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General introduction

Since the industrial revolution the production and use of chemicals has increased
immensely. As a consequence all kinds of wastes are produced, which are
released in to the environment. Many products of the petrochemical industry, like
organic solvents, fuels, herbicides or insecticides, will eventually also be released
into the environment, due to production or storage losses, solvent evaporation, or
emissions from motor vehicles and aeroplanes. For example for toluene it has
been estimated that more than 86% of the 0.5-1*107 tonnes of toluene produced
in 1981 was ultimately released into the environment (Anonymous, 1985).

Nowadays there is a growing awareness concerning the possible toxic or even
carcinogenic effects of these xenobictics. Therefore the release of these
chemicals into the environment is restricted by legisiation. In order to meet these
requirements, the industry has to reduce her waste streams. In general this can be
achieved by implementing another or a better conirol of the process. For
instance, recovery and recirculation of organic sclvents can significantly reduce
the waste streams. However, this will often require expensive process
modifications and therefore, quite often an end-of-pipe technique i used to
remove contaminants from the waste streams such as incineration or biological
treatment.

Fig. 1 clearly shows that the emission of organic hydrocarkbons in The Netherlands
is mainly fo air. In the period between 1982 and 1992 treatment of waste waters
and changes in production processes have resulted in a reduction of the emission
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Figure 1: Industrial emission of organic hydrocarbons to air (-} and water (--)
in The Netherlands between 1982 and 1992, (From van der Plas & Verhoeve,
1994)

of organic hydrocarbons to water by more than 50% {Fig. 1). Treatment of waste
gases was, however, less successful, although a gradual decrease in the emission
of organic hydrocarbons to air is observed since 1984. The growing environmental
awareness and more stringent legislation is expected to result in a further
reduction of the gaseous emissions in the future.

in The Netherlands, the release of gaseous compounds is controlled by the NER
(Nederlandse Emissie Richllinen; Anonymous, 1992). Depending on the nature of
the compound the NER describes a maximal off-gas concentration above a
certain quantity of contaminant emitted. Normally, the maximal allowable off-
gas concentration for an emission of more than 3.0 kg/h is 150 mg/m3, however,
for carcinogenic compounds, e.g. benzene, the iimit is 5 mg/m3 when the
emission exceeds 25 g/h (Anonymous, 1992).

In order to meet these limits, various techniques for waste-gas treatment are
applied and being developed. Either physico-chemical or biclogical techniques
are used to treat waste-gas streams. Examples of physico-chemical methods are
incineration, catalytic oxidation, scrubbing or adsorption on activated carbon
(Heck et al., 1988). Biological techniques make use of the capacity of
microorganisms to degrade the toxic contaminants to less toxic products, often
resulting in complete mineralization. Biological techniques are often the most cost
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effective for waste gases containing less than 0.5 - 3 gram of biodegradable
organic compounds per m3 {Leson & Winer, 1991; Bohn, 1992; Kok, 1992}.

BIOLOGICAL WASTE-GAS TREATMENT

Biclogical waste-water treatment has become an established method 1o reduce
the release of contaminants into the environment. Biclogical treatment of waste
gases, however, is still only applied on a minor scale, mainly for the treatment of
odorous air (Ottengraf, 1987; Anonymous, 1989; Leson & Winer, 1991). These
odorous waste-gas streams generally contain low concentrations of complex
mixtures of compounds. Due to the increasing stringent legislation conceming the
emission of volatite organic compounds, there is nowadays a growing interest fo
also apply biclegical waste-gas tfreatment techniques for the removal of higher
concentrations of specific contaminants. For the biological removal of pollutants
from waste gases several types of bioreactors have been developed (Ottengraf,
1987: Groenestijn & Hesselink, 1993) (Fig. 2).

Biofilters

Biofilters were the first bioreactors used for the biological treatment of waste
gases. Already since 1920 biofilters have been used on a limited scale to remove
odorous compounds from waste gases of for instance waste-water treatment
plants {Leson & Winer, 1991). A biofilter is essentially a packed-bed reactor
through which the waste gas is forced {Fig. 2}. Microorganisms growing on the
packing material, usually compost, will degrade the contaminants present in the
waste-gas stream. Besides the simple and cost effective operation of biofilters,
another advantage is the absence of a distinct water layer in the biofilter.
Therefore, the mass transfer of poorly water soluble compounds to the biofilm is
relatively good in this type of reactor.

