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Propositions

In the biological waste gas purification, larger removal efficiencies can be
obtained by using a solvent as intermediate phase if the gaseous contaminant
dissolves better in the solvent than in the water and if the system features large
gas/solvent and solvent/water interfacial areas and transfer coefficients.

This dissertation, chapter 7,

In biological waste-gas-treatment systems using an intermediate solvent, the mass
transfer between gas and water is given by the product of the gas/water driving
force and an overall gas/water mass transfer coefficient, which is a function of
exchange areas, mass transfer coefficients and partition coefficients between the
three different phases.

This dissertation, chapter 5.

The enhancement of the overall volumetric oxygen transfer coefficient upon
addition of dodecene in the aqueous medium found by Rols et al. is
overestimated, since it is calculated based on the aqueous phase volume rather
than the total reactor volume, the latter being a constant,

Rols, J.L., Condoret, J.S., Fonade C., Goma, G. (1990). Mechanism of
enhanced oxygen transfer in fermentation using emulsified oxygen-vectors.
Biotechnol. Bioeng. 35: 427-435.

The relatively large number of scientific results in the field of biological waste-
gas treatment that is published in the German language does not contribute to a
widespread knowledge on the subject.

Doubting is a step in the process of learning.

Living in direct contact with nature helps man understand common occurrences

inherent to life.
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L1.

The popularity of the Dutch people abroad is shown by the many expressions in
English including the word "Dutch, like: to go Dutch, to beat the Dutch, double
Dutch, etc.

Love for others and self-love are indistinguishable.

The increasing substitution of human labour by machines will hopefully on the

long term give man more time to get to know himself as well as his closest.
The most appreciated Dutch meal is an Indonesian rice table.
The best way to improve the quality of the environment is not by looking for

high-tech cleaning solutions but by choosing increasingly more self-sustainable

practices.

Propositions belonging to the thesis " Water-immiscible solvents for the biological

treatment of waste gases” of Maria Teresa Cesdrio.

Wageningen, 11% June 1997
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Short introduction

In the biological treatment of waste gases, the contaminants are first
transferred from the gas to the water phase and, subsequently, converted by
micro-organisms. If the compound to be removed is poorly water-soluble, the
elimination efficiency is often limited by the mass transfer rate between the
gas and the water. A way to reduce this transport limitation is by contacting
the gas directly with an intermediate water-immiscible solvent in which these
pollutants are better soluble.

The aim of the study described in this thesis was to gain insight about the
potential of an intermediate solvent to enhance the mass-transfer rate of
hydrophobic compounds from the gas to the water phase.

The first chapter gives an overview of the recent developments found in
literature concerning new bioreactor types for a better removal of poorly
water-soluble pollutants from waste gases. In this chapter both new systems
or slightly modified versions of existing biotechniques are described and
discussed with emphasis on mass transfer considerations rather than microbial
aspects.

Chapter 2 is an introductory theoretical study which aimed at
understanding at which conditions the use of an intermediate solvent in the
waste gas treatment is advantageous compared to systems without solvent. In




this study, three solvent-containing systems were compared to bioreactor
configurations featuring direct gas/water transfer.

Based on the analysis carried out in chapter 2, a bioreactor configuration
was chosen to study the influence of the amount of solvent and of the
partition coefficients gas/water and gas/solvent on the mass-transfer rate
enhancement. This was carried out in a stirred-tank reactor by sparging gas
containing the model contaminant through a solvent-in-water dispersion. The
results are given in chapter 3. The effect of the solvent on the gas-to-water
transfer was tested in an empirical manner during steady-state experiments
in the presence of micro-organisms. This was done by measuring the change
of the outlet gaseous concentration or of the linear cell growth rate at
increasing solvent hold-ups.

A new technique was developed for the measurement of the gas/water
mass transfer in the presence of solvent and in the absence of cells. Removal
of the pollutant was achieved not by biological conversion but by passing a
continuous flow of compound-free water or gas through the reactor. This
way the effect of the cells or their products on the mass transfer coefficient
gas/water was avoided. This technique is described in chapter 4.

To predict theoretically at which solvent hold-ups and for which gaseous
compounds a relevant intensification of the gas/water mass-transfer
enhancement can be expected, a steady-state mathematical model was set-up.
This model was validated by carrying out cxperiments in a particular system
configuration. This was done with two model compounds with different
solubilities in water, and at different solvent volume fractions. The mass
transfer between gas and water was measured in the absence of microbial
conversion by using the technique described in the previous chapter. The
model set-up and validation are described in chapter 5.

In chapter 6 the influence of the cells on the enhancement of the overall
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gas/water mass-transfer coefficient upon solvent addition is addressed.
Aiming at this steady-state experiments in the presence and absence of cells
were carried out and the enhancement of the overall gas/water mass transfer
coefficient at different solvent hold-ups compared.

Stirred-tank reactors were chosen initially as a model system to study the
influence of the solvent amount and of the partition coefficients gas/water and
gas/solvent on the mass transfer enhancement. These reactors are however
not appropriate for waste gas treatment due to hydrodynamic constraints at
large gas flows and to a poor fractional removal of the compound caused by
an ideally mixing of the gas and the liquid. Larger elimination efficiencies
are best achieved in a bioreactor where both the gas and the liquid move in
counter-current and plug flow. Chapter 7 describes the use of a two-
compartment system featuring transfer of the pollutant from the gas to the
solvent in a packed absorber and a stirred-tank reactor for solvent/water
transfer and subsequent biological degradation. The solvent is recycled
between the absorber and the stirred-tank. The performance of this system
was compared with the performance of an identical system without solvent,
i.e, with the aqueous phase circulating between the absorber and bioreactor.



