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ABSTRACT

Many industrial practices and waste treatment operations produce gas streams containing volatile
organic compounds (VOCs) that require treatment. Although biological treatment has been
applied successfully to treat many waste gases, the literature contains numerous reports of
diminished treatment performance under conditions of excessive drying or low pH in biofilter
beds. Use of fungi in biofilter treatment systems may mitigate these effects. Recent research
indicates that some fungal species are ableto tolerate low pH conditions and low moisture
environments. Although many fungal species have been tested for their ability to degrade non-
volatile compounds, relatively few accounts of fungal degradation of VOCs have appeared in the
literature to date.

In the studies described herein, five fungal species, Exophiala lecanii-corni, Mucor rouxii
(ATCC 44260), Phanerochaete chrysosporium (ATCC 24725), Cladosporium sphaerospermum
(ATCC 200384), and Cladosporium resinae (ATCC 34066) were screened for their ability to
degrade compounds commonly found in paint spray booth off-gases. Fungal culturesinoculated
on to ceramic support media were provided VOCs as their sole carbon and energy sources.
Compounds tested included aromatic hydrocarbons (benzene, p-xylene), ketones (methyl ethyl
ketone), and an organic acid (n-butyl acetate). Experiments were conducted using a variety of
pH valuesranging from 3.5 t0 6.5. Fungal ability to degrade each VOC was determined by
observing presence or absence of visible growth on the ceramic support media during a 30-day
test period. Resultsindicate that Exophiala lecanii-corni and Cladosporium sphaerospermum
can readily utilize n-butyl acetate, methyl ethyl ketone, benzene, and p-xylene astheir sole
carbon and energy source. Phanerochaete chrysosporium was able to degrade n-butyl acetate,
methyl ethyl ketone, and benzene but not p-xylene under the conditions tested. Cladosporium
resinae was abl e to degrade n-butyl acetate and methyl ethyl ketone but not benzene or p-xylene
under the conditions tested. Mucor rouxii was able to use n-butyl acetate as a sole carbon and
energy source; however, it was unable to utilize any of the other VOCs tested under the
conditionsimposed. Maximum growth for most of the tested fungi was observed at a pH value
of approximately 5.0.

Results of these screening studies reveal that not only are several fungal species capable of
degrading the compounds tested, they also suggest that the experimental methods described
herein may be of use in conducting further screening studies for candidate microorganisms.

Keywords: Bidfilter, fungal degradation, VOCs, fungi, pH



INTRODUCTION

The concerns of air pollution by volatile organic compounds (VOCs) emitted from industrial
practices and waste treatment operations have prompted the development of air pollution control
technologies. Among the various emerging technologies, biofiltration is consdered a promising
option for the treatment of air streams contaminated by VOCs at |low concentrations. Benefits of
thistechnology including relatively low operating costs, low energy requirements, and the
avoidance of cross media transfer of pollutants.

Currently, most biofilter applications utilize undefined mixed cultures comprised primarily of
bacteria. In spite of the many successful applications, several researchers have reported that
bacteria based hiofilters exhibit diminished treatment performance and dramatically decreased
dimination capacity upon excessive drying or decreasein pH of the biofilter packing media® 3.
Recent studies have revealed that some fungal species are not only more tolerant to low moisture
content and acidification of the biofilter media but also that they are able to rapidly degrade a
wide range of organic chemicals > °.

Biofilter successis obviously dependent on the biodegradability of contaminants ™. Although
many fungal species have been tested for their ability to degrade non-volatile compounds,
relatively few accounts of fungal degradation of VOCs appear in the literature. Astheinitial

step in testing a fungal-based biofilter system, five fungal species were screened to test their
ability to degrade a variety of VOC contaminants using a novel culturing approach. Experiments
were conducted at arange of pH valuesin order to determine the optimum pH leve for fungal
growth on the compounds tested.

MATERIALSAND METHODS

Preparation of pure cultured fungi

Five fungal species, Exophiala lecanii-corni, Mucor rouxii (ATCC 44260), Phanerochaete
chrysosporium (white rot fungus) (ATCC 24725), Cladosporium sphaerospermum (ATCC
200384), and Cladosporium resinae(ATCC 34066) were streaked in pure culture on agar petri
plates (1.0 g malt extract, 0.5 g yeast extract, and 1.5 g pure (plain) agar in 100 mL of deionized
water). All reagents except for agar were obtained from Sigma (St. Louis, MO). Agar was
obtained from Fisher Scientific (Pittsburgh, PA). Unless otherwise noted, al media and
laboratory instruments contacting the fungi were sterilized by autoclaving at 120 °C and 15 psi
for 30 minutes, and aseptic technique were employed throughout the studies.

