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De conclusie van Lepage ef a/. (1987) en Sajbidor et al. (1992) dat de gevonden 
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Gezien de tegenovergestelde effecten die benzeen en druk hebben op het 

celmembraan, lijkt het screenen van diepzeemonsters op benzeentolerante micro­

organismen weinig zinvol. 

Moriya. K. and K. Horikoshi. (1993). Isolation of benzene-tolerant bacterium and its hydrocarbon 
degradation. J. Ferm. Bioeng. 76: 168-173. 
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Het moduleren van het proces in een biofilmreactor komt neer op het schatten van 
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dumpen van het olieplatform "Brent Spar" is ongeloofwaardig nadat deze 

organisatie de door een explosie verwoeste "Rainbow Warrior" in de oceaan liet 

afzinken. 

10 
Het televisiekijkgenot is omgekeerd evenredig met het aantal aangeboden 

TV-zenders. 
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De toename in de grootte van computerprogrammatuur is geen garantie voor een 

evenredige verhoging van kwaliteit en snelheid. 

12 
De introductie van nieuwe elementen in bestaande natuurgebieden behoort niet 

tot de taken van een natuurbeheerder. 
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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 *10^ 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 xenobiotics. Therefore the release of these 
chemicals into the environment is restricted by legislation. 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 control of the process. For 
instance, recovery and recirculation of organic solvents can significantly reduce 
the waste streams. However, this will often require expensive process 
modifications and therefore, quite often an end-of-pipe technique is used to 
remove contaminants from the waste streams such as incineration or biological 
treatment. 

Fig. 1 clearly shows that the emission of organic hydrocarbons in The Netherlands 
is mainly to 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, a l though a gradual decrease in the emission 

of organic hydrocarbons to air is observed since 1986. 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 control led by the NER 

(Nederlandse Emissie Richtlijnen; Anonymous, 1992). Depending on the nature of 

the c ompound the NER describes a maximal off-gas concentrat ion above a 

certain quantity of contaminant emit ted. Normally, the maximal a l lowable off-

gas concentrat ion for an emission of more than 3.0 kg/h is 150 m g / m 3 , however, 

for carcinogenic compounds, e.g. benzene, the limit is 5 m g / m 3 when the 

emission exceeds 25 g /h (Anonymous, 1992). 

In order to meet these limits, various techniques for waste-gas treatment are 

appl ied and being deve loped . Either physico-chemical or biological techniques 

are used to treat waste-gas streams. Examples of physico-chemical methods are 

incineration, catalyt ic oxidation, scrubbing or adsorption on act ivated carbon 

(Heck et a/., 1988). Biological techniques make use of the capac i ty of 

microorganisms to degrade the toxic contaminants to less toxic products, often 

resulting in comp le te 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 

Biological waste-water treatment has become an established method to reduce 
the release of contaminants into the environment. Biological 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 concerning the 
emission of volatile organic compounds, there is nowadays a growing interest to 
also apply biological waste-gas treatment 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). 

Bioftlters 

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 generally compost or peat, 
mixed with bark chips or polystyrene particles are used as packing material. The 
addition of wood bark or polystyrene results in a homogeneous structure of the 
packing with a relatively low pressure drop (Ottengraf, 1986; van Langenhove et 
al., 1986). Since the introduction 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 biofilters can be better 
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 



12 Chapter 1 

A) 

Compost 

Water — » -

Waste 

gas 

Humidifier 

Clean 
gas 

r-^-J: 

B) 

Clean 
gas 

Packing 
with 

biomass 

Waste 
gas 

Drain Water 
Nutrients 
Titrants 

C) D) 

Clean 

gas 

Inerl 
pack ii 

Waste _ > 

gas 

'"" 