The first biofilters were actually soil beds. Nowadays genérally compost or peat,
mixed with bark chips or pelystyrene particles are used as packing material. The
addition of wood bark or polystyrene results in @ homogeneous structure of the
packing with a relatively low pressure drop (Cttengraf, 1986; van Langenhove et
al., 1986). Since the infroduction of the first biofilters another important
improvement has been the development of closed biofilters, allowing a better
control of the physical condition of the biofilter. in the open biofilters the packed
bed is exposed to fluctuating weather conditions {temperature, rain). With the
closed biofilters, the microbial activity within the bicfiters can be beffer
maintained, as temperature and humidity which strongly affect the biological
activity can be better controlled {Heslinga, 1992). Usually the in-let gas stream is
humidified to almost complete saturation. Generally, additional humidification of
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Figure 2: Various reactors for biclogical waste-gas freatment. (A) Biofilter, (B)
Trickle-bed bioreactor. (C} Bioscrubber, [D) Membrane bioreactor.
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the filter Is also necessary to compensate for water loss due to an increase in
temperature of the waste gas caused by the microbial activity. Besides the
siringent control of the humidity other factors which are difficult to control are the
pH and the supply of addifional {incrganic) nutrients. Although several additives,
like lime, can be mixed through the packing to buffer the pH, these additives will
not be sufficient to continuously nevfralise the HCl formed due to the
biodegradation of chlorinated compounds. Several studies have shown that
nutrient {e.g. nitrogen} limitations can strongly influence the overall performance
of the biofilter [Don, 1984; Beyreilz ef al., 1989; Weckhuysen et al, 1993). As a
homogenous supply of these nuirients to the biofilter is difficult, it is expected that
the reported elimination rates of more than 100 g carbon per m3 packing
material per hour [Ottengraf et al., 1986; Windsperger et al., 1990; Kirchner et al.,
1991) can not be maintained during a longer period of time. Nulrients in the
compost will become exhausted, and also pH and humidity control are expected
to become a problem.

Bioscrubber

In bioscrubbers the contaminants in the waste gas are transferred to a water
phase in a scrubber with an inert packing. The compounds in the waler are
subsequently degraded in a separate reactor, which is usually a traditional
activated sludge waste water freatment facility. The water phase is subsequently
recirculated through the scrubber compartment {Fig. 2). In contrast to biofilters, a
circulating water phase is present, which allows a betier control of reactor
conditions (pH, nutdents) and makes it possible to freat waste gases containing
compounds like ammonia or chlorinated hydrocarbons. However, a drawback
compared fo the biofilter is, that this type of reactor can only be used to remove
contaminants with a relatively high water solubility. In order to increase the mass
transfer of less water soluble compounds, the use of organic solvents to enhance
the mass fransfer has been suggested (Schippert, 19%4). The intermediate solvent
should be non-toxic, non-volatile and not biodegradable, By applying such a
solvent in a three-phase reactor the transfer of the contaminants from the gas
phase to the solvent phase can be significantly enhanced. However, the
biodegradation will only fake place in the water phase which requires a transfer
of the contaminant from the solvent to the water phase. In this situation the mass
transfer from the solvent to the water phase will probably become rate limiting.
An overall increase in the mass transfer is only observed when a very high specific
exchange area between the solvent and water phase can be achieved {Cesdrio
et al., 1994).
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Trickle-bed bioreactor

In a frickle-bed reactor some of the advantages of the biofilter and the
bioscrubber are combined. The circulating water phase allows better control of
the reactor condlitions. Due to the combination of the scrubber and bioreactor
compartments, the contaminanis transfered to the water phase will be
immediately degraded resulting in low contaminant concentrations in the water
phase and consequently a befter mass transfer of moderately water soluble
compounds.

Although frickle-bed reactors are used in waste water freatment systems, they are
not yet frequently used for the treatment of waste gases. Biological waste-gas
treatment using trickle-bed reactors has been successfully demonsirated for the
removal of dichloromethane from waste gases (Diks & Ottengraf, 1991; Hartmans
& Tramper, 1991). Dichloromethane, which is moderately water soluble was
shown to be eliminated with a sufficient efficiency over a longer period of time at
rates of about 50 g/{m3 h). However, this specific degradation rate amounts to
only 7 grams of carbon per m3 per h. Using other gas combinations, resulting in
higher organic loads, clogging of the reactor due to excessive biomass formation
was observed (Diks, 1992).

In this thesis results are presented which describe possible methods to prevent
clogging of the reactor. Subsequently the application of trickle-bed reactors tor
the degradation of a waste-gas stream containing a high toluene load, during a
longer period of time with a high degradation rate, will be demonstrated.

Membrane bloreactor

in a membrane bicreactor the gas phase and the liquid phase, containing the
microorganisms, are separated by a porous hydrophobic membrane. As the
membrane makes it possible to prevent the release of microorganisms into the
environment, this reactor type is being evaluated for use in space-cabins to
maintain a clean atmosphere during long-term manned space-ilights. The pores
of the hydrophobic membrane are filled with air resulting in a low mass fransfer
resistance (Hartmans ef ol., 1992). As the microorganisms form a biofilm directly
on the membrane, the mass transfer resistance for contaminants from the gas
phase to the biofilm is expected to be low. By using a hollow-fibre reactor a large
specific gas/biofilm surface can be created, resulting in a reactor with a low mass
transfer resistance and a high specific surfface area, and the ability to control the
environment of the biofiim by the circulating water phase fike in g trickle-bed
reactor. It has been shown that with this type of reactor, a stable biodegradation
of propene could be obtained during prolonged operation {Reij et al., 1995).
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MICROBIOLOGICAL ASPECTS OF WASTE-GAS TREATMENT

The first criterion for a successful biodegradation process is of course the
availability of microorganisms capable of degrading the contaminant, For the
biodegradation of xencbictics which were previously thought to be non-
biodegradable nowadays more and more microorganisms are being selected
from nature, which are capable of degrading these compounds. The metabolic
pathways for the degradation of a great number of compounds have been
elucidated in many different microorganisms. Furthermore, genetic engineering
has offered possibilities to combine and construct new pathways for the
degradation of xenobiotics that were not degraded previously.

