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Abstract

The hydrodynamic behaviour of a biofilter fed toluene and packed with an inert carrier was evaluated on start-up and
after long-term operation, using both methane and styrene as tracers in Residence Time Distribution experiments.
Results indicated some deviation from ideal plug flow behaviour after 2-year operation. It was also observed that the
retention time of VOCs gradually increased with time and was significantly longer than the average residence time of the
bulk gas phase. Non-ideal hydrodynamic behaviour in packed beds may be due to excess biomass accumulation and
affects both reactor modeling and performance. Therefore, several methods were studied for the removal of biomass
after long-term biofilter operation: filling with water and draining, backwashing, and air sparging. Several flow rates
and temperatures (20-60°C) were applied using either water or different chemicals (NaOH, NaOCl, HTAB) in aqueous
solution. Usually, higher flow rates and higher temperatures allowed the removal of more biomass, but the efficiency of
biomass removal was highly dependant on the pressure drop reached before the treatment. The filling/draining method
was the least efficient for biomass removal, although the treatment did basically not generate any biological inhibition.
The efficiency of backwashing and air sparging was relatively similar and was more effective when adding chemicals.
However, treatments with chemicals resulted in a significant decrease of the biofilter’s performance immediately after
applying the treatment, needing periods of several days to recover the original performance. The effect of manually
mixing the packing material was also evaluated in duplicate experiments. Quite large amounts of biomass were removed
but disruption of the filter bed was observed. Batch assays were performed simultaneously in order to support and
quantify the observed inhibitory effects of the different chemicals and temperatures used during the treatments.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The removal of VOCs from gaseous streams can be
done by means of processes like absorption, adsorption,
incineration and, more recently, biofiltration [1]. In
biofiltration, a polluted air stream flows through a filter
bed colonized by microorganisms that mineralize the
toxic compound. Biofiltration has been applied success-
fully for the treatment of many different pollutants [2]. It
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appears to be one of the most attractive technologies
regarding both effectiveness levels and costs, over a wide
range of flow rates and at pollutant concentrations
below approximately 5 gm™ [1]. Toluene is a frequently
encountered air pollutant. In a large number of
countries, its discharge to the environment is hardly
controlled, although ever more stringent regulations
have appeared in many industrialized countries [3].
Toluene is biodegradable and biofiltration has proven
to be a suitable method to eliminate it from air streams
[4-9].

For a long-term stable continuous operation of
packed bed biofilters fed high loads of pollutant(s), it
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is essential to prevent clogging and chaneling problems
due to excessive growth of the biolayer, compaction and
degradation of the filter bed. Such problems are related
to deviations from ideal flow regimes and lead to a
reduced biofilter performance. Basically no data have
been published on the long-term hydrodynamic beha-
viour of gas phase biofilters used for air pollution
control. Near ideal plug flow may be the rule in many
cases with clean carriers and during start-up, but the
situation is expected to be different after heavy biofilm
growth. In order to reduce clogging and chaneling
problems, a few techniques have recently been tested and
reported in the literature aimed at limiting problems
related to the accumulation of excess biomass and
clogging material [10-16,7].

In the present study, hydrodynamics of gas phase
biofilters packed with an inert carrier were studied, and
deviations from ideal plug flow regime were estimated.
Residence time was calculated both for the bulk gas
phase and for the pollutant, on start-up and after 2-year
operation. A comparison is then also done between
several techniques suitable for removing biomass from
biofilters after long-term operation, in order to deter-
mine the most viable methods from a technical point of
view; considering the amount of biomass removed and
the effect of the technology on biofilter performance.
The studies are completed with some batch assays,
aimed at checking the effect of various chemicals and
different temperatures used in the backwashing and air
sparging procedures on the biodegradation efficiency.

2. Materials and methods
2.1. Biofilter

The reactor consisted of a glass column packed with
perlite as described elsewhere [6]. The top free section of
the reactor was about 22 cm high, allowing fluidization
of the filter bed, whenever necessary. All the surfaces in
contact with polluted air were made of glass, Teflon™
or Viton™. The bioreactor was wrapped in aluminium
foil in order to prevent the growth of algae.

