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Abstract In the first part of this paper, we introduced
a modified rotating biological contactor (RBC) for the
biological treatment of waste gas, and demonstrated
its feasibility by applying the process to the biodeg-
radation of toluene in a 91-liter reactor containing 20
biofilm support discs with a diameter of 40 cm [1]. We
showed that the proposed system allows the unlimited
growth of the biofilm to be suppressed, hence elimi-
nating the risk of clogging associated with other bio-
logical waste gas treatment systems. Furthermore, we
observed stationary long-term performance for more
than one year under typical standard operating con-
ditions. In this part of our work, we investigate
experimentally the influence of the main process
parameters, i.e., gas flow rate, inlet gas concentration,
and rotational speed of the biofilm supports on pro-
cess performance for the same system. Experimental
results indicate that the modified RBC system is mass
transfer limited for toluene loadings below 150 g/m3h,
whereas at higher inlet concentrations of the pollutant,
it becomes limited by the biodegradation reaction in-
side the biofilm. Surprisingly, the disc rotational speed
is found to have no major effect on process perfor-
mance for the system under investigation. A time-
independent mathematical model of the process is also
presented, and predictions are compared with experi-
mental degradation data. In the range of the investi-
gation process parameters, good agreement between
the experimental data and simulation results is
obtained.
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Toluene

List of symbols

C concentration in the gas phase, g/m3

D diffusion coefficient, m2/s

Deff effective diffusion coefficient in the biofilm, m2/s

EC elimination capacity: amount of substrate degraded
per unit reactor volume and time, g/m3h

fs biofilm surface enlargement

J diffusion flux, g/m2s

KL gas–liquid mass transfer coefficient, m/s

Km Michaelis–Menten constant, g/m3

m gas–liquid distribution coefficient, g/g

r radial position, m

rmax maximum degradation rate, g/m3s

RE removal efficiency, %

S concentration in the liquid phase and in the biofilm,
g/m3

v velocity, m/s

z position perpendicular to the discs, m

dB thickness of the biofilm, m

dG thickness of the gas phase, m

dL thickness of the liquid film, m

Introduction

In the first part of this study, we introduced a novel
reactor system for the biological treatment of waste gas,
i.e., the modified rotating biological contactor (RBC).
This system is capable of exploiting the main advantages
of the waste water RBC, which is widely used and gen-
erally considered a very robust process. These advanta-
ges are the imminent control of the biofilm growth
through shear forces acting on the film due to the
rotation of the discs, which allow stable long-term per-
formance, as well as low maintenance requirements and
an accurate control of the main process parameters, such
as pH, temperature, and supply and concentration of
nutrients. The principal operating parameters to be
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considered in the modified RBC system are the gas flow
rate, the inlet gas concentration, and the rotational
speed of the shaft on which the discs supporting the
biofilm are mounted.

A modified bench scale RBC was set up and run under
standard operating conditions for a period of more than
one year. It was demonstrated that the modified RBC
process is feasible for the biological treatment ofwaste gas
[1]. Not only has it been possible to successfully suppress
the unlimited growth of the biofilm, but it has also been
proved that the system is able to match the industrial
demand of stable long-term operation at minimum
maintenance requirements. The standard operating con-
ditions that were used throughout the first part of the
study correspond to a rather high inlet concentration of
the pollutant (3.1 g/m3), hence indicating the robustness
of the process under ruggedoperating conditions.Wemay
therefore state that themodifiedRBCdoes not experience
the problem of system clogging, as measurements of the
biofilm thickness have revealed that the average thickness
remains nearly constant at about 600 lmduring the entire
experimental investigation.

In this second part of our study, we further charac-
terize the modified RBC system by assessing the effects
of the main operating parameters, i.e., gas flow rate,
inlet gas concentration, and rotational speed of the discs,
on process performance. This is achieved by pursuing a
combined experimental and theoretical approach, which
is described below.

A detailed discussion of the experimental set-up
adopted for the biological degradation of toluene in a
modified RBC was provided in the first part of this study
[1]. This set-up is again used in this part, and the main
operating parameters were varied in the ranges stated in
Table 1.

The mathematical model developed for the modified
RBC process is presented first, followed by the main
experimental results obtained in this study. Experimental
data andmodel predictions are then compared, in order to
verify thequality of themodel.Moreover,we compareour
experimental results with the literature data on the bio-
degradation of toluene in both biofilters and biotrickling
filters, so as to compare the performance of the newly
devised process with conventional methods.