The agar petri dishes wereincubated at 30 + 1 °C for 7 days when appreciable growth was
observed for all cultures. Then, 5.0 mL of a sterile nutrient solution prepared by adding the
congtituents listed in Table 1 to deionized water was added to the dishes grown with fungi. The
surface each of dish was gently scraped using a sterile loop, and the dishes were shaken for 30
sec. Theresulting fungal suspension was removed from each agar petri dishes and transferred
into a centrifuge tube containing 10 mL of fresh nutrient solution. The centrifuge tubes were then
vortexed for 2 minutes before being centrifuged for 2 minutes at 3000 g. The supernatant was



decanted, 10 mL of fresh nutrient solution was added, and the rinse was repeated twice. Finally,
the fungi were re-suspended in 30 mL of fresh nutrient media.

Table 1. Nutrient solution

Compound Concentration
NH;NO; 1.259g/L
KH,PO, 1.0g/L
MgS0;,-7H,0 0.5g/Ll
CaCl-2H,0 0.02 g/L
CuCl,-2H,0 0.17 mg/L
CoCl,-6H,0 0.24 mg/L
ZnS0,-7H,O 0.58 mg/L
MnSO,4-H,O 1.01 mg/L
Na;Mo00O,-2H,0 0.24 mg/L
NiCl,-6H,0O 0.10 mg/L
FeSO,-7H,O 1.36 mg/L
Streptomycin sulfate 4.5 mg/L

I noculation and culture

One milliliter of the fungal suspension was transferred to a glass petri dish (1.5 cm x 10.0 cm)
containing 5 ceramic pellets (R-635 Cdlite*, Lompoc, CA) that were previously heated to 550°C
in a muffle furnace to remove organic contaminants. 5.0 mL of nutrient solution prepared as
described in Table 1 but subsequently adjusted to an initial pH value of 3, 5, or 7 (using 10%
NaOH (w/v) or 1.0 M HCI) prior to autoclaving was also added to each petri dish. After
inoculation, the petri dishes were gently shaken to distribute the fungal suspension over the
surface of al pellets. Three short segments of sterile Teflon tubing (approximatey 0.5 cm in
length) cut lengthwise were fixed around the edge of each petri dish in order to support the dish
cover and provide a gap of approximatelylmm for diffusion of VOCs.

Dishes inoculated with fungi were then placed in an airtight glass desicator that had been
sterilized by surface treatment with an ethanol solution (75% ethanol and 25% sterile deionized
water (v/v)) and alowed to air dry in alaminar flow hood supplied with hepafiltered air. The
glass desicators contained two additional glass petri dishes below the ceramic support plate. One
dish contained a 0.85% (w/v) sterile NaCl solution to control relative humidity, and the other
dish was used as a surface to evaporate VOC. To add the VOC to the gas headspace inside the
desicator, 100 nL of VOC (neat) was added to the evaporation dish prior to sealing. The

desi cators were then incubated at ambient |aboratory temperature (23 + 2 °C). Each desicator



was unsealed, and 100 ni. of VOC was added every two days for the remainder of the
experiment. Each VOC was tested separately. The VOCstested included benzene (100%, from
J.T. Baker, Phillipsburg, NJ), methyl ethyl ketone (99.9% from Fisher Scientific, NJ), n-butyl
acetate and p-xylene (99%, from Aldrich Chemical Co. Inc., Milwaukee, WI).

Five fungal species, Exophiala lecanii-corni, Mucor rouxii, Phanerochaete chrysosporium,
Cladosporium sphaerospermum, and Cladosporium resinae were tested with each VOC at three
different pH values. Because the inoculation procedure involved addition of 1.0 mL of fungal
suspension to 5.0 mL of nutrient solution adjusted to pH 3, 5, or 7, the pH after inoculation was
approximately 3.5, 5.0 or 6.5, respectively. Each treatment was repeated in triplicate. Thus, a
total of nine dishes were used for each VOC and fungal species combination tested. Time was
measured in days from the time of inoculation.