Chapter 1

Biological treatment of off-gases containing
hydrophobic pollutants

Summary

Conventional biological techniques are not effective in the treatment of off-
gases containing poorly water-soluble pollutants. This is particularly valid at
concentrations above 0.5 g/m®. To alleviate this problem, the intermediate
water layer between the gas and the microorganims must be reduced or the
specific gas/water exchange area augmented.

This paper gives an overview of recent developments in the biological
treatment of waste gases containing hydrophobic pollutants. These new
systems either consist of improved versions of existing biotechniques or of
bioreactor configurations that are entirely new in the field of biological
waste-gas treatment. Examples of the first group are the bioreactors to which
activated carbon or water-immiscible solvents are added, the biofilter with
fungi and the combination of a photoreactor with a biofilter, while the mist-
foam and the membrane bioreactors belong to the second category. All the
systems are described and discussed with emphasis on mass transfer rather
than on microbiological aspects.

This chapter has been submitted for publication by the authors M.T. Cesdrio, J. Tramper
and H.H. Beeftink
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Introduction

As a result of man’s growing consciousness on environmental issues, a
greater demand for the quality of his surroundings is observed. This reality
has stimulated the formulation of severe regulations on the maximally
allowable concentrations of chemicals discharged to the atmosphere®*,
Concerning air pollution control, a strict reduction in the emission of toxic,
carcinogenic or odourous compounds is required.

To reduce the discharge of chemicals to the atmosphere, either the
treatment of the off-gases produced at the facility, or the implementation of
new technologies that decrease the total amount of waste produced are
possible. The latter is preferable since it eliminates the need for emission-
control equipment. However, this option is sometimes expensive or not
feasible and the application of exhaust-gas treatment techniques is often a
solution.

Various physico-chemical or biological techniques are available to treat
waste gases containing volatile organic compounds (VOCs), particulate
matter, or inorganic compounds such as HClI, NH;, HF, NO, and SO,.
Physico-chemical methods include thermal and catalytic incineration,
filtration, carbon adsorption, liquid absorption, condensation and electrostatic
precipitation. Biological techniques are applicable if the compound to be
removed is biodegradable, i.e. when aerobic microorganisms can use this
compound as the carbon/energy source’.

The choice between one of these methods is often determined by the
nature of the contaminant (Table 1), its concentration in the waste-gas
stream, the desired removal efficiency, and the gas flow rate. Physico-
chemical methods are generally applied for the treatment of waste gases
containing pollutant concentrations higher than 1-5 g/m®, while for lower
pollutant concentrations, the most economical alternatives are adsorption on
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activated carbon and biological oxidation**'. Physical methods present the
advantage of allowing recovery of the compound, while during chemical or
biological oxidation, consumption of the contaminant occurs. Recovery
methods are generally applicable for waste gases containing one or a limited
number of compounds, while more complex mixtures are most economically
incinerated. Good reviews on physical and physico-chemical treatment
techniques are found in literature as Mclnnes et al. (1990)*® and Ottengraf
(1986)*.

Table 1. Off-gas treatment techniques (adapted from Mclnnes er al. 1990)

organic inorganic  particulate NO, and
compounds compounds  matter S0,

Incineration X

Adsorption X

Absorption X

Condensation X

Filtration

Electrostatic

Wet scrubbing X

Chemical reduction

Biological degradation x x

Biological treatment techniques

Biological gas-treatment processes have been introduced in the twenties for
the removal of odourous compounds (H,S) from waste gases produced in
waste-water treatment plants®. This was done in simple beds of soil through
which the air was blown. Adsorption of the contaminant and subsequent




8 Chapter 1

degradation by the soil microflora took place in the biobed. Nowadays, the
use of biological methods has been extended to the treatment of air
contaminated with a broader range of compounds and more sophisticated
microbiology and bicreactor technology is applied. Considerable progress has
been made in the field of degradation of xenobiotics (recalcitrant compounds
with unnatural chemical structures), specially of chlorinated compounds.
Biological processes have also been proposed for the oxidation of some
volatile inorganic compounds like nitrogen oxide from stack gases, hydrogen
sulphide from fuel gases and NH; from animal breeding plants.

For the biological removal of pollutants from waste gases several types of
bioreactors have been used. Excellent reviews with detailed descriptions of
each biological technique and its practical applications are found in
literature’®>#!, Andrews and Noah (1995) present the model equations for
the design of different types of bioreactors for waste gas treatment: the
biofilter, the trickle-bed bioreactor, the bubble column and the tricke-
bed/biofilm reactor. According to these authors, the optimum operating point
should be close to the on-set of the mass transfer limitation. Below this point,
i.e. in the biological-conversion-rate limited regime, the size of the reactor
can be reduced by increasing the amount of biomass in the system, while
above this point, i.c. in the mass-transfer-rate limited regime, clogging of the
bioreactor might happen due to excess of non-viable biomass .

In the present paper, an overview of the conventional biological treatment
techniques is given and their drawbacks in the treatment of poorly water-
soluble pollutants discussed briefly. New reactor configurations and
adjustments brought on some of the conventional systems to improve the rate
of transport of these compounds between the gas and the microorganisms are
presented and examined.




