can enhance the abatement of hydrophobic VOCs (Cox, 1995; Jorio 
et al., 2009; Marycz et al., 2022). In recent years, the potential of fungi in 
biofiltration applications has been revisited, since these microorganisms 
have been shown to be able to biodegrade many complex organic 
compounds. For example, Fusarium solani supported an effective 
removal of hydrophobic VOCs in biofilters (Arriaga and Revah, 2005; 
Arriaga et al., 2006; Vergara-Fernández et al., 2016; Rybarczyk et al., 
2021). Similarly, Cladosporium sphaerospermum was able to remove 
BTEX, methyl propyl ketone, MEK, toluene and n-butyl acetate in a 
biotrickling filter (Raboni et al., 2017; Qi et al., 2005). Two types of 
fungi are typically used in biofiltration: molds and yeasts. Mold fungi 
form a mycelium composed of loosely collected hyphae, the so-called air 
mycelium. This aerial mycelium of mold fungi, which is in direct contact 
with the gas phase, can adsorb and biodegrade hydrophobic VOCs. On 
the other hand, yeasts are single-celled fungi that reproduce by budding. 
The species Candida subhashii, which was pioneering in the removal of 
mixtures of hydrophobic and hydrophilic VOCs, belongs to the group of 
yeasts. Indeed, C. subhashii was successfully used in a biotrickling filter 
for the continuous cyclohexane removal with ethanol as a co-substrate 
(Rybarczyk et al., 2021) based on its effective immobilization on bio-
filter packing materials (Marycz et al., 2020). Applications of bacterial 
biofiltration as an alternative for odor abatement has been extensively 
investigated and reviewed in the past 35 years (Gospodarek et al., 2019; 
Marycz et al., 2022). However, the potential of yeasts for air biofiltration 
has been poorly explored in literature and its applicability is still 
incipient (Marycz et al., 2022). The review recently published by Marycz 
et al. (2022) (Marycz et al., 2022) embraced the main research per-
formed on fungal and yeast species capable of removing hydrophobic 
VOCs in BTF in the last 10 years. Additionally, species of fungi and 
yeasts that have not been used in biofiltration to remove hydrophobic 
VOCs were proposed and their biodegradation potential was justified. 
Vergara-Fernández et al. (2018) stated that the removal efficiency of 
hydrophobic compounds is lower in bacterial biofilters than in fungal 

biofilters (Vergara-Fernández et al., 2018a). Moreover, Prenafeta-Boldú 
et al. (2018) (Prenafeta-Boldú et al., 2018) indicated that special 
attention should be paid to elucidate the phenomena underlying fungal 
and yeast based biofiltration process such as heat, momentum and mass 
transport, as well as microbial growth and biodegradation kinetics. 
Indeed, systematic studies comparing the ability of fungi to abate hy-
drophobic VOCs in different bioreactor configurations have not been 
reported to date. Moreover, the performance of C. subhashii for the 
biofiltration of a hydrophobic VOC mixture has never been assessed. 

VOCs are emitted in industrial activities (e.g. chemical, printing, 
petrochemical industries). VOCs are generally classified as aliphatic 
hydrocarbons (e.g., n-hexane), halogenated hydrocarbons (e.g., TCE), 
aromatic hydrocarbons (e.g., toluene), and terpenes (e.g., α-pinene) 
(Yang et al., 2009). n-hexane, TCE, toluene and α-pinene are represen-
tative VOCs from each class and are considered to be relevant air pol-
lutants as a result of their toxicity (Yang et al., 2009; Liu et al., 2007). In 
addition, these VOCs exhibit a moderate to high hydrophobicity, which 
is typically considered the main technical limitation of biofilters and 
biotrickling filters. 

The present work aims at systematically comparing a conventional 
biofilter and a biotrickling filter colonized by C. subhashii in terms of 
their ability to remove a hydrophobic VOC mixture composed of hexane, 
pinene, trichloroethylene (TCE) and toluene. Additionally, batch 
biodegradation tests were carried out in order to confirm the metabolic 
capacity of C. subhashii to biodegrade the target mixture of hydrophobic 
VOCs. 

2. Materials and methods 

2.1. Microorganisms and inoculum 

C. subhashii was used in this work as a biocatalyst (Marycz et al., 
2020). Aliquots of 333 mL of sterile liquid Sabouraud medium (BTL, 
Poland) (containing the carbon and energy source) in 500 mL Erlen-
meyer flasks (E-flasks) were inoculated with C. subhashii agar using an 
inoculation loop under sterile conditions. The E-flasks were incubated at 
25 ◦C for 9 days in a rotary shaker (Thermo Fisher Scientific, U.S.) at 
200 rpm. Then, 1000 mL of inoculum were centrifuged under sterile 
conditions at 24 ◦C for 5 min at 3000 rpm (Sorvall Legend RT Plus 
Centrifuge, U.S.). After centrifugation, the fungal pellet was 
re-suspended and washed with 200 mL of minimal nutrient medium 
(MSM), and centrifuged again under similar conditions. The fungal 
pellet was re-suspended in 200 mL of MSM and 90-mL cell culture ali-
quots were used to inoculate the polyurethane foam used as a packing 
material in the fungal biofilter and biotrickling filter. 

2.2. VOCs and minimal nutrient medium 

n-hexane (Sigma-Aldrich, South Korea), trichloroethylene (Panreac 
AppliChem, Spain), toluene (Sigma-Aldrich, USA) and α-pinene (Sigma- 
Aldrich, USA) were used as model hydrophobic indoor air pollutants. 
The MSM used for fungal growth in the batch liquid cultures and bio-
filtration columns was previously reported by Marycz (Marycz et al., 
2020). This medium was composed of: Na2HPO4 2H2O (Panreac 
AppliChem, Spain) (15.2 g L−1), KH2PO4 (Panreac AppliChem, Spain) 
(3 g L−1), NaCl (Panreac AppliChem, Spain) (0.5 g L−1) and NH4Cl 
(Sigma-Aldrich, USA) (1 g L−1). After mixing all components, the pH of 
the medium was ~7. The composition of the Sabouraud mineral salt 
medium was as follows: casein hydrolyzate (Panreac AppliChem, Spain) 
(5 g L−1), meat extract (Panreac AppliChem, Spain) (5 g L−1), glucose 
(Panreac AppliChem, Spain) (40 g L−1). The pH of the Sabouraud min-
eral salt medium was 5.6 ± 0.2. 

2.3. Batch VOC biodegradation assay 

Batch biodegradation tests were carried out in 1.2-L gas-tight glass 
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bottles (closed with butyl septa and sealed with plastic caps) containing 
200 mL of MSM inoculated with a loop inoculum of C. subhashii taken 
from the solid medium. n-hexane, TCE, toluene and α-pinene were 
injected into the headspace of the bottles to achieve an initial concen-
tration of 300, 175, 150 and 145 mg m−3, respectively. Positive and 
negative controls were also prepared with C. subhashii (without VOCs) 
and with VOCs (without C. subhashii), respectively. The bottles were 
magnetically agitated at 300 rpm and incubated for 28 days at 25 ◦C. All 
tests were conducted in duplicate. The headspace concentrations of the 
target VOCs were daily determined by GC-FID using a 100 μL gastight 
syringe (Hamilton, Australia). 

2.4. Continuous VOC abatement in a fungal biofilter and a fungal 
biotrickling filter 

A conventional biofilter (BF) and a biotrickling filter (BTF) (Fig. 1) 
made of clear PVC columns (10 cm internal diameter × 100 cm height) 
were set up. Each column was filled with 34 cm of polyurethane foam 
(PUF), reaching a total packed bed volume (Vp) of 2.5 L (Filtren TM 
25280, Recticel Ibérica S.L., Spain). The PUF exhibited a density of 0.01 
g mL- 1, a specific surface area of 1000 m2 m−3, a porosity of 96% and a 
water retention capacity of 0.12 Lwater LPUF−1 . Air was initially humidified 
in a clear PVC column (0.1 m internal diameter × 1.6 m height, filled 
with 1.2 m of water) and mixed with a liquid mixture of n-hexane, TCE, 
toluene and α-pinene injected at 0.3 mL h−1 using a syringe pump 
(KDS100 Legacy, Fisherbrand, USA), resulting in average concentrations 
of 206.6 ± 6.9, 237.3 ± 7.6, 310.3 ± 10.7 and 393.5 ± 21.2 mg m−3, 
respectively. Both the fungal biofilter and fungal biotrickling filter were 
fed with the polluted air from the bottom at 5 L min−1, which resulted in 
an empty bed residence time of 0.5 min. The air flowrates were 
controlled using rotameters (Aalborg, USA). The BF was periodically 
irrigated at 17.8 mL MSM L−1packing d−1. In the BTF, a recycling nutritive 
solution (MSM) was continuously agitated in an external 1-L tank and 
recycled at a rate of 2 m h−1 using a peristaltic pump (Watson Marlow, 
USA). In addition, a MSM renewal rate of 40 mL d−1 was implemented in 
the BTF. Gas samples were periodically collected from each module at 
the gas inlet and outlet using a 100-μL gastight syringe (Hamilton, 

Australia) in order to determine the concentration of the target VOCs 
and CO2. 

The pH and culture absorbance at 600 nm (OD600) for the monitoring 
of the suspended biomass concentration were daily measured in the 
leachate of the BF (from aliquots of 40 mL) and in the liquid effluent of 
the BTF by withdrawing a 40-mL aliquot from the external 1-L mineral 
medium tank during the MSM renewal. The experiment lasted 48 days. 

2.5. Analytical methods 

CO2 and O2 gas concentrations were quantified using a Bruker 430 
gas chromatograph (Bruker Corporation, Palo Alto, USA) equipped with 
a CP-Molsieve 5A and a CP-PoraBOND Q columns and a thermal con-
ductivity detector. Oven, injector and detector temperatures were kept 
at 45, 150 and 200 ◦C, respectively, while helium was employed as a 
carrier gas at 13.7 mL min−1. This method is described elsewhere 
(Estrada et al., 2014). The concentrations of VOCs were measured in a 
GC-FID (Varian 3900) equipped with an Agilent HP-5MSI capillary 
column (30 m × 0.25 mm × 0.25 μm) as described by González-Martín 
and co-workers (González-Martín et al., 2022). Measurements of the 
OD600 were performed in a SPECTROstar Nano spectrophotometer 
(BMG LABTECH, Germany). pH was determined using a pH-meter Basic 
20 (Crison, Spain). 

2.6. Calculations 

Results from the biofiltration experiments were herein expressed in 
terms of VOC removal efficiency (RE, %), which was calculated ac-
cording to Equation (1): 

RE= 100 ×
Cin − Cout

Cin

(1)  

where Cin and Cout stand for the inlet and outlet VOCs concentrations. 
The average values of RE along with its standard deviation were 
calculated for each VOC under steady state. 

The volumetric CO2 production (g m−3 h−1) is defined as: 

Fig. 1. Schematic representation of the experimental set-up.  
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CO2 production=
Q (CO2 out − CO2 in)

Vbed

(2)  

where CO2 out and CO2 in are the CO2 concentrations at the gas outlet and 
inlet of the reactor, Q is the gas volumetric flow rate and Vbed is the 
packed bed volume. 

The pollutant elimination capacity (EC) is defined according to 
Equation (3): 

EC=
Q (Cin − Cout)

Vbed

(3)  

as a function of the air flow rate (Q), the inlet and outlet gas concen-
trations (Cin and Cout), and the packed bed volume (Vbed). 

