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and biofilter, exploiting selected bacterial and fungal consortia
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Abstract The pilot plant fed by a 600-Nm3 h-1 waste air

flow rate consisted of a water scrubbing pre-treatment

followed by a biotrickling filter and a biofilter, in series.

The growth of selected bacterial and fungal consortia was

promoted through the biotrickling filter and biofilter. Total

BTEX levels were detected in a raw waste air stream at an

average concentration of 39.07 mg Nm-3. The whole

treatment achieved an average of 96.1 % removal effi-

ciency. This performance led to very low average con-

centrations of individual BTEX in the final air effluent:

1.07 mg Nm-3 for benzene, 0.16 mg Nm-3 for toluene,

0.22 mg Nm-3 for ethylbenzene and 0.07 mg Nm-3 for

xylene (mix). The performance and stability of both

biotrickling filter and biofilter confirmed the effectiveness

of the treatment in achieving low concentrations of indi-

vidual BTEX in the final air effluent, which fully comply

with the most stringent toxicological standard and thresh-

old odor concentrations, for the protection of workers and

local residents. This result was possible by the comple-

mentary and synergistic action of the bacterial and fungal

consortia in degrading BTEX.

Graphical Abstract

Keywords Air pollution � Biofiltration � Biotrickling �
BTEX � VOCs

Introduction

BTEX refers to the hazardous compounds of benzene,

toluene, ethylbenzene and xylene, which are typically

found in petroleum and its derivatives. These monocyclic

aromatic compounds are normally present in high con-

centrations in the wastewater of the refinery industry as

well as of many chemical and petrochemical industries.

Other industries such as pharmaceuticals, plastics, dyes,

resin glues, cosmetics also utilize BTEX. Due to their high

volatility, BTEX easily generate air pollution problems

within these industries and within all industries that use

these chemicals as solvents, paint thinners or degreasers.

BTEX are also present in the biogas generated by munic-

ipal solid waste landfills and several industrial waste

landfills (Durmusoglu et al. 2010; Urbini et al. 2014;
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Raboni et al. 2015a). BTEX are regularly found in urban

air (Lopes and Bender 1998; Mahmoud et al. 2002), due to

vehicle emissions (Yuan et al. 2012; Torres et al. 2013;

Faber et al. 2013; Raboni et al. 2015b). BTEX are also in

the air effluent of many water and wastewater stripping

processes (Negrea et al. 2008; Raboni et al. 2013; Evuti

et al. 2014; Capodaglio et al. 2015).

Individual BTEX compounds pose a risk for human

health due to their high toxicity and genotoxicity proper-

ties. It is thus very important to minimize their emissions

into the environment and, above all, into the atmosphere.

Benzene is by far the most dangerous for human health (US

DHHS 2007a; ILO 2013). Xylene and toluene, on the other

hand, easily generate olfactory problems because of their

low threshold odor concentration (Cheremisinoff 2000; US

DHHS 2000; US DHHS 2007b).

Several physical–chemical and thermal processes are

applied for the treatment of waste air streams containing

BTEX. These include absorption, condensation, incinera-

tion, thermo-catalytic oxidation, chemical and photo-

chemical oxidation (Liang et al. 2009; Aivalioti et al. 2010;

Estrada et al. 2012). Almost all these processes are effec-

tive but have high operating costs. Only water scrubbing

has proved to be a viable cost option, but its application is

restricted to the rough treatment of medium- to high-pol-

luted air streams (Torretta et al. 2015). Many experiments

and real-scale applications have proved the technical and

cost-effectiveness of biological processes, such as

biotrickling and biofiltration. The most traditional appli-

cations relate to odor removal in composting plants,

wastewater treatment plants and solid waste treatment

plants (Kennes and Veiga 2010; Lebrero et al. 2011;

Copelli et al. 2012; Torretta et al. 2013). The importance of

these biological processes has increased with the success

acquired in the treatment of air streams with hard-to-de-

grade contaminants, such as BTEX (Torretta et al. 2015;

Rada et al. 2014; Maestre et al. 2007; Jeong et al. 2008;

Gopinath et al. 2015; Li et al. 2013; Rene et al. 2012;

Copelli et al. 2015; Saravanan et al. 2015).