A downward air flow was fed to the biofilter. Part of
the air stream flew through a humidification tank
submerged in a temperature-controlled water bath.
Another fraction of the air flow was used to volatilize
the pollutant, i.e. toluene, in a stripping bottle. The flow
rates of both gas streams were measured and regulated
with flow meters. The streams entered a mixing chamber
before flowing through the biofilter. The empty bed gas
residence time (EBRT) was initially maintained at 56s.
Toluene loading rate (TL, gm—h™"), elimination
capacity (EC, g m>h™!) and removal -efficiency
(RE, %) were used for evaluating the biofilter’s
performance [1].

2.2. Organisms and culture media

A defined bacterial-fungal consortium [17] was
originally used to inoculate the biofilter, but when
starting the studies on biomass removal, more than 2
years after start-up, the microbial culture present in the
reactor was composed of a more complex bacterial-
fungal community. Once a week, the reactor was fed a
nutrient solution as described elsewhere [8]. pH was not
regulated in order to allow comparison with previous
results, and acidification of the filter bed was observed.
The pH most often dropped from 6.0+0.1 to 4.5+0.5.
The efficiency of such perlite-packed biofilter is highly
reproducible and, as published before [8,6], in the
present case also elimination capacities of around
70gm~>h~" were already obtained soon after inocula-
tion with removal efficiencies above 95%.

2.3. Hydrodynamics

The hydrodynamics of the biofilter were determined
by means of pulse tracer experiments. Either methane or
styrene were used as tracer to estimate the mean
residence time of, respectively, the bulk gas phase and
the pollutant. Samples were taken at the outlet of the
biofilter with a gas-tight syringe and were directly
analyzed on the GC. The data were adjusted to the
tanks-in-series model.

2.4. Excess biomass removal

The methods used for biomass removal are schema-
tically explained in Fig. 1. For the water-filling/draining
experiment, the biofilter was first filled either with water
or with a nutrient solution, and later drained off. In the
backwashing treatments, 5L water (treatment water)
was used, at room temperature (control) and at 30°C,
45°C and 60°C. Different water flow rates were tested.
In each case, the aqueous phase was recycled through
the biofilter for 30 min and then drained off. At the end
of the treatments, the filter bed was washed with 2L
distilled water (“‘washwater” or “rinse water’’). Never-
theless, in a preliminary backwashing experiment water
was not recycled. In such case, different volumes of
water were fed to the reactor for 15 min, at different flow
rates and without recycling (not shown in Fig. 1). In the
case of air sparging experiments, an upward air flow was
sparged through the water-filled packing material. At
the end of the operation, the aqueous phase was drained
off and 1L clean water (wash water) was used to rinse
the packing. Different flow rates and temperatures
(30°C, 45°C, 60°C) were studied. Assays at room
temperature were used as control. Treatments with
chemicals were carried out with NaOH, NaOCI or
hexadecyltrimethylammonium bromide (HTAB) solu-
tions. These solutions were prepared both for use in
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Fig. 1. Treatment systems used in the different biomass removal technologies.

backwashing and air sparging experiments, although the
cationic detergent (HTAB) was not used in case of air
sparging because of foaming problems previously
observed in the backwashing studies. Each experiment
was performed at least in duplicate in order to calculate
standard deviations, and trying to reach similar experi-
mental conditions on each occasion. The total weight of
the biofilter as well as VSS concentrations were
measured before each experiment in an effort to apply
the treatments at similar initial microbial mass.

Finally, at the end of this study two manual-mixing
treatments were applied. In this case, the biofilter
operation was temporarily stopped; the reactor was
unpacked, and the packing material was mixed manu-
ally. After being packed again, the nutrient solution was
added to the biofilter and then drained off, allowing the
removal of detached biomass and any residual inert

material. The amount VSS removed is expressed as gram
biomass removed (g biomass) in the figures.

For each experiment, optical density determination,
pH control, VSS and TSS analysis were performed with
all the collected wastewaters (treatment and wash
water).