\ 
Activated 

sludge 
bioreactor 

— 
I 

Water 
Nutrients 
Titre ints 

Dram 

Water ~ f 
Nutrients 

Gas 

Water 

Drain 

Membrane 

Biofilm 

Figure 2: Various reactors for biological waste-gas treatment. (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 
stringent control of the humidity other factors which are difficult to control are the 
pH and the supply of additional (inorganic) nutrients. Although several additives, 
like lime, can be mixed through the packing to buffer the pH, these additives will 
not be sufficient to continuously neutralise the HCl formed due to the 
biodégradation of chlorinated compounds. Several studies have shown that 
nutrient (e.g. nitrogen) limitations can strongly influence the overall performance 
of the biofilter (Don, 1986; Beyreitz et ai, 1989; Weckhuysen et ai, 1993). As a 
homogenous supply of these nutrients to the biofilter is difficult, it is expected that 
the reported elimination rates of more than 100 g carbon per rr\3 packing 
material per hour (Ottengraf ef a/., 1986; Windsperger et ai. 1990; Kirchner et ai, 
1991) can not be maintained during a longer period of time. Nutrients 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 water are 
subsequently degraded in a separate reactor, which is usually a traditional 
activated sludge waste water treatment 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 better control of reactor 
conditions (pH, nutrients) and makes it possible to treat waste gases containing 
compounds like ammonia or chlorinated hydrocarbons. However, a drawback 
compared to 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 transfer has been suggested (Schippert, 1994). 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 
biodégradation will only take 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 (Cesârio 
et ai, 1994). 
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Trickle-bed bioreactor 

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

Although trickle-bed reactors are used in waste water treatment systems, they are 
not yet frequently used for the treatment of waste gases. Biological waste-gas 
treatment using trickle-bed reactors has been successfully demonstrated 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/(nri3 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 for 
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 bioreactor 

In a membrane bioreactor 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-flights. The pores 
of the hydrophobic membrane are filled with air resulting in a low mass transfer 
resistance (Hartmans et a/., 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 surface area, and the ability to control the 
environment of the biofilm by the circulating water phase like in a trickle-bed 
reactor. It has been shown that with this type of reactor, a stable biodégradation 
of propene could be obtained during prolonged operation (Reij et a/., 1995). 
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MICROBIOLOGICAL ASPECTS OF WASTE-GAS TREATMENT 

The first criterion for a successful biodégradation process is of course the 
availability of microorganisms capable of degrading the contaminant. For the 
biodégradation of xenobiotics 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 is the contaminant (substrate) concentration. The off-gas 
concentrations required by legislation, especially for carcinogenic compounds, 
are extremely low and in some cases too low for biodégradation at an 
acceptable rate (Hartmans, 1994). 

Application of biological waste-gas treatment techniques for the removal of 
higher concentrations of organic solvents seems to be promising. However, a 
problem could be the toxicity of the pollutants in the waste gas 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 et a/., 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 tolerate and grow in the presence of these toxic solvents (Inoue & 
Horikoshi, 1989; Cruden et a/., 1992). 

OUTLINE OF THIS THESIS 

In this thesis several aspects of the biodégradation of xenobiotics, especially 
toluene, and the removal of toluene from waste gases with trickle-bed reactors 
are discussed. In waste gases, the concentration of the contaminants generally 
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f luctuate strongly. In Chapter 2 the selection and use of adsorbents to buffer 

these f luctuating concentrations is discussed. The appl icat ion of tr ickle-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 c logging). 

In Chapter 3 two possible methods are addressed with which the formation and 

removal of biomass from these reactors cou ld be control led. In one of the trickle-

bed reactors used for the removal of toluene, a fungal culture deve loped . This 

organism was isolated and a tentative pathway for the b iodégradat ion of 

to luene by this fungus, Cladosporium sphaerospermum, is presented in Chapter 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 appl icat ion of these 

organisms for b iodégradat ion processes. Generally, the toxicity of l ipophilic 

solvents is due to interactions of these solvents with the cel l membrane. 