3. Results and discussion 

3.1. Batch VOC biodegradation assay 

The concentrations of the target VOCs in the headspace of the bottles 
started to decrease by day 6. The highest removal at the end of the 
experiment was recorded for n-hexane (~38%), followed by toluene 
(~33%), α-pinene (~26%) and TCE (~22%) (Fig. 2). An unexpected 
deterioration in the biodegradation capacity of C. subshashii was 
observed for n-hexane by day 18, and for α-pinene by day 23, which 
might have been due to the accumulation of inhibitory metabolites in 
the cultivation medium. Interestingly, the biodegradation of TCE and 
toluene continued until the end of the experiment. A gradual decrease in 
the concentration of the target VOCs in the abiotic controls was observed 
as a result of pollutant adsorption onto the glass wall or butyl septum. 
This phenomenon occurred to a greatest extent for TCE and α-pinene 
compared to n-hexane and toluene, but a more rapid decrease in 
pollutant concentration was recorded in the assays inoculated with 
C. subshashii. 

Fig. 2. Time course of the headspace concentration of (a) n-hexane, (b) TCE, (c) toluene, (d) α-pinene in the abiotic control (◆) and biodegradation assays (o).  

Fig. 3. Time course of (a) pH and (b) OD600 in the BTF trickling solution (■) 
and BF leachate (▴). 
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3.2. Continuous VOC abatement in a fungal biofilter and a fungal 
biotrickling filter 

A start-up period of 20 days, characterized by low VOC removal ef-
ficiencies, was observed in the BF and BTF inoculated with C. subshashii 
(Fig. 3). The gradual formation of the fungal biofilm in the packing 
material of both BF and BTF resulted in a steady increase in biofiltration 
performance. Rybarczyk et al. (2021) (Rybarczyk et al., 2021) presented 
investigations on the removal of cyclohexane from air in a BTF inocu-
lated with C. subshashii, where the start-up period lasted 30–35 days. On 
the other hand, Vergara-Fernández et al. (2018a, 2018b) observed a 
start-up period of 18 days for toluene during the simultaneous abate-
ment of formaldehyde, toluene and benzo[α]pyrene in a biofiltration 
reactor inoculated with Fusarium solani fungi and Rhodococcus eryth-
ropolis bacteria. In this context, the initiation of the process of 
biotransformation of a compound by a given species of fungus is directly 
related to the type of compound to be removed, the operational condi-
tions in the bioreactor and the physiological state of the inoculum. 

A slight decrease in the pH of both the BF leachate and BTF trickling 
solution was observed, probably due to the release of acidic fungal 
biodegradation metabolites (Fig. 3a). Interestingly, this drop in pH 
occurred in a larger extent in the BTF, with pHs fluctuating between 6.7 
and 7, as a result of the higher VOC removals supported by this biore-
actor configuration. Typically, pH fluctuations of ±1 do not alter 
Candida metabolism as previously reported by (Rane et al., 2019). 
Biomass concentration in the trickling solution of the BTF, estimated as 
OD600, gradually increased from day 10 (OD600 = 0.10) to 31 (OD600 =
0.73) (Fig. 3b). This phenomenon was likely due to biofilm detachment 
from the packaging material and its subsequent washout by the trickling 
solution. On the other hand, biomass concentration in the leachate of BF 
decreased significantly to finally stabilize by day 20. From this day 
onwards, the OD600 remained constant in the BF at 0.055 ± 0.015, 
which suggest that cells did not detach from the biofilm formed in the 
polyurethane foam. The low OD600 and strong biofilm attachment in the 
BF may be likely due to the absence of trickling solution and the 

associated shear stress in the biofilm. In the BTF, the higher VOC 
removal efficiencies recorded entailed a higher biomass growth. It 
should be noted that the measurement of optical density also takes into 
account dead cells with preserved integrity of cytoplasmic membranes. 
Therefore, a high OD600 value does not fully reflect the physiological 
state of the culture and their potential for biofilm formation. 

Maximum and stable n-hexane removal efficiencies of 34–37% in 
BTF and 25–27% in BF were recorded under steady state at 30 s of EBRT, 
indicating that C. subhashii did not only promote the mass transfer of n- 
hexane to the biofilm but contributed to n-hexane biodegradation 
(Fig. 4a). Interestingly, a similar start-up period of 20 days was observed 
in both biofiltration configurations. In this context, n-hexane has been 
effectively removed using Fusarium solani in a 2.5 L BF packed with 
perlite operated at EBRT of 60 s with elimination capacities of 90–130 g 
m−3 h−1 and a maximum RE of 100% below inlet concentrations of 1.8 g 
m−3 (which corresponded to a critical inlet load of around 70 g m−3 h−1) 
(Arriaga and Revah, 2005). The discrepancy in the results was likely due 
to the fact that Arriaga and Revah (2005) operated a BF with a twice 
higher EBRT and pure n-hexane instead of a mixture of VOCs. In addi-
tion, process operation at hexane concentrations 10 folds higher than in 
the study herein presented promoted an active fungal growth and 
therefore an effective hexane capture and biodegradation. 

The start-up period to achieve a significant TCE removal in both 
biofiltration units was approximately 21 days. The steady state REs of 
TCE in BTF fluctuated between 22 and 26% from days 38–48. Similarly, 
steady state REs of TCE in BF oscillated between 21 and 23% from days 
33–48 (Fig. 4b). Apart from carbon and hydrogen, TCE also contains 
chlorine atoms, which hinders it enzymatic degradation by microor-
ganisms. TCE abatement in the presence of methanol has been con-
ducted with a consortium of Fusarium verticillioides and Fusarium solani in 
a BTF operated at an EBRT of 9 s, with eliminations capacities of 
3.2–12.9 g m−3 h−1 and maximum REs of TCE of 87.1%) (Chheda and 
Sorial, 2017). Similarly, TCE elimination capacities of 4.9–3.6 g m−3 h−1 

and maximum REs of 52.9% were recorded in a BTF inoculated with an 
Ascomycota strain and operated at a EBRT 405 s (Quan et al., 2018). 

Fig. 4. Time course of the inlet (◆) and outlet concentration of (a) n-hexane, (b) TCE, (c) toluene, (d) α-pinene in the biofilter inoculated with C. subhashii (▴) and 
the biotrickling filter inoculated with C. subhashii (■) and operated at a gas residence time of 30 s. 
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Interestingly, higher toluene REs were achieved under steady state in 
BTF than in BF likely due to the moderate aqueous solubility of this 
aromatic VOC. Thus, steady state toluene REs fluctuated in the range of 
41–46% (day 40–50) with a reduced start-up period of 10 days. Toluene 
REs of 18–21% were reached in BF during steady state (Fig. 4c). Toluene 
removal has been conducted with a non-virulent consortium of black 
yeast Cladophialophora sp. in a BF operated at an EBRT of 12–48 s, with 
elimination capacities of 5.0–30.0 g m−3 h−1 and maximum REs of 
toluene of 100% (Prenafeta-Boldú et al., 2008). 

Finally, steady state α-pinene REs of 25–29% and 20–27% were 
recorded in BTF and BF, respectively, with a start-up period of ~17 days 
(Fig. 4d). Preliminary studies carried out α-pinene removal with 
Ophiostoma sp. in a BF operated at EBRTs of 26–72 s, with elimination 
capacities of 143.0 g m−3 h−1 and REs of α-pinene of up to 95% 
(González-Martín et al., 2022). Similarly α-pinene REs of 89% were 
achieved in a BF operated at an EBRT of 31 s with Ophiostoma sp. (Jin 
et al., 2007). Finally, the operation of a BTF at an EBRT of 26–38 s with 
Candida boidinii and Ophiostoma stenoceras consortium resulted in pinene 
elimination capacities of 175.0 g m−3 h−1 and REs of 67% (López et al., 
2013). 

Fungal cells colonizing the packing material in the BTF produced 
more CO2 than those in BF mediated by the higher efficiency in the 
removal of the hydrophobic VOCs in the former biofiltration unit 
(Fig. 5). At this point it should be highlighted that since the emission 
treated was a diluted VOC air stream, O2 never limited the biodegra-
dation process. The VOCs mineralization ratio (CO2 production/VOCs- 
EC) averaged 0.12 ± 0.01 and 0.07 ± 0.02% in the BTF and the BF, 
respectively. 

3.2.1. Henry’s law constants and Hansen solubility parameters 
The ability of a compound to be dissolved in a given solvent can be 

predicted through Hansen’s solubility parameters. The principle of the 
Hansen three dimensional solubility parameters (the Hildebrand 
parameter) can be expressed according to Equation (4): 
δ2

T = δ2
D + δ2

P + δ2
H (4)  

where δT is the total solubility parameter (the so-called Hildebrand 
solubility parameter) and δD, δP and δH are the components of the 
Hansen parameters of the compound due to dispersion, polar and 
hydrogen bonding, respectively. The δD, δP and δH components of the 
Hildebrand parameter for each individual compound were listed in 
Table 1. 

The solubility distance (Ra) is the distance between the solvent 
(water) and the solute (compound) in Hansen (Hildebrand) solubility 
parameters and can be defined according to Equation (5) (Li et al., 
2016): 
R2

a = 4(δD1 − δD2)
2 + (δP1 − δP2)

2 + (δH1 − δH2)
2 (5) 

The closer the solubility parameters of the compound and solvent 
are, the more likely the compound is to dissolve in a given solvent. The 
values of the solubility distance (Ra) showed in Table 1 are consistent 
with the biodegradation pattern herein obtained: toluene ≈ n-hexane>
α-pinene > TCE. Thus, the higher the Ra value calculated for a given 
compound and the solvent used, the better removal through 
biofiltration. 

Hydrophobicity patterns differed from those theoretically expected 
according to Henry’s law constants (in order of decreasing solubility: n- 
hexane > α-pinene > TCE > toluene). To date, the mechanisms of 
degradation of these VOCs individually by C. subhashii have not been 
investigated. In this context, it is not possible to lay the foundation of 
possible inhibition mechanisms using this VOC mixture. Interestingly, 
the presence of trickling liquid phase did not alter the patterns of 
degradation observed. 

4. Conclusion 

C. subhashii immobilized in PUF supported an effective abatement of 
hydrophobic VOCs at a relatively short EBRT regardless of the gas-phase 
bioreactor configuration evaluated. Both the batch and continuous VOC 
biodegradation assays showed a consistent biodegradation pattern: 
toluene ≈ n-hexane > α-pinene > TCE. The biotrickling filter supported 
a slightly higher VOC abatement performance, as confirmed by the 
higher CO2 concentrations recorded in the BTF off-gas. The decrease in 
the pH of the cultivation broth and the unexpected deterioration in VOC 
biodegradation in the batch assays suggested the release of inhibitory 
metabolites from fungal metabolism during VOC mineralization. Despite 
the promising results herein obtained, further research on the optimi-
zation of process parameters such as EBRT, inlet load and pH, and on the 
elucidation of potential inhibition mechanisms in the VOC mixture, is 
required to enhance the efficiency of the biofiltration process for the 
abatement of hydrophobic compounds by C. subhashii. 
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Fig. 5. Time course of the CO2 production in the BTF (○) and in the BF (●) 
inoculated with C. subhashii and operated at a gas residence time of 30 s. 

Table 1 
Henry’s constant and Hansen parameters for water and some VOCs.  

Compounds Henry’s constanta Hansen solubility parameters [MPa] Ra (relative for a water) Reference 
Dispersion δD Polar δP Hydrogen bonding δH 

n-hexane 1.0•10−3 15.2 0.8 2.0 43.08 Filly et al. (2014) 
TCE 9.9•10−2 18.0 3.1 5.3 39.48 Hansen (2007) 
Toluene 1.6•10−1 18.0 1.4 2.0 43.13 Hansen (2007) 
α-pinene 4.9•10−2 17.0 1.3 2.0 42.99 Filly et al. (2014) 
Water – 15.6 16.0 42.3 – Subrahmanyam et al. (2015)  
a Henry’s law constants at 298.15 K [M/atm] (Henry’s law constants n, 2021). 

