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Abstract

The performance of laboratory scale methanol-degrading biofilters packed with lava
rock was checked during almost 1yr under different conditions. The biomass
concentration and biomass adaptation of the inoculum dramatically affected the start-up
and the performance of the systems during the first stages of operation. A fast start-up
was obtained when using concentrated and adapted inocula, while diluted or non-
adapted inocula proved to be much less efficient. The performance of the reactor during
long-term operation was significantly affected by the toxic load and moisture content of
the gas. Critical loads between 120 and 280 g/m>h were reached during different phases
of the study. The reactor had a high stability to EBRT changes when working at values
between 48.0 and 91.1s, showing little or no negative effect when decreasing the
EBRT. Hardly any difference was observed regarding performance when using either a
downflow or upflow feed, although slightly better results were obtained when working
in a downflow mode.
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1. Introduction

During the recent past decades, the treatment of waste gases by means of biological
technologies has proved to be an efficient and reliable alternative to traditional
treatments based on physico-chemical principles. In bioreactors, the waste gas is put in
contact with microorganisms, mainly bacteria and fungi, able to use the pollutant(s) as
carbon and/or energy source. Commonly, biodegradation results in the generation of
simple molecules with no or limited effect on human health or the environment, as
water and carbon dioxide. Recently, the use of gas-phase bioreactors has increased
widely, mainly due to their high efficiency and low costs. Nowadays, several different
bioreactor types are available for specific applications in air pollution control (Kennes
and Veiga, 2001). Research aimed at improving the operating strategy of these systems
and increasing the reactor's performance and long-term stability have also been
undertaken (Song and Kinney, 2001; Kennes and Veiga, 2002; Mendoza et al., 2003).

Methanol (CH3OH) is a volatile organic compound commonly used in industry, which
may have harmful effects on human health. Therefore, it has been listed as one of the



189 Hazardous Air Pollutants included in the 1990 Clean Air Amendment list in the US.
Even though it may also have negative effects on microorganisms, different studies
have proved that methanol can effectively be removed from air by means of bioreactors
(Shareefdeen et al., 1993; Krailas et al., 2000; Dhamwichukorn et al., 2001; Kong et al.,
2001; Cornabé et al., 2002; Prado et al., 2004). Methanol has been listed as a compound
of “excellent biodegradability” (Zilli and Converti, 1999).

The present work describes several experiments that were performed in a series of
conventional methanol-degrading biofilters packed with lava rock over a period of
around 1 yr. The use of an inert material as filter bed allows a better gas distribution
inside the reactor than organic carriers (Arulneyam and Swaminathan, 2000), although
an initial inoculation with microorganisms is necessary as well as a periodical nutrient
supply. The main objective of the work presented here was to check the performance of
these systems under different situations that are commonly observed in industrial
operation, as fluctuations in the emission rate or in the moisture content of the gas.

Nomenclature

CcC Methanol concentration (M L™)

CiniCinl Inlet Methanol concentration (M L)

CsC6 Methanol concentration at = = 6 cm z=6¢m
(ML")

C5C25 Methanol concentration at == 25cm
z=25cm (M L)

C44=Cq,{C44=Cout Methanol concentration at == 44cm
z=44cm (outlet) (M L)

COzini Inlet carbon dioxide concentration
ML?)

COxut Outlet carbon dioxide concentration
ML?)

EBRT Empty bed residence time (t)

EC Methanol elimination capacity (M L™t ')

LL Methanol load (M L t ™)

QQ Gas flow rate (L°t ™)

RE Methanol removal efficiency
(dimensionless)

vV Filter bed volume (L°)

VSS Volatile suspended solids (M)

7z Distance from the reactor inlet (L)

2. Materials and methods
2.1. Bioreactors

Laboratory-scale conventional biofilters used throughout the study consisted in a glass
cylinder packed with either 2.0 or 3.4 L lava rock. Filter bed characteristics have been
described previously (Prado et al.,, 2004). Each reactor had four equidistant gas
sampling ports at different heights. Most of the time the reactors were operated with a
downward air flow, unless otherwise stated. The polluted gas fed to the biofilters was




prepared by mixing two air streams. One of them passed through a bottle containing
methanol (99.5% purity, Panreac, Spain), while the second one passed through a water
bath (Mendoza et al., 2003). All connections were made using Viton™ or silicone
tubing. A general scheme of the systems can be found elsewhere (Prado et al., 2002), as
well as the composition of the aqueous nutrient solution fed to the biofilters. During all
the study the biofilters were kept at room temperature. All experiments were performed
with a downward air flow except when studying the effect of that parameter on the
reactor performance.