A major issue is the reciprocal antagonistic action of

individual BTEX compounds in terms of biological

degradation due to biological monoculture. To overcome

this obstacle, a two-stage biological system based on two

different and separate microbiological cultures was

designed. Biotrickling filters (BTFs) and biofilters (BFs)

are generally used alone; however, a series of the two

biological processes can achieve the most stringent quality

for the final air effluent. Torretta et al. (2015) recently

reported the results of a pilot plant experimentation (water

scrubbing and biotrickling) for the removal of airborne

BTEX, emitted by a refinery wastewater treatment plant

(WWTP), located in southern Italy. The present paper

completes this work by studying the effectiveness of a

biological polishing treatment in improving the quality of

the final effluent.

The process consisted of a scrubbing pre-treatment fol-

lowed by a BTF and a BF in series. The growth of selected

bacterial and fungal consortia was promoted in the two

biological units, in order to carry out complementary and

synergistic actions aimed at drastically reducing the BTEX.

Materials and methods

Pilot plant description

Figure 1 shows the pilot plant. The waste air stream, at a

600-Nm3 h-1 flow rate, feeds a water scrubber as a pre-

treatment stage. This preliminary treatment provides a

rough removal of BTEX and cuts down the BTEX con-

centration peaks, in order to reduce the risk of inhibitory

effects on the following biological processes. The pilot

plant is made up of a:

• Water scrubber (pre-treatment): diameter 1.6 m; 2-inch

Pall rings packing; packing height 1.6 m; packing

volume 4.0 m3; water flow rate 3 m3 h-1.

• Biotrickling filter: packing—waste blue mussel shells

(Mytilus edulis shells, about 10 cm in length); filter

height 1.0 m; surface 6 m2; volume 6 m3; water flow

rate 0.9 m3 h-1 continuously recirculated over the

packing; water makeup 0.02 m3 h-1.

• Biofilter: patented granular peat media; filter height

0.8 m; surface 7.5 m2; volume 6 m3; water makeup

0.10 m3 day-1.

The refinery wastewater treatment plant (WWTP) was

based on an activated sludge biological process. Its effluent

was used as a water makeup, in the BTF and to a much

lesser extent in the BF. This also enabled to supply the

required nutrients for the microbial activity.

Research main lines

The pilot plant experimentation was developed in three

consecutive steps:

• Plant start-up the plant was run at an air flow rate that

was increased from 200 Nm3 h-1 up to 600 Nm3 h-1

over a period of 120 consecutive days. Several times

during this period a selected consortium of bacteria was

inoculated in the BTF in order to favor the regular

growth of an acclimated bacterial flora. The consortium

of bacteria was prepared by feeding a laboratory-

activated sludge plant with the effluent of the WWTP

and increasing doses of BTEX. In a similar way, a

selected consortium of fungi, collected from a BTEX-
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contaminated site, was added to the BF media. The

microorganism growth over the BTF and the BF was

checked regularly, together with the plant performance,

until both the depuration efficiency and biofilm growth

had been sufficiently stabilized.

• Steady-state operation the plant was run regularly for

90 consecutive days at a 600-Nm3 h-1 air flow rate.

During this period, 30 air samples were taken upstream

and downstream of each treatment stage (total 90

samples).

• Operation at different air flow rates the influence of the

empty bed retention time (EBRT) on the efficiency of

both BTF and BF was verified, by varying the air flow

rate from 200 Nm3 h-1 up to 800 Nm3 h-1. Through-

out the 90 days of operation, a total 90 air samples were

collected.

Analytical methods

Air samples were collected by SKC sample pumps and

fixed onto suitable sorbent tubes (coconut charcoal Ana-

sorb CSC, SKC). After desorption, the samples were ana-

lyzed by gas chromatography mass spectrometry (GC–MS)

in order to determine the individual BTEX (limit of

detection: 0.05 mg Nm-3).

Temperature (T) and flow rate (Q) of the waste air

streams were measured using a Delta Ohm HD 2303.0 Hot

Wire Anemometer with an AP471 S1 probe (accuracy:

±0.1 �C for T; 0.5 % of full scale for Q). Temperature and

pH of water were measured by electrode probes with

automatic calibration (pH accuracy: ±0.02; temperature

accuracy: ±0.5 �C).

In order to classify the microorganisms, biofilm sam-

ples were collected from the filling media of BTF and BF.