Additionally, two controls without VOC addition were adopted for each pH and fungi
combination tested. Thefirst control (arbitrarily named Control 1) consisted of replicate dishes
that were prepared and incubated in a desicator exactly as described above except that no carbon
source (VOC) was added to the dessicator. Thiswas used to determineif the fungi grew in the
absence of VOC constituents (e.g., by utilizing endogenous carbon reserves, degrading
streptomycin, etc.). The second control (arbitrarily named Control 2) consisted of replicate
dishes that were prepared and incubated in a desicator exactly as described above except that 1.0
mL of nutrient media prepared as described in Table 1 with the addition of 5.0 g/L glucose was
added to each dish prior to incubation. Thiswas used to confirm that a viable culture was used
in the inoculation.

At two-day intervals, the petri dishes were examined for visible growth of fungi. When heavy
visible growth was readily apparent, incubation was stopped and the cultures were recorded as
being capable of utilizing the compound as the sole carbon and energy source under the
conditions tested. In the cases where no visible growth was observed, experiments were
continued for a minimum of 30 days. When no visible growth was observed even after 30 days
of incubation, the culture was recorded as not being capable of utilizing the compound as the
sole carbon and energy source under the conditions tested.

RESULTS

Exophiala lecanii-corni

The growth performance of Exophiala lecanii-corni issummarized in Table2. Novisble
growth was observed in any Control 1 petri dishes (no carbon source) during the 30-day
incubation period. On the other hand, fungal growth was observed in Control 2 (glucose supplied
as carbon source) 2 days after inoculation for pH 3.5 and 5.0, and 4 days after inoculation for pH
6.5.

Visblefungal growth in three VOC treatments, benzene, methyl ethyl ketone, and n-butyl
acetate was observed for all three pH conditions starting on Day 4. For methyl ethyl ketone
treatments, more fungal biomass was observed at pH values of 3.5 and 5.0 than was observed at
pH 6.5. From Day 6 onward, the largest amount of biomass was observed at pH 5.0 for these



three VOC treatments, followed by pH 3.5 and 6.5. Fungal growth was much more abundant
with n-butyl acetate and methyl ethyl ketone than with benzene or glucose.

Fungal growth in the p-xylene treatment was much sower to develop compared with cultures
supplied with the other three VOCs (benzene, methyl ethyl ketone, and n-butyl acetate). Visible
growth was not observed until 12 days of incubation at pH 6.5 and 14 days at pH 5.0 and 3.5.
Moreover, the fungal biomassin the p-xylene treatments was far less than that in the other three
VOC treatments.

The fungi were observed to grow not only on and around the Celite pellets but also attached to

the bottom of the glass petri dishes. Compared with the glucose treatment, the fungi grown in all
VOC treatments were more firmly attached to the glass dish.

Table 2. Growth performance of Exophiala lecanii-corni

Treatment pH 3.5 pH 5.0 pH 6.5
Control 1 (no C source) -@

Control 2 (glucose) *xx () o *
mahyl ethyl ketone *kkk *kkkk *k*
n-butyl acetate * Kk k ok *kk ok ok * %%
p-xylene * * *
benzene *x *kk *

W no visible growth, @ * represents visible growth, and the more *, the larger fungal biomass

Mucor rouxii

Table 3 summarizes the growth performance of Mucor rouxii. No visible growth was observed
in any of the Control 1 dishes throughout the duration of the experiment. Visible growth of
Mucor rouxii was observed in Control 2 (glucose added) on Day 2 for pH 3.5 and 6.5 and on
Day 4 for pH 5.0.

Except for the n-butyl acetate where abundant growth occurred from Day 2 onward for all pH
values, no visible growth was observed during the 30-day incubation for any of the other VOCs
tested. Unlike the fungus Exophiala lecanii-corni, Mucor rouxii was present around the ceramic
pellets and the surface of liquid media in the dishes instead of attaching to the edge of the dish
bottom.