Consequently the functioning of the membrane as a permeability barrier is 

a f fec ted. These effects of various organic solvents on the functioning of the cell 

membrane, and the adaptat ion mechanisms of microorganisms to comba t these 

effects are reviewed and discussed in Chapter 8. Pseudomonas putida SI2 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 SI2 on supersaturating concentrations of styrene is presented. Aspects 

of the adaptat ion of this strain and other solvent tolerant P. putida strains to al low 

growth in the presence of supersaturating amounts of solvents are described in 

Chapters 7 and 8. Finally, in Chapter 9 the potential of tr ickle-bed reactors a n d 

solvent-tolerant bacteria for b iotechnological applications are discussed. 
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2 
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 bioreactors for waste-gas treatment. Application of an 
adsorbent to minimize such fluctuations could improve the overall process. 
Therefore the buffer capacity of a number of activated carbons and other 
adsorbents was tested. The buffer capacity of the adsorbents depends on the 
desired concentration range of the contaminants entering the bioreactor and on 
the time available for desorption. When fluctuations between 0 and 1000 mg 
toluene per m3 were supplied to a biofilter this resulted in significant 
concentrations 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/m3, which was subsequently completely 
degraded in the biofilter. 

Applied Microbiology and Biotechnology (1995) 49: 365-369 
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INTRODUCTION 

It has been shown that biological waste-gas treatment is possible with high 

efficiencies and degradat ion velocities using biofilters or tr ickle-bed reactors 

(Ottengraf, 1986; Diks & Ottengraf, 1991; Hartmans & Tramper, 1991). However, 

f luctuating 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 economical ly 

favourable situation. Therefore, it would be desirable to buffer the fluctuations in 

the concentrat ion of contaminants in waste gases by means of an adsorbent, so 

that a constant supply of contaminants to the bioreactor can be ach ieved. 

MATERIALS AND METHODS 

Equilibrium isotherm 

The equilibrium isotherm of the amount of toluene adsorbed versus the gas-phase 

concentrat ion was determined by p lacing 10 g of adsorbent in 250-ml flasks. 

These flasks were closed with a Teflon valve. Known amounts of toluene were 

a d d e d to these flasks which were p laced in a shaking water-bath at 30°C. After 

24 hours equilibrium was reached and the toluene concentrat ion in the gas 

phase was determined. 

Desorption profile 

To determine the desorption rate the adsorbent was first l oaded with toluene in a 

1-1 flask closed with a Teflon valve (24 h at 30°C). Enough toluene was a d d e d to 

achieve a gas phase equilibrium concentrat ion of about 5000 m g / m 3 . The 

adsorbent l oaded with toluene was subsequently p laced in a thermostated 

co lumn (15 c m x 28 m m , 30°C). Through this co lumn air was b lown at a f low rate 

of 1.5 l/min (1000 h°), and the toluene concentrat ion in the effluent gas was 

monitored continuously with an on-line gas-analyzer. 

Experimental set-up of biofilter 

The removal efficiency of f luctuating concentrations of toluene was determined 

in a biofilter (40 c m x 98 mm) packed with compost and polystyrene (20% v/v) . Air 

was saturated with toluene by passing it through a bubble co lumn with toluene at 

30°C and was di luted with fresh air to the desired concentrat ion. The total air f low 

was subsequently saturated with water and blown through the biofilter at a flow-

rate of 0.65 m3 /h (210 hr1). When act ivated carbon (450 ml) was mixed through 
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the compost, no polystyrene was a d d e d . For some experiments a separate 

act ivated-carbon co lumn (25 c m x 50 mm) was p laced in series with the biofilter. 

The air was humidified before entering the biofilter after it had passed through the 

act ivated-carbon co lumn. The toluene concentrations in the air entering and 

leaving the act ivated-carbon co lumn and/or the biofilter were analyzed with an 

on-line gas-analyzer. 

Analytical methods 

The toluene concentrat ion in the gas phase was either determined by analyzing 

head-space samples on a gas-chromatograph 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 co lumn (100-120 mesh, 110 c m x 1/8 inch i.d.). 

For the on-line gas analysis a Chrompack CP2001 gas-analyzer with a OV-1 

co lumn (4 m) was used. Carbon dioxide was measured using the on-line gas-

analyzer with a Hayesep A co lumn (25 cm) . 

Materials 

The act ivated carbons were a gift of Norit N.V., Amersfoort, The Netherlands. Silica 

gel was obta ined from Merck, and A l 2 0 3 f rom Aldrich. 