The community DNA was then extracted from these

samples by patented gDNA Mini Bacteria Kit (Life

Technologies, USA) and used as the template for 16S

rDNA amplification with bacteria as universal primers.

Amplicons were separated by denaturing gradient gel

electrophoresis. The most abundant amplicons were sep-

arated from the gel and sequenced using the automat AB

Prism analyzer (Applied Biosystems, USA). The resulting

sequences were then compared with those in the GenBank

(NCBI 2015).

Observation of the biofilm thickness and its structure

was performed by a scanning confocal laser microscope.

Results and discussion

Toxicological and odor limits for BTEX

The limits regularly refer to the individual compounds due

to their greater toxicological and olfactory significance

than the total BTEX. The toxicological limits for benzene,

toluene, ethylbenzene and xylene have been defined by

many states, organizations, expert associations and

authorities, from all over the world. These limits vary

enormously due to the different criteria used for their

derivation, the level of health protection that they offer and

their legal implications. In fact, increasingly more stringent

toxicological limits are being in order to protect the health

of workers and populations. At present, the most stringent

exposure limits for TWA (time weighted average: weigh-

ted average concentration over time on a working day of

Fig. 1 Pilot plant
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8 h and 40 h per week, to which nearly all workers may be

repeatedly exposed, day after day, without adverse effects)

are specified by California/OSHA, as follows (Gopinath

et al. 2015): benzene 1 ppm (3.1 mg Nm-3), toluene

10 ppm (37 mg Nm-3), ethylbenzene 5 ppm

(21 mg Nm-3) and xylene 100 ppm (434 mg Nm-3)

(State of California 2015). Despite these toxicological

limits, individual BTEX compounds can cause an odor

nuisance. In this respect, xylene and toluene are the most

dangerous, because of their lower threshold odor concen-

tration (0.2 mg Nm-3 for xylene, 1.0–2.9 mg Nm-3 for

toluene) than benzene (14–24 mg Nm-3) and ethylbenzene

(663 mg Nm-3) (Cheremisinoff 2000; US DHHS 2000;

US DHHS 2007b).

Increasingly strict toxicological limits are also justified

by the additional or synergic effects of different chemicals

in mixtures. In fact, there are insufficient data on the toxic

response to the mixtures of BTEX; however, several

studies have pointed to the additive joint toxic actions of

mixtures of benzene, toluene, ethylbenzene and xylene on

the nervous system (Wilbur and Bosh 2004).

Quality of the waste air stream and performance

of the scrubbing pre-treatment

The graphs in Fig. 2 show the BTEX concentrations in the

raw waste air stream and before the BTF, in the steady-

state experimentation period. Table 1 shows the concen-

trations of the individual compounds.

The quality of the raw waste air stream is characterized

by a very large fluctuation in concentrations (total BTEX

and individual compounds, mainly benzene and toluene)

around the average values. Total BTEX levels were

detected at an average of 39.07 mg Nm-3 with a peak

concentration of 102.50 mg Nm-3. Benzene and toluene

were detected with average values of 18.06 and

11.30 mg Nm-3, respectively, with about five times

greater concentrations peaks (66.50 mg Nm-3 for benzene;

50.78 mg Nm-3 for toluene). Xylene (mixed isomers, m–

o–p–) was found at the average concentration of

6.56 mg Nm-3, while a smaller average concentration of

3.15 mg Nm-3 was found for ethylbenzene.

The average scrubber removal efficiency was 47.8 %,

for total BTEX, 52.0 % for benzene, 44.0 % for toluene,

33.0 % for ethylbenzene and 50.0 % for xylene (mix). The

different removal efficiencies of the individual compounds

reflect their different degrees of water solubility (benzene

1780 mg L-1 at 25 �C; toluene 531 mg L-1 at 25 �C;
ethylbenzene 161 mg L-1 at 25 �C; m-xylene

1105.2 mg L-1 at 25 �C, p-xylene 1178.5 mg L-1 at

25 �C, o-xylene 881.2 mg L-1 at 25 �C) (US DHHS

2007a, b, 2000). However, this result was also influenced

by the initial concentration and possibly biological degra-

dation. On the other hand, the formation of a thin biological

film was detected in a few areas of the packing. This effect

should have favored, to a greater extent, the removal of

toluene and xylene, considering their better biodegrad-

ability, than benzene and ethylbenzene (Aronson et al.

