TRANSIENT BEHAVIOR OF BIOFILTERS: START-UP, CARBON
BALANCES, AND INTERACTIONS BETWEEN POLLUTANTS

By Marc A. Deshusses’

ABSTRACT: The work describes the aerobic biodegradation of volatile organic compound (VOC) mixtures
from eifluent air streams in laboratory-scale compost based biofilters. A rapid start-up of the system (3-5 d)
was observed and 82% of the carbon in the influent pollutant (methyl ethyl ketone) was recovered as carbon
dioxide in the exhaust air after this period. Biofilter performance and carbon dioxide production were also
investigated during and after 0.5-1-h step inputs of 2~10 g m™* of hexane, acetone, 1-propanol, and/or methyl
isobutyl ketone (MIBK) during steady methyl ethyl ketone (MEK) treatment. Carbon dioxide patterns suggest
that pulsed pollutants were first sorbed onto the packing material and subsequently degraded within 2—5 h.
Hexane: was not sorbed, and thus not degraded to a significant extent. Little effect was observed of the step
inputs on the overall MEK removal process, mainly because the reactors were operated weil below MEK
breakthrough loading. However, the analysis of MEK profiles within the biofilter bed showed that significant
inhibition did indeed occur. An even more important inhibition was observed between 1-propanol, MIBK, and
acetone, when such a mixture was injected into the reactor. Practical design of biofilters should consider the
possibility of reduced performances due to the presence of multiple VOCs in the waste air stream.

INTRODUCTION

Industrial biofilters are often exposed to waste air streams
from discontinuous processes in which highly variable con-
ditions occur. Therefore, a major need exists to obtain reliable
information and develop conceptual understanding of the phe-
nomena that occur during transients in biofilters, particularly
when multiple pollutants are treated. Clearly, extended studies
of transient behavior of biofilters are needed to provide the
basic empirical knowledge necessary for plant design, scale-
up, and performance evaluation under real conditions. In ad-
dition, the study of transient behavior offers a genuine basis
for the development of a conceptual explanation of the com-
plex phenomena that occur in biofilters during pollutant elim-
ination, thereby providing an opportunity for further progress
in establishing fundamental understanding of such reactors
(Shareefdeen et al. 1994; Deshusses et al. 1995b).

Very few publications report details concerning the start-up
period of biofilters. This situation probably exists because
start-up is usually thought not to influence the future perfor-
mances of biofilters. However, most biofilters are limited by
reaction rather than by mass transfer. Hence, optimization of
active biomass density, through better understanding of the
initial colonization of support material by growing biomass
may alter such views. Investigations on acclimation time (Des-
husses et al. 1996), start-up, and carbon balances (Deshusses
1995) are one means to access some fundamental information
on the rate of biomass buildup and/or on the rate of synthesis
of degradation key enzyme. Experiments on the start-up and
carbon balances are presented and discussed in the first part
of the results section. Regarding the understanding of micro-
scopical principles of biofiltration, further research regarding
the relationship between active and inactive biomass densities
and biofilter removal efficiency is needed.

As far as industrial biofiltration is concerned, pollutant con-
centration and loading, packing moisture content and temper-
ature are the main operational variables influencing process
efficiency. If the latter parameters are essentially control var-
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iables, the former are usually governed by the pollutant emis-
sion process. In addition to such influences, transient condi-
tions and the presence of multiple pollutants have been shown
to affect significantly the performance of biofilters. Only a
limited number of papers deal with the transient response of
biofilters to changes in operating conditions (Hodge et al.
1992; Shareefdeen et al. 1994; Tang et al. 1995; Deshusses et
al. 1996). It has been emphasized (Shareefdeen et al. 1994;
Deshusses et al. 1996) and modeled (Deshusses et al. 1995a)
that pollutant sorption plays a major role during transient op-
eration. Further, interactions between multiple pollutants un-
dergoing treatment, such as described earlier between methyl
ethyl ketone (MEK) and methyl isobuty ! ketone (MIBK) (Des-
husses 1994), or between hexanal and sulfur dioxide (SO,)
(Van Langenhove et al. 1987), have demonstrated a tremen-
dous influence on the removal process. From an industrial
point of view, these phenomena can result in significant pol-
lutant emissions, which are unpredictable a priori. The exper-
iments described in the second part of the results section il-
lustrate the combined effect of transients and exposure to
multiple pollutants. As far as practical applications are con-
cerned, major differences between systems are expected de-
pending on pollutant/packing affinity and on both biodegrad-
ability and degradation pathways of all pollutants undergoing
treatment.