Biological treatment of off-gases containing hydrophobic pollutants 9

* clean gas

fresh water
—

_—._P
humidifier ﬁ
——i-

0y

waste gas

Figure 1. Biofilter
Biofilter

The oldest and simplest type of gas-treatment bioreactors is the biofilter. A
biofilter consists of a packed bed of support particles through which the gas
is blown (Fig. 1). The microorganisms grow on the packing material and
degrade the contaminants in the waste-gas. The packing material is a very
important process variable in view of the pressure drop over the reactor and
of the specific surface area for mass transfer. The most widely used packing
materials consist of a mixture of an active fraction like compost or peat and
an inert or partially active fraction as polystyrene, lava particles or wood
bark., The compost and peat provide a great amount of microorganisms as
well as some nutrients for their growth. The coarse fraction contributes to a
more loose structure of the packed-bed, preventing therefore high pressure
drops in the filter. The specific gas/biofilm surface area in the biofilter’
ranges from 300 to 1000 m?/m®. Another important process variable is the
humidity in the packing as it very strongly affects biological activity.
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Usually, the gas is pre-saturated with water. However, due to an increase of
temperature caused by microbial activity, evaporation of water from the
packed-bed takes place. For this reason, additional water is sprayed
intermittently over the packing material. For optimal operation, the water
content in the biofilter should be 40-70% (weight basis)*2. Besides humidity,
the supply of additional inorganic nutrients and the pH are difficult to
control. Prior addition of Ca(OH), to the packing or periodical washing and
drainage can be used to control the pH. This is necessary due to the
accumulation of acids like HCl during the degradation of chlorinated
compounds. Nutrient limitation can also influence the overall performance of
the biofilter. High removal efficiencies can not be maintained since the
inorganic nutrients in the compost become exhausted.

10 1 bubble column

[~
o acked column
10 4 apray column, Scrubber
scrubber

Y trickiing fier
10 1 {fine)

trickling filter
{coarse)

contaminant concentration (g )

bicfiltar

.2
10 T T T T
10° 10° 1g" 10

partition coefficient (mgw)

Figure 2. Application range of the conventional biotechniques (adapted from
Kok 1992).% The shaded section indicates the range for which expansion of
the application area of the biological techniques is needed.
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Due to the difficult control of humidity and pH and the limited amount of
inorganic nutrients in the packing, the biofilter is specially effective for the
treatment of waste gases with a relatively low concentration of pollutants.
Concentrations of target compounds are usually in the hundreds® of mg/m’
(Fig. 2) and the maximum elimination capacity of a conventional compost
filter®' is in the range 1x103- §x 102 g carbon/(m’reactor.s).

The relatively large exchange area gas/biofilm and the absence of a
continuous flow of water through the packing makes the biofilter an attractive
bioreactor for the removal of poorly water-soluble pollutants.

Trickling filter

Trickling filters, also called trickle-bed reactors, have been applied for
decades in the waste-water treatment. Only recent application of these
bioreactors has been proposed for waste-gas purification''®?*2* The trickling
filter consists of a column filled with synthetic packing material on which a
biofilm develops (Fig. 3).

clean gas f
AN

fresh water

drain

Figure 3. Trickling filter
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Water containing the nutrients necessary for microbial growth is continuously
sprayed on the top of the packing and recirculated. This water trickles down
in a thin film and wets the biofilm. The gas can flow either co- or counter-
currently with respect to the water flow. In this type of bioreactor, the pH
can be easily controlled and nutrients can be supplied. The trickle-bed reactor
has therefore been successfully applied in the removal of chlorinated
compounds as dichloromethane which produces HCI during degradation’®-®
and N,N-dimethylacetamide (DMAc) producing ammonia as by-product®,

In this type of biorcactor, excessive biomass formation may be a problem.
For high organic loads and depending on the nature of the compound to be
removed®, a decrease of the elimination efficiency over a long period can be
observed due to clogging®*?>*’, In order to prevent this, Weber and co-
authors* studied the application of regular NaOH-washes to remove excess
biomass. This way the amount of biomass which was formed, equalled the
amount removed by the NaOH-wash and high contaminant removal rates
were obtained for a long period of time. Another approach to prevent
clogging consists in limiting the amount of inorganic nutrients. Using a
trickle-bed reactor with a bacterial culture, Weber ef al. (1994)*, controlled
the amount of biomass formed during degradation of toluene by limiting the
amount of nitrogen in the bioreactor. As a consequence a lower degradative
activity was observed. When instead of bacteria a fungal culture was used,
higher degradation rates were found, which were less influenced by the
nitrogen limitation. Over a period of 250 days with an average toluene
loading rate of 0.021 g toluene/(m’.s), a removal rate of 0.01 g
toluene/(m>.s) was obtained which is higher than in other reactor systems. A
biofilter removes in average circa 0.0055 g/(m’.s) of aromatics®!.

Trickling filters have a lower specific surface area (100-300 m*/m®) than
the biofilters®. For this reason and because of a thin water film covering the
biofilm, this bioreactor is less effective in the removal of poorly water-



Biological treatment of off-gases containing hydrophobic pollutants 13

soluble pollutants compared to biofilters (Fig. 2). However, because
absorption and degradation occur in the same compartment, the mass transfer
is enhanced due to an immediate consumption of the compound being
transferred. This results in a better removal of poorly water-soluble
compounds in relation to bioscrubbers (see below).