2.5. Batch experiments

All the batch assays were performed as described in
Veiga and Kennes [8], using 315 mL-bottles, containing
S50mL of the aqueous nutritive solution and the
inoculum. The initial amount of biomass was
0.3gVSSL™! For all the assays, the initial pH was
6.00+0.02, and the initial dissolved oxygen concentra-
tion was 5.4+0.1mgL~". Toluene was the only carbon
source added. Although removal data in batch assays
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are reported in percentage, the alkylbenzene concentra-
tions both in the liquid and in the gas phase can easily be
calculated using Henry’s law’s constant for toluene (0.27
at 25°C), and knowing the amount of toluene added to
the bottles (expressed in pL in the figures).

In order to check the influence of temperature,
biodegradation assays were performed at room tem-
perature, 30°C, 45°C and 60°C, with different pollutant
concentrations, by adding between 4 and 36 puL toluene
to the bottles. NaOH concentrations tested in batch
assays were 0.05%, 0.1%, 0.25%, 0.5% and 1% (w/v).
For NaOCI, concentrations of 0.005%, 0.01%, 0.05%,
0.1%, 0.25% (w/v) were used, and for HTAB concen-
trations of 0.01%, 0.05% and 0.1% (w/v) were used. In
the biomass removal studies with chemical compounds a
single concentration of toluene, corresponding to 11 pL
of the alkylbenzene, was used in batch assays. Biode-
gradation was followed until toluene had completely
disappeared.

2.6. Analytical methods

Gas chromatography was used for toluene analysis
[8]. The concentrations were calculated by comparing
the GC area of the sample to the one obtained with an
external standard of known alkylbenzene concentration.

The optical density was measured at 660 nm with an
UV/V Perkin—Elmer spectrophotometer using distilled
water as a blank. VSS and TSS analysis were performed
after ending the experiments. Samples from residual,
recycle and rinse water were analyzed in duplicate
according to Methods 2540C (TSS) and 2540E (VSS) of
Standard Methods [18]. A Crison pH-meter (model 507)
connected to an Ingold electrode (model U455-S7) was
used for pH determinations. Pressure drop was mea-
sured using a Warburg manometer expressing the results
in cm H>O per meter packed bed.

3. Results and discussion
3.1. Hydrodynamics on start-up

On start-up, residence time distribution (RTD) curves
were obtained using methane as a tracer. A typical RTD
curve is shown in Fig. 2. When using the tanks-in-series
model, the results yielded a value of 9+1 identical
stirred tanks in series. Hydrodynamics can also be
expressed by means of the adimensional Bodenstein
number (Bo) defined as Bo=(vL/Da), where v is the
superficial air velocity, L is the reactor length and Da is
the dispersion coefficient. If N represents the number of
identical stirred tanks in series and assuming that
N=(Bo/2)+ 1, then Bo would be approximately equal
to 16, a value close to typical plug flow conditions. The
mean residence time, calculated from the data of the

RTD curves, was 39s. Very little information has been
reported on hydrodynamics of gas-phase biofilters and
the few published results mainly deal with organic
carriers rather than inert ones. The authors do not
always specify when the experiments were undertaken,
although all were most probably performed on start-up.
Devinny et al. [19] report a Bo number of 52 and Sabo
[20] mention Bo values ranging from 40 to 200 for
organic carriers; which is, in both cases, higher than a
value of 20 above which near ideal plug flow conditions
may be considered.

3.2. Hydrodynamics after 2-year operation

The RTD pattern was also evaluated after 2-year
biofilter operation when heavy biofilm accumulation
was clearly observed. By that time, the optimal
elimination capacity was around 65-70gm >h~! with
removal efficiencies above 90%. Compared to the data
obtained during start-up, a more significant deviation
from ideal plug flow was observed as can also easily be
seen in the typical curve with a non-negligible tail shown
in Fig. 3. In other assays, the tail was shorter. The
reproducibility of the RTD experiments was worse than
in the previous case, leading to 5+2 identical stirred
tanks in series, corresponding to a Bo value of 8 +4. The
same assays were repeated a few weeks later, leading to
very similar results. The assymetric distribution of the
curve and the tail suggest the presence of dead zones and
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Fig. 2. Typical RTD curve on start-up using methane as a
tracer.
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Fig. 3. Typical RTD curve after more than 2-year operation
using methane as a tracer.
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chaneling. The present data are of significant practical
interest since gas-phase biofilters are usually considered
to behave as ideal plug flow reactors and such
assumption does affect both modeling and performance
which drops under non-ideal flow regime.