MATERIALS AND METHODS

Material and methods were similar to previously used (Des-
husses et al. 1996). A schematic diagram of the equipment
used is shown in Fig. 1.

Biofilter and Packing Material

The biofilter was constructed from clear polyvinyl chloride
(PVC) tubing and was 1.5 m in length and 152 mm in internal
diameter. Operating temperatures were maintained between
20° and 25°C. The biofilter was filled with a mixture of horse
manure and yard waste compost, and redwood chips provided
by The Reynolds Group (Tustin, Calif.). It was buffered to
near neutral pH with a mixture of mono- and dibasic potas-
sium phosphate. The voidage of the packing material was not
determined. The active filter bed height was about 1 m, split
in four sections allowing reproducible air sampling at inter-
mediate heights. The packing density (55-60% water content)
was between 450 and 500 g of packing per liter of bed volume.
As before (Deshusses 1994), the packing material was inoc-
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FIG. 1. Experimental Setup

ulated with a concentrated enrichment culture. No additional

mineral nutrient source or pH buffer was added after beginning
the experiments.

Pollutant Containing Humid Air Stream

Compressed oil-free air was saturated with water vapor by
sparging the air through water at 25-28°C. One smaller com-
pressed air stream was sparged into 0.5-L bottles, containing
MEK and subsequently mixed with the major humidified air
stream. As required, a metered flow of hexane, MIBK, ace-
tone, 1-propanol or mixtures of these compounds was injected
into the main air stream by a metering pump (by FMI, Inc.,
New Jersey), where it was evaporated. All chemicals were of
high purity grade (Fisher Scientific), except for the hexane,
which was a mixture of several branched hexanes. Downward
gas flow rates of 0.7-0.8 m*® h™' were used in most experi-
ments, giving surface or volumetric loadings of about 40 m
h™'. The gas had a relative humidity greater than 95%, and
the pressure drop over the filter was less than 50 mm water
gauge.

Analysis

The concentrations of volatile organic compounds (VOCs)
in the gas phase were determined by gas chromatography. Air
samples, selected by a 16-stream injection valve (Valco, Hous-
ton, Tex.), were pumped through 0.1 mL and 0.25 mL sam-
pling loops for automatic injection into a Hewlett-Packard type
5890A Series II gas chromatograph operated isothermally at
65°C. The VOC separation was performed with a 30 m Su-
pelcowax 10 column (0.53 mm, 1 pm film, Supelco, Belle-
fonte, Pa.) and detection was with a flame ionization detector.
Carbon dioxide was analyzed with a 2.4 m 80/100 Chemosorb
1/4 in. packed column (Supelco, Bellefonte, Pa.) and detection
was with a thermal conductivity detector.

RESULTS AND ANALYSIS
Biofilter Start-Up and Carbon Balances

The start-up of the biofilter degrading methyl ethyl ketone
(MEK) vapors is shown in Fig. 2. After an initial sorption
phase (not shown) of about 8~12 h during which MEK vapors
were removed by physical sorption only, inlet and outlet con-
centration remained the same until the onset of biological ac-
tivity at about 60 h. At this point the endogenous respiration
was measured and corresponded to a CO, production of 0.13
*+ 0.02 g€ m™. A progressive increase in reactor efficiency
was observed that resulted in complete poliutant elimination
after 75 h. As reported in Fig. 2, this correlated with an in-
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crease in carbon dioxide production. After 100 h operation,
the MEK inlet concentration was approximately doubled. Even
$0, no breakthrough could be detected. The analysis of carbon
dioxide production in Fig. 2 shows consistent increases with
the increases in MEK removal. Interestingly, 2-5 h were
needed to establish a steady state with respect to carbon di-
oxide. One plausible explanation is that MEK was essentially
removed by sorption after the step increase, and that a few
hours were necessary for the dormant or inactive biomass, lo-
cated in the unexposed part of the biofilter, to turn on pollutant
degrading mechanisms.
Reported in Fig. 3, is the carbon recovery defined as

moles of CO, produced
moles of C pollutant consumed

Carbon recovery = (1)