RESULTS 

Equilibrium isotherm 

Different amounts of toluene were a d d e d to ac t ivated carbon in c losed flasks. 

After equilibrium was reached between the toluene which adsorbed to the 

adsorbent and the amount left in the gas phase the toluene concentrat ion 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 toluene adsorbed on the 

act ivated carbon at gas-phase concentrations of 100 m g / m 3 a nd 1000 m g / m 3 

was determined. From these da ta the buffer capaci ty was ca lcu la ted (Table 1). 

The equilibrium isotherm was also used to ca lcu late the concentrat ion of toluene 

in air that was passed through a co lumn of Norit R3 Extra l oaded with 400 m g 

to luene/g at a f low-rate of 1000 rr ' (Fig. 2). 



22 Chapter 2 

100 200 300 400 500 600 

Weight Adsorbed (mg/g) 

Figure 1: Adsorption isotherm of Norit R3 Extra - toluene at 30°C. 
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Figure 2: Theoretical desorption of toluene from Norit R3 Extra by an air-flow of 
1000 h"1 at 30°C. The toluene concentration in the air leaving a column of 
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 desorption profiles in the 
concentration range 100 - 1000 mg toluene per m3 air. The time required for a decrease 
in gas-phase concentration of 1000 to 100 mg/m3 at a flow rate of 1000 t r ' and the 
amount desorbed (starting from an equilibrium gas-phase concentration of 1000 mg/m3) 
in 12 h at this flow rate were determined from the desorption profiles. 

Adsorbent 

Norit RB3 
Norit ROX0.8 
Norit R3 Extra 
Norit R03 
Norit ROW0.8 Supra 
Norit Car 115' 

Silica gel 
Al203 

Water 

Effective buffering capacity 
(mg/g) 

Equilibrium 
isotherm 

70 
110 
120 
80 

115 
225 

24 
<25 

0.0034 

Desorption 
profile 

18 
62 
74 
45 
46 
84 

24 
-

-

Time (d) 

1.0 
3.5 
4.3 
3.0 
2.9 
4.8 

2.6 

Desorbed in 12 
hours 

(mg/g) 

14 
20 
23 
18 
18 
24 

11 
-

-
1 Car 115 is an experimental type of activated carbon. 

Desorption profile 

All the adsorbents were l oaded with toluene and p laced in a co lumn. Through 

this co lumn a constant air f low was blown and the toluene concentrat ion in the 

off-gas was determined. Such a desorption profile is shown in Fig. 3. Using these 

profiles again the buffer capacit ies between 100 and 1000 m g / m 3 were 

ca lcu la ted (Table 1). Also shown in this table is the t ime required to reduce the 

gas-phase concentrat ion leaving the carbon co lumn from 1000 to 100 m g / m 3 

and the amount of toluene which is desorbed in 12 hours. 

Biofilter 

Norit R3 Extra was chosen to study the removal of f luctuating concentrations of 

toluene from waste gases with a biofilter. Three different configurations were 

tested. In the first configuration a biofilter was used without ac t iva ted carbon. In 

the second set-up act ivated carbon was mixed with the compost in the biofilter. 

In the third system a separate act ivated-carbon co lumn in series with the biofilter 

was used. Air containing 900 mg toluene per m 3 was supplied to these three 

reactors for 8 h a day. The biofilter without ac t ivated carbon had a removal 
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Figure 3: Theoretical desorption (—), calculated with the adsorption isotherm 
and assuming equilibrium, and measured (—) desorption of toluene from 
Norit R3 Extra. T: 30°C. Flow-rate: 1000 lv'. 

eff iciency of about 50% (Fig. 4A). A similar removal efficiency was observed for 

the reactor in which act ivated carbon was mixed with the compost (Fig. 4B). 

When a separate co lumn with act ivated carbon was p laced before the biofilter 

the f luctuating toluene concentrations were buffered to a concentrat ion of about 

300 m g / m 3 , which was complete ly deg raded in the biofilter (Fig. 4C). The 

degradat ion velocities observed for the three configurations are shown in Table 2. 

Also shown are the observed degradat ion velocities when toluene was supplied 

continuously to these reactors. 