Although many (xenobiotic) compounds are intrinsically biodegradable, actual
degradation rates depend on a number of parameters. One of the most
important parameters s the contaminant (substrate) concentration. The off-gas
concentrations required by legislation, especially for carcinogenic compounds,
are exiremely low and in some cases toc low for biodegradation at an
acceplable rate {Hartmans, 1994).

Application of biclogical waste-gas treatment techniques for the removal of
higher concentrations of organic solvents seems fo be promising. However, a
problem could be the toxicity of the pollutants in the waste gos for the
microorganisms in the bioreactor. Although many xenobiotic compounds are
tolerated and degraded by microorganisms at low concentrations, they can
already become toxic at slightly higher concentrations (Volsky ef al., 1990; Blum &
Speece, 1991). Especially compounds with a good solubility in water can be
expected to accumulate in the water phase of the reactor during the start-up
period. This accumulation can result in the inactivation of the biomass in the
reactor as the contaminant concentrations reach toxic levels. Also.fluctuations in
the contaminant concentrations in the waste gas could result in levels which are
toxic for the microorganisms in the reactor. Interestingly, several microbial strains
have been described that can adapt to these toxic levels, resulting in the
capacity to folerate and grow in the presence of these toxic solvents (lnoue &
Horikoshi, 1989; Cruden ef al., 1992).

OUTLINE OF THIS THESIS

in this thesis several aspects of the biodegradation of xencbiotics, especially
toluene, and the removal of toluene from waste gases with frickle-bed reactors
are discussed. In waste gases, the concentration of the contaminants generally
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fluctuate strongly. In Chapter 2 the selection and use of adsorbents to buffer
these fluctuating concentrations is discussed. The application of trickle-bed
reactors for the removal of xenobiotics from waste gases also depends on the
ability to control the biomass content of these reactors (i.e. to prevent clogging).
in Chapter 3 two possible methods are addressed with which the formation and
removal of biomass from these reactors could be controlled. In one of the trickle-
bed reactors used for the removal of toluene, a fungal culture developed. This
organism was isolated and a tentative pathway for the biodegradation of
toluene by this fungus, Cladosporium sphaerospermum, is presented in Chapler 4.
Ultimately, most pollutants and hazardous substances are of concern because of
their potential toxic effects on man. However, these xenobiotics can also be toxic
for microorganisms (Chapter 5) and this might limit the application of these
crganisms for biodegradation processes. Generally, the foxicity of lipophilic
solvents is due to interoctions of these sclvents with the cell membrane.
Consequently the functlioning of the membrane as a permeability barrier is
affected. These effects of various organic sclvents on the functioning of the cell
membrane, and the adapiation mechanisms of microorganisms to combat these
effects are reviewed and discussed in Chapier 8. Pseudomonas putida $12 is a
strain which can grow in the presence of supersaturating solvent concentrations
which are normally extremely toxic to microorganisms. In Chapter 6 the growth of
P. putida $12 on supersaturating concentrations of styrene is presented. Aspects
of the adaptation of this strain and other solvent tolerant P. putida strains to allow
growth in the presence of supersaturating amounts of solvents are described in
Chapters 7 and 8. Finally, in Chapier 9 the potential of frickle-bed reactors and
solveni-tolerant bacteria for biotechnological applications are discussed.
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Use of activated carbon as a buffer in
biofiltration of waste gases with fluctuating
concentrations of toluene

Frans J. Weber
and Sybe Hartmans

Summary: Fluctuations in contaminant concentrations often adversely influence
the effectiveness of biocreactors for waste-gas freatment. Application of an
adsorbent to minimize such fluctuations could improve the overall process.
Therefore the buffer capacity of @ number of activated carbons and other
adsorbenis was tested. The buffer capacity of the adsorbents depends on the
desired concentration range of the contaminants entering the bioreactor and on
the time avdilable for desorplion. When fluctuations between 0 and 1000 mg
toluvene per m?® were supplied to a biofilter this resulted in significant
concenirations of toluene leaving the biofilter. Using one selected type of
activated carbon it was demonstrated that these fluctuations could be
decreased to a value of about 300 mg/m?, which was subsequently completely
degraded in the biofilter.

Applied Microbiology and Biotechnology {1995) 49: 365-349
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INTRODUCTION

It has been shown that biclogical waste-gas treatment is possible with high
efficiencies and degradation velocities using biofilters or trickle-bed reactors
(Ottengraf, 19864; Diks & Ottengraf, 1991; Hartmans & Tramper, 1991). Howevaer,
fluctuating concentrations of the contaminants in the waste gas can have a
negative influence on these performances. Temporary high concentrations can
be toxic for the microorganisms in the reactor, resulting in inactivation of the
system. Furthermore, for a reliable operation the design of the reactor should be
based on the peak concentrations in the waste gas, which is not an economically
favourable situation. Therefore, it would be desirable to buffer the fluctuations in
the conceniration of contaminants in waste gases by means of an adsorbent, so
that a censtant supply of contaminants to the bicreactor can be achieved.