Bioscrubber

A bioscrubber consists of two compartments: a compartment where mass
transfer between the gas and the liquid takes place (scrubber) and a
compartment for regeneration of the liquid, usually a stirred-tank reactor
(Fig. 4).

clean gas? @

AN

Vet aate ﬁ

—@— fresh water

._...

waste gas <~

Figure 4. Bioscrubber

The scrubber compartment may be a packed bed similar to a trickling filter,
but other designs have been proposed such as a spray column where the
liquid is sprayed in very fine droplets. In the regeneration tank, the
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contaminant is oxidized by microorganisms suspended in the water phase.
The microbial suspension is continuously recirculated over the two units.
Because reaction takes place in a separate unit, a better control of the
reaction conditions (T, pH, ionic strength) and addition of a carbon/energy
source for denitrifying or co-metabolic processes'® is possible. Moreover, this
system also allows an extra supply of oxygen to meet the requirements in the
regeneration tank. For these reasons, bioscrubbers can be used for higher
pollutant concentrations (inlet concentration> 0.5 g/m’air}) compared to
trickling filters or biofilters™ (Fig. 2). The biomass concentration in the tank
should not exceed 5-8 g/l (dry weight) to prevent the risk of obstruction in
the scrubber™ and therefore, withdrawal of surplus biomass may be
necessary.

A drawback of the bioscrubber compared to the biofilters is a lower
specific gas/liquid surface area (= 100-300 m*/m’). Therefore, this system
is specially applicable for the removal of well water-soluble contaminants,
i.e. with a partition coefficient (m,,) < 0.01, where m,,, is the ratio between
the concentrations in the gas phase (g/m®) and in the aqueous phase (g/m®)
at equilibrium. For moderately water-soluble compounds, 0.01 < m,,, < 0.1,
high spray columns and large water flows are needed®.

Bubble column

Another type of gas/liquid contacting device for the treatment of waste gases
is the bubble column. In this device, the gas moves in plug flow and 1s
dispersed in the liquid phase which can be considered ideally mixed (Fig. 5).
Since the liquid is well mixed, the fractional removal in a bubble column is
lower compared to the packed or spray column, where both gas and liquid
are in plug flow. Moreover, the specific exchange area gas/liquid of the
bubble column (g= 100 m?*/m®) is generally lower than the one of the packed
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column (a= 100-300 m*m®). For these reasons, the bubble column is less
suitable for the elimination of relatively dilute and hydrophobic components
since larger reactor volumes are necessary. When more concentrated and
very well water-soluble compounds are to be removed (Fig. 2), the complete
mixing of the liquid in the bubble column is, however, an advantage
compared to the aforementioned bioreactors where humidity control
(biofilter), clogging of the packed bed (trickling-filter) or obstruction in the
scrubber (bioscrubber) may become a problem. Mixing of the liquid is also
advantageous particularly with compounds which may be inhibitory at their
equilibrium concentrations (e.g. compounds like H,S, SO, and NH; that
dissociate upon contact with water).

clean gas ?

fresh water

~-—— waste gas

Figure 5. Bubble column

Short evaluation of the conventional techniques

Of all the biological conventional techniques, the biofilter is the most
effective for the removal of poorly water-soluble contaminants due to its
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large specific area for mass transfer gas/biofilm and the absence of a
continuous flow of water. This type of bioreactor is, however, not applicable
for the removal of chlorinated hydrocarbons due to acidification of the
biobed, and for the treatment of gases with high pollutant concentrations
because humidification of the packing and availability of inorganic nutrients
may become a problem. Fig. 2 shows that an efficient technique for the
removal of hydrophobic pollutants (m,,, > 0.1) at concentrations above 0.5
g/m? is not available. In order to accomplish large gas/water (or gas/biofilm)
mass transfer rates, bioreactors with low water contents or featuring large
gas/water (or gas/biofilm) exchange areas are required. In the following, new
bioreactor configurations are described which aim at an efficient removal of
these compounds without the limitations of a biofilter. Some of the
bioreactors described feature a discrete liquid phase which enable control of
the reaction conditions (pH, nutrient concentration) allowing therefore the
treatment of large organic loads.

Bioreactors for the removal of hydrophobic gaseous pollutants
New bioreactor configurations aiming at an efficient removal of hydrophobic
compounds at concentrations larger than 0.5 g/m® are described and the
operating conditions and experimental results found for each equipment
summarized in Table 2,

Bioreactors with activated carbon

Dry-biobed bioreactor

An improved removal of ethene (m,* “= 7.6) was accomplished in a
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trickling-filter packed with granular, activated-carbon by reducing the wetting
of the biobed'""'*. This packing material was inoculated with a pure culture
of Mycobacterium parafortuitum E3 and addition of inorganic nutrients was
accomplished by occasional sprinkling of the biobed. When pre-
humidification of the gas entering the biobed was omitted and thus the
wetting of the biobed was reduced, the ethene removal efficiency increased
from circa 42 % to about 89.4% (Table 2). This doubling of the removal
efficiency was explained as a decrease of the mass transfer resistance in the
stationary water layer covering the biofilm. Under decreased wetting, the
biological activity is supported by thc water retained in the inner pore
structure of the granules of activated carbon.