2.2. Analytical methods

Methanol concentration was measured by means of a HP-6890 gas chromatograph
(Agilent T., Spain) equipped with a 30 mx0.53 mm HP-PLOT Q column and a flame
ionization detector, operating in splitless mode. Oven temperature was 130 °C, while
both the injector and detector temperature was 150 °C. Samples were injected using a
2.5cm® gas-tight Hamilton syringe. Under these conditions, the retention time of
methanol was 3.5 min. Calibrations were performed as described in the work of Prado
et al. (2002). pH was measured by means of an Ingold U455-S7 electrode connected to
a Crison pH-meter 507. A Warburg manometer was used to measure the pressure drop.
Volatile suspended solids were determined according to Standard Methods ( APHA,
1989). A H270 temperature and relative humidity sensor (Dostmann E., Germany) was
used to measure the relative humidity. CO, concentrations were determined by means of
a COy-gas sensor (Vernier S. & T., USA).

2.3. Inoculum

The biofilters were inoculated with fresh aerobic sludge obtained from the wastewater
treatment plant of a synthetic resin-producing industry (Eiroa et al., 2004). The sludge
was maintained for not more than 4-5 weeks in the laboratory at room temperature,
with continuous supply of air, in order to minimize biomass decay and avoid anaerobic
growth. After that time, unused sludge was replaced with new, fresh one. The
characteristics of the sludge are given elsewhere (Prado et al., 2004).

2.4. Performance parameters

The following parameters were used to express the performance of the bioreactors
(Kennes and Veiga, 2001):

L (Methanol load) = C,; @/ V',

EC (methanol elimination capacity)
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RE {meihanol removal efficiency)
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3. Results and discussion

3.1. Effect of the biomass concentration and biomass adaptation of the inoculum
on start-up

In a first study, conventional biofilters packed with 2.0 L lava rock were inoculated with
four different inocula, in order to check the effect of the biomass concentration and
biomass adaptation of the inoculum on the performance of the reactor during short-term
operation. In the first three experiments, the sludge was diluted in distilled water in
order to achieve biomass concentrations of, respectively, 3.5, 0.35 and 0.035 g VSS/L.
The sludge had not been previously exposed to methanol. In the fourth experiment, the
inoculation was performed with 0.35g VSS/L adapted inoculum obtained from a
methanol-degrading biofilter used in another study. According to Veiga and Kennes
(2001), the use of an adapted inoculum may be an useful way to shorten the start-up
time. Zilli et al. (1993), working with pure and mixed phenol-degrading batch cultures
of Pseudomonas putida, proved that when the culture had been previously exposed to
the toxic, the time needed for the microorganisms to fully degrade it was significantly
shorter. Successive acclimations could reduce that time even to a higher extent. Both the
inoculations and the operation of the reactors were carried out the same way in our four
experiments. For the inoculations, the reactor was first filled with 1.6 L of sludge,
which was drained off after 1 h. Before the inoculation, pH of the sludge was set at 7.5,
using diluted solutions of NaOH and HCI. Immediately after the inoculum was drained
off, the biofilter was supplied a constant methanol load of around 60 g/m® h. During the
four experiments the biofilter was operated with an EBRT of 48s and a relative
humidity above 90%.