MATERIALS AND METHODS

Equilibrium isotherm

The equilibrium isoctherm of the amount of toluene adsorbed versus the gas-phase
concentration was determined by placing 10 g of adsorbent in 250-mil flasks.
These flasks were closed with a Teflon valve. Known amounts of toluene were
added to these flasks which were placed in a shaking water-bath at 30°C. After
24 hours equilibrium was reached and the toluene concentration in the gas
phase was determined.

Desorplion profile

To determine the desorption rate the adsorbent was first loaded with toluene in a
1-1 flask closed with a Teflon valve {24 h at 30°C). Encugh toluene was added to
achieve a gas phase equilibrium concentration of about 5000 mg/m3. The
adscrbent loaded with toluene was subsequently placed in a thermostated
column {15 em x 28 mm, 30°C). Through this column air was blown at a flow rate
of 1.5 I/min {1000 h'1), and the toluene conceniration in the effluent gas was
monitored continuously with an on-line gas-analyzer,

Experimental set-up of bicfilter

The removal efficiency of fluctuating concentrations of toluene was determined
in a biofilter (40 cm x 98 mm) packed with compost and polystyrene (20% v/v). Air
was saturated with toluene by passing it through a bubble column with toluene at
30°C and was diluted with fresh air to the desired concentration. The total air flow
was subsequently saturated with water and blown through the biofilter at a flow-
rate of 0.65 m3/h (210 h'}). When activated carbon (450 ml) was mixed through
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the compost, no polystyrene was added. For some experiments a separate
activated-carbon column (25 cm x S0 mm} was placed in series with the biofilter.
The gir was humidified before entering the biofilter after it had passed through the
activated-carbon column. The toluene concentrations in the air entering and
leaving the activated-carbon column and/or the bicfilter were analyzed with an
on-line gas-analyzer.

Analytical methods

The toluene concentration in the gas phase was either determined by analyzing
head-space samples on o gas-chromaftograph or with an on-line gas-analyzer.
The head-space samples (100 ul) were analyzed on a Packard 430 gas-
chromatograph with a Porapak R cotumn [100-120 mesh, 110 em x 1/8 inch i.d.).
For the on-line gas analysis @ Chrompack CP2001 gas-analyzer with a OV-1
column (4 m) was used. Carbon dioxide was measured using the on-line gas-
analyzer with a Hayesep A column (25 cm).

Materlals

The actlivated carbons were a gift of Norit N.V., Amersfoort, The Netherlands. Silica
gel was obtained from Merck, and Al,O4 from Aldrich.

RESULTS

Equilibrium Isotherm

Different amounis of loluene were added to activated carbon in closed flasks.
After equitibrium was reached between the toluene which adsorbed to the
adsorbent and the amount left in the gas phase the toluene conceniration in the
gas phase was determined. In Fig. 1 such an equilibrium isotherm is shown for Norit
R3 Extra at 30°C. Using these isotherms the amount of foluene adsorbed on the
activated carbon at gas-phase concentrations of 100 mg/m3 and 1000 mg/m?3
was determined. From these data the buffer capacity was calculated (Table 1).
The equilibrium isotherm was also used to calculkite the concentration of toluene
in dir that was passed through a column of Norit R3 Exira loaded with 400 mg
toluene/g at a flow-rate of 1000 h! {Fig. 2).
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activated carbon and the amount of toluene remaining adsorbed are
calculated.
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Table 1: Effective buffer capacities of adsorbents for toluene. The effective buffer
capacity was determined from the adsorption isotherm or the descrplion profites in the
concentration range 100 - 1000 mg foluene per m3 air. The time required for a decrease
in gas-phase concentration of 1000 to 100 mg/m? at a flow rate of 1000 h'! and the
amount desorbed [starting from an equilibrivm gas-phase concentration of 1000 mg/m3)
in 12 h at this flow rate were determined from the desarption profiles.

Adsorbent Effective buffering capacity Time (d} Descrbedin 12
[ma/g) hours
Equililbrium Descrption (mg/g)
isotherm profile
Norit RB3 70 18 1.0 14
Norit ROX0.8 110 62 3.5 20
Norit R3 Extra 120 74 43 23
Norit RO3 80 45 30 18
Norit ROWO0.8 Supra 115 44 29 18
Norit Car 115! 225 84 48 24
Silica gel 24 24 2.6 11
AlLO5 <25 - -
Water 0.0034 - -

! Car 115 Is an experimental type of activated carbon.

Desorpiion profile

All the adsorbents were loaded with toluene and placed in a column. Through
this column a constant air flow was blown and the toluene concentration in the
off-gas was determined. Such a desorption profile is shown in Fig. 3. Using these
profiles again the buffer capacifies between 100 and 1000 mg/m3® were
calculated (Table 1}. Also shown in this table is the fime required to reduce the
gas-phase concentration leaving the carbon column from 1000 to 100 mg/m3
and the amount of toluene which is desorbed in 12 hours.