Modeling

It is worth noting that the mathematical modeling of
waste water RBC processes has mainly been limited to

the development of empirical relationships based on
available pilot plant data that were then used to design
new apparatus. Models reported in the literature have
attempted to describe qualitatively the influence of the
process parameters such as liquid flow rate, disc rota-
tional speed, and inlet substrate concentration on pro-
cess performance [2, 3, 4].

A fundamental approach towards a sound under-
standing of the physical, chemical, and biological phe-
nomena governing the RBC process for the treatment of
waste water was undertaken by Hansford et al. [5]. In
this study, we use a similar approach. In fact, the model
for the removal of the substrate is derived by considering
the volume elements on the discs for the liquid film,
and the biofilm. In our application, we must also
account for the gas phase, and the mass balances for the
substrate are made for these volume elements.

The mass balances over the control volumes are based
on the following assumptions. First, the degradation
reaction only takes place in the particular part of the disc
which is exposed to air. In fact, oxygen as well as the
pollutant are absorbed from the gas phase into the liquid
film, where the degradation reaction takes place. We as-
sume that the degradation reaction inside the biofilm can
be described by the Michaelis–Menten equation. Sec-
ondly, substrate transport in the gas phase occurs only by
convection parallel to the disc surface, whereas transport
in the liquid film and the biofilm occur by diffusion per-
pendicular to the disc surface. The influence of the rota-
tion on mass transfer has been neglected here. Moreover,
we assume that the biofilm has a constant thickness, and
the activity of the biofilm is equally distributed. Addi-
tionally, there is no net biofilm accumulation, and no
oxygen limitation occurs. Some of these assumptions,
namely the zero net accumulation and the constant
average thickness of the biofilm have already been justi-
fied experimentally [1]. The validity of the other assump-
tions is discussed below.

Under these assumptions, the mass balance for the
volume elements can be written as:

1. Gas phase:

@c
@t
¼ v rð Þ @c

@r
� D

@2c
@z2

ð1Þ

where c denotes the concentration of the pollutant in the
gas phase, v the velocity of the gas phase, r the radial
postion, D the diffusion coefficient of toluene in the li-
quid phase, and z the direction perpendicular to the
discs.

2. Liquid film:

@S
@t
¼ D

@2S
@z2

ð2Þ

where S is the concentration of the pollutant in the li-
quid phase and in the biofilm.

3. Biofilm:

@S
@t
¼ Deff

@2S
@z2
� rmax

S
Km þ S

ð3Þ

Table 1 Variation ranges of the operating parameters for the
characterization of the modified RBC

Operating parameter Variation range

Gas flow rate 0.45–3.12 m3/h
Gas inlet concentration 0.1–9.6 g/m3

Disc’s rotational speed 0–11 rpm
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where Deff denotes the diffusion coefficient of the
pollutant in the biofilm, rmax the maximum degradation
rate, and Km the Michaelis–Menten constant.

Using dG, dL, and dB, which represent the thickness of
the gas, liquid, and biofilm phases, respectively, we can
express the boundary conditions as follows.

The gas phase toluene concentration at r = 0, i.e., at
the outlet of the shaft, equals the inlet concentration:

cG ¼ cin at r ¼ 0 ð4Þ

We assume that at the interface, i.e., at z = dG, the
gas and liquid phases are in equilibrium:

S ¼ c
m

at z ¼ dG ð5Þ

In Eq. (5), m denotes the distribution coefficient between
the gas and the liquid phases.

Moreover, there is no net diffusion flux from the
biofilm into the biofilm support material (substratum) at
z = dL + dB:

J ¼ �Deff
@S
@z
¼ 0 ðz ¼ dL þ dBÞ ð6Þ

The above material balance equations were solved at
steady state using a finite difference method.

According to the two-film theory, the mass transfer
into the liquid film is described using the following
expression for the mass transfer coefficient:

KL ¼ D=dL ð7Þ

We have neglected the mass transfer resistance of the
gas phase to estimate KL.

The actual surface of the biofilm is an important
parameter. It is obvious that the actual biofilm surface is
larger than the surface of the substratum, and the
enlargement factor describing this difference is expressed
as fs.