M. Marycz et al.                                                                                                                                                                                                                                

123

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Chemosphere 306 (2022) 135608

7

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

The present work has been sponsored by Gdansk University of 
Technology with a project co-financed from European Funds ‘Integrated 
Programme of Development of Gdansk University of Technology’ (the 
project nº POWR.03.05.00–00-Z044/17). The Regional Government of 
Castilla y León and the EU-FEDER programme [grant number CLU 2017- 
09 and UIC 315] are also gratefully acknowledged. 

References 
Abraham, S., Joslyn, S., Suffet IH (Mel), 2015. Treatment of odor by a seashell biofilter at 

a wastewater treatment plant. J. Air Waste Manage. Assoc. 65, 1217–1228. https:// 
doi.org/10.1080/10962247.2015.1075918. 

Arriaga, S., Revah, S., 2005. Removal of n-hexane by Fusarium solani with a gas-phase 
biofilter. J. Ind. Microbiol. Biotechnol. 32, 548–553. https://doi.org/10.1007/ 
s10295-005-0247-9. 
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3.6.  Publication 6: Fungal co-culture improves the biodegradation of hydrophobic VOCs gas 

mixtures in conventional biofilters and biotrickling filters  

As part of the second scientific internship at the University of Valladolid, a comparative study was carried 

out on the efficiency of BF and BTF for removing a mixture of hydrophobic VOCs using C. subhashii, 

compared to another fungus species. Based on the literature review, the F. solani species was selected for 

comparison as one of the fungi most effectively used in biofiltration to remove hydrophobic VOCs. Thus, 

C. subhashii, F. solani and their consortium were used to populate the columns. In order to maintain the 

continuity of the research, n-hexane, TCE, toluene and α-pinene were also selected as the model 

hydrophobic VOC mixture, as in the previous experiment. 

The obtained results showed that, regardless of the tested hydrophobic compound, the BTF configuration 

is able to achieve better degradation compared to BF. Based on this information, the process was started 

with the BF configuration, and when a steady state was noted, the configuration was changed to BTF. With 

this treatment, the effectiveness of reducing hydrophobic VOCs in each of the variants increased. 

The results indicate that the species C. subshashii, effectively removes selected hydrophobic pollutants 

from the air at a level comparable to the fungus species most commonly used for this purpose so far, 

regardless of the bioreactor configuration. Interestingly, the best VOC removal efficiency was achieved in 

each case for a consortium of both species. Additional biofilm studies showed that in all columns, both 

those immobilized by single species and their consortium, C. subshashii dominated the fungal populations 

at the end of the experiment. 

As proposed in the previous article, the Hansen solubility parameters were used to determine the role of the 

hydrophobicity of the removed VOCs in their mass transfer to the liquid phase, and thus the elimination 

achieved by the fungi. In order to carry out a complete analysis of the obtained results, the knowledge of 

the characteristics of fungi species was also used. In BF1/BTF1, inhabited by C. subhashii, the 

biodegradation course was very similar to that presented in P5. Interestingly, also in BF1/BTF1, the 

presence of the trickling liquid phase did not change the observed degradation patterns. In contrast, the 

degradation patterns obtained with BF2/BTF2 and BF3/BTF3 colonized by F. solani and the consortium, 

respectively, were different. The observed phenomenon is explained by the fact that the discussed biofilters 

were inhabited by different species of fungi. As a result, C. subhashii (yeast) is characterized by a different 

morphology, and therefore hydrophobicity of cells, than F. solanii (mould). These results and observations 

confirm the legitimacy of expanding research in the future by understanding the metabolic pathways of 

fungi used in biofiltration processes. This research will allow entering a new level of designing and 

optimizing processes dedicated to air removal. 

The publication presents experiments leading to the implementation of task T6. Comparison of selected 

fungus with the species most effectively used in biofiltration (according to prior literature) in their ability 

to use a mixture of hydrophobic VOCs from the gas phase as a carbon source. 
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The novelty presented in it is: 

Ø C. subshashii effectively removes selected hydrophobic VOCs from the air at a comparable level with 

F. solani, regardless of the gas-phase bioreactor configuration assessed. 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Fungal co-culture in biofiltration im-
proves the removal of hydrophobic 
VOCs. 

• Biotrickling filters supported a superior 
VOCs removal performance than 
biofilters. 

• Effective removal of VOCs at a EBRT of 
77 s regardless of bioreactor 
configuration. 

• Highest steady state REs for all VOCs in 
the BTF inhabited by the consortium. 

• Community structure analyses 
confirmed the dominance of the inocu-
lated fungi.  

A R T I C L E  I N F O   

Handling editor: Vincenzo Naddeo  
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Biofiltration 
Candida subhashii 
Fusarium solani 
Fungi consortium 
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A B S T R A C T   

The present study systematically evaluated the potential of Candida subhashii, Fusarium solani and their con-
sortium for the abatement of n-hexane, trichloroethylene (TCE), toluene and α-pinene in biofilters (BFs) and 
biotrickling filters (BTFs). Three 3.2 L BFs packed with polyurethane foam and operated at a gas residence time 
of 77 s with an air mixture of hydrophobic volatile organic compounds (VOCs) were inoculated with C. subhashii, 
F. solani and a combination of thereof. The systems were also operated under a BTF configuration with a liquid 
recirculating rate of 2.5 L h-1. Steady state elimination capacities (ECs) of total VOCs of 17.4 ± 0.7 g m−3 h−1 for 
C. subhashii, 21.2 ± 0.8 g m−3 h−1 for F. solani and 24.4 ± 1.4 g m−3 h−1 for their consortium were recorded in 
BFs, which increased up to 27.2 ± 1.6 g m−3 h−1, 29.2 ± 1.9 g m−3 h−1, 37.7 ± 3.3 g m−3 h−1 in BTFs. BTFs 
supported a superior biodegradation performance compared to BF, regardless of the VOCs. Moreover, a more 
effective VOC biodegradation was observed when C. subhashii and F. solani were grown as a consortium. The 
microbial analysis conducted revealed that the fungi initially introduced in each BF represented the dominant 
species by the end of the experiment, with C. subhashii gradually overcoming F. solani in the system inoculated 
with the fungal consortium.  
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1. Introduction 

In recent years, biofiltration has become the leading technique for 
the abatement of volatile organic compounds (VOCs) in polluted air 
emissions with high flow rates (<400 000 m3 h−1) and low pollutant 
contaminants (<1 g m−3) (Gospodarek et al., 2019a; Vergara-Fernández 
et al., 2007). Biological gas treatment is based on the ability of key 
microorganisms to biotransform under ambient pressure and tempera-
ture VOCs into CO2, water and biomass. Biofiltration exhibits many 
advantages over the physical-chemical techniques traditionally used for 
air treatment, including low energy demand and environmentally 
friendliness since biotechnologies do not require the use of hazardous 
reagents or extreme operational conditions (Gospodarek et al., 2019a). 
However, the efficiency of conventional biofiltration for the removal of 
hydrophobic VOCs in gas mixtures is low, due to the high water content 
of bacterial biofilms that limits the gas-liquid mass transfer of these 
VOCs. Moreover, bacterial biofilms exhibit a limited surface area to 
transfer the hydrophobic VOCs from the gas phase, which hinders ab-
sorption of these compounds (van Groenestijn and Kraakman, 2005). 

In this context, filamentous fungi have emerged as a simple and 
straightforward solution to overcome VOC mass transfer limitations in 
biofiltration (van Groenestijn and Kraakman, 2005; van Groenestijn and 
Liu, 2002; Arriaga and Revah, 2005a, 2005b). Compared to bacteria, 
fungi are more resistant to low humidity and acidic conditions, and can 
support a superior VOC abatement as a result of their large surface aerial 
mycelia and more effective partitioning of the VOC in the fungal biomass 
(Marycz et al., 2022a). This hydrophobic nature of the fungal mycelium 
is partly due to the presence of hydrophobins in the fungal cell wall 
(Vergara-Fernández et al., 2006; Lugones et al., 1998). Hydrophobins 
are a family of surface-active proteins produced by filamentous fungi 
that play an important role in fungal metabolism. Hydrophobins are 
characterized by a specific arrangement of cysteine residues, which form 
four disulfide bridges in the amino acid sequence. This characteristic 
structure provides fungi the ability to spontaneously form amphipathic 
monolayers between the hydrophobic and hydrophilic environments 
(Tymiński et al., 2018). In a biotrickling filter, such a surface is formed 
at the gas-liquid interface. Hydrophobins play an important role in 
fungal cell adhesion, formation of protective surface coatings and 
pathogenicity (Vergara-Fernández et al., 2006; Wösten, 2001). Based on 
these properties, fungi can be used in conventional biofilters and bio-
trickling filters for highly efficient removal of hydrophobic VOCs 
directly from the gas phase, which allows overcoming pollutants mass 
transfer resistance in the liquid phase (Marycz et al., 2022a; Wösten, 
2001). In addition, using the dimensionless Henry law and the inlet 
concentration, the aqueous concentration of the different VOCs can be 
estimated to highlight that the potential maximum VOC concentration 
in the recycling medium are low. 

Biotrickling filters are the most cost-effective configuration for 
biodegradation of hydrophobic VOCs, among all known biofiltration 
techniques. The development of fungal biotrickling filters would allow 
greater control of process variables such as biofilm thickness and pH, 
and thus gas pollutant abatament can be used at higher VOC loading 
rates than with conventional biofilters (Marycz et al., 2022a). 

The use of BTFs for the removal of gas mixtures of hydrophobic VOCs 
has great potential and is a great technological challenge in terms of 
selecting the optimal conditions for controlling the trickling solution 
flow. To the best of our knowledge, there are currently no universal 
process standards that would allow for the design of an optimal water 
control strategy during fungal BTF operation (Lee et al., 2021). The 
trickling solution flow plays a critical role in supporting the physiolog-
ical processes of microorganisms, both by buffering the system and by 
continuously supplying nutrients (Lebrero et al., 2014; López et al., 
2016). However, an excessive flow of aqueous medium, eventually 
forming a thick layer of water over the biofilm growing on the packing 
material, can inhibit the internal physiological processes of microor-
ganisms and limit the mass transfer of some hydrophobic compounds 

and oxygen (Lebrero et al., 2014; Lee and Heber, 2010; Lee et al., 2013). 
Therefore, in order to effectively carry out the biodegradation of hy-
drophobic VOCs in BTFs, special attention should be paid to select the 
appropriate trickling flow rate. For this purpose, the following should be 
taken into account: the type of microorganisms used, the properties of 
the support material (e.g. porosity), the characteristics of the target 
VOCs and the biological conditions prevailing in the biofilter (thickness 
of the created biofilm) (Lee and Heber, 2010; Alonso and Suidan, 1997). 
When discussing the impact of the presence of water on the efficiency of 
biofiltration, one should also mention the problem of “water stress”, 
which sometimes occurs in BF, but not in BTF. The phenomenon of 
“water stress” refers to the situation when the microorganisms inhabit-
ing the BF column experience a water activity deficit. As already 
mentioned, fungi are much more resistant to such stress than bacteria. 
“Water stress” impairs biofilms, which significantly affects the damage 
to microbial cells, thereby reducing the efficiency of the process (Lee 
et al., 2021). 

Arriaga and Revah (2005) (Arriaga and Revah, 2005a), Zehraoui 
et al. (2014) (Zehraoui et al., 2014), Chheda and Sorial (2017) (Chheda 
and Sorial, 2017) and Arellano-García et al. (2018) (Arellano-García 
et al., 2018) demonstrated the superior capacity of fungi to abate hy-
drophobic VOCs in biofilters compared to bacteria. Fusarium solani is one 
of the most effective hydrophobic VOC degrading fungi used in bio-
filtration (Marycz et al., 2022a). 