Blofilter

Norit R3 Extra was chosen to study the removal of fluctuating concentrations of
toluene from waste gases with a biofilter. Three different configurations were
tested. In the first configuration a biofilter was used without activated carbon. In
the second set-up activated carbon was mixed with the compost in the biofilter.
In the third system a separate activated-carbon column in series with the biofilter
was used. Air containing 900 mg toluene per m? was supplied to these three
reactors for 8 h a day. The biofilter without aclivated carbon had a removal
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and assuming equilibrium, and measured {(—) desorplion of toluene from

Norit R3 Extra. T: 30°C, Flow-rate: 1000 hl.

efficiency of about 50% (Fig. 4A). A similar removal efficiency was observed for
the reactor in which actlivated carbon was mixed with the compost (Fig. 4B).
When a separate column with activated carbon was placed before the biofilter
the fluctuating toluene concentrations were buffered to a concentration of about
300 mg/m3, which was completely degraded in the biofilter {Fig. 4C). The
degradation velocities observed for the three configurations are shown in Table 2.
Also shown are the observed degradation velocities when toluene was supplied
confinuously to these reactors.

DISCUSSION

Biclogical waste-gas treatment is especially useful o remove low concentrations
of contaminants from waste gases. Higher concentrations of confaminants can
be treated more effectively and cheaper using other systems (as for instance
incineration) (Dragt, 1992). Therefore a concentration of 1000 mg/m? was chosen
as the maximum concentration which should be allowed to enter a reactor for
biological waste-gas freatment. In practise it is expected that contaminant
concenirations in waste gases will fluctuate strongly, depending on the source.
For a religble system it would therefore be desirable to be able to buffer
temporarily -high (toxic) concentrations of contaminants by using on adscrbent
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Figure 4A-C: Effect of Norit R3 Extra on the removal of fluctuating
concentrations of toluene in a biofilter, |A) Biofilter without activated carbon.
(B} Bicfitter with activated carbon mixed with compost. {C} Biofilter with a
separate activated corbon filter placed before the biofilter. (—} Toluene
concentrgtion of inlet air. (-} gos-phase concentration leaving activated-
carbon column, {---] concentration in dir leaving the biofilter. The resulls
shown were obtained 20 to 30 days after start-up of the biofilters.
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During periods with low contaminant concentrations in the waste gas, desorption
should take place. In this manner there will be less fluctuations in the contaminant
concentration supplied to the bioreactor. A useful adsorbent should therefore
have a high buffer capacity below an equilibrium gas-phase concentration of
1000 mg/m3,

At a concentration of 1000 mg toluene/m? in the gas phase Norit R3 Extra can
adsorb about 300 mg/g (Fig. 1). However, the effective buffer capacity will be
much lower than this as it will fake months for the toluene to desorb totally again.
This is shown more clearly when a desorplion profile for Norit R3 Extra loaded with
400 mg toluene/g is calculated (Fig. 2). For this calculation it was assumed that
there was equilibrium between the gas phase and the activated carbon. At gas-
phase concenirations below 100 mg/m3 a significant amount of toluene is still
adsorbed on the carbon, which is only very slowly removed. Thus a significant
amount of toluene adsorbed to the carbon will not be removed by desorption.
This capacity will therefore not be avdilable to buffer fluctuations in the
contaminant concentration. Therefore we have defined the effective buffer
capacity as the amount which can be adsorbed at equilibriumn gas-phase
concentrations between 100 and 1000 mg/m?3. Desorption resulting in equilibrium
gas-phase concentrations below 100 mg/m3 are not expected in practise as it
can tgke more than a week to reach this equilibrivm concentration {Fig. 2). These
effective buffer capacities between 100 and 1000 mg/m? vary from 24 to 225
mg/g depending on the type of adsorbent (Table 1}.

The actual amount of toluene desorbed from the adsorbent is less than predicted
by the adsorption isotherm (Fig. 3). This difference between the calculated and
measured desorption was probably due to the short residence time of the air in
the column. An empty-bed contact time of 4 5 was apparently too short for
equilibrivm between air and activated carbon to be reached. This results in lower
toluene concentrations in the gas phase than caleulated with the equilibrivm
isotherm. Owing to this effect the effective buffer capacity (between 100 and
1000 myg/m3} is lower than calculated from the equilibrium isotherm.

If a flow rate of 1000 h! is used it still takes more than 4 days before encugh
toluene is desorbed to reduce the outlet gas-phase concentrafion from 1000 to
100 mg/m3 (Table 1). These tong desorption times are not very realistic in view of
the fluctuations in contaminant concentrations observed under practical
conditions, which are often the result of the 8-h working day. The effective buffer
capacity therefore strongly depends on the time available for desorption. In 12 h
only 23 mg toluene/g is desorbed from Norit R3 Extra loaded with 300 mg/g
(equilibrium gas-phase concentration: 1000 mg/m3) at a flow rate of 1000 h-1.
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Atthough the buffer capacily of the tested adsorbents for toluene is particularly
strongly influenced by the desorption time, they can probably stil be used as a
buffering agent in waste-gas treatment. Of all tested adsorbents Norit Car 115
and Norit R3 Extra had the highest buffer capacity for toluene in the
concentration range between 100 and 1000 mg/ms3. Norit R3 Exira was chosen for
further study as a buffer in biological waste-gas treatment.