The sensitivity of the mathematical model with re-
spect to the different model parameters was duly
checked by varying the parameter values within physi-
cally meaningful ranges following recommendations ta-
ken from the literature. This is described in more detail
in [6].

An example of the sensitivity of model parameters is
shown in Fig. 1, where the influence of the maximum
degradation rate and the effective diffusion coefficient
are shown for a gas flow rate of 0.96 m3/h and an inlet
concentration of 5 g/m3. The values of the other model
parameters in this example are: Km=0.1 g/m3,
KL=1.1e-4 m/s, dB=200 lm, and fS=2.

It is readily observed that at low degradation rates,
the process is controlled by rmax only, as shown in the
lower part of the figure. As the degradation rate in-
creases, the process becomes limited by transport inside
the biofilm for small effective diffusion coefficients. If
Deff is increased, reaction limitation occurs. For high
values of rmax, the process is only limited by transport in
the biofilm, even if the diffusion coefficient is higher than

in water. Increasing the inlet concentration increases the
extent of the reaction limitation domain.

Ottengraf and coworkers have distinguished between
two limiting cases for reaction in a biolayer, i.e., a
reaction limited case and a transport limited case [7].
The transition from diffusion to reaction limitation with
increasing diffusion coefficient in the biofilm is actually
illustrated in the lower half of Fig. 2. The concentration
profiles of toluene inside the biofilm were calculated at a
radial position of 4 cm for a gas inlet concentration of
5 g/m3 and a maximum degradation rate inside the
biofilm of 0.5 g/m3h, and varying the value of the dif-
fusion coefficient. The curves shown in the lower half of
Fig. 2 correspond to the lower dashed line in Fig. 1.

It can be observed in Fig. 2 that the process is
transport limited for small diffusion coefficients, as the
pollutant is completely degraded before penetrating the
whole biofilm. In contrast, the entire thickness of

Fig. 1 Contour plot of the elimination capacity of toluene vs. the
effective diffusion coefficient Deff and the maximum degradation
rate rmax, gas flow rate=0.96 m3/h, inlet concentration=5 g/m3

Fig. 2 Toluene concentration profile within the biofilm as a
function of the effective diffusion coefficient Deff for two different
maximum degradation rates rmax and a radial position of 4 cm
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the biofilm is needed if the value of the diffusion coeffi-
cient is increased, thus indicating reaction limitation.

The concentration profile of the pollutant for a
maximum degradation rate of 1.5 g/m3h is shown in the
upper half of Fig. 2. The inlet concentration was again
5 g/m3. In fact, this case corresponds to the upper da-
shed line in Fig. 1. In this case, the pollutant is com-
pletely degraded before penetrating the entire thickness
of the biofilm, even if the diffusion coefficient is chosen
higher than the diffusion coefficient of toluene in pure
water. Hence, the process is exclusively controlled by
transport in the biofilm.

Figure 3 illustrates the concentration profile of the
pollutant in the gas phase for different values of the
effective diffusion coefficient. The values of the model
parameters correspond to the values in the upper and
lower halves of Fig. 2, respectively, i.e., an inlet con-
centration of 5 g/m3, a gas flow rate of 0.96 m3/h, and
maximum degradation rate of 0.5 and 1.5 g/m3h.

We may conclude that the concentration of the pol-
lutant in the gas phase remains constant up to a radius
that approximately corresponds to the immersion depth
of the discs. Moreover, the toluene concentration rap-
idly decreases with increasing disc radius. However, this
is easily explained by the fact that the interfacial area
between the liquid and gas phases increases with
increasing radial position along the disc. Furthermore,
the outlet concentration decreases with increasing dif-
fusion coefficient and with increasing reaction rate as
expected.

Experimental results

The influence of the main operating parameters,
i.e., rotational speed of the biofilm support, gas

concentration and gas flow rate, on process performance
were investigated experimentally. All measurements re-
ported were taken during well-established steady states.
The standard operating conditions were always resumed
between two experiments at other operating conditions.
New experiments at conditions different from the stan-
dard operating conditions were only initiated after the
reactor performance had returned to its expected steady-
state values in standard conditions. These were a gas
flow rate of 0.96 m3/h, a toluene inlet concentration of
3.1 g/m3 and a rotational speed of the discs of 6 rpm.