Table 3. Growth performance of Mucor rouxii

Treatment pH 3.5 pH 5.0 pH 6.5
Control 1 (no C source) -0
Control 2 (glucose) *x(2 *ox *ox

methyl ethyl ketone
n-butyl acetate >k Kk *okkk ok *okok ok ok
p-xylene

benzene

W no visible growth, @ * represents visible growth, and the more *, the larger fungal biomass

Cladosporium resinae

Growth performance of Cladosporiumresinae is summarized below in Table4. Novishble
growth was observed in any of the Control 1 dishes (no carbon source added) during the 30-day
incubation period. Visible growth was observed in Control 2 (glucose added) starting on Day 2
for pH 5.0 and on Day 4 for pH 3.5 and 6.5.

Table 4. Growth performance of Cladosporium resinae

Treatment pH 3.5 pH 5.0 pH 6.5
Control 1 (no C source) -0

Control 2 (glucose) *@ *ok o
methyl ethyl ketone * KA KK ok ko
n-butyl acetate Kk Kk Kok ok k *kk
p-xylene

benzene

W no visible growth, @ * represents visible growth, and the more *, the larger fungal biomass

Visble growth in al n-butyl acetate and methyl ethyl ketone treatments was observed starting on
Day 4. During the first week, the amount of growth on cultures supplied with methyl ethyl
ketone was greatest at pH 6.5 followed by pH 5.0 and then pH 3.5, but from Day 8 onward, the
amount of growth at pH 5.0 increased and took the first position of the sequence. The sequence
of growth amount for n-butyl acetate treatment was greatest at pH 5.0 followed by pH 3.5 and
then pH 6.7 throughout. No visible growth was observed in any benzene or p-xylene treatments
during the 30-day incubation period.



When growth was observed, Cladosporium resinae was present around the Cdlite pellets and
attached to the dish bottom.

Phanerochaete chrysosporium

The growth performance of Phanerochaete chrysosporiumis summarized in Table5. No visble
growth was observed in Control 1 cultures (no carbon source added) during the entire incubation
period. In Control 2 (glucose added), visible fungal growth began on Day 4 for all pH leves.

From Day 6 onward, visible growth was observed on methyl ethyl ketone treatments at pH 6.5
and 5.0, with more growth observed at pH 6.5 than at pH 5.0. Interestingly, no visible growth
was observed on methyl ethyl ketone treatments at pH 3.5 during the incubation period. Growth
in the n-butyl acetate treatments at all pH levels was observed starting on Day 4. The highest
growth was observed at pH 5.0, followed by pH 6.5 and 3.5. Growth on benzene was observed
from Day 8 onward for pH values of 5.0 and 6.5, with more growth observed at pH 5.0 than that
at pH 6.5. When growth was present, Phanerochaete chrysosporium grew around the ceramic
pellets and attached on the dish bottom. No visible growth was observed for benzene treatments
at pH 3.5 during the incubation period. No visible growth for cultures supplied with p-xylene
was observed at any pH levels during the 30-day incubation.

Table 5. Growth performance of Phanerochaete chrysosporium

Treatment pH 3.5 pH 5.0 pH 6.5
Control 1 (no C source) -0

Control 2 (glucose) *@ *ok o
methyl ethyl ketone - *x *xk
n-butyl acetate ** *ok kK *xk
p-Xylene

Benzene - > *

Wno visible growth, @ * represents visible growth, and the more *, the larger fungal biomass

Cladosporium sphaerospermum

The growth performance of Cladosporium sphaerospermum is summarized in Table 6. No
growth was observed in any of the Control 1 cultures during the 30-day incubation period.
Visible growth in the Control 2 treatments began on Day 2 for al pH levels. Cladosporium
sphaerospermum was capabl e of growing on all four VOCs tested; however, the amount of
observed growth differed markedly between cultures supplied with different compounds.

Visible growth was observed in n-butyl acetate treatments at all pH levels from Day 2 onward.
Growth was observed in methyl ethyl ketone treatments at pH 6.5 and 5.0 beginning on Day 2,



while growth at pH 3.5 was somewhat delayed. Cultures supplied benzene at pH 6.5 and 5.0
produced visible growth beginning on Day 4, while cultures at pH 3.5 took longer to devel op.
Visible growth for cultures supplied with p-xylene was observed starting at Day 8 for all three
pH levels. Biomass growth for cultures supplied with n-butyl acetate was greatest at pH 5.0
followed by pH 3.5 and then pH 6.5. For cultures supplied with either methyl ethyl ketone or
benzene, the amount of biomass was greatest at pH 6.5 followed by pH 5.0 and then pH 3.5. For
cultures supplied with p-xylene the amount of biomass was greatest at pH 5.0 followed by pH
6.5 and then pH 3.5.