Mixing the activated carbon with the compost in the biofilter resulted in removal
efficiencies comparable to those in a biofilter without activated carbon. During
the 16 hours when no toluene was supplied to the reactor, almost no carbon
dioxide production {signifying degradation} was observed, indicating that toluene
was not buffered by the activated carbon in the biofilter. This is probably caused
by the water present in the biofilter. The contaminant first has to diffuse through a
water layer to reach the carbon surface. As liquid-phase diffusion is much slower
than gas-phase diffusion almost no toluene will be adsorbed at these short
contact fimes. For this reason much longer residence times (several hours) are
generaily used in waste water freatment to buffer shock loads of contaminants
(Ngjm et al., 1991; Chaizopoulus et al., 1993). Oltengraf (1984) aiso concluded
that water present in a biofilier diminished the buffer capacity of activated
carbon.

By using a separate activated-carbon column placed before the biofilter, the
presence of water in the carbon filter can be prevented. Under these conditions
fluctuating toluene concentration could indeed be effectively buffered (Fig. 4C).
Toluene {900 mg/m3) supplied to this system during 8 h a day was bufiered to a
stable concentrafion of about 300 mg/m3, which was completely degraded in
the biofilter resulting in a specific removal rate of 1240 g-C/(m?3 day]).

The degradation rate in the bicfilter without aclivated carbon during the 8 h that
toluene was supplied to the reactor was about 85 g-C/{m?3 h). When toluene was
supplied continvously, the observed degradation rates were halved. This effect
has also been observed for the degradation of ethyl acetate in a biofilter (Nolte,
1992). These differences in maximal specific removal rates are remarkable but
can be explained when the degradation re'e is assumed to be limited by
mineralization processes in the bicfiller. Release of inorganic nutrients from
inaclive biomass (mineralization) will take place continuously, and this can
explain the higher degrodation rales observed when toluene is supplied
discontinuously to the bicfiller. The mineralization rate is apparently sufficient to
allow a continuous removal rate of about 40 g-C/{m? h) or a two- to three-times
higher activity when contaminant removal only takes place during 8 h per 24 h.
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Several experiments have indeed shown that the degradation rate in biofilters is
limited by the available amount of nutiients (Don, 1984; Bevyreitz et al., 1989;
Weckhuysen et al., 1993).

In conclusion, we have demonstrated that application of an actlivated-carbon
filter before treatment of waste gases with a fluctuating contaminant content can
result in a better overall performance of a biofilter. As a consequence smaller
biofilters can sometimes be applied for the treatment of a specific waste gas. It
should, however, be emphasized that the waste gas entering the carbon filter has
to be relatively dry. For the tfreatment of waste gases with a high water content
the process seems less suitable,
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Removal of toluene from contaminated air
with a biological trickle-bed reactor

Frans J. Weber
and Sybe Hartmans

Summary: Generally removal of relalively high concentrations of organic
compounds like toluene from waste gases in a trickle-bed reactor results in
clogging of the reactor due to the formation of an excessive amount of biomass.
We therefore limited the amount of nutrients available for growth, to prevent
clogging of the reactor. As a consequence of this nufrient limitation a low
removal rate was observed. However, when a fungal culture was used to
inoculate the reactor, the toluene removal rate under nuirient-limited conditions
was higher. Over a period of 375 days an average removal rate of 27 g-C/{m3 h)
was obtained with this fungal culture. We also studied the application of a NaOH-
wash to remove excess biomass, as a method to prevent clogging. Under these
conditions an average toluene removal rate of 35 g-C/{m? h) was obtained. After
about 50 days there was no net increase in the biomass content of the reactor,
The amount of biomass which was formed in the reactor equalled the amount
removed by the NaQOH-wash,

Submiited for publication
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INTRODUCTION

Biological treatment can be an effective and relatively cheap technique for the
removal of relatively low concentrations [<] g/m?) of contaminants from waste
gases {Dragt, 1992; Otftengraf & Diks, 1992 Groenestin & Hesselink, 1993). In
Germany and The Netherlands biofilters have become an accepted fechnique,
especially for the treatment of odorous waste-gas streams [Anonymous, 1989;
Mildenberger, 1992]. In biofilters the waste gas is blown through a packed bed of
compost, peat, bark or other erganic material, in which the natural microbial flora
will degrade the contaminants present in the waste gas. A limitation of biofilters is
that nufrient levels {e.g. nifrogen) and the pH are difficult fo confrol.
Humidification of the waste gas and maintaining a constant moisture content of
the filter can also be problematic. Treatment of waste-gas streams containing
chlorinated hydrocarbons is not possible in biofilters, due to the formation of
hydrochloric acid. In a trickle-bed reactor these parameters can easily be
contfrolled due to the presence of a circulating water phase. Previously, efficient
removal of dichioromethane and dimethylacetamide using a frickle-bed reactor
has been demonsirated {Diks & Ottengraf, 1991; Hartmans & Tramper, 1991;
Waalewiin ef al., 1994).

Although tfrickle-bed reactors have certain advantages compared to biofilters, a
major disadvantage can be a reduction of reactor performance due to the
formation of excessive amounts of biomass. A stable removal of dichloromethane
from waste gases over a period of more than 400 days has been reported {Diks &
Ottengraf, 1991). However, the simulianeous removal of dichloromethane and
acetone resulted in serious clogging of the reactor within 50 days (Diks, 1992). A
reduce reactor performance due to clogging was also observed with several
other compounds (Kirchner ef al., 1991; Diks, 1992; van Lith et al., 1994; Weber &
Hartmans, 1994).