Fig. 1 shows the performance of the reactor in each experiment. Fourteen hours after the
inoculation with the first sludge (3.5g VSS/L), the removal efficiency had reached
values above 99%. Such high efficiency was maintained for more than 1 week, with
very high stability. Afterwards, the reactor was stopped and the filter bed replaced with
new, clean lava rock for further experiments. A previous experiment performed with a
non-inoculated reactor showed that no significant adsorption occurred on the support,
proving that the elimination was due to the action of the microbes (data not shown).
This proves that the sludge is highly adequate as inoculum for methanol degradation.
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Influence of biomass concentration and biomass adaptation on the start-up of a
biofilter fed a constant methanol load of 60 g/m® h.

In the second case, when using 0.35 g VSS/L for inoculation, start-up was significantly
slower (Fig. 1). The removal efficiency reached a highest value of around 50%, 1 week
after inoculation, decreasing later on to values below 25%. The addition of 1.6 L
nutrient solution on day 9 did not improve the reactor's performance. Indeed, the
nutrient supply removed some biomass from the reactor, which may have had a
negative effect on performance.

In the third experiment 0.035 g VSS/L was used for inoculation and only a low removal
efficiency, always below 7%, was observed even after 1 month of operation. As in the
previous case, 1.6 L of nutrient solution was poured on top of the system after 9 days of
operation, with no clear positive effect on performance. Although biomass detachment
was not quantified during this experiment, it was observed in other studies that around
0.1kg VSS/m® packed bed can be removed on an average during nutrient supply
(Kennes and Veiga, 2002; Mendoza et al., 2004), which is a low value but is highly
significant in this work, compared to the 0.035 g VSS/L inoculated in the biofilter.

In the fourth experiment, with 0.35 g VSS/L of adapted sludge, the performance during
the first 2 days of operation was similar as in the second experiment, in which a non-
adapted sludge with the same biomass concentration had been inoculated. However, in
this case the reactor's efficiency improved after that day, reaching an elimination
efficiency of 100% on the third day of operation. This efficiency decreased after 4 days
of operation, probably as a consequence of a lack of nutrients. As in the previous cases,
1.6 L of the nutrient solution was supplied on day 9. This resulted in a full recovery of
the reactor's performance (Fig. 1).

These results prove that both the concentration of biomass in the inoculum and its
adaptation to the pollutant may dramatically affect the performance and start-up of a
biofilter packed with an inert filter bed. High biomass concentrations and an adaptation
step of the inoculum reduce the start-up period and improve performance during the
first stages of operation. Also, the results obtained in the fourth experiment show the
convenience of assuring a good supply of moisture and nutrients during the start-up
phase. This may be done through the periodical addition of a liquid nutrient solution.
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Inoculation with a too low biomass concentration and/or non-adapted sludge may lead
to wash out problems and failure of the start-up procedure.

3.2. Performance during long-term operation

A conventional downflow biofilter packed with 3.4 L lava rock was started-up and
operated during more than 7 months with a variable methanol load. Several other
operation parameters were modified during this period, in order to check the behaviour
of the reactor under different conditions. The inoculation of the reactor was performed
in a similar way as in the first case of the previous experiment. The initial EBRT was
91s.

During the first days of operation, with an inlet methanol load around 120 g/m®h,
removal efficiencies above 70% were achieved (Fig. 2). However, as in the previous
study, the efficiency started soon to decrease as a consequence of a lack of nutrients.
During the next days the inlet load was decreased. Also, on day 18 the biofilter was
reinoculated with sludge obtained from a bioreactor employed for the treatment of a
mixture of methanol and formaldehyde and fed 2 L nutrient solution. This led to an
increase in the removal efficiency, that reached a stable value around 98% by day 26 of
operation, when the methanol load was around 55 g/m® h. From this day on, 2 L nutrient
solution was fed weekly to the reactor. This addition is not only important as a nutrient
supply, but also to compensate for water loss by evaporation.
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Fig. 2.

Reactor operation during the study. Area between the dotted lines shows the
period of the humidification system failure.