3.3. Retention time of the pollutant

Basically any organic pollutant adsorbs to some
extent to solid surfaces and will be absorbed in the
liquid film present on the packing. Solid surfaces playing
the role of adsorbents include the carrier material and
biomass related compounds, i.e. microorganisms, micro-
bial exopolymers, etc. The pollutant will thus be retained
for a longer period in the biofilter than the mean
residence time of bulk gas. This increase in residence
time was estimated by calculating the mean residence
time of styrene obtained from the RTD curve during
start-up and at the beginning of the second year
operation. Styrene was selected as the tracer for two
main reasons. First of all, because it is chemically similar
to toluene, the pollutant fed to the biofilters. Secondly,
because it was not biodegraded by the microbial
population attached on the carrier when undertaking
the RTD studies. According to the data obtained, the
mean residence time for styrene was 185s on start-up
and 990s on the second year operation, which are
significantly higher values than obtained for methane.
This can be explained by the lower volatility and higher
density of styrene (and toluene) compared to methane
(and air), and to the adsorption of the pollutant onto the
biofilm above all after long-term operation and heavy
biomass growth.

3.4. Water fillingldraining, air sparging and backwashing
with water

Different assays were then undertaken to avoid excess
biomass accumulation and deviations from plug flow
behaviour. In a first set of experiments, different
methods used for removing excess biomass after 2-year

operation were applied in the presence of water only,
without the addition of any chemical. Fig. 4 shows the
amount of biomass removed in the case of air sparging
and backwashing experiments at different water or air
flow rates. As a matter of fact, in the case of the water-
filling/draining treatment no water nor air flow was
applied and, therefore, only one result appears in Fig. 4.
In that case, the amount of biomass removed was low
compared to the other methods, since only about 0.1g
VSS was removed with the 2L distilled water used
during the treatment. Applying such technique, already
used routinely in our laboratory in previous studies for
feeding a nutrient solution [8], resulted in basically no
inhibition of VOC removal after the treatment. In
backwashing and air sparging experiments with water,
the biofilter’s efficiency slightly dropped after the
treatment to recover its optimal performance in 8§-10h.
Average loads around 65-70gm >h™' with removal
efficiencies >95% could be maintained with such
methods.

At high flow rates, the amount of biomass removed
increased when increasing either the water (backwash-
ing) or the air (air sparging) flow rate, mainly at the
highest flow rates tested, at which higher amounts of
biomass were removed. Other authors working with
wastewaters did also observe that increasing the super-
ficial velocity of a fluid usually increases biofilm
detachment from solid supports [21]. As can be seen in
Fig. 4, backwashing was more efficient at low flow rates
and air sparging was the most efficient technique at high
flow rates. The higher efficiency of the three-phase air
sparging technique (solid/liquid/gas) compared to the
two-phase backwashing strategy (solid/liquid) must
have resulted from increased turbulence and abrasion
in air sparging [21]. It is worth noting that, in the air
sparging experiments performed at 337 and 359 Lh~",
lower amounts of biomass were removed on an average
compared to the other results at high flow rates (Fig. 4),
which can be explained by the pressure drop values.
Indeed, it was observed that before each treatment
reported in Fig. 4, the pressure drop over the biofilter

Biomass (g)

- %
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Flow rate (L / h)

—4— Recycle system (t = 30')

—a— Air sparging system (t = 30")

—e— Continuous system (t = 15")
—>— Filling / drainirg

Fig. 4. Amount of biomass removed using different flow rates in case of backwashing (recycle and continuous system), air sparging

and filling/draining.
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was low, between 0.5 and 2.0cm H,O per meter packed
bed, except for the air sparging experiments at 337 and
359Lh~!, where the amount of biomass removed
decreased and the pressure drop before the treatment
reached higher values of 6.7 and 4.0cm H,O per meter,
respectively. This observation suggests that the efficiency
of biomass removal decreases at higher pressure drops
over the biofilter as will be illustrated more in details and
discussed in the last section of this paper. As will be
described below, none of the treatments allowed to
remove as much biomass as when adding chemicals.