At low water contents ( <40 %- 45 %), the ethene removal was not
limited by the transfer rate through the water layer but rather by the
degradation capacity of the biofilm. This was found when by increasing the
ethene inlet concentration from 127 mg/m® to 816 mg/m?, upon which the
removal rate increased only by a factor 1.3, Optimization of the system
should therefore focus on a constant control of the moisture in the dry-
biobed.

Bioscrubber with activated carbon

The use of activated carbon in a bioscrubber has been proposed by Kok
(1992)*. The author expected to improve the mass-transfer rate of
hydrophobic compounds and to buffer fluctuations in the supply of
contaminants by adding activated carbon to the system. The microorganisms
would be attached to the suspended particles of activated carbon. Large
elimination efficiencies of contaminants with a partition coefficient

m,,,> 0.01 at concentrations in the range 0.5- 5 g/m* were foreseen.

The use of activated carbon in order to buffer fluctuating concentrations in



18 Chapter 1

the waste-gas stream and achieve a constant contaminant supply has also been
studied by Weber et al (1995)* in biofilters. These authors observed that
mixing the activated carbon with compost in the biofilter did not result in a
better buffering while placing a filter of activated carbon upstream the
biofilter resulted in a better overall performance of the system. This
difference is due to the presence of water in the biofilter. The water in the
biofilter diminished the buffer capacity of the activated carbon since the
contaminant has first to diffuse through a water film to reach the activated
carbon surface.

Therefore, based on the results obtained by Weber ef al. (1995)* we do not
expect an enhancement of the removal rate of hydrophobic compounds in the
system proposed by Kok (1992)* due to the water film covering the activated
carbon particles in the bioscrubber. Until now, we have not found results on
the performance of this system in the literature.,

Biofilter with fungi

The use of fungi in biofilters is very interesting for the removal of
hydrophobic pollutants since these microorganisms are tolerant for low water
activities. The mass transfer rate of these compounds can therefore be
improved due to a reduced water layer around the biofilm.

1% used biofilters inoculated with fungi on perlite and

Cox and co-workers
polyuretane foam. A complete removal of styrene (m,= 0.13) at
concentrations in the inlet gas up to 800 mg/m’ were observed when using
growing fungi (Table 2). This corresponds to an elimination capacity of circa
0.02 g/(m®.s) which is very high compared to the elimination obtained in a
conventional compost biofilter (0.0055 g/m®.s of aromatics®!). A constant and
high microbial activity was observed at 85% humidity in the influent gas and

incidental humidification of the bed.
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Besides a high tolerance to low water activities, the aerial hyphae of fungi
form a very high surface area that is in direct contact with the polluted air
flowing through the filter. The pollutants are therefore in direct contact with
the microorganism without an intermediate aqueous phase. This is specially
advantageous for the elimination of hydrophobic contaminants. Majcherczyk
et al. (1990)”" proposed the use of a biofilter with white-rot fungi growing
on straw to remove a wide range of hydrophobic and hydrophilic pellutants.
The white-rot fungi grow as aerial hyphae and when growing on straw,
secrete oxidative enzymes that degrade a broad range of aromatics®’. Due to
the very large biologically active surface and the broad substrate specificity,
the biofilter inoculated with this type of fungus can be used to treat polluted
air containing a variety of contaminants. A removal efficiency of 95-100 %
(Table 2) from a gas stream containing compounds as styrene (inlet gas
concentration = 1.2 g/m®), lignosulphonate vapour, H,S and ammonia was
observed, when the biofilter was operated for a few days.

Mist-foam bioreactor

Thalasso er al. (1991)* developed the mist-foam bioreactor, a new type of
bioreactor where the polluted gas is mixed with the nutrient aqueous solution
in an atomising nozzle generating a very fine mist. This mist passes
subsequently through a filter bed consisting of synthetic foam (polyuretane)
where the microorganisms are attached. In the mist-foam bioreactor the small
size of the water droplets produced during atomization generates extremely
large gas/liquid exchange areas estimated as 6 X 10 - 2% 10° m*/m®. For this
reason the droplets become saturated with the gaseous compound immediatly
after atomization of the liquid. The mist-foam bioreactor permits a precise
and independent control of the gas and liquid flows and a good versatility
because of a wide variety of carrier foams and injector types.
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A good distribution of the micro-droplets over the filter-bed, a complete
substrate degradation and a stable operation of the bioreactor was observed.
Although the reactor was not tested for its capacity to remove hydrophobic
pollutants, we expect a good performance of this system due to the large
gas/water exchange areas.

Combined photochemical and biological treatment

A partial photochemical oxidation of hydrophobic pollutants as a pretreatment
step for biological purification, can improve the solubility in water as well
as the biodegradability of these compounds resulting in better volumetric
elimination efficiencies'. This combined method was tested with styrene. Gas
containing styrene was passed through a photoreactor using UV-radiation.
This resulted in its partial degradation and the generation of oxidation
products like benzaldehyde and 1-phenylethanol among others. These
compounds are better soluble in water (partition coefficients, m,,, circa 100
times lower) and better biodegradable. When feeding gas containing 500
mg/m* of styrene to a photoreactor and a biofilter in series, a complete
removal of styrene and other organic compounds produced in the first step
was observed. The authors are planning to test this combined system with
other compounds in the future.