On the other hand, Candida subhashii (López et al., 2016) was also 
examined for its ability to decompose multiple VOCs (Marycz et al., 
2020). To the current knowledge of the authors, C. subhashii was first 
used in biotrickling filters (BTF) to remove hydrophobic compound 
(cyclohexane) by Rybarczyk et al., in 2021 (Rybarczyk et al., 2021). 
Marycz and co-workers (2022) initially tested the ability of C. subhashii 
to remove a mixture of hydrophobic VOCs (n-hexane, TCE, toluene and 
α-pinene) in biofiltration systems (Marycz et al., 2022b). With a rela-
tively short gas residence times (30 s), C. subhashii immobilized in PUF 
supported a higher abatement efficiency of hydrophobic VOCs under a 
BTF configuration compared to the performance of a conventional bio-
filter (BF) (Marycz et al., 2022b). Additionally, Candida spp. Have been 
successfully used in BTFs to remove hydrophobic VOCs (including sty-
rene and α-pinene in cometabolism with methanol, and cyclohexane 
with ethanol) (Rybarczyk et al., 2021; Li et al., 2019; López et al., 2013). 
In this context, although the potential of fungi to remove hydrophobic 
VOCs has been previously explored, there is still a lack of systematic 
studies comparing the ability of fungi for VOC abatement in different 
operational systems. In the context of the studies received so far, the 
authors decided to compare the potential of C. subhashii with F. solanii as 
one of the fungal species most effectively used in biofiltration to remove 
hydrophobic VOCs. In addition, the co-culture functioning of F. solani 
and C. subhashii has never been investigated in the context of VOC 
biofiltration. 

The present study systematically assessed the potential of Candida 
subhashii, Fusarium solani and a combination of thereof for the treatment 
of n-hexane, TCE, toluene and α-pinene in biofilters and biotrickling 
filters. Diversity and community structure analyses of the fungal pop-
ulations at the end of the experiment confirmed the dominance of the 
inoculated fungi. 

2. Materials and methods 

2.1. Microorganisms and inocula 

Fusarium solani CBS 117476 was purchased to the Centraalbureau 
voor Schimmelcultures (The Netherlands), while the strain of 
C. subhashii used in this study was isolated by the authors of this pub-
lication from peat (Gospodarek et al., 2019b). The methodology applied 
for colonization of polyurethane foam (PUF) by C. subhashii and F. solani 
was developed according to Marycz et al. (2020). The PUF inoculated 
with the fungal consortium was first colonized with F. solani as above 
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described and then immersed in a C. subhashii liquid culture for 48 h at 
24 ◦C. The entire PUF inoculation process by selected fungal species was 
carried out under aseptic conditions, but BF and BTF operation was not 
carried out under sterile conditions. The technical specifications of the 
PUF employed as a packing material for immobilization of the selected 
fungi are (Marycz et al., 2020): specific surface area of 1000 m2 m−3, 
density of 0.01 g mL−1, porosity of 96% and water retention capacity of 
0.12 Lwater LPUF−1 . PUF has been widely used in biofiltration for years as 
the currently most popular inert filling of biotrickling filters. Adsorption 
onto the surface of this packing material was negligible due to the inert 
nature of the packed bed, as previously confirmed in ad-hoc abiotic tests. 

2.2. VOCs and mineral salt medium 

N-hexane (Sigma-Aldrich, South Korea) (30% v/v), TCE (Panreac 
AppliChem, Spain) (15% v/v), toluene (Sigma-Aldrich, USA) (30% v/v) 
and α-pinene (Sigma-Aldrich, USA) (25% v/v) were used as model hy-
drophobic VOCs pollutants. The minimal salt medium (MSM) used to 
support fungal growth in the biofiltration columns was previously 
described by Marycz et al. (2020). This medium was composed of: 
Na2HPO4 2H2O (Panreac AppliChem, Spain) (15.2 g L−1), KH2PO4 
(Panreac AppliChem, Spain) (3 g L−1), NaCl (Panreac AppliChem, Spain) 
(0.5 g L−1) and NH4Cl (Sigma-Aldrich, USA) (1 g L−1). After mixing all 
components, the pH of the medium was ~7. 

2.3. Continuous VOC degradation in biofilters and biotrickling filters 

Three BFs (Fig. 1) were set-up in clear PVC columns (11 cm of in-
ternal diameter and 40 cm of height). Each column was filled with 33.85 

cm of PUF, reaching a total packed bed volume (Vp) of 3.22 L (Filtren TM 
25280, Recticel Ibérica S.L., Spain). Air was initially humidified in a 
clear PVC column (0.1 m internal diameter × 1.6 m height, filled with 
1.2 m of water) and mixed with a liquid mixture of n-hexane, TCE, 
toluene and α-pinene injected at 0.5 mL h−1 using a syringe pump 
(KDS100 Legacy, Fisherbrand, USA). This VOC injection resulted in 
average concentrations of 266.9 ± 11.6, 317.1 ± 9.0, 431.4 ± 16.2 and 
386.3 ± 15.0 mg m−3 of n-hexane, TCE, toluene and α-pinene, respec-
tively. The BFs and BTFs were fed with the polluted air from the bottom 
at 2.5 L min−1, which resulted in an empty bed residence time (EBRT) of 
77 s. The air flow rates were controlled using rotameters (Aalborg, USA). 
The BFs were periodically irrigated with 120 mL MSM per day using a 
205S/CA4 peristaltic pump (Watson Marlow, USA). 

The BFs were upgraded on day 57th to biotrickling filters (BTFs) 
using 1 L stirred tank reactors and 520S peristaltic pumps (Watson 
Marlow, USA) (Fig. 2). The BTFs were operated at a liquid recirculating 
rate of 0.025 m3 h−1 with a MSM renewal rate of 120 mL d−1 for 24 days. 
The liquid medium, both in BF and BTF, was always renewal after daily 
gas sampling. 

Gas samples were periodically collected from each module at the gas 
inlet and outlet using a 100-μL gastight syringe (Hamilton, Australia) in 
order to determine the concentration of the target VOCs, CO2 and O2. 
The pH and culture absorbance at 600 nm (OD600) in the leachate of the 
BF and the liquid effluent of the BTF were also daily measured. Samples 
(1 mL) of the packing beds were drawn at the end of the experiment (day 
81st) and preserved at −20 ◦C to determine the structure of the fungal 
populations. 

The results from the biofiltration experiments are expressed in terms 
of VOC removal efficiency (RE, %), the pollutant inlet load (IL, g m−3 

Fig. 1. Schematic representation of the BF experimental set-up during the first 56 days of experiment.  
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h−1), total inlet load (ILT, g m−3 h−1), elimination capacity (EC, g m−3 

h−1), total elimination capacity (ECT, g m−3 h−1) and volumetric CO2 
production (g m−3 h−1): 

RE = 100 ⋅
Cin − Cout

Cin

(1)  

IL=
Q • Cin

Vbed

(2)  

ILT =
Q • CinT

Vbed

(3)  

EC=
Q • (Cin − Cout)

Vbed

(4)  

ECT =
Q • (CinT − CoutT)

Vbed

(5)  

CO2 production=
Q • (CO2 out − CO2 in)

Vbed

(6)  

where Cin and Cout are the inlet and outlet gas concentrations, CinT and 
CoutT are the total inlet and total outlet gas concentrations, CO2 out and 
CO2 in are the CO2 concentrations at the gas outlet and inlet of the 
reactor, Q is the gas volumetric flow rate and Vbed is the packed bed 
volume. The average values of VOC-RE and VOC-EC along with its 
standard deviation were calculated for each VOC under steady state in 
both BF and BTF configurations. 

The results were compared on the basis using analysis of variance 
(ANOVA) and paired t-Student test, which was performed with a 5% 
level of significance (p-value ≤0.05). 

2.4. Analytical methods 

CO2 and O2 gas concentrations were quantified using a Bruker 430 
gas chromatograph (Bruker Corporation, Palo Alto, USA) equipped with 
a CP-Molsieve 5A and a CP-PoraBOND Q columns and a thermal con-
ductivity detector. Oven, injector and detector temperatures were kept 
at 45, 150 and 200 ◦C, respectively, while helium was employed as a 
carrier gas at 13.7 mL min−1 (Estrada et al., 2014). The concentrations of 

Fig. 2. Schematic representation of the BTF experimental set-up used from the 57th day of operation onwards.  
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VOCs were measured in a GC-FID (Varian 3900) equipped with an 
Agilent HP-5MSI capillary column (30 m × 0.25 mm × 0.25 μm) as 
described by González-Martín and co-workers (González-Martín et al., 
2022). Measurements of the OD600 were performed in a SPECTROstar 
Nano spectrophotometer (BMG LABTECH, Germany). pH was deter-
mined using a pH-meter Basic 20 (Crison, Spain). 

2.5. Fungal community analysis 

DNA extraction and Illumina Miseq amplicon sequencing were car-
ried out by ADM Biopolis (Valencia, Spain). The target regions to study 
the fungal community were the internal transcribed spacer (ITS) regions 
in the ribosomal RNA (rRNA) operon, ITS3 and ITS4 (Nash et al., 2017). 
Amplification was developed using universal linker sequences (which 
allowed amplicons for incorporation indexes), sequencing primers 
(Nextera XT Index kit, ILLUMINA) and the corresponding primers of the 
specific region of the internal transcribed spacer (ITS) of nuclear DNA. 
ITS based libraries were quantified by fluorimetry using Quant-iT™ 

PicoGreen™ dsDNA Assay Kit (Thermofisher). Libraries were pooled 
before sequencing on the MiSeq platform (Illumina). The size and 
quantity of the pool were assessed in the Bioanalyzer 2100 (Agilent) and 
with the Library Quantification Kit for Illumina (Kapa Biosciences), 
respectively. The library was spiked with 10% PhiX (Illumina) and 
sequenced on an Illumina MiSeq instrument with 300 cycles paired 
reads configuration. The ITS regions were processed and quality filtered 
using the DADA2 plugin on QIIME2 (Callahan et al., 2016). Amplicon 
sequence variants (ASVs) from the forward and reverse flows were 
merged. Chimeric regions were removed and those clean ASVs were 
annotated against the NCBI database (version 2021) using blastn version 
2.2.29+ (Sayers et al., 2019). The ASVs assigned with an identity of at 
least 97% were launched against UNITE v.8.3 for fungi using NBAYES 
(Bokulich et al., 2018). Data was normalized, and alpha and beta di-
versity analyses were calculated using vegan R package (Oksanen et al., 
2019). The main species of the fungal population are shown in a heat-
map plotted using the package for R pheatmap (Kolde, 2019). The main 
fungal genera are shown in a stacked bar graph created with R using the 
package ggplot2 (Wickham, 2016). The nucleotide sequence dataset 
obtained in this study has been deposited at DDBJ/ENA/GenBank as 
bioproject: PRJNA823533. 

3. Results and discussion 

3.1. Continuous VOC degradation in the BF and BTF operated with the 
different fungal species 

Stable total VOCs RE of 26.9 ± 0.7% (EC = 17.4 ± 0.6 g m−3 h−1) in 
BF1 (from day 34th to 57th), 32.9 ± 0.8% (EC = 21.2 ± 0.8 g m−3 h−1) 
in BF2 (from day 36th to 57th) and 37.8 ± 1.6% (EC = 24.4 ± 1.4 g m−3 

h−1) in BF3 (from day 34th to 57th) were recorded under BF operation 
(Fig. 3). Steady state total VOCs REs of 42.6 ± 1.4% (EC = 27.7 ± 1.6 g 
m−3 h−1) for C. subhashii, 44.9 ± 1.7% (EC = 29.2 ± 1.9 g m−3 h−1) for 
F. solani and 58.0 ± 2.1% (EC = 37.7 ± 3.3 g m−3 h−1) for the combi-
nation of thereof were recorded under BTF operation. A steady elimi-
nation was achieved from day 66th in BTF1, from day 65th in BTF2 and 
from day 66th in BTF3 until the end of biofilters operation (day 81st). 