1999; Rahul et al. 2011). Nevertheless, the data in Fig. 1

and Table 1 (see standard deviation and range min–max)

highlight the strong cut-down effect of the scrubbing pre-

treatment on the concentration peaks of both individual

contaminants and their sum (total BTEX).

Performance of the biological polishing treatment

Figures 3 and 4 show the performance of BTF and BF in

removing BTEX during the steady-state experimentation

Fig. 2 Total BTEX

concentration in the raw waste

air stream and before BTF, as

resulted in the steady-state

experimentation period. The

scrubber efficiency is also

reported
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period. The graphs represent inlet and outlet concentrations

and also the removal efficiency. The BTF achieved a

76.4 % average efficiency, and BF a further 68.3 %

average efficiency. As a whole, the two-stage biological

process led to a 92.5 % average efficiency. This perfor-

mance gave a BTEX average concentration of

Fig. 3 Total BTEX removal

efficiency of BTF, as resulted in

the steady-state experimentation

period

Fig. 4 Total BTEX removal

efficiency of BF, as resulted in

the steady-state experimentation

period

Table 1 Quality of the waste

air stream, before scrubbing and

before biotrickling, referring to

individual compounds and total

BTEX (data expressed as mean,

standard deviation and min–

max range) during the steady-

state experimentation period

Compound Before scrubbing (mg Nm-3) Before biotrickling (mg Nm-3)

Mean SD Range

min–max

Mean SD Range

min–max

Benzene 18.06 16.20 1.65–66.50 8.66 3.98 0.60–29.45

Toluene 11.30 14.80 1.48–50.78 6.32 2.92 0.36–29.25

Ethylbenzene 3.15 1.95 0.90–6.95 2.11 1.06 0.28–5.45

Xylene (mix) 6.56 6.60 0.72–19.30 3.28 1.49 0.50–9.10

Total BTEX 39.07 21.49 16.01–102.50 20.37 10.30 9.70–48.07

T (�C) 26.6 1.5 24.5–28.4 23.5 1.2 22.0–25.0
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1.52 mg Nm-3 in the final air effluent. In any case, the

BTEX maximum concentration was 6.62 mg Nm-3. The

whole treatment, including scrubbing, achieved an average

96.1 % efficiency.

Throughout the experimentation period, the temperature

of the water recirculating over the packing of BTF was in

the range of 20–22 �C, and the pH was in a slightly alka-

line range of 7.3–7.4. This latter finding about pH is

notable because it was determined by the buffering action

of the blue mussel shells rich in limestone, whose reaction

with carbon dioxide, produced by the biodegradation,

prevented the lowering of the pH in the acidic field, with a

consequent inhibition of bacterial activity, thus confirming

our previous tests (Torretta et al. 2015; Copelli et al. 2012;

Rada et al. 2014). This reaction determines the need for the

periodical makeup of the filling media.

The performance of the two biological units with regard

to the individual contaminants is shown in Figs. 5 and 6.

The data in Fig. 5 prove that BTF produces an effective

degradation of toluene (92.1 % removal) and xylene

(93.9 %), while the biodegradation of benzene (60.7 %) and

ethylbenzene (66.8 %) was considerably lower. These

notable differences confirm the low bioavailability of ben-

zene and ethylbenzene when mixed with toluene and xylene.

In fact, a report (Aronson et al. 1999) edited for EPA,

concerning the ‘‘Aerobic Biodegradation of organic chemi-

cals in environmental media’’, concluded that benzene has a

biodegradation constant rate of 0.096 day-1 at 20 �C, while
toluene had a much higher value of 0.2 day-1 at 20 �C; for
xylene and ethylbenzene constant rates of 0.113 day-1 at

20 �C and 0.055 day-1 at 20 �C were found, respectively.

These bacteria are able to degrade toluene and benzene;

however, when the two compounds are present together,

they exerted an antagonist effect, so that benzene is degra-

ded at a lower rate than toluene (Chang et al. 1993). This

antagonist effect has also been highlighted by other resear-

ches (Otenio et al. 2005; Jo et al. 2008; Nikolova and Nenov

2005; Prenafeta-Boldù et al. 2002).