DISCUSSION 

Biological waste-gas treatment is especially useful to remove low concentrations 

of contaminants from waste gases. Higher concentrations of contaminants can 

be t reated more effectively and cheaper using other systems (as for instance 

incineration) (Dragt, 1992). Therefore a concentrat ion of 1000 m g / m 3 was chosen 

as the maximum concentrat ion which should be a l lowed to enter a reactor for 

biological waste-gas treatment. In practise it is expected that contaminant 

concentrations in waste gases will f luctuate strongly, depending on the source. 

For a reliable system it wou ld therefore be desirable to be ab le to buffer 

temporarily high (toxic) concentrations of contaminants by using an adsorbent 
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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) Biofilter with activated carbon mixed with compost. (C) Biofilter with a 
separate activated carbon filter placed before the biofilter. (—) Toluene 
concentration of inlet air, (—) gas-phase concentration leaving activated-
carbon column, (—) concentration in air leaving the biofilter. The results 
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/m3 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 take months for the toluene to desorb totally again. 
This is shown more clearly when a desorption 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 concentrations 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 available to buffer fluctuations in the 
contaminant concentration. Therefore we have defined the effective buffer 
capacity as the amount which can be adsorbed at equilibrium gas-phase 
concentrations between 100 and 1000 mg/m3. Desorption resulting in equilibrium 
gas-phase concentrations below 100 mg/m3 are not expected in practise as it 
can take more than a week to reach this equilibrium concentration (Fig. 2). These 
effective buffer capacities between 100 and 1000 mg/m3 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 s was apparently too short for 
equilibrium between air and activated carbon to be reached. This results in lower 
toluene concentrations in the gas phase than calculated with the equilibrium 
isotherm. Owing to this effect the effective buffer capacity (between 100 and 
1000 mg/m3) is lower than calculated from the equilibrium isotherm. 

If a flow rate of 1000 h"1 is used it still takes more than 4 days before enough 
toluene is desorbed to reduce the outlet gas-phase concentration from 1000 to 
100 mg/m3 (Table 1). These long 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 tv'. 
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Although the buffer capacity of the tested adsorbents for toluene is particularly 
strongly influenced by the desorption time, they can probably still 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/m3. Norit R3 Extra 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 times. For this reason much longer residence times (several hours) are 
generally used in waste water treatment to buffer shock loads of contaminants 
(Najm ef a/., 1991; Chatzopoulus et al.. 1993). Ottengraf (1986) also concluded 
that water present in a biofilter 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 buffered to a 
stable concentration of about 300 mg/m3, which was completely degraded in 
the biofilter resulting in a specific removal rate of 1240 g-C/(m3 day). 

The degradation rate in the biofilter without activated carbon during the 8 h that 
toluene was supplied to the reactor was about 85 g-C/(m3 h). When toluene was 
supplied continuously, 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 rc'e is assumed to be limited by 
mineralization processes in the biofilter. Release of inorganic nutrients from 
inactive biomass (mineralization) will take place continuously, and this can 
explain the higher degradation rates observed when toluene is supplied 
discontinuously to the biofilter. The mineralization rate is apparently sufficient to 
allow a continuous removal rate of about 40 g-C/(m3 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 degradat ion rate in biofilters is 

l imited by the avai lable amount of nutrients (Don, 1986; Beyreitz et al.. 1989; 

Weckhuysenef a/., 1993). 

In conclusion, w e have demonstrated that appl icat ion of an act ivated-carbon 

filter before t reatment of waste gases with a f luctuating contaminant content can 

result in a better overall performance of a biofilter. As a consequence smaller 

biofilters can sometimes be appl ied for the t reatment 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 treatment of waste gases with a high water content 

the process seems less suitable. 
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3 
Removal of toluene from contaminated air 
with a biological trickle-bed reactor 

Frans J. Weber 
and Sybe Hartmans 

Summary: Generally removal of relatively 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 nutrient limitation a low 
removal rate was observed. However, when a fungal culture was used to 
inoculate the reactor, the toluene removal rate under nutrient-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/(m3 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 NaOH-wash. 