Influence of gas flow rate and concentration

The influence of the synthetic waste gas flow rate and the
pollutant concentration on process performance were
studied experimentally at four different air flow rates,
0.45 m3/h, 0.96 m3/h, 2.04 m3/h, and 3.12 m3/h, and
inlet concentrations between 0.1 and 9.6 g/m3. In these
series of experiments, the rotational speed was always
fixed at a value of 6 rpm.

Experimental results obtained in the bench scale
modified RBC are illustrated in Fig. 4, where the toluene
elimination capacity is plotted vs. the toluene inlet load
for the four different gas flow rates investigated. It is
worth noting that the unit is g toluene per m3 reactor
and hour for both parameters.

The increase of the toluene elimination capacity with
increasing pollutant inlet load indicates that mass
transfer limitations govern the process. However, it is
not straightforward to attribute this mass transfer limi-
tation to the gas–liquid mass transfer, the diffusion
within the biofilm, or both phenomena. It is also ob-
served that, for high inlet loads, i.e., above 150 g/m3h,
the elimination capacity flattens towards an asymptotic
maximum value of approximately 55 g/m3h. In this re-
gion, the elimination capacity remains independent of
inlet load and of gas flow rate, hence indicating that the
process is limited by the biodegradation reaction in this

Fig. 3 Toluene concentration profile in the gas phase as function of
the effective diffusion coefficient Deff for two different maximum
degradation rates rmax

Fig. 4 Toluene elimination capacity vs. inlet load for different air
flow rates: 0.45 m3/h (squares), 0.96 m3/h (inverted triangles),
2.04 m3/h (circles), and 3.12 m3/h (triangles)
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domain. This result clearly demonstrates that oxygen
limitation does not occur in the region where the process
is not limited by the degradation reaction.

Similar behavior is observed when the elimination
capacity is plotted against the inlet concentration. In
fact, at low values of the inlet concentration, the elimi-
nation capacity increases nearly linearly with increasing
concentration. Similarly, the elimination capacity tends
to reach a constant value at higher concentrations, as
illustrated in Fig. 5.

These results may also be expressed as percentages of
toluene conversion vs. the inlet load, as shown in Fig. 6.

We observe that the removal efficiency decreases with
increasing gas flow rate and with increasing inlet load. A
maximal removal efficiency of 85% could be reached for
a gas flow rate of 0.45 m3/h and a corresponding inlet
concentration of 0.47 g/m3. In the region where the
process is reaction limited, i.e., at inlet toluene loads
above 150 g/m3h, the removal efficiency becomes inde-
pendent of the gas flow rate.

It is worth mentioning that, for gas phase concen-
trations up to 1.3 g/m3, no toluene could be detected in
the liquid phase. For higher inlet concentrations in the
gas phase, the concentration in the liquid phase increases
with increasing inlet concentration, as expected. For all
cases, the liquid phase concentration was far below the
equilibrium concentration corresponding to the com-
position of the gas phase. This result may be used as
proof that mass transfer from the gas into the liquid film
is limiting.

Influence of rotational speed

The effect of the rotational speed was also investigated.
It is clear that the long-term influence of the rotational
speed on biofilm thickness and structure will be sub-
stantial, as the shear stress exerted on the biofilm in-
creases with increasing rotational speed. Hence, for the
experimental results presented in this section, we studied
the effect of short-term variations in the rotational speed
on process performance, i.e., an experimental run never
exceeded a few hours, thus ensuring that the micro-
organisms were not irreversibly influenced. This was
especially important in the case of experiments at 0 rpm,
in order to avoid the biofilm running dry.

The toluene elimination capacity is plotted vs. the
rotational speed in Fig. 7. The air flow rate was 0.96 m3/h
in this case, and the inlet concentration was varied
between 0.12 and 6.66 g/m3. The rotational speed was
varied between 0 and 11 rpm.