3.5. Backwashing with NaOH solutions

Results of backwashing treatments with 0.05%
NaOH solutions indicated that this is an effective
though quite aggressive method (Fig. 5). Special care
was taken in washing the filter bed after the treatments
in order to avoid significant pH increases. Nevertheless,
after the treatment the biofilter presented a low
biological activity compared to the biofilter’s perfor-
mance before the treatment, although relatively large
amounts of VSS were found in the residual and wash
waters (Fig. 5) compared to the treatment with water
only. The pH of the system increased from its usual
value of 4-5 to about 7-7.5. The elimination capacity
dropped to about 40gm>h~! at an average load of
65gm *h~!, resulting in removal efficiencies near 65%
to be compared to the more than 95% removal efficiency
obtained when using pure water. The biofilter needed, in
all cases, a period of 3-4 days to recover to its original
performance.

As a general rule, when working with higher flow
rates, slightly higher amounts of biomass could be
removed (Fig. 5). Slightly higher amounts of biomass
were also eliminated at the highest NaOH concentration
(0.1%) (Fig. 5), but, in such case, foaming problems
appeared. Cox and Deshusses [12] as well as Weber and
Hartmans [22] did also use NaOH for biomass control
and already warned about foam formation when work-
ing with NaOH concentrations above 0.1%. The highest
amount of biomass removed was 4.4kgVSS/m® filter

bed (0.1% NaOH and 234Lh™") to be compared to
3.2kg dry biomass removed per m® reactor using a 0.1%
NaOH solution in a biotrickling filter packed with Pall
rings [22]. Other authors do usually not mention the
exact amount of biomass removed. With 0.1% NaOH,
the biofilter needed also to cope temporarily with a high
pH, as its value increased up to 9.0-9.5. It was necessary
to abundantly rinse the filter bed with water in order to
reach pH neutrality, unless the rinsing water was
previously acidified. However, the use of an acid
medium would result in the release of salts and would
increase the ionic strength which could have a negative
effect on the activity of the biomass. At the end of the
treatment, the elimination capacity did not exceed
10gm>h~' at a toluene load of only 30gm >h~!,
representing a removal efficiency of only 33%, which is
much lower than the 65 and 40gm >h™! reached,
respectively, with water and with 0.05% NaOH.

Batch assays were performed in the presence of
NaOH and toluene (Fig. 6). The initial pH values were
6.8-7.1 and 9.2-9.3 for 0.05% and 0.1% NaOH,
respectively, when using the same basal aqueous
medium as in the biofilter. As expected, biodegradation
was inhibited at the highest NaOH concentration
because of the pH increase above 9.0 which is quite
high for any microbial activity and which does also
explain the significant inhibition observed in the
biofilter. However, at the lowest NaOH concentration
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Fig. 6. Toluene removal in batch assays in the absence of
NaOH and in presence of 0.05% and 0.1% NaOH.
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Fig. 5. Amount of biomass removed at different flow rates in case of backwashing and air sparging with NaOH solutions.
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the biodegradation rate was only slightly lower than in
the control test, at pH 6, without NaOH. This does also
indicate that the microbiota present in the biofilter was
highly (or more) active in a slightly acidic medium than
under neutral conditions (pH 6.8-7.1), as was also
observed previously in studies with acid tolerant pure
cultures isolated from a similar biofilter [17].

3.6. Air sparging with NaOH solutions

As in the case of backwashing, the data of air sparging
experiments with a 0.05% (w/v) NaOH solution again
indicate that when increasing the air flow rate, higher
amounts of biomass could be removed, and the effect
was similar to in the case of backwashing (Fig. 5).