Submitted for publication 
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INTRODUCTION 

Biological t reatment can be an effective and relatively cheap technique for the 

removal of relatively low concentrations (<1 g/m3 ) of contaminants f rom waste 

gases (Dragt, 1992; Ottengraf & Diks, 1992; Groenestijn & Hesselink, 1993). In 

Germany and The Netherlands biofilters have b e c o m e an a c c e p t e d technique, 

especially for the treatment of odorous waste-gas streams (Anonymous, 1989; 

Mildenberger, 1992). In biofilters the waste gas is b lown through a packed bed of 

compost, peat, bark or other organic material, in which the natural microbial flora 

will deg rade the contaminants present in the waste gas. A limitation of biofilters is 

that nutrient levels (e.g. nitrogen) and the pH are difficult to control. 

Humidification of the waste gas and maintaining a constant moisture content of 

the filter c a n also be problematic. Treatment of waste-gas streams containing 

chlorinated hydrocarbons is not possible in biofilters, due to the formation of 

hydrochloric ac id . In a trickle-bed reactor these parameters can easily be 

control led due to the presence of a circulating water phase. Previously, efficient 

removal of d ichloromethane and d imethylacetamide using a tr ickle-bed reactor 

has been demonstrated (Diks & Ottengraf, 1991; Hartmans & Tramper, 1991; 

Waalewijn et a/., 1994). 

Although trickle-bed reactors have certain advantages compared to biofilters, a 

major d isadvantage can be a reduction of reactor per formance due to the 

formation of excessive amounts of biomass. A stable removal of d ichloromethane 

from waste gases over a period of more than 600 days has been reported (Diks & 

Ottengraf, 1991). However, the simultaneous removal of d ichloromethane and 

ace tone resulted in serious c logging of the reactor within 50 days (Diks, 1992). A 

reduce reactor performance due to c logging was also observed with several 

other compounds (Kirchner et ai, 1991; Diks, 1992; van Lith et ai, 1994; Weber & 

Hartmans, 1994). 

Previously, w e have shown that these c logging problems not only occurred due 

to the amount of biomass formed but also because of the poor biofilm formation 

on the packing material. Most of the biomass was present in lumps between the 

packing material (Weber & Hartmans, 1994). As most bacteria and packing 

materials are charged negatively an electrostatic repulsion exists between 

bacteria and between bacteria and the packing which prevents the formation of 

a stable biofilm. A higher ionic strength of the medium results in decreased 

repulsion and thus better biofilm formation (Oliveira, 1992; Rijnaarts et ai, 1993; 

Zita & Hermansson, 1994). Although an increase of the ionic strength of the water 

phase resulted in a better biofilm formation (Weber & Hartmans, 1994), excessive 
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biomass formation still can result in c logging and reduced reactor performance 

and should thus be prevented. 

Especially, the removal efficiency of toluene 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 c logging of the reactor occurred (Weber & 

Hartmans, 1994). The degradat ion of other compounds like butanone and 

buty lacetate was not significantly a f fected 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 mode l contaminant to 

further study and optimize the performance of trickle-bed reactors. In this report 

w e describe two approaches to prevent c logging of the bioreactor. 

MATERIALS AND METHODS 

Reactor 

All experiments were performed in a semi-pilot scale bioreactor, consisting of a 

co lumn with a d iameter of 0.3 m and a height of 1.5 m. The reactor was filled to 

1 m with a random-packing of Pall 50 m m rings (Vereinigte Füllkörper Fabrieken, 

Ramsbach-Baumbach, Germany; Specific surface area: 110 m2 /m3 ) . The gas 

stream was introduced at the bot tom of the reactor, after being heated to 30°C 

by a heat-exchanger. The air f low was control led at a rate of 7 m3 /h (100 m 3 / 

(m2h)) by a swirl-meter (Fischer & Porter, Gött ingen, Germany) and an automat ic 

valve. Air saturated with toluene was a d d e d to this gas stream to give the desired 

inlet concentrat ion. Toluene-saturated air was obtained by bubbling air through a 

thermostated bubble co lumn (10 c m x 50 cm) with toluene, the air f low through 

this co lumn was control led by a mass-flow controller (Brooks Instrument, 

Veenendaal , The Netherlands). The gas-phase pressure drop over the reactor was 

continuously monitored by a differential pressure transducer. 