3.1.1. N-hexane removal 
An acclimation period of 13 days, characterized by low VOC removal 

efficiencies, was observed in the BF inoculated with C. subhashii (BF1) 
(Figs. 4–7, S1-S4). This lag phase was 3 days longer in the BF inoculated 
with F. solani (BF2) and the consortium (BF3). REs of n-hexane ranging 
from 28 to 31% (RE = 29.5 ± 1.3%, EC = 3.6 ± 0.2 g m−3 h−1) in BF1, 
25–29% (RE = 27.3 ± 1.9%, EC = 3.6 ± 0.3 g m−3 h−1) in BF2 and 
31–36% (RE = 33.7 ± 1.6%, EC = 4.3 ± 0.2 g m−3 h−1) in BF3 were 
recorded under steady state at 77 s of EBRT from day 23rd to day 57th 
(Fig. 4, S1). On the other hand, process operation under a BTF 

configuration resulted in a rapid enhancement in n-hexane removal. n- 
hexane REs ranged from 37 to 42% (RE = 38.6 ± 2.2%, EC = 5.0 ± 0.3 g 
m−3 h−1) in C. subhashii BTF (BTF1), 40–42% (RE = 40.3 ± 3.0%, EC =
5.2 ± 0.4 g m−3 h−1) in F. solani BTF (BTF2) and 42–48% (RE = 45.0 ±
2.1%, EC = 5.8 ± 0.4 g m−3 h−1) in the fungal consortium BTF (BTF3) 
during steady state (from day 60th to 81st in BTF1, 64th-81st in BTF2 
and 59th-81st in BTF3). Thus, BTFs supported higher hexane removals 
than BFs regardless of the fungal species present in the packed bed. The 
gradual increase in the removal of n-hexane when the operation of the 

Fig. 3. Time course of the CO2 production (solid symbols) and Total Elimina-
tion Capacity (empty symbols) in the bioreactors containing (a) Candida sub-
hashii, (b) Fusarium solani, (c) and the consortium C. subhashii-F. solani, operated 
at a gas residence time of 77 s. Bioreactor configuration was shifted from BF to 
BTF by day 57th (vertical line). 
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packed bed bioreactor was shifted to a BTF configuration might be 
explained by the enhanced fungal colonization of the packed bed as a 
result of the continuous liquid recirculation (Caicedo et al., 2018). 
Interestingly, the fungal consortium supported a superior hexane elim-
ination than the individual fungal strains in both BFs and BTFs (p-value 
≥0.05). Studies of the synergism of microbial species in biofiltration 
have proven that a properly selected microbial consortium can improve 
both the practical feasibility of such processes and their performance 

(Arriaga and Revah, 2005a). These fungi were probably involved in the 
removal of VOCs by co-metabolism, and a significant mineralization was 
achieved through the synergistic interaction of C. subhashii and F. solani 
(Prenafeta-Boldú et al., 2004; MJJVis and Field, 1998; Boonchan et al., 
2000). Previous studies in literature have also reported a superior 
removal of hexane in BTFs compared to BF. Likewise, BTF operation at 
pH 7 with the fungal species Aspergillus niger, F. solani and Fusarium 
verticillioides (F. verticillioides genus became the dominant species) sup-
ported n-hexane REs <64% at a critical inlet load of 36.3 g m−3 h−1 

Fig. 4. Time course of the n-hexane Inlet Load (empty triangles) and the n- 
hexane Elimination Capacity (empty squares) in the bioreactors containing (a) 
Candida subhashii, (b) Fusarium solani, (c) and the consortium C. subhashii-F. 
solani, operated at a gas residence time of 77 s. Bioreactor configuration was 
shifted from BF to BTF by day 57th (vertical line). 

Fig. 5. Time course of the TCE Inlet Load (empty triangles) and the TCE 
Elimination Capacity (empty squares) in the bioreactors containing (a) Candida 
subhashii, (b) Fusarium solani, (c) and the consortium C. subhashii-F. solani, 
operated at a gas residence time of 77 s. Bioreactor configuration was shifted 
from BF to BTF by day 57th (vertical line). 
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(Wösten, 2001). A maximum n-hexane RE of 100% was also observed by 
Arriaga and Revah (van Groenestijn and Liu, 2002) using F. solani in a 
3.22-L perlite-based BF operating at an EBRT of 60 s with an inlet load of 
approximately 70 g m−3 h−1. This superior n-hexane removal compared 
to the study herein presented was probably caused by the fact that 
Arriaga and Revah (2005a) operated with pure hexane concentrations 
10 times higher, which increased the carbon and energy available and 
likely promoted an intensive fungal biomass growth. 

3.1.2. TCE removal 
High chloride ions concentration can interfere with fungal metabo-

lisms. However, during the experiment, no negative influence of the 
presence of chloride ions was noted, which was liketly due to the low 
TCE biodegradation performance. Steady state TCE removal efficiencies 
of 16–21% (RE = 18.4 ± 1.6%, EC = 2.7 ± 0.3 g m−3 h−1) for 
C. subhashii, 19–24% (RE = 21.8 ± 1.9%, EC = 3.2 ± 0.3 g m−3 h−1) for 
F. solani and 25–32% (RE = 28.4 ± 2.0%, EC = 4.2 ± 0.4 g m−3 h−1) for 
their consortium were achieved under BF configuration (Fig. 5, S2). The 

Fig. 6. Time course of the toluene Inlet Load (empty triangles) and the toluene 
Elimination Capacity (empty squares) in the bioreactors containing (a) Candida 
subhashii, (b) Fusarium solani, (c) and the consortium C. subhashii-F. solani, 
operated at a gas residence time of 77 s. Bioreactor configuration was shifted 
from BF to BTF by day 57th (vertical line). 

Fig. 7. Time course of the α-pinene Inlet Load (empty triangles) and the 
α-pinene Elimination Capacity (empty squares) in the bioreactors containing (a) 
Candida subhashii, (b) Fusarium solani, (c) and the consortium C. subhashii-F. 
solani, operated at a gas residence time of 77 s. Bioreactor configuration was 
shifted from BF to BTF by day 57th (vertical line). 
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fastest stabilization (day 32nd) was achieved in BF1, while 36 and 39 
days were needed to reach steady states in BF2 and BF3, respectively. 
During the first week under a BTF configuration, an increase in the RE of 
TCE was observed regardless of the fungal community. Stable TCE RE of 
30–35% (RE = 30.8 ± 3.5%, EC = 4.5 ± 0.6 g m−3 h−1) in BTF1 (from 
day 67th to 81st), 31–37% (RE = 33.5 ± 3.3%, EC = 4.9 ± 0.6 g m−3 

h−1) in BTF2 (from day 64th to 81st) and 41–45% (RE = 43.4 ± 1.5%, 
EC = 6.1 ± 0.5 g m−3 h−1) in BTF3 (from day 63rd to 81st) were 
recorded under BTF operation. Similarly to the observations in n-hexane 
removal, the highest TCE abatement performance was supported by the 
combination of C. subhashii and F. solani, and process operation under a 
BTF configuration. Similarly, maximum TCE REs of 52.9% were recor-
ded in a 2.7-L BTF packed with wood chips inoculated with an Asco-
mycota strain and operated at an EBRT of 405 s under a magnetic field 
(Quan et al., 2018). It was hypothesized that process operation under a 
magnetic field improved the relative abundance of Ascomycota and 
therefore the performance of the fungal biofilter. However, the high 
EBRT (5 times higher than in our particular study) was likely the main 
responsible of the higher TCE-REs reported (Quan et al., 2018). 

3.1.3. Toluene degradation 
During process start-up, the inlet toluene concentrations were 

gradually adjusted to the target values. In this period, higher toluene 
concentrations were recorded in the outlet than in the inlet stream, 
which were caused by experimental errors during toluene determination 
and the low biodegradation performance of the BF right after inocula-
tion. Steady state toluene REs of 27–30% (RE = 28.0 ± 1.3%, EC = 5.6 
± 0.3 g m−3 h−1) for C. subhashii, 31–36% (RE = 33.8 ± 1.7%, EC = 6.7 
± 0.3 g m−3 h−1) for F. solani and 35–40% (RE = 38.1 ± 1.4%, EC = 7.6 
± 0.4 g m−3 h−1) for the combination of thereof were recorded under BF 
operation (Fig. 6, S3). A steady elimination was achieved from day 32nd 
in BF1, from day 34th in BF3 and from day 36th in BF2 until the end of 
biofilters operation (day 57th). Toluene removal gradually increased 
when the bioreactors were shifted to BTF operation. Toluene removal 
efficiencies accounted for 58.8 ± 3.9% (EC = 11.3 ± 0.8 g m−3 h−1) in 
BTF1, 56.2 ± 4.7% (EC = 9.9 ± 1.1 g m−3 h−1) in BTF2 and 75.8 ± 0.4% 
(EC = 13.5 ± 1.7 g m−3 h−1) in BTF3 by the end of the operation. 
Toluene REs of up to 100% have been previously observed in a 0.48-L BF 
packed with perlite granules and PUF cubes operated at an EBRT of 
12–48 s and inoculated with a non-virulent consortium of the black 
yeast Cladophialophora sp., (Prenafeta-Boldú et al., 2008). In contrast, 
Estrada and co-workers (Estrada et al., 2013) used Paecilomyces variotii 
to remove a VOC mixture (propanal, methyl isobutyl ketone, toluene 
and hexanol) in a 2-L BTF packed with vermiculite (EBRT = 60 s and 
inlet concentration of toluene 1.0 ± 0.3 g m−3). However, the toluene 
REs achieved averaged only 5.8 ± 4.7%. This significantly lower 
removal of toluene was most likely related to the shorter gas residence 
time in the BTF and the (Bokulich et al., 2018) inhibitory effect of 
propanal on the biodegradation of the remaining VOCs. Similarly, Zhang 
and co-workers (Zhang et al., 2019) investigated the toluene abatement 
performance of a BTF packed with ceramic particles and inoculated with 
a dominant Fusarium oxysporum culture. BTF operation at 77 s of EBRT 
and inlet toluene concentrations of 0.2–0.3 g m−3 resulted in steady state 
REs higher than 92.5%. In this work, Fusarium was gradually replaced by 
Paramicrosporidium saccamoebae and a very diverse fungal community, 
which likely contributed to the achievement of the high toluene abate-
ment performance recorded. 