Abundant fungal growth was observed on both n-butyl acetate and methyl ethyl ketone.
Cladosporium sphaerospermum was present around the celite pellets and on the surface of the
liquid mediain dishes.

Table 6. Growth performance of Cladosporium sphaerospermum

Treatment pH 3.5 pH 5.0 pH 6.5
Control 1 (no C source) -0

Contral 2 (glucose) *%(2) *% *
Methyl ethyl ketone * *okk *kkk
n-butyl acetate *okok kK *okkk *okkkkk
p-Xylene * *% *
Benzene * *% *%

W no visible growth, @ * represents visible growth, and the more *, the larger fungal biomass

DISCUSSION

For all of the fungal species tested, no visible growth was observed in any of the Control 1 petri
dishesin which no glucose or VOC was added. On the other hand, visible growth was observed
in dl of the Control 2 petri dishes where glucose but no VOC was supplied. Theseresults
indicate that a viable fungal culture was inoculated into each of the treatments and that the
inoculated culture was not capable of producing visible growth in the absence of VOC supply.
Thus, any visible growth observed on petri dishes where fungal inocula were supplied with VOC
was taken to be a direct indication of growth on that VOC as a sole carbon and energy source.

A summary of fungal ability to utilize the VOCs under the conditions tested in this study appears
in Table 7. Resultsindicate that the fungi Exophiala lecanii-corni and Cladosporium
sphaerospermum can effectively utilize al four of the compounds tested (n-butyl acetate, methyl
ethyl ketone, benzene, and p-xylene) which are commonly found in paint spray booth off-gases.
These results suggest that fungi Exophiala lecanii-corni and Cladosporium sphaerospermum
might be the promising candidates for use in fungal-based biofilters to treat gas streams
contaminated by wide range of VOCs.



Table 7. Growth performance of fungi growing on VOCs

Exophiala Cladosporium Phanerochaete Cladosporium  Mucor rouxii

lecanii-corni  sphaerospermum  chrysosporium resinae

No carbon source - - - - -
Glucose +@ + + + +
n-Butyl acetate + + + + +
Methyl ethyl ketone + + + + -
Benzene + + + - }
p-Xylene + + -

@ _ indicates no visible growth was observed, ® + indicates visible growth was observed

To our knowledge, the capability of Exophiala lecanii-corni to grow with benzene, p-xylene, or
methyl ethyl ketone as a sole carbon and energy source has not been reported previoudly.
Moreover, in apparent contrast to our results, Woertz and Kinney (2000) recently reported that
the same strain of Exophiala lecanii-corni was not able to degrade benzene or p-xylenein liquid
cultures ®. These apparently contradictory results are likely due to differencesin the culturing
techniques utilized. Woertz and Kinney conducted their experiments by placing Exophiala
lecanii-corni culturesin liquid suspensions that were agitated by placing them on a shaker table
during incubation. Studies described herein used static, attached growth culturing techniques.
Previous studies on other fungal species have concluded that agitation as well as attached versus
suspended growth conditions can markedly affect the morphology and metabolism of fungi.
Additionally, studies described herein supplied the fungal culture with both ammonia and nitrate
as a nitrogen source rather than only ammonia-nitrogen, and differences in the nutrient supply
might have led to differences in metabolism.

It has been previoudy reported that Exophiala jeanselmel, a fungus closdly related to Exophiala
lecanii-corni, was able to assmilate a class of benzene-like compounds including 4-ethyl phenol
® styrene*®, and toluene ™. The ability of Exophiala lecanii-corni to use n-butyl acetate and
methyl ethyl ketone as a sole carbon and energy source under the conditions of this study are
consistent with other researchers who have reported that Exophiala lecanii-corni can degrade n-
butyl acetate, methyl propyl ketone, and ethyl ethoxypropionate in agitated suspended-growth
conditions ®,