The biofilm over the BTF packings, observed by a

scanning confocal laser microscope, revealed an average

thickness of 480 lm. In the consortium of bacteria

responsible for BTEX biodegradation, several species were

identified, including Pseudomonas putida, Pseudomonas

fluorescens, Ralstonia pickettii, Rhodococcus erythropolis

and Acinetobacter. This group of microorganisms demon-

strated their ability to metabolize BTEX as the sole carbon

and energy source. However, Pseudomonas putida were

the dominant species in the biofilm and therefore this

bacterium can be considered as being mainly responsible

for BTEX degradation in the BTF. Pseudomonas putida

has several catabolic pathways capable of biodegrading

various recalcitrant substrates (Otenio et al. 2005).

The BF performance shown in Fig. 6 proves the better

ability of the fungal consortium in removing the most

recalcitrant compounds, such as benzene and ethylbenzene.

In fact, the following removal efficiencies were achieved:

68.5 % for benzene; 68.0 % for toluene; 68.6 % for

ethylbenzene; and 65.0 % for xylene.

Observation of the biofilm during testing by a scanning

confocal laser microscope revealed a remarkable variation

of the biofilm thickness (range 195–302 lm) in the BF.

Fungi were identified such as Cladosporium

Fig. 5 Performance of BTF in

removing benzene, toluene,

ethylbenzene and xylene (mix)

as resulted in the steady-state

experimentation period (data

represented as mean, standard

deviation and range min–max)

Fig. 6 Performance of BF in

removing benzene, toluene,

ethylbenzene and xylene (mix),

as resulted in the steady-state

experimentation period (data

represented as mean, standard

deviation and range min–max)
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sphaerrospermum, F. solani, Paecilomyces variotii, Paci-

lomyces, Phanerochaete chrysoporium, Aspergillus versi-

color and Exophiala.

However, the same bacterial strains working in BTF

were identified in the filter bed (mostly in the lower zone).

This finding is likely due to the aeraulic transport of bac-

teria from the BTF and their subsequent growth over the

BF media. It is reasonable to believe that there are certain

advantages due to the presence of these hybrid microbio-

logical cultures in BF. First of all, the hybrid metabolism

widens the action spectrum of the microorganisms in the

degradation of substrates. In addition, a synergistic action

may occur between fungi and bacteria, which is able to

partially degrade benzene and other BTEXs by fungi, thus

facilitating the subsequent bacterial degradation of the

resulting metabolites (Prenafeta-Boldù et al. 2002, 2004).

In addition, the bacterial activity lowered the pH to values

of 6.6–6.9, thus favoring the fungal metabolism, which is

well known to improve in acidic and dry conditions. These

two conditions make fungi very suitable as biocatalysts in

air biofilters for treating BTEX vapors. In fact, all the

individual BTEX compounds are also efficiently degraded

in the gas phase of biofilters due to the biocatalyst action of

aerial mycelia whose extensive surface facilitates the

uptake of hydrophobic volatile compounds (Kennes and

Veiga 2004; Cheng et al. 2015).

In the final experimental phase, the influence of the

empty bed retention time (EBRT) was influenced on the

BTEX removal efficiency of both BTF and BF. The

results are shown in Fig. 7. As expected, the efficiency

increases linearly with EBRT and biotrickling performed

better than biofiltration in all operating conditions. This

result is due to the different degradation rates of the two

biological cultures. In turn, the two degradation rates are

influenced by the different qualities of BTEX fed to BTF

and BF (in terms of composition and concentration). In

any case, for the BTF, EBRT = 25 s led to an average

56 % efficiency, which increased to 95 % for

EBRT = 90 s. For the BF, with EBRT = 25 s the aver-

age efficiency amounted to 42 % and increased to 80 %

with EBRT = 90 s.

Figure 8 shows the BTEX-specific removal capacity of

both BTF and BF, as a function of the specific volumetric

load. In the operating range of the experimentation, the

correlation between the specific removal capacity and the

specific volumetric load is represented by straight lines.

The two lines highlight the better specific removal capacity

of BTF compared to BF (placed in series) at a specific

volumetric load greater than 10 g BTEX day-1 m-3. On

the other hand, BF shows a better specific removal capacity

at a specific volumetric load lower than 10 g BTEX

day-1 m-3. However, the two graphs clearly show the

optimal application fields of the two biological systems

(low specific volumetric load for BF; medium–high

specific volumetric load for BTF).