3.1.4. α-pinene removal 
During process start-up, the inlet α-pinene concentrations were 

gradually adjusted to the target values. In this period, higher α-pinene 
concentrations were recorded in the outlet than in the inlet stream, 
which were caused by the experimental errors during α-pinene deter-
mination and the low biodegradation performance of the BF right after 
inoculation. Finally, steady state α-pinene REs in the BFs of 28–32% (RE 
= 29.6 ± 1.8%, EC = 5.6 ± 0.4 g m−3 h−1) for C. subhashii, 38–42% (RE 

= 39.5 ± 1.2%, EC = 7.5 ± 0.3 g m−3 h−1) for F. solani and 41–46% (RE 
= 43.9 ± 1.5%, EC = 8.4 ± 0.4 g m−3 h−1) for their consortium were 
recorded (Fig. 7, S4). A steady pinene elimination was achieved from 
day 22nd in BF1 and from day 32nd in BF2 and BF3 until the end of BF 
operation (day 57th). The shift in bioreactor configuration to BTF also 
induced a gradual enhancement in α-pinene removal up to day 65th in 
BTF1, day 59th in BTF2 and up to day 63rd in BTF3. Steady state 
α-pinene REs ranged between 37 and 48% (RE = 41.7 ± 5.0%, EC = 8.0 
± 0.9 g m−3 h−1) for C. subhashii, 54–57% (RE = 49.8 ± 3.8%, EC = 9.5 
± 0.7 g m−3) for F. solani and 54–64% (RE = 59.6 ± 5.6%, EC = 11.4 ±
1.1 g m−3 h−1) for their consortium. López and co-workers (López et al., 
2013) reported a similar α-pinene RE of 67% in a 4.55-L BTF, inoculated 
with pure strains of Candida boidinii, Ophiostoma stenoceras and Rhodo-
coccus erythropolis, and operated at an EBRT of 26–38 s and α-pinene 
concentrations of 0.05–2.7 g m−3. Similarly, the operation of a 1.1-L BF 
packed with lava rock inhabited by Ophiostoma sp. at an EBRT of 26–72 s 
resulted in α-pinene REs of 95% (Jin et al., 2006). Finally, α-pinene REs 
of up to 89% were achieved in a 4.71-L BF packed with polypropylene 
pall rings and perlite operated at EBRTs of 65 s using Ophiostoma sp. as a 
model fungus (Jin et al., 2007). 

3.1.5. CO2 production and oxygen consumption during VOC degradation 
The concentrations of CO2 during BF and BTF operation was linearly 

correlated with the VOC removal efficiencies recorded (Fig. S5a). The 
co-culture interactions in the packing material of BF3 generated ≈110 
mg CO2 m−3 more than Fusarium solani metabolism in BF2, while BF1 
produced ≈50 mg CO2 m−3 less than BF2. Overall, an increase in the CO2 
concentration of ≈50%, 64% and 92% compared to the CO2 in the inlet 
polluted air was observed during operation of BF1, BF2 and BF3. This 
increase in CO2 concentration accounted for 56–62%, 73–78% and 
107–112% in the outlet of BTF1, BTF2 and BTF3, respectively. On the 
other hand, the consumption of O2 in BF1 and BF2 accounted for 
10–12% of the input oxygen, and 11–13% in BF3 (Fig. S5b). Similarly, 
fungal O2 consumption under BTF operation increased up to 15–20%, 
17–18%, and 16–19% of the input oxygen in BTF1, BTF2 and BTF3, 
respectively. At this point it should be highlighted that since the polluted 
emission treated was a diluted VOC air stream, O2 did not limit the 
biodegradation process regardless of the bioreactor configuration tested. 

3.1.6. pH and fungal biomass dettachment 
On the other hand, a slight decrease from 7.0 to 6.8–6.9 was 

observed in the pH of the leachate from both C. subhashii and F. solani 
BFs, and down to 6.7 in the recirculating solution of the BTFs, likely due 
to the release of acid metabolites during fungal VOC biodegradation 
(Fig. 8a). Overall, the difference between the pH in the leachate from 
BF2 was on average 0.1 lower than the pH in the leachate from BF1. 
Interestingly, high pH values ranging from 7.1 to 7.4 were recorded in 
the leachate during the start-up of BF3 (up to day 20th), concomitantly 
with high OD600 values. Indeed, OD600 dropped from 2.6 at day 1st to 
0.25 at day 22nd (Fig. 8b) as a result of cell washout by the trickling 
solution from the packaging material. From day 20th to 40th, the pH in 
the leachate from the BF inoculated with the fungal consortium 
remained constant at 6.9 and rapidly decreased to 6.5 by day 50th. 
Biomass washout in the BF and BTF inhabited by C. subhashii and 
F. solani remained low (OD600 ≤ 0.2), except in the column inhabited by 
C. subhashii, where a significant increase in biomass concentration was 
observed from day 60th onwards. Indeed, OD600 increased from 0.278 
by day 60th to 0.943 by day 81st mediated by biofilm detachment from 
the packaging material inhabited by C. subhashii and its subsequent 
washout by the trickling solution of the BTF. It should be noted that the 
measurement of OD also takes into account dead cells with preserved 
integrity of cytoplasmic membranes. Therefore, a high OD600 value does 
not fully reflect the physiological state of the culture and their potential 
for biofilm formation. However, the accurate determination of biomass 
content in the packing media of the bioreactors treating hydrophobic 
VOCs is not as crucial as in bioreactors treating hydrophilic VOCs, which 
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are more prone to be limited by microbial activity. 

3.2. Fungal diversity and community structure 

The analysis of the fungal community in the sample set displayed a 
total of 255 537 sequences belonging to 23 ASVs identified as fungal 
species. A total of 11 ASVs were found in BF1/BTF1, 21 ASVs in BF2/ 
BTF2 and 8 ASVs in the BF3/BTF3. According to the alpha diversity at 
ASV level, the highest richness was obtained by the end of the operation 
of BF2/BTF2 operated with F. solani and the lower richness was found in 
the BF3/BTF3 operated with the consortium. Beta diversity showed that 
the most dissimilar biofilter was BF2/BTF2, inoculated with F. solani, 
while BF1/BTF1 and BF3/BTF3 were more similar due to the dominance 
of C. subhashii. Nevertheless, the diversity indexes and the total ASV 
detected were low regardless of the bioreactor configuration and fungi 
inoculated, which indicated a fungal specialization towards VOC 
biodegradation and a lack of contamination. 

The main fungal species identified are shown in Fig. 9. In BF1/BTF1, 
inoculated with C. subhashii, this species was the most dominant rep-
resenting 99.8% of the fungal population by the end of operation. Some 
members of F. solani, and the genera Penicillium and Simplicillum, were 
also detected in very small numbers in BF1/BTF1. In BF2/BTF2, inoc-
ulated with F. solani, a 5% fungal contamination was detected by the end 
of operation. Aspergillus versicolor and Exophiala equina represented 1.7 
and 1.6% of the fungal community. In the case of BF3/BTF3, originally 

inoculated with both fungal species, C. subhashii efficiently outcompeted 
Fusarium solani and was the most representative species by the end of 
operation in BTF3 (78.8%). In this reactor, F. solani members accounted 
for 21.2% of the fungal population. The detection of different fungal 
species was negligible in BF3/BTF3, probably related to the production 
of antifungals by C. subhashii and F. solani as a result of the competition 
for niche overlap between both fungal species (El-Mehalawy, 2004). 
C. subhashii can exert antagonistic and inhibitory effects on the growth 
of filamentous fungi such as Fusarium or Aspergillus (Hilber-Bodmer 
et al., 2017). 

Overall, these results showed that Thus, C. subhashii was the most 
resilient fungi, dominating the fungal community in BF1/BTF1 and BF3/ 
BTF3 originally inoculated with this fungal strain and with a combina-
tion of this strain and F. solani. Yeast from this genus are very versatile 
and resists a wide range of pollutants and environmental conditions 
(Mixao et al., 2021; Moreno et al., 2019). C. subhashii has the metabolic 
pathways for the degradation of persistent compounds such as phenol 
(Marycz et al., 2022a; Filipowicz et al., 2020). However, there is a lack 
of studies implementing this species for the treatment of VOCs, and the 
ones that have been carried out involved co-metabolism (Rybarczyk 
et al., 2021). 

The maximum elimination capacities of n-hexane, TCE, toluene and 
α-pinene were obtained in the BTFs operated with the consortium of 
C. subhashii and F. solani. They accounted for 5.8 ± 0.4, 6.1 ± 0.5, 13.5 
± 1.7, 11.4 ± 1.1 g m−3 h−1 for each abovementioned VOC, respec-
tively. However, these elimination capacities were lower than those 
previously reported in BFs treating VOCs with different Fusarium spe-
cies. For example, ECs of 50 g m−3 h−1 at inlet n-hexane concentrations 
of 1 g m−3 were obtained in perlite-based biofilters operated with 
F. solani (Arriaga and Revah, 2005a) and ECs of 47.7 g n-hexane m−3 h−1 

have been obtained by F. verticillioides in a biofilter packed with perlite 
(Zehraoui et al., 2014). Moreover, F. verticillioides and F. solani were able 
to remove TCE co-metabolically with methanol in a biofilter packed 
with diatomaceous earth pellets at ECs of 3.2–12.9 g m−3 h−1. 

This lower performance was likely related to the lower inlet con-
centrations tested in this research, and the associated microbial popu-
lation enriched in each condition. The microbial population associated 
with the fungal consortium exhibits a key role on the final performance 
of waste treatment bioreactors. However, there is still a lack of studies 
considering the whole ecological niche in waste treatment processes 
(Gonzalez-Martinez et al., 2018). 

In order to determine the role of the hydrophobicity of the target 
VOCs in their mass transfer to the liquid phase, and thus the elimination 
achieved by fungi, the Hansen solubility parameters and the knowledge 
of the characteristics of the fungi species were used. Marycz and 
co-workers (2022) presented the affinity of the target VOCs to dissolve 
in water on the basis of Hansen’s solubility parameters (Marycz et al., 
2022b). Based on the analysis of the experimental results, a biodegra-
dation pattern of the removed compounds was obtained, which was 
consistent with the fact that the closer the solubility parameters of the 
compound and solvent are, the more likely the compound dissolved in a 
given solvent (Marycz et al., 2022b). Interestingly, for BF1/BTF1 a very 
similar biodegradation pattern was obtained to that presented in (Mar-
ycz et al., 2022b). In (Marycz et al., 2022b) the same species of 
C. subhashii as in BF1/BTF1 was used to colonize the biofilters. However, 
the biodegradation patterns obtained for BF2/BTF2 and BF3/BTF3 were 
different. Interestingly, the presence of trickling liquid phase did not 
alter the patterns of degradation observed for BT1/BTF1 only. The au-
thors explain this phenomenon by the use of a different species of fungus 
(F. solani) to colonize both columns, which is characterized by a different 
morphology and cell hydrophobicity. C. subhashii, as a representative of 
yeast, forms a thin layer (biofilm) on the surface of the packing material, 
which plays a crucial role in the biofiltration process. During the BF 
process, pollutants contained in the air are absorbed on the surface of 
the biofilm, while during BTF, VOCs must first dissolve in the trickling 
liquid medium flowing through the column, and then penetrate into the 

Fig. 8. Time course of (a) pH and (b) OD600 in the leachate of the BFs and 
effluent of the BTFs inoculated with Candida subhashii (◆), Fusarium solani (■), 
and the consortium C. subhashii-F. solani (▴), and in the pure MSM (O). 
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biofilm (Marycz et al., 2022a). This association shows that the biodeg-
radation efficiency of C. subhashii is closely related to the solubility of 
the gases, resulting from the Hansen parameters. On the other hand, 
F. solanii has an aerial mycelium that is in direct contact with the gas 
phase, enabling an effective adsorption and biodegradation of hydro-
phobic VOCs (Marycz et al., 2022a). Thus, regarding F. solani, the 
biodegradation efficiency of hydrophobic VOCs is not directly related to 
the solubility of gases in the liquid phase. To date, the mechanisms of 
degradation of these VOCs individually by C. subhashii, F. solani and 
their consortium have not been investigated. In this context, it is not 
possible to lay the foundation of potential inhibition mechanisms using 
this VOC mixture. 

Pressure drop across the packed bed was not measured in this study, 
but under the low VOC concentrations tested at 77s of EBRT, not 

excessive biomass accumulation and therefore not high pressure drop 
was expected in the BF and BTF over the 3 month of operation, 
regardless of the fungal inoculum tested. A mass balance based on a 
saturated liquid for each VOC illustrates that the leaching effect of VOCs 
in the aqueous phase can be considered negligible (Table 1). 