Membrane bioreactors

The mass-transfer resistance of hydrophobic pollutants from the gas to the
biofilm is strongly reduced when the intermediate water boundary layer is
almost completely absent. This was observed with a dry biobed of granular

11,12

activated carbon''? and with a biofilter with fungi®'®*. Another way to

achieve this is by using a membrane biocreactor. This type of bioreactors is
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advantageous for the removal of hydrophobic compounds when the mass-
transfer resistance of the membrane is negligible or very low.

membrane biofilm

organic
pollutant

minerals

waste gas mingral medium

Figure 6. Schematic view of a membrane bioreactor

In this type of bioreactor a membrane separates the gas and the biofilm
formed on the other side (Fig. 6). The waste gas flows along one side and
the contaminants diffuse through the membrane to the wet biofilm on the
other side. The microorganisms are supplied with organic carbon and oxygen
from the gas and with minerals from the liquid phase. Since the gas and the
biophase are separated (in two compartments) it is possible to control the
reaction conditions via the circulating water as in the trickling filter or
bioscrubber.

Different types of membranes have been proposed for the removal of
poorly water-soluble compounds, namely dense silicone membranes'*-* and
porous hydrophobic membranes.>!72%3433:3% Dense membranes have a higher
mass-transfer resistance than microporous hydrophobic membranes because
the contaminants have to dissolve in the membrane material and diffuse
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through it, whereas in the porous membranes diffusion is through the air-
filled pores of the membrane. The overall gas/water-mass transfer coefficient
through the membrane is a function of its thickness, of the gas/water partition
coefficient (m,,) and of the gas and liquid flows™. Reij er al. (1997)*
estimated the mass-transfer coefficient of hydrophobic microporous
membranes and dense silicone membranes with a thickness of 100 um and
similar operating conditions. The overall mass-transfer coefficient is larger
in the case of microporous membranes than with silicone membranes for

well, moderately and poorly water-soluble compounds.
Hydrophobic microporous membranes

Hartmans et al. (1992)"7 tested different kinds of hydrophobic membrane
materials and selected a polypropylene membranc as no biomass could grow
through it and high mass-transfer rates could be obtained. A flat-sheet
polypropylene membrane bioreactor was tested for its efficiency to eliminate
propene (m,,’* "= 10) from synthetic waste gas’®. From measurements in the
absence of microbial activity it was concluded that for the removal of
propene, the mass-transfer resistance was totally in the liquid phase, the
membrane resistance being negligible.

This membrane bioreactor operated steadily for 20 days at a propene inlet
concentration of 3.9 g/m’. The propene flux into the biofilm was 4.2 x10?

g/(m’membrane. s). The flux through the membrane is given by:

C
= g«- 1
Fk,A(m C) 0y

'

with F, the flux through the membrane (g/s); k,, the overall mass transfer
coefficient based on liquid phase concentrations (m/s); A, the membrane
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surface area (m?); C, and C,, the concentration in the gas and liquid phases,
respectively, (g/m’) and m,,, the partition coefficient between the gas and the
walter, ((g/m’gas)/(g/m’water)).

Flux and volumetric removal rate are related through the specific area of
the membrane (m*/m®), which is for the flat-sheet membrane 250 (m*/m°).

Based on these results a hollow-fibre module containing microporous
membrane material was evaluated as bioreactor for waste-gas treatment,
The propene flux (g/m’membrane. s) in the hollow-fibre was similar to the
flat-sheet membrane, however, since the hollow-fibre modules have a larger
interface area gas/water (= 637 m?/m®), higher volumetric removal rates
were found. The experimental results obtained with the flat-sheet and the
hollow-fibre membranes are given in Table 2. The hollow-fibre membrane
was tested with different gas flow rates. Larger removal efficiencies were
found for lower gas flow rates; 20 % and 80 % at 4.6x10° m’/s and
4.2x 107 m?/s, respectively.

The long-term operational stability of such a bioreactor was studied.
Propene elimination was monitored for 170 days, however, from day 65
onwards the removal rate gradually decrcased. This decrease is due to
clogging of the fibres with biomass. Although clogging of the fibres was
prevented by using a higher liquid velocity, the performance of this
bioreactor still decreased in time. This was explained by a poor diffusion of
nutrients from the liquid to the active part of the biofilm close to the
membrane.

Dense silicone membranes
Another type of membranes, the dense silicone rubber membranes, have been

used to remove moderately and poorly water-soluble contaminants from
waste gases. These are selective membranes allowing the transfer of a
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particular group of contaminants from the gas to the liquid phase. If on the
one hand this type of membranes are seen as advantageous because they
retain compounds that could otherwise inhibit biodegradation (e.g. acid
vapours), on the other hand the mass-transfer resistance is larger since the
contaminant has to dissolve first in the membrane material and diffuse
throught it before it reaches the aqueous phase. Fisher er al. (1992)" used
dimethyisilicone rubber membranes to remove aromatic compounds from
waste gases. This membrane bioreactor was able to eliminate styrene at a rate
of 0.013 g/(m’reactor. s). These membrangs were shown to remove
satisfactorily hydrophobic compounds while hydrophilic compounds like
methanol were barely eliminated.