Initially high (>1) values are obtained due to endogenous res-
piration. Later, lower values are observed corresponding with
the increase of pollutant removal. In none of the cases, were
these values comparable to the 0.5-0.6 observed in liquid sus-
pended culture of MEK degraders (Deshusses 1994). This in-
dicates that the biofilter process culture is subject to a signif-
icant stress, and is required to convert a larger fraction of the
pollutant to carbon dioxide to satisfy its maintenance require-
ment. Carbon recovery is expected to approach unity after sev-
eral weeks when the microbial growth equals its decay, and
steady state, as strictly defined, is established. In the experi-
ments reported here, when steady state was reached, an aver-
age of ca 82 * 10% of the degraded MEK was recovered in
carbon dioxide. The temporary low value observed at 100 h
is due essentially to extended sorption after the increase in the
inlet concentration.
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FIG. 2. Initial Start-Up Time Course—Initlal Conditions: Intet
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FIG. 3. Carbon Recovery During Start-Up of Blofilter; Arrow
Corresponds to Step increase of MEK Inlet Concentration From
0.45 g m~to 1.1 g m? (Conditions as in Fig. 2)



It is difficult to account for the missing carbon. Although
the formation of organic by-products has been reported by
others during treatment of VOCs such as ethanol or ethyl ac-
etate (Devinny and Hodge 1995; Johnson and Deshusses
1996), it is an improbable explanation here, since neither me-
tabolites nor degradation by-products other than carbon diox-
ide were ever detected during biotreatment of MEK. Tautz et
al. (1992) found that in a biofilter degrading toluene, carbon
recovery was consistently higher than one for inlet concentra-
tion lower than 0.2 g m~>, and decreased to recoveries close
to 0.6 when the biofilter was exposed to higher toluene con-
centration. The missing carbon was assumed to be incorpo-
rated in biomass. However, using the conditions of Fig. 2 and
assuming 1.1 g MEK m™, 42 m*> m~* h™', and 50% C content
in dry biomass, it is calculated that the missing 10% carbon
represents an hourly formation of 6.1 g of dry biomass per
cubic meter of reactor. This figure indicates that if the missing
carbon fraction would be incorporated in biomass, the reactor
would rapidly be clogged. This is not the case however, most
probably because other nutrients become limiting. A possible
explanation for the fate of missing carbon is the formation of
carbonate that leaves the reactor unaccounted in a minimum
of leaching water. Further analysis would be needed to close
the carbon balance.
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Interactions between Pollutants Undergoing
Treatment

In Fig. 4, the dynamic response of a biofilter degrading a
constant load of MEK, and exposed to a one-hour step of a
mixture of hexanes is presented. The concentrations at differ-
ent heights in the reactor are reported. It is obvious from Fig.
4 that hexane was not sorbed to a significant extent onto the
packing material, hence no markedly different responses were
observed at the different locations in the reactor. No influence
of the hexane presence on MEK removal was observed and
the carbon dioxide production pattern (not shown) confirmed
that virtually no degradation of hexane occurred. This result
is most probably due both to the unfavorable air/water parti-
tion coefficient (high Henry coefficient) of hexane, and to the
fact that the reactor was never exposed to hexane before this
experiment. Previously reported values for hexane elimination
capacity in biofilters are, not unexpectedly, as low as 0.1-2.5
g m~* h™! (Sabo 1991; Knuth 1994). Nevertheless, the effect
of repeated step injections still needs to be investigated to
determine if bacterial adaptation occurs after a certain number
of steps.