A mineral salts medium was circulated counter-currently over the reactor at a 

f low rate of 0.5 m 3 /h . The liquid was distributed on top of the packing by means of 

a nozzle (BETE Fog Nozzle, Spraybest, Zwanenburg, The Netherlands) and was 

co l lec ted at the bot tom in a 70-dm3 vessel. The temperature of the liquid in the 

vessel was control led at 30°C and the pH was maintained at 7.0 by the addit ion 

of 0.5 N NaOH. Water was a d d e d to this vessel to compensate for the water lost 

by evaporat ion. 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 biofilter, which has been used to remove toluene, with a 
0.8% NaCI 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 et al., 1989) supplemented with 200 mg 
toluene/liter. 

Medium 

In the trickle-bed reactor tap water supplemented with various inorganic salts was 
used as the mineral salts medium. To a vessel of 70 I were added: 200 g NH4CI, 20 
g (NH4)2S04, 31 g KH2P04, 17 g NaH2P04-H20, 14 g MgCI2-7H20, 2.0 g FeS04, and 
2.0 g CaCI2. 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 NaCI 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 C0 2 concentrations of the inlet and off-gas streams. 
Routinely about 15 measurements were made from each gas flow every day. 
From these measurements average concentrations per day were calculated, 
which are used in the figures shown here. 

For the nutrient limited trickle-bed reactor experiments (Fig. 1, 2 & 3), half the 
amount of inorganic nutrients was added on day 1. One trickle-bed reactor was 
inoculated with a bacterial culture, 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 outlet 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 
NaOH-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 HCl. 
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Analytical methods 

Biomass concentrations were determined by weighing dried (24 h, 105°C) 10-ml 

samples of the liquid phase. The dry-weights were corrected for the salts present 

in the med ium. 

Toluene, 1,2-dichloroethane and C 0 2 were analyzed with a CP 2001 gas-analyzer 

(Chrompack, Middelburg, The Netherlands) equ ipped with an OV-1 co lumn (4 m) 

and a Hayesep A co lumn (25 cm) . 

RESULTS 

Nutrient limitation. 

A major d isadvantage, limiting the use of trickle-bed reactors for biological waste-

gas treatment, c an be c logging caused by the formation of excessive amounts 

of biomass. This excessive biomass formation should be prevented and it is 

expected that this can be control led by limiting the amount of inorganic nutrients 

avai lable for growth. 

To test this w e operated a 70-1 trickle-bed reactor with a high loading rate of 

to luene (71 g / (m 3 h)) for 145 days with a single dose of inorganic nutrients 

containing 100 g NH4CI. This amount of nitrogen is expected to be sufficient to 

form a biofilm of 400 urn on the packing, assuming a biomass nitrogen-content of 

9% (w/w) (CH l8O05N016S00045P00055) (Roels, 1983) and a biofilm density of 100 kg 

dry-weight/m3 . 
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Figure 1: Toluene degradation rate (—) and C 0 2 formation rate (—) in a 
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 a d d e d to the reactor. Initially about 45% of the toluene 

present in the inlet gas-flow was deg raded . After a number of weeks the 

degradat ion efficiency decreased to a stable level of about 20% (13 g -C/ (m 3 h)). 

When addit ional nutrients were supplied on day 145, the degradat ion efficiency 

almost immediately increased to more than 75%, clearly illustrating that the 

biomass was nutrient l imited. 

Also shown in Fig. 1 is the C 0 2 formation rate (on carbon basis). The difference in 

C-removal and C 0 2 formation indicates that, during the whole period, a 

significant part of the degraded toluene is not converted into C 0 2 . 

Effect of inoculum 

The da ta shown in Fig. 1 are for a reactor that was inoculated with an enrichment 

culture from river water grown on toluene. This culture mainly conta ined bacteria. 