Previously, we have shown that these clogging problems not only occurred due
to the amount of biomass formed but also because of the poor biofiim formation
on the packing material. Most of the biomass was present in lumps between the
packing material {(Weber & Harlmans, 1994). As most bacteria and packing
materials are charged negatively an electrostatic repulsion exisis between
bacteria and between bacteria and the packing which prevents the formation of
a stable biofilm. A higher icnic strength of the medium results in decreased
repulsion and thus betfer biofilm formation (Oliveira, 1992; Rijnaarts ef al., 1993;
{ita & Hermansson, 1994). Although an increase of the ionic strength of the water
phase resulted in a better bicfilm formation {(Weber & Hartmans, 1994), excessive
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biomass formation still can result in clogging and reduced reactor performance
and should thus be prevented.

Especially, the removal efficiency of teluene in a trickle-bed reactor was shown to
be sensitive to changes in the conditions in the reactor. The toluene removal rate
sharply decreased when some clogging of the reactor occured (Weber &
Hartmans, 1994). The degradation of other compounds like butanone and
butylacetate was not significantly affected under these conditions. The moderate
water solubility of toluene probably causes this high sensitivity to changes in the
reactor conditions. Therefore, toluene was chosen as a model contaminant to
further study and optimize the performance of trickle-bed reactors. In this report
we describe two approaches to prevent clogging of the bioreactor.

MATERIALS AND METHODS

Reactor

All experiments were perfdrmed in a semi-pilot scale bioreactor, consisting of a
column with a diameter of 0.3 m and a height of 1.5 m. The reactor was filled to
1 m with @ random-packing of Pall 50 mm rings (Vereinigte Flllkdrper Fabrieken,
Ramsbach-Baumbach, Germany; Specific surface area: 110 m2/m3). The gas
stream was intfroduced at the bottom of the reactor, after being heated to 30°C
by a heat-exchanger. The air flow was controlled at a rate of 7 m3/h (100 m3/
{m2h}} by a swirk-meter (Fischer & Porter, Géltingen, Germany) and an avtomatic
valve. Air saturated with toluene was added to this gas stream to give the desired
inlet concentration. Toluene-saturated air was obtained by bubbling air through a
thermostated bubble column {10 cm x 50 c¢m) with toluene, the air flow through
this column was controlled by a massflow controller (Brocks Instrument,
Veenendaal, The Netherlands). The gas-phase pressure drop over the reactor was
continuously monitored by a differential pressure fransducer.

A mineral salts medium was circulated counter-currenily over the reactor at a
flow rate of 0.5 m3/h. The liquid was distributed on top of the packing by means of
a nozzle (BETE Fog Nozle, Spraybest, Zwanenburg, The Netherlands) and was
collected at the bottom in a 70-dm? vessel. The temperature of the liquid in the
vessel was controlled at 30°C and the pH was maintained at 7.0 by the addition
of 0.5 N NaOH. Water was added to this vesse| to compensate for the water fost
by evaporation. Liquid and biomass were only removed from this vessel as
indicated in the various experiments.
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Microorganisms

A biomass suspension rich in fungi (>50% as examined by microscopy) was
obtained by washing a bicfilter, which has been used to remove toluene, with a
0.8% NaCl solution. This suspension is further designated as a fungal culture. An
" enrichment culture of especially bacteria was isolated from a water sample of
the river Rhine near Wageningen, The Netherlands, using a phosphate-buffered
{pH 7.0} mineral salts medium (Hartmans ef af., 1989} supplemented with 200 mg
toluene/liter.

Medium

In the frickle-bed reactor tap water supplemented with various inorganic salts was
used as the mineral salls medium. To a vessel of 70 | were added: 200 g NH,CI, 20
g (NH )50, 31 g KHPO,, 17 g NaH,PO+H,O, 14 g MgCl,:7H,0, 2.0 g FeSO,. and
2.0 g Call,. For the experiments where the biofilm growth was controlled by a
limitation of the nutrients, half the amount of nutrients were added. in all cases
820 g of Nall was added to increase the ionic strength to 0.2 M.

Experimental conditions

The bioreactors were connected with an on-line gas-analyzer which continuously
monitored the toluene and CO, concenirations of the inlet and off-gas streams.
Routinely about 15 measurements were made from each gas flow every day.
From these measuremenis average concentrations per day were calculated,
which are used in the figures shown here.

For the nutrient limited frickle-bed reactor experiments {Fig. 1, 2 & 3), half the
amount of inorganic nutrients was added on day 1. One frickle-bed reacter was
inoculated with a bacterial cullure, and a second reactor with a fungal culture.
Both reactors were operated simultaneous under identical conditions. On day 23
the toluene removal rate at various organic loads was measured in both reactors.
Various toluene concentrations were applied to the reactors and during one hour
the inlet and oullet concentrations were measured every 10 minutes, after which
the toluene load was changed.

In another experiment the circulation medium of the trickle-bed reactor was
discharged and replaced with fresh medium every 14 days (Fig. 4). In a second
reactor a NaOH wash was applied before the medium was replaced. For the
NaQOH-wash 280 g of NaOH was added to the reactor medium which circulated
through the reactor, and after 3 hours the medium was discharged and replaced
with fresh medium. As the pH of the circulation medium was still high after the
medium replacement, the pH was restored to pH 7.0 by the addition of 2N HCI.
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Analytical metheds

Biomass concentrations were determined by weighing dried {24 h, 105°C) 10-mi
samples of the liquid phase. The dry-weights were corrected for the salts present
in the medium.