This work was devoted to the systematic comparison of C. subhashii 
with F. solani and their consortium, under two gas-phase reactor con-
figurations. In the previous work by Marycz and co-workers (2022) only 
C. subhashii was evaluated, and the performance achieved was lower 
than when C. subhashii was grown in symbiosis with F. solani. Therefore, 
this work represents a contribution beyond the state of the art of the 
fungal biofiltration field. 

Overall, these results demonstrated the superior performance of a 
consortium in comparison to a single dominant species and provided 

Fig. 9. (a) Stacked bar graph of the total fungal genera found in the three BFs/BTFs in the last day of the process. (b) Heat map of the total fungal species found in the 
BFs/BTFs in the last day of the process. Data were log transformed to show small abundances of different fungal species. The dendrogram on top represents hier-
archical clustering of the sample replicates. 
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proof of the important role of C. subhashii in the treatment of hydro-
phobic VOCs. 

4. Conclusion 

F. solani and C. subhashii supported an effective abatement of hy-
drophobic VOCs at an EBRT of 77 s regardless of the gas-phase biore-
actor configuration evaluated. The highest steady state REs for all VOCs 
were achieved in the biotrickling filter inhabited by the F. solani and 
C. subhashii consortium. Under steady state, REs of 42–48% (RE = 45.0 
± 2.1%, EC = 5.8 ± 0.4 g m−3 h−1), 41–45% (RE = 43.4 ± 1.5%, EC =
6.1 ± 0.5 g m−3 h−1), 60–76% (RE = 75.8 ± 0.4%, EC = 13.5 ± 1.7 g 
m−3 h−1) and 54–64% (RE = 59.6 ± 5.6%, EC = 11.4 ± 1.1 g m−3 h−1) 
were recorded for n-hexane, TCE, toluene and α-pinene, respectively. 
The consistent steady states achieved also showed the robustness of the 
fungal biodegradation process. The biotrickling filter configuration was 
able to achieve better degradation compared to the biofilters regardless 
of the VOC tested. In addition, better VOC biodegradation performance 
was observed when F. solani and C. subhashii were grown as a con-
sortium. Finally, C. subhashii clearly dominated the fungal population at 
the end of the experiment when inoculated alone and in combination 
with F. solani. These results suggest that Candida species are good can-
didates for degradation of hydrophobic VOCs in gas-phase bioreactors. 
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A., et al., 2014. Methane abatement in a gas-recycling biotrickling filter: evaluating 
innovative operational strategies to overcome mass transfer limitations. Chem. Eng. 
J. 253, 385–393. https://doi.org/10.1016/J.CEJ.2014.05.053. 

Filipowicz, N., Momotko, M., Boczkaj, G., Cieśliński, H., 2020. Determination of phenol 
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Gonzalez-Martinez, A., Sihvonen, M., Muñoz-Palazon, B., Rodriguez-Sanchez, A., 
Mikola, A., Vahala, R., 2018. Microbial ecology of full-scale wastewater treatment 
systems in the polar arctic circle: archaea, bacteria and fungi. Sci. Rep. 8 https://doi. 
org/10.1038/S41598-018-20633-5. 
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Appendix A. Supplementary data 

 

Figure S1. Time course of the inlet (solid symbols) and outlet (empty symbols) n-hexane 

(triangles) and CO2 (circles) concentrations in the bioreactors containing (a) Candida subhashii, 

(b) Fusarium solani, (c) and the consortium C. subhashii-F. solani, operated at a gas residence 

time of 77 s. Bioreactor configuration was shifted from BF to BTF by day 57th (vertical line).  

139

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Appendix A. Supplementary data 

 
 

Figure S2. Time course of the inlet (solid symbols) and outlet (empty symbols) TCE (triangles) 

and CO2 (circles) concentrations in the bioreactors containing (a) Candida subhashii, (b) 

Fusarium solani, (c) and the consortium C. subhashii-F. solani operated at a gas residence time 

of 77 s. Bioreactor configuration was shifted from BF to BTF by day 57th (vertical line). 
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Appendix A. Supplementary data 

 

Figure S3. Time course of the inlet (solid symbols) and outlet (empty symbols) toluene 

(triangles) and CO2 (circles) concentrations in the bioreactors containing (a) Candida subhashii, 

(b) Fusarium solani, (c) and the consortium C. subhashii-F. solani, operated at a gas residence 

time of 77 s. Bioreactor configuration was shifted from BF to BTF by day 57th (vertical line).  
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Appendix A. Supplementary data 

 

Figure S4. Time course of the inlet (solid symbols) and outlet (empty symbols) α-pinene 

(triangles) and CO2 (circles) concentrations in the bioreactors containing (a) Candida subhashii, 

(b) Fusarium solani, (c) and the consortium C. subhashii-F. solani, operated at a gas residence 

time of 77 s. Bioreactor configuration was shifted from BF to BTF by day 57th (vertical line). 
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Appendix A. Supplementary data 

 

Figure S5. Time course of the inlet (O) and outlet concentration of (a) CO2 and (b) O2 in the 

bioreactors inoculated with Candida subhashii (◆), Fusarium solani (■), and the consortium 

C. subhashii-F. solani (▲) operated at a gas residence time of 77 s.  
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4. Summary  

The main problem encountered in biofiltration is the removal of hydrophobic VOCs due to their low 

solubility in aqueous biofilm, which limits both reaction rate and mass transfer. Fungi have several 

advantages over bacteria when it comes to removing these types of compounds from the air. Fungi are 

resistant to low humidity, tolerate low pH, have hydrophobic proteins called hydrophobins and in some 

cases, have air hyphae that occupy the free spaces of the biofilter column, allowing penetration of the 

biofilter packing material and increasing the availability of nutrients. Acidification and drying of the filter 

bed are the most frequently encountered obstacles when using bacterial biofilters. The immobilization of 

fungi on the surface of an inert BTF material avoids these problems. Based on the literature review enriched 

with the decision trees method and the pairwise comparison model, it was shown that BTFs are suitable for 

both hydrophilic and hydrophobic compounds removal. In addition, the use of fungi in biofiltration to 

remove hydrophobic VOCs is in line with the principles of green engineering, the aim of which is to develop 

processes that reduce pollution, promote sustainable development and minimize risks to human health and 

the environment. 

During the experiments, an environmental isolate of C. subhashii was isolated, which had never been used 

in biofiltration before. This isolate showed high efficiency of carbon assimilation from selected 

hydrophobic VOCs. All further research utilized this C. subhashii isolate. Throughout the study, 

experiments on biofiltration processes were successfully used to confirm the effectiveness of C. subhashii 

immobilized in polyurethane foam in removing a mixture of hydrophobic VOCs with a relatively short 

EBRT, both in BF and BTF. To aid in the research, a quick and simple method of immobilizing various 

species of fungi on the surface of biofilter packing materials was developed and tested. Polyurethane foam 

was selected as the best packing material in BTF for immobilization of various species of fungi. The 

conducted research showed better degradation of the applied mixture of hydrophobic VOCs with a fungal 

configuration of BTF than BF. Subsequently, it was shown that C. subshashii effectively removes selected 

hydrophobic VOCs from the air at a level comparable to the fungus species most often used for this purpose 

(F. solani) regardless of the assessed bioreactor configuration in the gas phase. 

One of the most important conclusions obtained from this research is that the most efficient processes for 

all tested compounds involved using biofilters inhabited by a consortium of C. subhashii and F. solani. 

These results clearly suggest that C. subhashii is a good candidate to remove hydrophobic VOCs in BTFs, 

as well as in BFs. In addition, the microbiological results of the fungal population studies favor C. subhashii, 

which indicates its dominance in fungal populations in all the columns studied.  

During the research, attention was paid to the ubiquitous problem of the lack of monitoring of the condition 

of microorganism cells, both immediately after their immobilization on the surface of the filling and during 

the process. Currently most research on air deodorization focusses mainly on the study and accurate 

measurements of the processing aspect, such as the concentration at the inlet and outlet of the removed 

compounds, gas flow rates, velocity and remove of the circulating liquid (BTF), pH. Some research groups 

also perform quantitative measurements on biofilm mass gain, fungal diversity and community structure, 
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with no qualitative analysis. In contrast, the new research method proposed in P3 and tested in P4, based 

on the use of flow cytometry, enables easy, quick and relatively cheap testing of the distribution in the life 

cycle of fungi and the state of viability after immobilization in the tested biofilter at each stage of the 

process. Thus, the study of the diversity of fungi and the structure of the community inhabiting the biofilter, 

in terms of quantity and quality, is possible immediately after the immobilization of fungal cells on the 

internal material, during the biofiltration process, and at its completion. At the same time, these tests 

allowed for quick adjustments to be made to selected process parameters when a problem was detected. 

Without this type of research, it was only possible to react to the symptoms, and not the causes of any 

deterioration in the condition of the microorganisms. Typically, this situation is associated with a 

deterioration in process performance. So far, tests based on flow cytometry have been widely used in the 

study of cancer cells, while their slight modification by the use of sodium deoxycholate to increase the 

diffusion of PI through the fungal cell wall, increasing its penetration into damaged yeast cell membranes, 

has made it possible to know the condition of cells involved in the process biofiltration. The results of such 

tests enable the opportunity to quickly learn and interpret the condition of the fungi used, which can allow 

the process parameters to be optimized to suit the needs of microorganisms, and thus increase the efficiency 

of the entire biofiltration process. Therefore, the proposed method has the potential to be used on a large 

scale during biofiltration processes, both on a laboratory and industrial scale. 

Another very rarely approach during the analysis of the obtained experimental results was to present the 

assessment of the affinity of VOCs used for dissolution in water based on the Hansen solubility parameters, 

instead of the Henry's law commonly used in biofiltration. The obtained biodegradation pattern of the 

removed compounds was consistent with the Hansen solubility parameters, i.e. the more similar the 

solubility parameters of the compound and the solvent are, the greater the probability of dissolution of the 

compound in a given solvent. Therefore, a promising approach in the new research on fungal biofiltration 

of VOC hydrophobic mixtures is the use of Hansen solubility parameters to predict the biodegradation 

patterns of compounds obtained as a result of the process. 

Another significant problem in the current approach to biofiltration was also noticed, which is the lack of 

research devoted to understanding the mechanisms responsible for the use of removed compounds as a 

carbon source by given species of fungi. Analyzing experimental results, it was observed that different 

patterns of biodegradation were obtained during the removal of mixture of hydrophobic VOCs, depending 

on the fungi species used. This suggests that understanding the mechanisms occurring in the biofiltration 

process will allow for the design and optimization of processes with much greater efficiency and usefulness 

than at present. However, most current research into the use of specific microorganisms to remove selected 

compounds involves carrying out biofiltration processes without tracking the microorganism's metabolic 

pathways. Despite the promising results obtained, further research is needed to elucidate the potential 

inhibitory mechanisms in the mixture to increase the efficiency of the biofiltration process of reducing 

hydrophobic VOCs by C. subhashii. Understanding the mechanisms involved in this process will aid in its 
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industrial implementation, as well as minimize potential problems associated with the design of new 

processes. 

In conclusion, in this PhD thesis all assumed research tasks were completed, which contributed to the 

achievement of the main aim, which was to develop an effective air deodorization system from a mixture 

of hydrophobic VOCs in biofiltration processes inhabited by C. subhashii and F. solani species. 

It should be emphasized, however, that the conducted research is merely a pilot study that requires further 

improvements. 
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5. Conclusions on all research carried out in the dissertation 

The results from the research presented in the publications P3-P6 allows us to draw the following 

conclusions. 

Ø Possibility of application for the first time C. subhashii to remove hydrophobic VOCs (n-hexane, TCE, 

toluene and α-pinene) under aerobic conditions in BF and BTF. 