The high performance and stability of both BTF and BF

confirmed the good bioavailability of BTEX and the

effectiveness of our method in achieving a stringent quality

for the final air effluent. These results were possible by the

complementary action of the two separate bacterial and

fungal consortia. The concentrations of individual BTEX in

the final air effluent were so low as to fully comply with the

most stringent toxicological standards and threshold odor

concentrations, for the protection of workers and local

residents.

Fig. 7 BTEX removal efficiency of the biotrickling filter and the

biofilter, as a function of the empty bed retention time (EBRT)
Fig. 8 BTEX-specific removal capacity of both BTF and BF, as a

function of the specific volumetric load
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Conclusion

The effective performance and stability of the experi-

mented biological polishing treatment confirmed the good

bioavailability of BTEX and the effectiveness of the pro-

cess in achieving a stringent quality for the final air efflu-

ent. In fact, the whole treatment (inclusive of the scrubbing

pre-treatment), fed by 600 Nm3 h-1 BTEX polluted air

stream (av. BTEX concentration 39.07 mg Nm-3), proved

its ability in achieving an average 96.1 % efficiency

(46.7 % by water scrubbing, 76.4 % by biotrickling,

68.3 % by biofiltration). This led to a very low average

concentration in the final air effluent: 1.07 mg Nm-3 for

benzene, 0.16 mg Nm-3 for toluene, 0.22 mg Nm-3 for

ethylbenzene and 0.07 mg Nm-3 for xylene (mix). These

concentrations fully comply with the most stringent toxi-

cological standards and the threshold odor concentrations,

for the protection of workers and local residents.

This excellent result is made possible by the comple-

mentary and synergistic actions of the bacterial and fungal

consortia. In fact, the bacterial culture of the biotrickling

filter led to an effective degradation of toluene (92.1 %) and

xylene (93.9 %), while considerably lower was the degra-

dation of benzene (60.7 %) and ethylbenzene (66.8 %). The

low bacterial bioavailability of benzene and ethylbenzene

was clearly enhanced by the antagonistic action of other

substrates. The bacterial activity was favored by the pH

which was kept in a slightly alkaline range (pH = 7.3–7.4)

by the buffering power of the biotrickling packing (waste

blue mussel shells, rich in limestone). The hybrid consor-

tium of microorganism (bacteria and fungi) grown over the

granular peat media of the biofilter proves its ability in

removing all BTEX compounds including benzene and

ethylbenzene, i.e., the most recalcitrant ones: benzene

68.5 %; toluene 68.0 %; ethylbenzene 68.6 %; xylene

65.0 %. Various factors contribute to this effectiveness of

the mixed microbiological cultures. First of all, the hybrid

metabolism widens the action spectrum of the microorgan-

isms in the degradation of substrates. In addition, a syner-

gistic action between fungi and bacteria occurs. This action

is able to partially degrade benzene and other BTEX com-

pounds by fungi, thus facilitating the subsequent bacterial

degradation of the resulting metabolites. In addition, the

bacterial activity lowered the pH to values of 6.6–6.8, so as

to favor the fungal metabolism.

The total BTEX removal efficiency of both biotrickling

filter and biofilter increases linearly with EBRT—empty

bed retention time, respectively, up to 95 and 80 %, in

correspondence of EBRT = 90 s. However, this result is

influenced by the different qualities of BTEX fed to the

biological units in series (in terms of composition and

concentration).

The biotrickling filter shows a better specific removal

capacity than the biofilter at specific volumetric loads

greater than 10 g BTEX day-1 m-3. On the other hand, the

biofilter proves a better specific removal capacity at

specific volumetric loads lower than 10 g BTEX day-1 -

m-3. This value highlights the optimal application fields of

the two biological systems.

The experimented process proves to be very interesting

for real-scale applications. In any case, it seems reasonable

to recommend a longer-term trial for the verification of

specific operational aspects, primarily the effect of the

increasing growth of aerial mycelia on the pressure drop in

the biofilter and on the consequent maintenance operations.

Research developments may usefully involve the influence

of different values of pH and temperature on the two bio-

logical treatments and the influence of different filling

media (mainly for biofiltration), as well as the acquisition

of more scientific data about the biochemical pathways of

the synergistic actions between bacteria and fungi in

degrading the most recalcitrant compounds.
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