Freitas dos Santos er al. (1995)"° used silicone-rubber membranes to
remove dichloroethane from a gaseous waste stream. Dichioroethane (DCE)
is a moderately water-soluble compound (m,= 0.047). The membrane
module was a spirally wound silicone rubber module with a gas/liquid
specific surface area of 1250 m?/m®. The aqueous medium was recycled on
the shell side of the module while the gas passed through the membrane
envelope. During experiments in the absence of biological degradation, the
mass transfer coefficient in the liquid film was shown to be limiting for the
overall mass transfer rate, similarly to the microporous membranes.

The silicone membrane module was tested at a gas flow rate of 1.3 X 10
m*/s and an average DCE concentration of 0.65 g/m>. At these conditions a
maximum removal efficiency of 91 % was obtained (Table 2). Due to the
formation of a biofilm the DCE flux through the membrane decreased 50 %.
The module was however never completely blocked during eleven days of
operation,

From Table 2 it is observed that the volumetric removal rate obtained with
the dense silicone membranes is lower than with the microporous
mecmbranes. Since the specific exchange area is larger for the silicone
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membrancs, the lower removal rate is due to a lower flux through the
membrane. A good comparison between both membranes based on the
experimental results is not possible since they were tested with different
compounds and at different operating conditions. However, lower removal
rates are expected with dense silicone membranes since these membranes
have a higher mass-transfer resistance compared to microporous hydrophobic
membranes®.

The authors”® compared the performance of the silicone membrane
bioreactor and of an air-lift bioreactor for the same gas flow rate and similar
reactor volumes. Although the presence of a membrane adds extra resistance
to mass transfer, the volumetric DCE removal rate is about 3.5 times greater
using the membrane reactor than with the air-lift bioreactor. This is due to
the much larger specific surface area of the membrane module (1250 m™)
compared to the specific surface area in the air lift which was estimated’® at
210 m''., Another factor favouring the membrane bioreactor is the biofilm
attached to the membrane which provides a higher biomass concentration at
the interface gas/liquid compared to what is found in an air-lift bioreactor.
The mass-transfer rate under these conditions can be improved by a faster
degradation rate in the film adjacent to the membrane depending on the
relative contributions of diffusion and reaction rate.

For both the porous hydrophobic and the dense silicone membrane
bioreactors, and in agreement with the authors'¥¢, the problems dealing with
clogging and the instable biofilm performance must be solved before this type
of bioreactor will be prefered over dry biobeds'"!? or biofilters in the
removal of poorly water-soluble compounds.

Moreover, the probably higher costs of a membrane module is a factor
that must be also taken into consideration when choosing between this type
of bioreactor and a conventional one.
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Two-liquid-phase systems

Another way to reduce the gas/water transfer resistance of hydrophobic
pollutants is to use an absorbing liquid in which these compounds have a
higher solubility.

Water-immiscible solvents have been used to improve the oxygen transfer
rate in oxygen-limited aerobic fermentations.??2?*27® To be used as
absorbent in the waste-gas treatment the solvent must meet the following
conditions:

low vapour pressure,

immiscible with water

high affinity for the compound to be removed

not biodegradable

not toxic for the biocatalyst

odourless

favourable price

The use of a water-immiscible organic solvent to aid in the removal of
hydrophobic pollutants from waste gases was first reported by Schippert
(1989)*° and was tested in a bioscrubber. The solvent was added to the
suspended activated sludge in the range of 10-40 % (v/v) and the mixture
was sprayed over a scrubber compartment. In a cascade of stirred-tank
reactors, the compounds were subsequently transferred from the solvent to
the water due to their low concentration in the aqueous phase caused by
biological degradation. Toluene (m,,” = 0.27)' and styrene (m,,”"“= 0.1)'
were the model poilutants used. Three solvents were recommended, namely
di-n-octylphtalate, di-n-nonylphtalate and polydimethylsiloxane.

Larger removal efficiencies were found with higher solvent volume fractions
in the liquid. The toluene removal efficiency changed from approximately
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3 % in the absence of solvent to circa 95 % at a solvent volume fraction of
40 % (v/v). Furthermore it was observed that the elimination efficiency is
independent on the inlet gas concentration as long as the biodegradation
capacity in the regeneration tanks is large enough.

Poppe and Schippert (1992)* tested this new technique for the removal of
a mixture of hydrophilic and hydrophobic compounds in the waste gas by a
two-stage bioscrubber. The first stage was a conventional bioscrubber while
the second contained an organic solvent. In the first bioscrubber mainly
hydrophilic contaminants as acetone, ethylacetate and butylacetate were
removed while the hydrophobic compounds as toluene, ethylbenzene and
xylene remained in the gas. These compounds were eliminated in the second
stage.

By applying a solvent, the transfer of the contaminants from the gas to the
liquid (be it a dispersion or the pure solvent) can be considerably improved.
However, since the degradation occurs in the aqueous phase, the efficiency
of the process is very much dependent on the prompt exchange of the
compound between the solvent and the water, i.e. on the solvent/water mass
transfer rate. The steady-state model developed by Shippert (1989)* assumes
that the solvent/water dispersion is an homogencous liquid, i.e. the mass
transfer between these two phases is very fast. This model does not give an
insight into the mechanisms for mass transfer between the gas and the water
in the presence of the solvent. It does therefore not predict the influence of
parameters such as the gas/solvent, gas/water and solvent/water exchange
areas, mass transfer coefficients and partition coefficients on the contaminant
removal efficiency. The influence of these quantitics on the volumetric
removal rate of pollutant was studied by Cesdrio et al. (1995)°. This was
initially done by comparing the performance of three solvent-containing
systems with systems featuring direct gas/water transfer. Three compounds
with different partition coefficients gas/water were considered, namely:
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hexane (m,, = 71}, dichloromethane (m,, = 0.1) and acetone (m,, = 0.0016).
Because this theoretical study aimed at characterising the different systems
in terms of mass transfer, the biological conversion was assumed not to be
rate-limiting. From that study it was concluded that the use of organic
solvents is advantageous only if the specific exchange area solvent/water is
large enough to compensate the additional transport resistance introduced by
the solvent.