Data collected during the treatments with the 0.1%
(w/v) NaOH solution did not exactly follow the same
trend (Fig. 5). Indeed, after applying a flow rate of
70Lh~', in the next experiment at a flow rate of
150 Lh™! the amount of biomass removed decreased. It
then increased again at the highest flow rate of
250Lh~'. This can be explained by the previously
mentioned pressure drop effect. Indeed, when under-
taking the experiment at the lowest flow rate of 70 Lh~",
the biofilter presented a low mean pressure drop of
about 0.5cm H,O/m filter bed. For the first experiment
at a flow rate of 150Lh~' the pressure drop had
reached a quite higher value, around 10cm H,O/m
packed bed. Two identical additional assays were then
performed, after waiting for reaching a lower pressure
drop over the filter bed (see also the last section of this
paper). The average amount of biomass removed as well
as standard deviations are plotted in Fig. 5. This
confirms the above-mentioned comment, concluding
that the treatments were less efficient when a higher
pressure drop was reached in the biofilter when under-
taking the experiment of biomass removal. The experi-
ments at 150Lh~! were performed in triplicate.
However, because of the high pressure drop during the
first assay generating a lower biomass removal, the mean
value reported in Fig. 5 is still lower than at 70Lh~".
Nevertheless, the general tendency is quite clear. As for
the backwashing treatments, the NaOH concentration
had a clear influence on the biomass removal efficiency,
being more biomass removed with 0.1% (w/v) than with
0.05% NaOH (w/v) (Fig. 5).

Foaming and a high pH were the main problems after
applying the NaOH treatment; foaming phenomena
being enhanced when sparging air through the system.
When working with a 0.1% (w/v) NaOH solution, the
biofilm reached a final pH of 9.2-9.8 which was
inhibitory (Fig. 6), and it was necessary to rinse the
filter bed with water until slightly acidic conditions were
reached again. This was not necessary in the air sparging
experiments with the 0.05% (w/v) NaOH solution since,
after the treatment, the final pH was 7.4—7.8 which was

still satisfactory for the biofilter, although some inhibi-
tion was observed. Basically identical inhibitory effects
were observed in backwashing assays as in air sparging
experiments.

Furthermore the efficiency of the air sparging
technology and backwashing with NaOH solutions are
compared in Fig. 5. Although similar amounts of
biomass were removed, for a given set of flow rates
and NaOH concentrations, lower volumes of aqueous
phase were used for air sparging. In the latter case, the
total volume of NaOH solution and rinsing water was
5L, to be compared to the 9L NaOH solution and
rinsing water needed during backwashing treatments.

3.7. Backwashing with NaOCI solutions

Good results were expected with NaOCI solutions,
considering its strong germicide effect, and taking into
account the recent data of Cox and Deshusses [12]
suggesting a high biomass removal efficiency. Compar-
ing Figs. 5 and 7 indicates that relatively low concentra-
tions of sodium hypochlorite (0.005% and 0.01%)
allowed eliminating larger amounts of biomass than
backwashing treatments with 0.05% NaOH, and yielded
relatively similar results as in backwashing assays with
0.1% NaOH. After the treatment with 0.005% NaOClI,
the biofilter’s elimination capacity dropped down to
values below 40gm >h™! at a toluene load of
60gm >h~!, needing a period of almost 1 week to
recover a removal efficiency above 80%.

The amount of biomass removed was quite similar at
the different flow rates for a given concentration of
NaOClI over the range of flow rates tested, although
biomass removal did weakly increase with the flow rate.
When increasing the concentration of hypochlorite from
0.005% to 0.01%, slightly higher amounts of biomass
could be removed. It is worth mentioning that the
pressure drop over the biofilter was always below 2 cm
H,O per meter packed bed just before applying the
treatments, except for the backwashing experiment with
0.01% NaOCI at a flow rate of 132Lh~", for which a
slightly higher average pressure drop was reached. The
germicide effect of the 0.01% NaOCI concentration was
relatively important, resulting in the almost total
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—— NaOCI (0.005%)-air sparging —— NaOClI (0.01%)-air sparging

Fig. 7. Amount of biomass removed in backwashing and air
sparging with NaOCI solutions, at different flow rates.
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inhibition of toluene biodegradation (RE <10%) for
a few days. Afterwards, the removal efficiency again
increased from about 10% to >90% in 10 days.

