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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
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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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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
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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
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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 m® per hour versus 13 g of carbon
per m® 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

* The first biological sewage filter
1893

* The first presentation of the concept of controlling odor emissions from composting plants and
1923 | wastewater treatment plants using a soil bed

1950s| Germany

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

1990 | Biofiltration is used to filter harmful gases

~1952

* Biofiltration is used to remove VOCs from gas streams

1977

air pollutants
1980s

+ Extension of the use of biofiltration to the treatment of volatile organic compounds and hazardous

» Development of a biotrickling filter and a bioscrubber

1082 * The use of fungi in biofiltration

1987

* Development of the first soil biofilter for the removal of organic waste gases ]
« Discovery that biodegradation is responsible for odor removal by biofiltration ]

* The first use of biotrickling filters inhabited only by fungi
1995 | *The first use of biotrickling filters inhabited only by fungi to remove a VOC mixture

N

Fig. 1 Main milestones in the development of fungal biofiltration
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simple reaction products such as CO,, water and
biomass following the Eq. (1):

vVOC + 0, — H,O + CO, + biomass
+ side products (1)

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
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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
(Kos$mider et al. 2012).

The process of air purification consists not only of
transferring pollutants from the gas to another phase
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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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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

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

@ Springer

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
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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-Fernandez
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-Boldu
and co-workers, the the role of melanised hydrocar-
bonoclastic fungi in biofiltration and biosafety have
been discussed was discussed extensively (Prenafeta-
Boldu 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 C4;H;N( ¢O,, whereas for bacteria the
stoichiometric formula is CsHg 3NO; 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
(Lawrynowicz 2002). Saprobionts (sporophytes) are
an ecological group of fungi, the most frequently
presented in papers dealing with gas biofiltration

@ Springer

Table 1 Comparison of morphological and phenotype features
of fungi and bacteria

Feature Fungi Bacteria
Size ca. 10 um (on average one ca. 1 um
order of magnitude larger
than bacteria)
Composition Made of polysaccharides, Made of
of the cell chitin and other substances  peptidoglycan
wall
Osmophilic Yes (they secrete enzymes  No (large
nutrition decomposing organic majority)

substances and then
absorb decomposed
nutrient via 0Smosis)

(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:

e much higher resistance to environmental factors
such as temperature, pH and humidity (Kennes and
Veiga 2004).

e 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.

e lower sensitivity to the toxic impact of pollutants.

e 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
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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

TRICKUING <
LIQUID p CLEAN
mrtvm AIROUT
h\
BIOFILTER
SYNTHETIC ~\\\‘-
SUPPORT

— "7 INUTRIENT
— |SOLUTION

I—Q WATER
PUMP

Fig. 4 Representation of fungal growth in a biotrickling filter

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 (Wosten et al. 1999;
Waésten 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-Fernandez 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 (Wiibker and Friedrich
1996). Many fungi species also exhibit high potential

AR STREAM (GASEOUS PHASE)

SUPPORT
FUNGAL GROWTH

HYPHAE PENETRATION
AERIAL HYPHAE
POLLUTANT SOLUBILITY
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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.

‘ MICROORGANISMS

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

CELLS CAPABLE OF COLONIZING NEW SURFACES

/“ <—“‘

MULTIPLICATION AND

REVERSIBLE
ADHESION

IRREVERSIBLE
ADHESION

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:

e availability of the elements indispensable for life
and growth of fungi.

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

2011)

Main component of Function

EPS

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

Extracellular DNA
(eDNA)

as nutrients

Gloag et al. 2013)

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

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

Table 3 Examples of surface active compounds produced by fungi

Fungi Biosurfactant

References

Candida antarctica
Candida batistae & Candida bombicola

Torulopsis bombicola

Sophorolipids
Sophorolipids
Candida petrophilum Peptidolipid
Ustilago sp.

Torulopsis sp. Sophorolipids

Mannosylerythritol lipids

Cellobioselipids

(Rodrigues et al. 2006)

(Bhardwaj et al. 2013; De et al. 2015)

(Siferiz et al. 2001; De et al. 2015)

(Siferiz et al. 2001; De et al. 2015)

(Sineriz et al. 2001)

(Ito and Inoue 1982; Ron and Rosenberg 2001a)

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).

@ Springer

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,
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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-Boldu 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-Boldu 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-Boldu 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
o-pinene, styrene, alkyl benzenes and BTEX (Cox
et al. 1996, 1997; Braun-Liillemann 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, o—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 variecibatus was 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). o-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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Table 5 Examples of fungi that degrade xenobiotics

Xenobiotics

Division/class

Species

References

Chlorinated organic compounds,
e.g. TCE

Aliphatic hydrocarbons

Low molecular weight aromatic
hydrocarbons

Aromatic nitro compounds

Hydrocarbon mixtures,
e.g. crude oil, engine oil

Basidiomycota/
Agaricomycetes

Ascomycota/
Sordariomycetes

Ascomycota/Eurotiomycetes

Basidiomycota/
Agaricomycetes

Ascomycota/Eurotiomycetes

Ascomycota/
Sordariomycetes

Ascomycota/
Saccharomycetes

Basidiomycota/
Agaricomycetes

Ascomycota/
Saccharomycetes

Ascomycota/Eurotiomycetes

Mucoromycota/Mucorales

Trametes versicolor
Trichoderma asperellum

Penicillium sp.

Aspergillus sp.

Phanerochaete
chrysosporium

Paecilomyces variotii
Scedosporium apiospermum
Yarrowia lipolytica

Gymnopilus luteofolius
Kuehneromyces mutabilis
Phanerochaete velutina

Yarrowia lipolytica

Aspergillus sp.
Rhizopus sp.

(Marco-Urrea et al.
2006)

(Husaini et al. 2008)

(Husaini et al. 2008)
(Husaini et al. 2008)
(Jorio et al. 2009)

(Garcia-Pena et al.
2001)

(Garcia-Peia et al.
2001)

(Ziganshin et al. 2007)

(Anasonye et al. 2015)
(Anasonye et al. 2015)
(Anasonye et al. 2015)
(Ferreira et al. 2009)

(Thenmozhi et al. 2013)
(Thenmozhi et al. 2013)

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
versicolor was 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
hydrophobic VOC in biofilters and BTFs.

biodegrade

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.) and Cladophialophora sp., are
able to remove the most common hydrophobic VOCs
emitted from industry (o-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
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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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