Ø Based on performed comparative analyses presented in the article P3, it was shown that the choice of 

polyurethane foam as the most attractive support material for fungi inoculated in BTF. 

Ø In the article P3 a new method for studying the diversity and viability of fungi during the biofiltration 

process was proposed. Proposed method is based on optical microscopy, low cytometry and the tests 

employing propidium iodide and annexin V, which is fast, simple and relatively cheap. Afterwards in 

the article P4 conducted tests led to conclusion that this method makes it possible to optimize the 

process parameters in accordance with the needs of microorganisms, and thus increase the efficiency 

of the entire biofiltration process, both at the beginning of the process and during its duration. 

Ø The proposed method in the article P3 of immobilization of fungi and its evaluation appeared to be 

effective (viability of the fungi isolated on support materials’ surfaces at the average level of 95%), 

cheap and fast.  

Ø Research presented in the article P5 showed that C. subhashii immobilized on polyurethane foam 

supported steady state removal efficiencies (REs) of n-hexane of 35.7 ± 0.9% (EC = 8.8 ± 0.1 g m-3 

h-1) in BTF and 25.4 ± 0.9% (EC = 6.4 ± 0.1 g m-3 h-1) in BF, TCE of 24.0 ± 1.6% (EC = 6.8 ± 0.3 g 

m-3 h-1) in BTF and 20.5 ± 1.0% (EC = 6.3 ± 0.1 g m-3 h-1) in BF, toluene of 44.0 ± 1.7% (EC = 16.2 

± 0.1 g m-3 h-1) in BTF and 19.6 ± 1.5% (EC = 7.3 ± 0.2 g m-3 h-1) in BF and α-pinene of 26.2 ± 1.8% 

(EC = 12.7 ± 0.4 g m-3 h-1) in BTF and 25.6 ± 2.8% (EC = 11.1 ± 0.7 g m-3 h-1) in BF, at relatively 

short EBRT (30 s). 

Ø The articles P5 and P6 show that, BTFs supported a superior biodegradation performance compared 

to BF, regardless of the VOCs, according to the results of the literature review analysis from the article 

P1. 

Ø The most important conclusion of the article P6 is reported that C. subhashii supported an effective 

abatement of hydrophobic VOCs at relatively short EBRT regardless (77 s) of the gas-phase bioreactor 

configuration evaluated, with an efficiency similar to that of F. solani. Moreover, the highest efficiency 

of VOC biodegradation was observed when C. subhashii and F. solani were grown as a consortium.  

o Steady state ECs of total VOCs of 17.4 ± 0.7 g m-3 h-1 for C. subhashii, 21.2 ± 0.8 g m-3 h-1 for F. 

solani and 24.4 ± 1.4 g m-3 h-1 for their consortium were recorded in BFs, which increased up to 

27.2 ± 1.6 g m-3 h-1, 29.2 ± 1.9 g m-3 h-1, 37.7 ± 3.3 g m-3 h-1 in BTFs. 

o Steady state REs of n-hexane of 29.5 ± 1.3% (EC = 3.6 ± 0.2 g m-3 h-1) for C. subhashii, 27.3 ± 

1.9% (EC = 3.6 ± 0.3 g m-3 h-1) for F. solani and 33.7 ± 1.6% (EC = 4.3 ± 0.2 g m-3 h-1) for their 

consortium were recorded in BFs, which increased up to 38.6±2.2% (EC = 5.0 ± 0.3 g m-3 h-1), 40.3 

± 3.0% (EC = 5.2 ± 0.4 g m-3 h-1), 45.0 ± 2.1% (EC = 5.8 ± 0.4 g m-3 h-1) in BTFs, respectively. 
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The BFs supported steady state REs of TCE of 18.4 ± 1.6% (EC = 2.7 ± 0.3 g m-3 h-1) for C. 

subhashii, 21.8 ± 1.9% (EC = 3.2 ± 0.3 g m-3 h-1) for F. solani and 28.4 ± 2.0% (EC = 4.2 ± 0.4 g 

m-3 h-1) for their consortium, which increased up to 30.8 ± 3.5% (EC = 4.5 ± 0.6 g m-3 h-1), 

33.5±3.3% (EC = 4.9 ± 0.6 g m-3 h-1) and 43.4 ± 1.5% (EC = 6.1 ± 0.5 g m-3 h-1) in BTFs, 

respectively. Steady state REs of toluene of 28.0 ± 1.3% (EC = 5.6 ± 0.3 g m-3 h-1) for C. subhashii, 

33.8 ± 1.7% (EC = 6.7 ± 0.3 g m-3 h-1) for F. solani, 38.1 ± 1.4% (EC = 7.6 ± 0.4 g m-3 h-1) for their 

consortium were achieved in BFs. Process operation under BTF configuration resulted in toluene 

REs of 58.8 ± 3.9% (EC = 11.3 ± 0.8 g m-3 h-1), 56.2 ± 4.7% (EC = 9.9 ± 1.1 g m-3 h-1), 75.8 ± 0.4% 

(EC = 13.5 ± 1.7 g m-3 h-1) in the BFs inoculated with C. subhashii, F. solani and their consortium, 

respectively. Finally, steady state REs of α-pinene increased from 29.6 ± 1.8% (EC = 5.6±0.4  

g m-3 h-1) for C. subhashii, 39.5 ± 1.2% (EC = 7.5 ± 0.3 g m-3 h-1) for F. solani and 43.9 ± 1.5% 

(EC = 8.4 ± 0.4 g m-3 h-1) for their consortium in BFs, up to 41.7 ± 5.0% (EC = 8.0 ± 0.9 g m-3 h-1), 

49.8 ± 3.8% (EC = 9.5 ± 0.7 g m-3 h-1) and 59.6 ± 5.6% (EC = 11.4 ± 1.1 g m-3 h-1) in BTFs, 

respectively.  

Ø The microbial analysis from the article P6 revealed that the fungi initially introduced in each biofilter 

represented the dominant fungal species by the end of the experiment, but also C. subhashii clearly 

dominated the fungal population at the end of the experiment when inoculated alone and in combination 

with F. solani. 

Ø All results of the thesis suggest that C. subhashii is perspective candidate for degradation of hydrophobic 

VOCs in gas-phase bioreactors.  

Extending the results developed in this thesis, a potential future improvement to these methods would be 

the use consortium of multiple fungi species in a single BTF, rather than a single strain. A synergistic 

consortium of fungi could be chosen such that cross-feeding interactions, or the excretion of surfactants to 

the trickling solution, could increase the effectiveness of hydrophobic VOC removal, due to mutual 

interactions among the fungi. 

To maximize the effectiveness of this method, an increased understanding of both the metabolic pathways 

involved in removing VOCs in fungi, and the action of the extracellular polymeric substance in the presence 

of hydrophobic VOCs will be needed to enable us to choose the most effective fungi consortia, as well as 

to optimize the biofiltration process.  

Finally, the environmental benefits of using fungi in the biofiltration of hydrophobic VOCs cannot be 

overlooked, following as it does the primary principles of green engineering - sustainable development, 

pollution reduction, and minimizing health and environmental risks. 
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7.3. Chapters in book monographs 

1. Augustin, E., Kwaśniewska, A., Marycz, M., Mazerska, Z., Mieszkowska, A., Potęga, A., Pilch, J., 

Wandas. A. Biochemia: materiały do zajęć laboratoryjnych: praca zbiorowa. Wydawnictwo 

Politechniki Gdańskiej, 2022, ISBN 8373488499, 9788373488496 

7.4.  Conference presentations 

1. The role of microorganisms in air deodorization by biofiltration, IV Interdisciplinary Academic 

Conference on Environmental Protection (IAKOS), 05-07.04.2019, Gdansk, Poland. 

2. Biological methods of air deodorization, XIV Conferences for the city and the environment - problems 

of waste disposal, 26.11.2018, Warsaw, Poland. 

3. Removal of VOCs from air and assessment of dominant species in a peat-perlite biotrickling filter, 

14th Summer School for Graduate Students and Young Researchers ‘Interfacial Phenomena in Theory 

and Practice’ organized by the Department of Process Engineering and Chemical Technology of the 

Gdansk University of Technology in Waglikowice, 24-28.06.2019. 

7.5.  Posters at scientific conferences 

1. Marycz M., Brillowska-Dąbrowska A., Deshusses M. Analysis of biofilm on the surface of artificial 

support materials used for biotrickling filtration by flow cytometry, EBRC 2022 ANNUAL 

MEETING, 19-20.05.2022, Berkeley, CA, USA.  

2. Gospodarek, M., Brillowska-Dąbrowska, A., Rybarczyk, P., Gębicki, J. Selection of microorganisms 

using n-butanol and cyclohexane as a source of carbon for biofiltration process, 46th International 
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Poster Award 

3. Rybarczyk, P., Gospodarek, M., Szulczyński, B., Gębicki, J. Simultaneous removal of n-butanol and 

cyklohexane from air in a biotrickling filter, 46th International Conference of the Slovak Society of 

Chemical, 19-23.05.2019, Tatranske Matliare, Slovakia. 

4. Gospodarek, M., Rybarczyk, P., Brillowska-Dąbrowska, A., Gębicki, J. Rola mikroorganizmow w 

dezodoryzacji powietrza metoda biofiltracji [The role of microorganisms in air deodorization by 

biofiltration], IV Interdisciplinary Academic Conference on Environmental Protection (IAKOŚ), 05-

07.04.2019, Gdansk, Poland. 

5. Gospodarek, M., Rybarczyk, P., Brillowska-Dąbrowska, A., Gębicki, J. The use of various species 

of fungi in biofiltration of air contaminated with odorous volatile organic compounds, 11th Conference 

on Interdisciplinary Problems in Environment Protection and Engineering, 08.-10.04.2019, Polanica 

Zdroj, Poland. 

6. Gospodarek, M., Rybarczyk, P., Gębicki, J. Comparison of the effectiveness of air deodorization by 

biological methods, XIV Conferences for the city and the environment - problems of waste disposal, 

26.11.2018, Warsaw, Poland. 

7. Gospodarek, M., Rybarczyk, P., Gębicki, J. Current legal status in the area of odour nuisance 

prevention, XIV Conferences for the city and the environment - problems of waste disposal, 

26.11.2018, Warsaw, Poland. 

8. Gospodarek, M., Pawlowska, M., Augustin, E. The cellular response of human colon and lung cancer 

cells to treatment with unsymmetrical bisacridine derivatives, 3rd Congress of Polish Biosciences 

BIO2018, 21.09.2018, Gdansk, Poland. 

9. Gospodarek, M., Holowacz, I. Optimization of the mixing process in the airlift reactor, BIOOPEN 

IV National Conference of Doctoral Students in Life Sciences, 25.05.2018, Lodz, Poland. 

7.6.  Scientific internships 

1. 25.10.2020-24.01.2021 and 28.05-27.09.2021 - Academic training in the laboratory Department of 

Chemical Engineering and Environmental Technology at the University of Valladolid under 

supervision of Prof Raúl Muñoz Torre (https://orcid.org/0000-0003-1207-6275)  

2. 04.01-20.07.2022 - Academic training in the laboratory Department of Civil and Environmental 

Engineering, Duke University under supervision of Prof Marc A. Deshusses (https://orcid.org/0000-

0003-0639-7865) - High-performance biogas modernization process 

3.   06.01-08.06.2022 - Academic training in the laboratory Department of Civil, Structural and 

Environmental Engineering at UCC and Director of the MaREI center for energy, climate and marine 

under supervision of Prof Jerry D Murphy (https://orcid.org/ 0000-0003-2120-1357) - The 

development of ex-situ biological CO2 methanation using a bespoke cascading system 
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