Toluene, 1,2-dichlorcethane and CO, were analyzed with a CP 2001 gas-analyzer
{Chrompack, Middelburg, The Netherlands) equipped with an OV-1 column (4 m)
and a Hayesep A column {25 cm).

RESULTS

Nutrient limitation.

A major disadvantage, limiting the use of frickle-bed reactors for biological waste-
gas treatment, can be clogging caused by the formation of excessive amounts
of biomass. This excessive biomass formation should be prevented and it is
expecled that this can be controlled by limiting the amount of inorganic nutrients
available for growth.

To test this we operated a 70| trickle-bed reactor with a high loading rate of
toluene (71 g/(m3 h}) for 145 days with a single dose of inorganic nutrients
containing 100 g NH,CI. This amount of nitrogen is expected to be sufficient to
form a biofilm of 400 um on the packing, assuming a biomass nitrogen-content of
9% (wiw)} (CH, §005Ng1650.0045F0.00s5) [Roels, 1983) and a biofilm density of 100 kg
dry-weight/ms3.
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Figure 1: Toluene degradation rate {(—) and CO, formafion rate (-} in o

trickle-bed reactor with an organic load of 65 g-C/(m3 h}. Additional nutrients
were supplied on day 145.
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In Fig. 1 the observed toluene removal rate is shown. On day 145 a second dose
of inorganic nutrients was added to the reactor. Initially about 45% of the toluene
present in the inlet gas-flow was degraded. After a number of weeks the
degradation efficiency decreased to a stable level of about 20% (13 g-C/(m?3 h}).
When additional nutrients were supplied on day 145, the degradation efficiency
almost immediately increased to more than 75%, clearly illustrating that the
biomass was nutrient limited.

Also shown in Fig. 1 is the CO, formation rate (on carbon basis). The difference in
C-removal and CO, formation indicates that, during the whele peried, a
significant part of the degraded joluene is not converted into CQO,,.

Effect of inoculum

The data shown in Fig. 1 are for a reactor that was incculated with an enrichment
culture from river water grown on toluene, This culture mainly contained bacteria,
A second reactor was operated under the same conditions, but this time a fungal
culture was used to inoculate the reactor. Interestingly, much higher toluene
removal rates were observed with this reactor (Fig. 2).

During the first 120 days an average toluene removal of 48% (31 g-C/ (m3h}} was
observed in the frickle-bed reactor with the fungal culture. During the 375 days
that the reactor was operated additional nutrients were added only 4 times. The
average removal rate during these 375 days was 27 g-C/(m3 h). During this period
there was no significant change in the pressure drop over the reactor (<100
Pa/mj.

The difference in the removal rate between the reactors inoculated with
respectively the bacterial and fungal culture are more clearly shown in Fig. 3.
Here the observed degradation velocities are plotted against the foluene load
for both reactors as determined on day 23.

The observed differences between the degradation rates could be caused by
differences in the packing of the biofilm in beth reactors resulting in differences in
the specific surface area available for exchange of toluene between the gas
and liquid phase. To test the mass-transfer characteristics of the two reactors we
used 1,2-dichloroethane to determine the transfer rate of this compound in both
reactors. Dichloroethane was chosen as it is not degraded by the biomass
present in the reactors. Fresh water at 30°C was pumped through the reactors
once {0.5 m3/h), and it was delermined how much dichloroethane was
transferred to the water phase. At a gas-phase concentration of 950 mg/m? and
a flow rate of 7 m3/h, 0% of the dichloroethane was transferred to the water
phase in d reactor without a biofilm. In the reactor with the bacterial and fungal
cultures this was 64% and &6% respectively.
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Figure 2: Toluene degradation rate {(—) in & irickle-bed reactor inoculated
with a fungal culture and an organic load of 64 g-C/{m3 h). {--—) CO,
formation rate. Additional nutrients were only supplied on days 145, 177, 275

and 316 (A).
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Figure 3: Observed toluene removal rates at various organic loads in a frickle-
bed reactor inoculated with a bacterial culture {0} or a fungal culture (O).
Dotted line corresponds to 100% removal,
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Sodium hydroxide wash

By limiting the amount of nutrients available for growth, it was possible to prevent
clogging of the trickle-bed reactor, but the removal rate decreased due to the
nutrient limitation.

We have also operated the trickle-bed reactor with regular additions of mineral
salts medium, containing 200 g NH,CI (Fig. 4). This clearly results in higher average
toluene removal rates than under nutrient limiting conditions. The reactor was
inoculated with a mixture of both the bacterial and fungal culture. The removal
rate fluctuates between 15 and 45 g-C/im3 h) as a result of the two-weekly
nutrients additions, but a gradual decrease in the removal efficiency is also
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Figure 4 A-B: Toluene degradation rate {(—) and CO, preduction rate {-—-) in

two frickle-bed reactors. The circulation medium of both reactors is refreshed
every 14 days [A), in reactor B this is preceded by a NaOH-wash (0.1 M} of
3 h. The toluene load of both reactors is 65 g-C/{m?3 h).