Maximum growth of Exophiala lecanii-corni was observed at a pH value of 5.0 while exposed to
all VOCstested except for p-xylene where maximum growth was observed at pH 6.5. Itis
interesting to note, however, that highest growth rates were obtained at pH 3.5 when glucose was
supplied as the sole carbon and energy source. Most microorganisms grow most rapidly when
cultured at a specific pH range, and changes in the pH of biofilter media can strongly influence
microbial activity. Optimal pH conditions for compost biofilters have been reported to be
between 7 and 8, arange preferred by bacteria and actinomycete . Fungal-based filters have
been reported to be more tolerant to low pH values *°. In this study, the optimal pH for most of
VOCs treatments was around 5.0, and an optimal pH of 3.5 for most of fungi tested with glucose
as sole carbon and energy source, suggesting that the optimal value of pH might change with
variation in type of carbon source.

To our knowledge, the capability of Cladosporium sphaerospermum to grow with benzene, p-
xylene, or methyl ethyl ketone as sole carbon and energy sources has not been reported
previoudy. One previous study reported that Cladosporium sphaerospermum is capabl e of
degrading toluene as a sole carbon and energy source when grown suspended in liquid media ™.
Other previous studies on Cladosporium sphaer ospermum demonstrated that this fungi can use
toluene, styrene, ethylbenzene, propylbenzene, and some other benzene compounds as sole
carbon and energy sources, however, no growth of Cladosporium sphaerospermum with o-
xylene, benzene, or phenol was found in their study*2. The apparently conflicting results
between this study and that previoudy reported are likely due to the difference in culture
techniques. In the study conducted by Weber and his colleagues, the fungi were grown in liquid
media containing a phosphate buffer at pH 7.0. In addition to differences resulting from
suspended growth versus attached growth process and differences in composition of nutrient
solutions, results described herein indicate that higher growth rates are observed for more acidic
pH levels than were utilized in the previous study. Lower pH levels may have been necessary
for growth on these compounds.

There have been few accounts of VOC degradation by Mucor rouxii in the literature. Results of
this study indicate that Mucor rouxii is capable of usng n-butyl acetate as a sole carbon and
energy source; however, the fungi was unable to utilize methyl ethyl ketone, benzene, or p-
xylene under the conditions tested.

Other than early reports that Cladosporium resinae could grow when supplied with jet fuel, there
are few accountsin the literature of VOC degradation by Cladosporiumresinae. Of the four
compounds tested in these studies, Cladosporium resinae could only use the organic acid (n-
butyl acetate) and ketone (methyl ethyl ketone) as sole carbon and energy sources. Although this
fungi exhibited less biomass growth and an apparently lower growth rate than the other fungi
tested, because the amount of the inoculum was not standardized during the screening process
and specific growth rates and specific contaminant removal rates have not yet been determined,

it isnot certain whether the contaminant removal rates were different.

Numerous studies have described that the white-rot basidiomycetous fungus Phanerochaete
chrysosporium s capable of effectively degrading polynuclear aromatic hydrocarbons (PAHS)
and other recalcitrant organic compounds ** ** *°, Results from this study indicate that
Phanerochaete chrysosporium is capable of degrading n-butyl acetate, methyl ethyl ketone, and
benzene. Phanerochaete chrysosporium could not degrade p-xylene under the conditions
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imposed by this study, which is the same as the result from Braun-Liillemann et al. (1995) by
straw culture test °.

CONCLUSIONS

The experimental protocol utilized in the studies described herein is a useful tool for assessing
the ability of different fungal speciesto degrade gas-phase VOCs. This method may serveas a
better predictive tool for characterizing the ability of microorganisms to degrade compounds
under the conditions expected in biofilters where attached growth processes.

Severa fungal species are capable of degrading VOC constituents commonly found in paint
spray booth off-gases. In particular, n-butyl acetate, methyl ethyl ketone, benzene, and p-xylene
can all be used as the sole carbon and energy source by some fungal species. Exophiala lecanii-
corni and Cladosporium sphaerospermum, which both degraded all four of the compounds
tested, are promising candidates for usein fungal biofiltersto treat gas streams contaminated by
avariety of VOCs. Further studies are underway to determine the ability of these fungi to
degrade additional VOCs and mixtures of VOCs. Additional studies are underway to compare
the performance of biofiltersinoculated with Exophiala lecanii-corni and Cladosporium

sphaer ospermum with those inoculated with undefined mixed cultures of bacteria.
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