Batch assays support the above reported germicide
effect of NaOCI solutions and the negative effect on the
elimination rate of toluene as shown in Fig. 8. In batch
assays with concentrations above 0.025% NaOCI (w/v),
toluene was not degraded at all (data not shown).

3.8. Air sparging with NaOCI solutions

NaOCl solutions of 0.005 and 0.01% (w/v) were used
at four different flow rates, 70, 150, 250 and 355Lh~",
at 20°C (Fig. 7). Higher amounts of biomass were
removed compared to the results of the treatments with
0.05% NaOH solutions, but the data were relatively
similar or even slightly worse than in the assays with
0.1% NaOH. The amounts of biomass removed were
higher when increasing either the flow rate or the NaOCl
concentration, although the influence of the flow rate
was less significant than the effect of the hypochlorite
concentration (Fig. 7). The best results were obtained
with 0.01% NaOCl (w/v), allowing to remove 6.35g VSS
at a flow rate of 355Lh~'. When working with a
0.005% NaOCI solution and a flow rate of 355Lh~",
5.6 g VSS was the largest amount of biomass removed.
At the end of the experiments, the pH of the biofilter was
between 4.6 and 5.4 and its elimination capacity was
around or slightly below 20gm™—h™" at a toluene load
of 50gm~>h~!, corresponding to a removal efficiency
of 40%.

3.9. Backwashing with HTAB

As summarized in the literature [22-24], it is known
that most microorganisms present negative charges in
their cell wall, integrating electrostatic forces that help
them attach to the biofilm structure, jointly with
polyanionic matrix polymers (polysaccharides) and
metal bridge cations. In order to try and eliminate the
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Fig. 8. Removal of toluene in batch assays in the absence of

NaOCI and in presence of 0.005% and 0.01% NaOCI.

charge interactions the next strategy consisted in using a
cationic detergent, namely an ammonium salt. The
experimental results are shown in Fig. 9. Two concen-
trations (0.01% and 0.05%) and three different flow
rates were tested. As observed in Fig. 9, very similar and
relatively low amounts of biomass were removed with
both concentrations. The flow rate appeared to have a
limited effect on the results. Foaming was the major
problem. The activity of the biomass in the biofilter was
partly inhibited after applying this treatment but it was
not as strong as in the treatments with NaOH or NaOCl
and was similar as in backwashing assays with water,
needing less than 1 day to recover removal efficiencies of
at least 90%.

Batch assays were performed in the presence of
toluene and 0.01% and 0.05% HTAB as used in the
biofilter. The assays indicated that, at such concentra-
tions, HTAB had hardly any inhibitory effect on the
microbial activity (data not shown). HTAB was not
tested in air sparging assays since its effect on biomass
removal appeared to be very limited.

3.10. Backwashing with water at different temperatures
When carrying out backwashing experiments with

water and different combinations of temperatures and
flow rates, little biomass was removed at 30°C (Fig. 10)
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Fig. 9. Amount of biomass removed in backwashing treat-
ments at different flow rates, in presence of HTAB.
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Fig. 10. Influence of temperature on biomass removal in
backwashing treatments, applying different flow rates.
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and similar results were obtained as at 20°C (Fig. 4).
The amount of biomass removed was significantly
higher at higher temperatures of 45 and, above all,
60°C (Fig. 10), mainly when working at high flow rates,
although the amount of biomass removed was still quite
lower than when using chemicals. After the treatments,
the biofilter recovered relatively fast its original tem-
perature. The inhibition was very limited and similar as
in the previous experiments with HTAB, needing
between a few hours (30°C) and less than 1 day
(60°C) to recover.