In a similar experiment, a total of 4.0 g of 1-propanol was
fed over 30 min to a biofilter degrading a steady load of MEK.
This corresponds to an inlet concentration of 1-propanol of
about 10 g m™, or a transient load of 440 g m™® h™'. As
indicated by the attenuation of the signal in the consecutive
ports in Fig. 5, important biodegradation of the pulsed pro-
panol occurred. The integration of the different responses
showed that out of the 4 g injected, 1.5 g were recovered at
the first sampling port at 69% height, 0.5 g at the second port,
and only 0.1 g at the outlet. Overall, this represents 98% bio-
degradation. Lower concentration steps of 1-propanol (not
shown) resulted in complete removal.

Although significant inhibition of MEK biodegradation was
observed during the propanol step at the 69% height (see Fig.
6), the overall MEK removal remained higher than 99.6% over
the entire time course. The carbon dioxide pattern for the pro-
panol experiment reported in Fig. 7 is consistent with the tem-
porary inhibition of MEK at mid height (mid-height decreases
at 10-14 h) and with the biodegradation of the 1-propanol
signal (increased overall CO, production). Apparently, a delay
of 2—4 h exists between the introduction of 1-propanol and
the observed rise in CO, production. A possible explanation
for this is that under such conditions, the discontinuously in-
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FIG. 5. Dynamic Response of Biofilter to 30 min Step of 10 g m~ 1-Propanol In Inlet Air (Time = 10-10.5 h); Volumetric Loading 43
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jected VOC is essentially sorbed to the packing prior to bio-
degradation, with subsequent release of CO,.

When the same experiment was repeated with a step pulse
of MIBK, the high removal of the base feed of MEK observed
before could no longer be sustained as reported in Fig. 8. A
much higher inhibition was observed resulting in a 2-h long
MEK breakthrough. Also, MIBK was much less degraded than
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FIG. 6. Time Course for MEK during 1-Propanol Signai (Sym-
bols as in Fig. 5)

1-propanol under the same conditions: overall only 26% of the
injected MIBK was biodegraded. Interestingly, there seems to
be no evident correlation between the extent of inhibition of
the base pollutant degradation (MEK here), and the amount of
pulsed pollutant removed. The exact phenomena involved dur-
ing such steps of multiple pollutants need to be further inves-
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TABLE 1. Result of Recovery of Acetone, or Mixture of Acetone,
(Base Feed of MEK = 1.37 g m™*; Volumetric Loading 43 m’m~*h7)

1-Propanol, and MIBK, when Injected as Step Signal over 30 min;

Data Acetone Only Acetone, 1-Propanol, MIBK Injected as Mixture
Acetone Acetone 1-propanol MIBK Total
Intet signal 4gm™ 4gm™ 4gm 4gm 12gm™
m ) @) 4 ) (6)
Injected at the inlet 15¢g 15g 15¢g 15¢ 45¢g
Recovered 69% height 12 g 1.5 10g 15¢g 40 ¢
Recovered 24% height 02g 06¢g 09¢g 12¢g 27¢g
Outlet 001 g 05¢g 04¢g 08¢g 17 ¢
Overall removal 99% 67% 75% 47% 51%
Amount degraded 149 g 10g l.lg 07 g 28¢g
MEK removal >99.6% —_ — — 99.4*-98.2%"
*Before the step.
*Minimum during the step.
Acetone injected : s
propanol, for which up to 98% could be degraded when in
Acetone injected alone s‘ﬁf‘é‘:::‘i{gr:g:ml jected alone at 10 g m~? (see the experiment reported in Fig.
1.0 * 5), and only 75% of 4 g m™> were removed when injected
? ? with other VOCs at a total concentration of 12 g m™°. For
—o—69% height| acetone, the presence of 1-propanol and MIBK resulted in a
0.8 —o—24% height 50% increase in the amount released to the atmosphere (see
‘E ) & Table 1). This stresses the significant influence that pollutants
C) ‘ —¢—outlet can have on one another when treated simultaneously in bio-
g filters.
£06 Plausible explanations to the observed phenomena are that
§ the VOCs considered are probably degraded by the same con-
§ sortia and competitive inhibitions occur. This is supported by
804 the fact that seven pure cultures of MEK degraders, isolated
Y from the biofilters considered here, could grow on acetone,
S 1-propanol, and MIBK as sole carbon and energy substrates.
20 2 Also it has been observed that mixtures of solvents exhibit an
' enhanced toxicity. This effect was particularly pronounced for
ketones, in conjunction with other VOCs (O’Donoghue 1984;
World Health Organization 1993). Further experiments will
0.0 ; o seek to better quantify the inhibitions occurring when mixtures
30 35 40 60