A second reactor was operated under the same conditions, but this t ime 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/ (m3 h)) was 

observed in the trickle-bed reactor with the fungal culture. During the 375 days 

that the reactor was operated addit ional nutrients were a d d e d only 4 times. The 

average removal rate during these 375 days was 27 g -C/(m 3 h). During this period 

there was no significant change in the pressure drop over the reactor (<100 

Pa/m). 

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 degradat ion velocities are p lot ted against the toluene load 

for both reactors as determined on day 23. 

The observed differences between the degradat ion rates cou ld be caused by 

differences in the packing of the biofilm in both reactors resulting in differences in 

the specific surface area avai lable for exchange of toluene between the gas 

and liquid phase. To test the mass-transfer characteristics of the two reactors w e 

used 1,2-dichloroethane to determine the transfer rate of this compound in both 

reactors. Dichloroethane was chosen as it is not deg raded 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 determined how much dichloroethane was 

transferred to the water phase. At a gas-phase concentrat ion of 950 m g / m 3 a nd 

a f low rate of 7 m3 /h, 60% of the dichloroethane was transferred to the water 

phase in a reactor without a biofilm. In the reactor with the bacterial and fungal 

cultures this was 64% and 66% respectively. 
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Figure 2: Toluene degradation rate (—) in a trickle-bed reactor inoculated 
with a fungal culture and an organic load of 64 g-C/(m3 h). (—) C 0 2 

formation rate. Additional nutrients were only supplied on days 145, 177, 275 
and 316(A). 

u 
I 
01 

o 
o 
> 
c 
o 
ro 

"O 
(C 

b> 
<D 
Q 20 40 60 80 

Organic load (g-C/(m3 h)) 

Figure 3: Observed toluene removal rates at various organic loads in a trickle-
bed reactor inoculated with a bacterial culture (D) or a fungal culture (O). 
Dotted line corresponds to 100% removal. 
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Sodium hydroxide wash 

By limiting the amount of nutrients avai lable for growth, it was possible to prevent 

c logging of the trickle-bed reactor, but the removal rate decreased due to the 

nutrient l imitation. 

We have also operated the trickle-bed reactor with regular additions of mineral 

salts medium, containing 200 g NH4CI (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 f luctuates between 15 and 45 g -C/(m 3 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 C 0 2 production rate (—) in 
two trickle-bed reactors. The circulation medium of both reactors is refreshed 
every 14 days (•), 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/(m3 h). 
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observed. This is probably due to the increase in the biomass content of the 

reactor resulting in c logging and a less efficient mass-transfer. As a result of the 

increase in biomass in the reactor the pressure drop over the reactor f luctuated. 

Pressure drops as high as 1000 Pa/m were observed a number of times during a 

few days. Usually the pressure drop was between 100 and 200 Pa/m. 

Another method to prevent c logging of the reactor can be the regular removal 

of biomass. Under normal conditions most of the biomass formed in the reactor 

remains there. Only a small percentage is removed from the packing by the 

liquid f lowing through the packing material. We have tried to remove more 

biomass by introducing a sodium hydroxide wash. Every two weeks NaOH (end-

concentrat ion 0.1 M) was a d d e d to the circulation medium in the reactor. As a 

result excessive foaming was observed, indicating the release of protein due to 

the lysis of biomass. After 3 hours the medium was discharged and fresh medium 

was a d d e d to the reactor. The observed removal rates in the reactor operated in 

this manner is shown in Fig. 4B. After the NaOH-wash, the toluene removal rate 

was fully restored within one day (Fig. 5). 

During the last 50 days, the average organic load of both trickle-bed reactors was 

65 g -C/(m 3 h). In the reactor which was t reated with the NaOH-wash toluene was 

removed at an average rate of 36 g-C/(m3 h). In the reactor without the NaOH-

wash this was 24 g-C/(m3 h). The amount of biomass which was removed by the 

NaOH-wash was estimated by dry-weight determinations. An average of 3.3 g/ l 

(1.5 - 5.3) biomass was removed, corresponding to 230 g dry-weight of biomass. 

u 
i 

Figure 5: Toluene removal rate before and after an NaOH-wash (\P) of 3 
hours. 