Then, the methanol load was gradually increased up to values around 330 g/m® h. As
long as the inlet load remained below 280 g/m* h, removal efficiencies close to 100%
were reached (Fig. 2). Even though the elimination capacity was high during all the
study, the pressure drop was negligible, reaching maximum values of only 4 mm
water/m filter bed. This was partly due to the small weekly removal of biomass when
feeding the liquid solution to the reactor. The pH of the biofilter was usually between 3
and 4, as a consequence of the consumption of ammonium as nitrogen source by the
microbes, with the release of protons in the medium and concomitant acidification. The
critical load under these operating conditions was around 280 g/m®h. As an example,
Shareefdeen et al. (1993) obtained a maximum methanol elimination capacity of
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112.8 g/m* h in a conventional biofilter packed with a mixture 2:3 (v:v) of peat and
perlite. A value of 101 g/m*h was reached by Krailas et al. (2000) in two biofilters
packed with a mixture of compost and pall rings (4:1, v:v). Cornabé et al. (2002)
reached an elimination capacity as high as 175 g/m® h in a biofilter packed with porous
ceramic Rashig rings that had been inoculated with a recombinant Pichia pastoris
strain. Results similar to those obtained in the present study were achieved by Mohseni
and Allen (2000), who reached a methanol elimination capacity of 250 g/m*h in two
biofilters used for the treatment of a mixture of methanol and a-pinene.

Subsequently, the supply of methanol loads as high as 330 g/m* h during 48 h (days 46—
47) resulted in a decrease in the removal efficiency (Fig. 2). Although the removal
efficiency improved quickly after decreasing the inlet load, the critical load dropped to
values between 120 and 180 g/m* h in the subsequent experiments.

Moisture content is another key parameter in bioreactor operation. Different studies
published in the last years show that the relative humidity should be between 90% and
100% for optimal performance (van Lith et al., 1997; Jorio et al., 1998; Krailas et al.,
2000; Kennes and Veiga, 2001; Estévez et al., 2005). Lower values will lead to drying
out and channeling of the filter bed, decreasing the efficiency of the reactor. During our
study, the biofilter was constantly fed air with a relative humidity value above 90%.
However, as a consequence of a failure in the humidification system between days 138
and 144, the bioreactor was fed air with a relative humidity below 1.0% during that
period. As shown in Fig. 2, this led to a fast decrease in the efficiency of the biofilter.
On day 144, the relative humidity of the inlet gas was restored to its initial value,
leading to a quick recovery of the removal efficiency. In less that 1 week, values
comparable to the ones obtained before the failure were reached.

3.3. Study of methanol elimination at different reactor heights

During the first 5 months after start-up, the methanol concentration was periodically
checked at different heights of the reactor, at 0, 6, 25 and 44 cm from the inlet. Hence,
three different zones of the reactor were studied separately: zone A (from the inlet to
z = 6ecmz=6cm), zone B (6<z=25cm6<z<25cm) and zone C (25<:z<44cm
25<z<44cm). The volume of each zone was, respectively, 0.46, 1.47 and 1.47 dm®.
Although the inlet concentration varied during the experiment, all the results shown in
the present study were obtained under pseudo-stationary state with an inlet methanol
concentration around 3.0 g/m®. The methanol load was around 120 g/m® h. In the first
stages of the study most of the biodegradation took place in zone A (Fig. 3), even
though its volume was only 13.5% of the filter bed. Meanwhile, zone C presented the
lowest efficiency. This same pattern has been observed in different studies (Hodge et
al., 1991; Arulneyam and Swaminathan, 2000; Cox et al., 2001; Lu et al., 2001; Prado
et al., 2004), and may be due to the higher amount of carbon, water and nutrients that
were available for the microorganisms in the inlet zone of the reactor (Lu et al., 2001).
However, after 10 weeks of operation, the relative contribution of zone A to the
biodegradation had decreased, while it had increased in zone B. Although the local
moisture content was not measured, it was considered that the decrease in the efficiency
of zone A could be due to a lack of water near the inlet of the biofilter. Besides,
observation of the filter bed showed that during the first 5 months of operation the
concentration of biomass in zone B had gradually and significantly increased. However,
zone C did not show a well-developed biofilm during the present study.
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Methanol concentrations at different heights of the reactor, during the first 5
months of operation after start-up.