It can be concluded from the results shown in Fig. 7
that the rotational speed does not exhibit a major effect
on the elimination capacity. In fact, for all inlet con-
centrations investigated, the elimination capacity was
independent of the rotational speed, even in the practi-
cally unfeasible case when the discs were not rotating.
This result clearly indicates that only the part of the disc
which is exposed to the gaseous phase takes part actively

Fig. 5 Toluene elimination capacity vs. inlet concentration for
different air flow rates: 0.45 m3/h (squares), 0.96 m3/h (inverted
triangles), 2.04 m3/h (circles), and 3.12 m3/h (triangles)

Fig. 6 Toluene removal efficiency vs. inlet load for different air
flow rates: 0.45 m3/h (squares), 0.96 m3/h (inverted triangles),
2.04 m3/h (circles), and 3.12 m3/h (triangles)

Fig. 7 Toluene elimination capacity vs. rotational speed for an air
flow rate of 0.96 m3/h and different gas inlet concentrations:
6.66 g/m3 (squares), 3.19 g/m3 (triangles), 2.84 m3/h (circles), and
0.12 m3/h (inverted triangles)
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in the degradation process. This can easily be explained
by considering that the most important absorption step
takes place during the rotation through the gas phase,
i.e., during this time, the pollutant and oxygen are ab-
sorbed into the liquid film carried along on the discs.
Similar results were observed when experiments were
carried out at higher air flow rates.

Similarly, the toluene concentration in the liquid
phase is not affected by variations in the rotational
speed. This behavior was observed at two different air
flow rates, i.e., 0.96 and 3.12 m3/h, as shown in Fig. 8.

Thus, summarizing the above experiments carried out
in the modified RBC for waste gas treatment, short-term
variations in the rotational speed do not adversely
influence the gas–liquid transport of toluene, as the
process performance is not altered. This result is quite
surprising, as it had been observed in the literature that
increasing the rotational speed increased the oxygen
mass transfer in application to waste water treatment
(e.g., [8, 9]). However, this conflicting discrepancy may
easily be resolved by considering that the solubility of

toluene in water is very low, and that mass transfer
limitations may be of crucial importance in gas–liquid
mass transfer in waste gas treatment RBCs.

Comparison with literature data

In the next step, experimental degradation results ob-
tained in the novel modified RBC for waste gas treat-
ment were compared with the literature data on toluene
degradation in biofilters and biotrickling filters. The
experimental conditions in the different arrangements as
well as the key results are summarized in Table 2.

These results may then be compared by plotting
elimination capacity vs. inlet load for the modified RBC
and the conventional biological waste gas treatment
facilities, as shown in Fig. 9.

It is obvious from the diagram that the performance
of the modified RBC is situated among the highest
elimination capacities for toluene reported in the litera-
ture. However, these results were compared on a basis of
mass of pollutant eliminated per hour and reactor vol-
ume. It is clear that a comparison on the basis of deg-
radation per surface of the biofilm support would be
favorable in our case. However, these values are hardly
found in the literature, as results obtained in biofilters
and biotrickling filters are most commonly reported on a
volume basis. Nevertheless, the performance of the
modified RBC is satisfactory, given the fact that the
process may be operated continuously for long times
without running the risk of compacting or clogging at
minimum maintenance requirements.

Moreover, it is worth recalling that the thickness of
the discs in the modified RBC is relatively high (0.5 cm)
in our case. This was necessary to ensure sufficient sta-
bility of the discs, since the spacer sleeves that were used
to fix the distance between two discs had to be placed
near the shaft in order to be able to remove disc seg-
ments for biofilm analysis. For this reason, the surface of
the biofilm support material per reactor volume is rather
small. In a real case, the discs can be as thin as 1 mm,
hence even improving process performance as compared
with conventional processes.

Fig. 8 Toluene concentration in the liquid phase for an air flow
rate of 0.96 m3/h and different inlet concentrations: 6.66 g/m3

(squares), 2.84 g/m3 (circles), 0.12 g/m3 (diamonds), and for an air
flow rate of 3.12 m3/h and different gas inlet concentrations: 3.30 g/
m3 (triangles), and 0.14 g/m3 (inverted triangles)

Table 2 Experimental data for toluene removal in biofilters, biotrickling filters (BTF) and the modified RBC

Reference Reactor Max. load (g/m3h) Max. EC (g/m3h) Gas flow rate (m3/h) Gas velocity (m/h) Gas residence time (s)