3.11. Air sparging at different temperatures

In air sparging experiments, larger amounts of
biomass could be removed as the air flow rate was
increased (Fig. 11). The effect was more notorious at
higher flow rates, exceeding 340 Lh™'. By comparing
data obtained at 30°C and 45°C it appears that such
temperature increase did hardly improve the efficiency
of the process. In contrast, the amount of biomass
removed at 60°C was relatively higher than at the lower
temperature tested, reaching the highest biomass re-
moval efficiency at the highest flow rates.

3.12. Manual mixing of the filter bed

Manual-mixing experiments were performed in dupli-
cate. Related techniques have been described for
biomass regulation [9] or simply for homogenization of
a clogged organic filter bed [4]. After applying manual
mixing, the biofilter was rinsed with 3L water. Large
amounts of biomass were removed but much bed
material was disrupted and part of the filter bed
was lost in the drain water. The amount of biomass
removed reached 12.3 and 10.2g VSS for each experi-
ment, which are higher values than in all other cases but,
as indicated by Laurenzis et al. [14], stirring is an
expensive method. The inhibitory effect of mixing was
relatively limited although the biofilter still lasted about
3 days to reach the original performance observed
before the treatment.

Biomass (g)
(=2 N W S w1

0 150 300 450 600 750 90C
Flow (L /h)

‘+30°C+45“C+60° c‘

Fig. 11. Influence of temperature on biomass removal in air
sparging treatments, applying different flow rates.

3.13. Effect of the pressure drop on the efficiency of
biomass removal

It has been mentioned above that the pressure drop
measured over the filter bed directly affects the efficiency
of the technique used for biomass removal. Such
phenomenon led sometimes to slight deviations from
the general tendency of the data. It is well known that
the pressure drop is related to the compaction level of
the filter bed, chaneling, and clogging. Fig. 12 shows a
typical relationship between the amount of biomass
removed and the pressure drop before applying the
treatment, for an air sparging experiment. This example
leads to the conclusion that, when applying the biomass
removal strategy, a higher pressure drop results in lower
biomass removal. Similar results, leading to the same
conclusion were obtained with other treatments used for
biomass removal. All the treatments described above
were performed at least in duplicate, but some experi-
ments were repeated three times or more, in order to
reach reliable data, whenever less biomass was removed
than clearly expectable from the general tendency of the
results or when a given result did significantly vary from
its duplicate. Therefore, standard deviation data have
also been plotted in all cases.

4. Conclusions

In long-term biofilter operation deviation from ideal
plug flow regime is non-negligible compared to the start-
up period, among others because of heavy biomass
accumulation. Different techniques have been tested in
order to remove excess biomass.

In the filling/draining method only little biomass
could be removed. However, that technique had
basically no inhibitory effect on the activity of the
biofilm.

Backwashing and air sparging in presence of a water
phase were more efficient techniques. The addition of
chemicals as NaOH or NaOCI to the aqueous phase

44 ®n
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w
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0 T T T T T
0 5 10 15 20 25 30

Pressure drop (cm H,0 /' m packed bed)

Fig. 12. Effect of pressure drop on the amount of biomass
removed in an air sparging experiment performed in triplicate,
with NaOH and a flow rate of 150Lh™'. The circled data
represents the average value.
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allowed the elimination of significantly more biomass
than when using water only. Nevertheless, when using
chemicals the performance of the biofilter dropped
significantly immediately after the treatment and the
reactor needed several days to recover its original
performance while only a few hours were necessary in
presence of pure water. Contrary to NaOH and NaOClI,
the addition of HTAB did hardly improve biomass
removal compared to assays without chemicals.

As a general rule, more biomass was removed when
increasing either the air (air sparging) or water (back-
washing) flow rate. The efficiency of biomass removal
did also improve whenever increasing the temperature of
the water phase (30-60°C). The inhibitory effect of heat
on the biofilm’s activity was much more limited than
when adding chemicals and the system recovered its
original performance usually in less than 1 day.

The highest amount of biomass removed was
obtained when unpacking the biofilter and manually
mixing the packing material. However, this method,
would probably not be viable in full scale biofilters.

As a general rule, the efficiency of the different
techniques used for biomass removal decreased when-
ever a higher pressure drop was reached before the
treatment.
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