3.4. Effect of highly variable EBRT on reactor performance (short-term study)

In the present experiment, the stability of the system under conditions of highly variable
EBRT was studied. The study was undertaken on day 104 of operation, when most of
the degradation (around 75%) took place in the middle zone of the biofilter (Fig. 3).
Before the experiment was started, the reactor was operated at a constant EBRT of
91.1s during 6 weeks. Then, the EBRT was decreased four times at intervals of
150 min each. EBRT changes were performed by modifying the gas flow rate. The
EBRT used in the different stages were 91.1, 68.2, 62.0, 53.8 and 48.0 s. The inlet
methanol concentration was 2.60.2 g/m® throughout the study. Methanol concentration
was measured at different heights of the biofilter in every stage. Results, presented in
Table 1 and Fig. 4 and Fig. 5, show that the removal efficiency remained quite stable
during the study, decreasing only slightly when the EBRT also did. The removal
efficiency remained above 95% even at methanol loads of 180 g/m®h and a gas flow
rate above 250 L/h. Although higher flow rates were not applied, it is expected that, at
lower EBRT, the removal efficiency will decrease proportionally. The effect of the
changes in EBRT on the degradation profile of the biofilter was also studied. Results
(Table 1) show that the quick changes in EBRT did not have a significant effect on the
degradation profile under these conditions. Only a small loss in the relative importance
of the elimination in the middle zone of the reactor with respect to the lower zone could
be observed when the EBRT decreased, but this was not really significant.
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Table 1.

Operation parameters and results obtained during each stage (average
valueztstandard deviation)

Stage |1 2 I3 4 |5 |
Q(L/m) 1343 1795 1974  [2276 2551 |
[EBRT (s) |91.1  [68.2  [62.0 538 480 |

Cini (g/m?) |2.78+0.04|2.56+0.09|2.46+0.39 [[2.85+0.032.43+0.05|
ICs (g/m°®) |[2.54£0.22|2.44+0.13)[2.3420.32 |[2.58+0.08|[2.3320.08|
IC25 (g/m®) ]|0.46+0.16(0.57+0.04/(0.57+0.03 ||0.60+0.05[0.7020.05|
ICaq (g/m®) |0.03+0.04]0.06+0.01/0.06+0.01 [0.08+0.00]/0.12+0.04]
L (g/m*h) |109.8+1.6|134.9+4.6|142.8+22.8]190.7+1.9]182.1+3.6|
[EC (g/m® h)|[108.420.2|132.0+4.7][139.4+23.2|185.3+1.9|[173.13.6|
IRE (%)  |98.8+1.6 |97.8+0.3 |97.620.6 [97.2+0.1 ||95.1+15 |
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Methanol concentrations at different reactor heights during the experiment.
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Effect of the gas flow rate on bioreactor performance.
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After this experiment, the reactor was operated during 5 weeks at the lowest EBRT of
48.0 s to check its stability over a longer period of time. During those 5 weeks, the
methanol load was 180+28 g/m® h, and the removal efficiency was 96.6+2.2%. These
results are consistent with the data presented in Table 1.

3.5. Comparison of upflow and downflow operation

Gas-phase bioreactors may be operated either in an upflow or a downflow mode.
According to Devinny et al. (1999), downward air flow usually gives better results, as a
consequence of the improvement of the moisture control. In a situation of drying out of
the filter bed, which will generally appear first near the air inlet zone, the addition of
water to the top of the carrier will easily solve the problem in a downward flow reactor.
Such a treatment will not be so effective in an upward flow reactor, as drying out will
start in the lower zone, less easily accessible. Another advantage is that downward
operation allows better drainage.