[10] Biofilter 273 72 1.2 68 58
[11] Biofilter 200 25 6.5 91 30.8
[12] BTF 217 71 1.5 83 56.2
[12] BTF 217 83 1.5 83 56.2
[13] BTF 70 50 0.332 13 308.4
[14] BTF 1316 123 0.75 103 36.7
[14] BTF 1308 111 1.5 206 18.4
[14] BTF 1297 85 3 412 9.2
[15] BTF 89 57 7 99 36.4
[15] BTF 87 31 7 99 36.4
Modified RBC RBC 66 40 0.45 33–3 104
Modified RBC RBC 163 58 0.96 70–7 48.7
Modified RBC RBC 172 62 2.04 148–16 22.9
Modified RBC RBC 191 52 3.12 226–24 15
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Comparison between model and experiments

Finally, elimination capacities obtained from the model
calculations are compared with the experimental results
in Fig. 10, whereas calculated outlet concentrations are
compared with the measured data in Fig. 11. The values
of the model parameters used in the calculations and
shown in Figs. 10 and 11 are listed in Table 3.

The agreement between the experimental results and
the model predictions is fairly good for gas flow rates
between 2.04 and 3.12 m3/h, as readily observed in
Fig. 10. For a rather low gas flow rate of 0.96 m3/h, the
predicted values are slightly higher than the measured
data. The maximum difference between measured and
predicted values is 19%, which may be considered as an
acceptable error.

The agreement between the predicted outlet gas
concentrations and the measured data illustrated in
Fig. 11 is satisfactory also for gas flow rates between
2.04 and 3.12 m3/h. Similarly to the case described
above, the discrepancies between the experimental data
and the model results are larger at low flow rates. In this
case, the results differ by a maximum of 20%.

The large deviations observed at low gas flow rates
may be explained by considering that the gas phase
resistance should also be taken into account in gas–li-
quid mass transfer calculations under these conditions.
Generally, the gas–liquid mass transfer coefficient is
expected to decrease with decreasing gas flow rate.
Hence, at a certain point, the resistance of the gas phase
can no longer be neglected.

Conclusion

In this work, we developed and characterized a novel
system for biological waste gas treatment: the modified
RBC. One of the major advantages of this system is the
control of biofilm growth through the shear stress acting
on the biofilm due to the rotation in the water phase.
The presence of a bulk liquid phase allows the process
parameters to be controlled most efficiently when com-
pared with conventional biological waste gas treatment
processes. This system was shown to exhibit stationary
long-term performance for a period of more than one
year, hence indicating its feasibility for industrial appli-
cation.

In this second part of our experimental study of tol-
uene degradation in a modified RBC, we assessed the
effect of the main operating parameters on the process.
This was achieved by thoroughly studying the effect of
gas flow rate, gas concentration, and rotational speed of
the biofilm support on the performance, expressed as
elimination capacity or pollutant removal efficiency.

We found that mass transfer phenomena govern the
process for toluene loading below 150 g/m3h. However,

Fig. 10 Elimination capacity of the modified RBC: comparison
between model and experimental results

Fig. 11 Outlet concentration of the modified RBC vs. inlet
concentration: comparison between model and experimental results

Table 3 Parameter values used in the simulations

dB 150 lm
KL 1.1e)4 m/s
Km 0.1 g/m3

Deff 8.56e)10 m2/s
rmax 1.5 g/m3h
fS 2 –

Fig. 9 Elimination capacity of the modified RBC compared with
literature data for biofilters and biotrickling filters
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the process becomes limited by the degradation reaction
taking place inside the biofilm at higher gas loadings.
Surprisingly, in the system investigated, the rotational
speed of the discs did not show any effect on the deg-
radation efficiency.

The degradation results of the newly devised process
were compared with the degradation results of conven-
tional waste gas treatment facilities. The performance of
the modified RBC is satisfactory, especially if it is con-
sidered that the comparison is made on a volume basis,
whereas a surface basis would be more suitable for the
modified RBC process.

A mathematical model for the modified RBC process
was developed and used to study the process perfor-
mance theoretically. Model predictions are in good
agreement with the experimental results obtained in the
laboratory-scale facility. Agreement is especially good
for gas flow rates between 2.04 and 3.12 m3/h, but dis-
crepancies are higher for a gas flow rate of 0.96 m3/h.
The deviation is attributed to the gas phase resistance in
the gas–liquid mass transfer calculations, which cannot
be neglected at lower gas flow rates.

The present investigation is extended to substrates
with a high solubility in water in order to study the
influence of the disc rotational speed on gas–liquid mass
transfer.
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