Due to the large solvent/water exchange area in a stirred-tank reactor the
authors have chosen this type of bioreactor to carry out further studies. This
was done in one-compartment system with the gas and the two-liquids well
mixed. Although this is not the ideal reactor configuration for the treatment
of waste gases, because of the poor fractional removal of the pollutant from
the gas, and due to hydrodynamic constraints, this bioreactor was used as a
model system’*® due to its simplicity. In a preliminary approach’ to study the
influence of the partition coefficient gas/water {m,,) and of the solvent hold-
up on the gas/liquid mass transfer rate, the dispersion was considered as an
homogeneous liquid, similarly to Schippert (1989)*. The model compounds
were toluene (m,,= 0.21) and oxygen (m,,= 32.7) and the solvent was
FC40, a perfluorocarbon®. At identical hydrodynamic conditions and gas
residence times, an increase of the elimination efficiency was found for both
compounds at increasing solvent volume fractions. In Fig. 7, the elimination
efficiency enhancement given as the the ratio between the removal efficiency
in the presence and absence of solvent, is depicted for toluene and oxygen.
It is observed that the enhancement was more pronounced for oxygen; i.e.
the compound with the lower solubility in water. The elimination efficiency
increased of a factor 1.1 for toluene using a dispersion containing 10 % (v/v)
FC40, while the oxygen removal was ¢nhanced by a factor 2 at the same

solvent volume fraction.
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Figure 7. Enhancement of the elimination efficiency for toluene and oxygen
at different solvent volume fractions. The points and the lines represent the
experimental and the theoretically calculated values, respectively’. (m),
toluene; (O, O, a), oxygen .

The enhancement of the toluene removal upon solvent addition is very low
because the elimination efficiency found without solvent (0 % solvent) was
already very high; i.e. circa 92 %. This high value is explained by the
relatively low value of the partition coefficient gas/water (my,) but also by
the large volumetric mass transfer coefficient (ka= 1.7x10? s") in a STR
and the large gas residence time used during the experiments (= 145 s),
Addition of a better solvent (lower m,) would not result in an improved
elimination rate’. These results can not be compared with the ones obtained
by Schippert (1989)*® who found a 24 times higher toluene removal efficiency
upon addition of 10 % solvent in a bioscrubber. The elimination efficiency
found in the absence of solvent was, however, of 3 % since a different type
of equipment and different gas residence times were used.
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In a later study®, Cesdrio and co-authors developed a steady-state
mathematical model for predicting the influence of the solvent hold-up, and
of the partition coefficient gas/water (m,,) on the gas-to-water mass transfer
coefficient. This model was set-up by assuming a possible path for gas/water
transfer in the presence of the solvent and thus the influence of the
solvent/water, gas/solvent and gas/water exchange areas on the transfer rate
could be predicted. Steady-state experiments were carried out to validate the
model. The model pollutants were toluene and oxygen. Like in the
experiments mentioned above’, the enhancement found for oxygen was larger
than the one found for toluene.

Short evaluation of the new biotechniques for removal of hydrophobic
gaseous pollutants

A summary of the results found with the different biotechniques for
hydrophobic pollutant removal is presented in Table 2. A comparison
between the systems in terms of removal efficiency is not possible because
each system was tested with a different compound and consequently a
different value of partition coefficient gas/water. Some of the systems like the
hollow-fibre membrane and the dry-biobed were tested with compounds with
similar partition coefficients namely propene (m,,**"“= 10) and ethene
(m,,” “= 7.6), however, these reactors can not be compared because the gas
residence time is not known for both of them. The same is valid in the case
of the two-liquid-phase system and the biofilter inoculated with fungi, tested
with toluene (m,,**"¢= 0.25) and styrene (m,,*"“= 0.13), respectively.
For some techniques like the biofilter with fungi and the microporous
membranes, better volumetric removal rates (g/m’.s) are reported compared

to conventional compost biofilters (1-5 X102 g C/m’.s)*'.
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Concluding remarks

Biological techniques are efficient and cost-effective means for the treatment
of waste gases containing a wide variety of inorganic and organic
compounds. Due to the high affinity of the biocatalysts for the substrate,
these techniques have been shown to be specially applicable for concentration
ranges below 5-10 g/m’. During the last years much effort has been put in
developing new micro-organisms or microbial consortia able to degrade a
larger number of compounds. An evidence is the increasing number of
xenobiotics degraded biologically and the degradation of chlorinated solvents
by co-metabolic pathways. Considerable progress has also been made in the
bioreactor design in order to expand the application of the different
conventional biotechniques to the treatment of larger gas flows, higher
pollutant concentrations and the removal of hydrophobic contaminants. A
confirmation of the latter are all the recent developments discussed in this
paper. Most of these techniques, however, are still in their infancy. Future
research will have to focus on improvement of the operational stability for
long periods of time and on scaling-up.
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