The performance of our biofilter was studied under these two different operation modes,
for more than 5 weeks each (Fig. 6 and Fig. 7). All the rest of the operation parameters
were the same during all the experiment. In the first phase, the reactor was operated in a
downflow mode with a methanol inlet load of 102.4+18.6 g/m* h. A removal efficiency
of 92.3+19.4% was obtained. Subsequently, the flow was switched to an upflow mode.
Under these conditions, with an inlet load of 105.1+27.4 g/m* h, a removal efficiency of
80.8+16.6% was achieved. These results show that the performance of the reactor was
very similar in both cases (Fig. 7), although the average elimination capacity was
slightly higher when operated in a downflow mode. After 6 weeks of operation in an
upflow mode, downflow conditions were reestablished. Even though the inlet load was
increased to an average of 120 g/m® h, the removal efficiency increased to values above
97%. Such a high elimination efficiency was maintained during more than 1 month
without significant variations. This small improvement may be the result of a more
homogeneous biomass distribution when switching from upflow to downflow operation
(Song and Kinney, 2001; Kennes and Veiga, 2002). Krailas et al. (2000) also compared
the performance of an upflow and a downflow methanol-degrading biofilter, observing
that the elimination capacities were similar. However, they found that in the upward
flow biofilter it was more difficult to compensate for water loss.
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Effect of using an upflow or downward air flow on bioreactor performance.
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Performance of the bioreactor with upflow and downflow operation.
3.6. Mineralization of methanol to CO,

Ideally, if all the methanol supplied to the reactor is oxidized to carbon dioxide, the
removal of 1 g of methanol will result in the production of 1.375 g of CO,, according to
Eqg. (1), neglecting biomass growth.

CH;OH +§U: — 2H20 + COa.

However, conversion to carbon dioxide is not the only fate of the carbon source in a
biofilter. Morales et al. (1998) found that 44.5% of the carbon was converted into CO,
in a toluene-degrading biofilter. Polymers and degradation intermediates represented
32.0%, and the carbonates 14.3%. The rest (9.2%) was assumed to accumulate as
biomass. Part of the carbon can also leave the reactor through the leachate, though this
sink can usually be neglected in conventional biofilters since it does apparently
represent less than 1% of the carbon flux (Song and Kinney, 2000). Accordingly,
carbon recoveries lower than 100% may be found if only CO, production from
biodegradation is considered. Nevertheless, other studies have shown that CO,
production may sometimes also exceed 100% (Diks et al., 1994), which can be due to
endogenous respiration and to respiration of biogenic material by secondary microbial
populations.

In our biofilter, both inlet and outlet CO, concentrations were measured from day 203 to
day 222, with methanol loads ranging from 25.8 to 230.2 g/m*h. The amount of
methanol recovered as carbon dioxide was 57.6£11.4%. These results are in the same
range than others obtained by different authors (Kennes et al., 1996; Deshusses, 1997;
Rihn et al., 1997; Cox et al., 1998; Woertz and Kinney, 2002; Estévez et al., 2005). A
linear correlation was found between the concentration of methanol removed and CO,
production. Such a linear behaviour was also observed in a biofilter treating toluene-
polluted air (Song and Kinney, 2000).
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4. Conclusions

The results shown in the present work prove that high loads of gas-phase methanol may
be effectively treated by means of conventional biofilters packed with an inert carrier.
The inoculation of a sludge obtained from the wastewater treatment plant of a
formaldehyde-producing industry, in which low concentrations of methanol are
sometimes present, can significantly shorten the start-up phase. Inoculating a high
biomass concentration of adapted sludge will also speed-up and improve the
performance of the start-up phase. In the present study, high elimination capacities were
obtained, compared to the ones found in the literature for methanol. However, the
supply of methanol loads above 300 g/m* h during more than 2 days caused a toxicity
effect on the microbes, decreasing the removal efficiency. Critical loads between 120
and 280 g/m® h were achieved in the different phases of the study. The moisture content
was found to be one of the critical parameters in the operation of the biofilters and the
supply of dry air to the reactor during less than 1 week led to a fast decrease of its
efficiency. However, a high performance could be quickly restored by supplying again
air with a moisture content above 90%. The system showed a high stability against
changes in EBRT. The EBRT was decreased stepwise from an initial value of 91.1-
48.0's, with little or no effect on the performance in the different stages of the
experiment. There was hardly any difference between upflow and downflow operation,
although slightly better results were obtained when working with a downward flow,
probably as a consequence of the improvement in moisture and biomass distribution.
Analysis of the carbon dioxide concentration at the inlet and at the outlet of the reactor
showed that around 60% of the methanol fed to the biofilter was recovered as COx.
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