Time (h)

FIG. 9. Dynamic Response of Biofilter to 30 min Stepofd g
m~? Acetone in Inlet Alr (Left Side), and Acetone Mixed with 1-
Propanol and MIBK, 4 g m™ Each (Right Side); Volumetric Load-
ing 42 m®> m™ h™'; Constant Iniet Feed of MEK=1.3 g m~*; Ace-
tone Time Course (Inlet Shown by Arrows Only): (#) 69% Helght;
(©) 24% Height; (x) Outlet

tigated. However, the comparison of hexane and propanol or
MIBK experiments suggests that, in addition to some specific
pollutant toxicity effects, cross inhibition following shock
loading is more likely to occur for biofilters equipped with
packing with high sorption capacity and treating pollutants
with low Henry coefficients.

In a similar manner, acetone was fed for 30 min to the
biofilter operating under the same conditions and the experi-
ment compared to an identical signal of acetone mixed with
methyl isobutyl ketone (MIBK) and 1-propanol. The results,
presented in detail for acetone in Fig. 9 and summarized for
all pollutants in Table 1, clearly show that the VOCs consid-
ered were not degraded independently of one another. Com-
parison of acetone time courses in Fig. 9 shows that when
pulsed alone to a biofilter degrading MEK, the outlet concen-
tration of acetone never exceeded 0.07 g m™°, whereas when
mixed with others, concentrations as high as 0.3 g m~> were
detected. Similar conclusion could be made for 1-propanol and
MIBK.

Although, the total amount of VOC degraded was higher in
the case of multiple pollutant injection, the removal percentage
of the individual components was affected by the presence of
the other VOCs. This effect was particularly important for 1-

of pollutants are treated, and to develop appropriate kinetic
relationships.

CONCLUSIONS

The results of a start-up of a compost based biofilter were
shown and discussed. Inoculation of the packing with specific
enrichment cultures was most probably a reason for rapid
start-up (3-5 d). Carbon dioxide production was shown to
correlate well with the pollutant elimination and within a few
days from the start-up, a stable value of 82 = 10% carbon
recovery in CO, was observed in the exhaust air. Future efforts
will be directed towards closing the mass balance with a better
accuracy.

When hexane, acetone, MIBK, 1-propanol, or mixtures of
these solvents were introduced in a step pulse manner to a
biofilter degrading MEK, very different responses were ob-
served. Hexane was neither sorbed to the packing nor biode-
graded to a significant extent. Acetone was subject to impor-
tant sorption and well degraded. 1-propanol was even better
removed even though the biofilter had never been exposed to
1-propanol vapors before the experiment. During 30-min tran-
sients, loadings of 1-propanol up to 440 g m™> h™! were han-
dled with only minor breakthrough. Interestingly carbon di-
oxide emission usually peaked 2—5 h after the step injection
of VOC suggesting that during a transient state, pollutants are
first sorbed to the packing material, and subsequently de-
graded. This would explain why hexane was not degraded.
MIBK showed the most inhibitory effect on the degradation
of the base feed of MEK. So far no explanation other than a
competitive inhibition exists, for the cross interaction between
multiple pollutant biodegradation. This is corroborated by ob-
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servation of cultures extracted from the biofilter being able to
grow on both MEK, MIBK, 1-propanol, and acetone. The dif-
ferences observed between the biodegradation and inhibition
rates of the different VOCs can mainly be attributed to differ-
ences in packing affinities, in Henry coefficients, in intrinsic
biodegradation rates, and affinity with the degradation key en-
zymes.

The phenomena involved during transient operation of bio-
filters with multiple pollutants need to be further investigated
since these experiments provide information on the behavior
under real operating conditions. They also help in establishing
a fundamental description of pollutant removal in biofilters
and permit the development of conceptual explanations pres-
ently missing in the literature.
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