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Abstract

This is a knowledge contribution to the unsatisfactory biodegradation problem, when biotrickling filters are purifying mixed paint
solvents. A biotrickling filter manufacturer reported low biodegradation rates during the purification of a hydrocarbon pollutant mix
from an industrial paint spraying floor. From a gas chromatograph/mass spectrometer analysis both hydrophilic and hydrophobic
solvents were found in the polluted air. It is known that biodegradation is retarded, if the pollutant does not transfer from gas to
liquid into the biofilm and it was therefore suspected that hydrophobic pollutants do not sufficiently migrate into the water/biofilm.
To test this hypothesis, pure, rather than mixed pollutants, were injected into the abiotic biotrickling filter. When hydrophobic paint
solvent (xylene) was sprayed into the biotrickling filter, the solvent load at the outlet of the filter was almost as high as at the inlet. But
when pure, hydrophilic paint solvent (PGME) was sprayed into the abiotic biotrickling filter, the solvent load measured at the outlet of
the filter was zero, indicating complete dissolution into the circulation water. Carbon/solvent loads at the filter outlet and inlet were
measured with a portable flame ionization detector instrument. The experiment confirms that the hydrophobic solvent does not
migrate into the liquid phase. This poor mass transfer of hydrophobic solvents is likely to be the reason for the low biodegradation
rate. The result is highly relevant to the paint spraying industry and manufacturers of exhaust gas treatment equipment alike, who
spend millions in non-sustainable incineration of exhaust gases.
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1 Introduction

Biological treatment of waste gases with biofilters is an o-xylene (MTBX) from the paint spray industry very
area of interest due to low cost, low maintenance, and high high removal rates can be achieved if the pollutant
sustainability through non-toxic end products/byproducts loading is under 120 g [2];

during operation. Biotrickling filters represent a subclass  in agriculture with the treatment of livestock ammo-
of biofilters, that recirculate water to provide a humid envi- nia emissions [3-5];

ronment that promotes biofilm development. Biofilters can * the automotive industry where the treatment of a mix
also sometimes be irrigated, but at a much lower level than of non-aromatic pollutants (2-ethyl hexyl acetate,
biotrickling filters, and typically contain organic, rather methyl isobutyl ketone and methyl ethyl ketone) in
than artificial or mineral carrier material. Biotrickling fil- a factory that produces cylinder head gaskets, where
ters have successfully been employed to treat waste gases a removal rate of almost 93 % was achieved [6].

for decades and have become standard practice in several

industry sectors such as
* the treatment of exhaust gases from the painting and
coating industry [1]. Similarly, in the treatment of
methyl ethyl ketone, toluene, n-butyl acetate and

Many more examples can be found in a number of bio-
filter reviews [7-12]. Despite the success of biotrickling
filters, situations exist, where satisfactory levels of exhaust
gas purification could not be achieved. In particular,
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exhaust gases containing certain VOC (volatile organic
compound) mixtures can be recalcitrant to bioremediation
[13-17]. An industrial scale biofilter was inadequate for
the degradation of VOCs from dip spin coating of metallic
components, where the pollutants consisted of hydrophilic
methoxypropyl acetate and hydrophobic xylene isomers.
In this case removal efficiencies were below 20 % [18].
Similarly, the pharmaceutical industry encountered diffi-
culties treating mixed VOC exhaust gases [19, 20]. And a
mix of paint spray exhaust containing benzene, toluene
and xylene (BTX) is considered difficult to biodegrade,
unless an appropriate microbial community is inocculated
[21]. Even though degradation of single, aromatic VOCs
is possible [21], this may not be so if other, more microbi-
ally accessible VOCs are present at the same time. When
two alcohols and an ether are simultaneously present in
the exhaust air, the ether (ethoxy-2-propanol) is much
harder to degrade than the two alcohols due to catabo-
lite repression [22]. Similarly, methyl ethyl ketone (MEK)
and methyl iso-butyl ketone (MIBK) from the paint spray
industry are well degradable when present alone. But if
both pollutants are present in the exhaust gas, competitive
inhibition of one substrate/pollutant over the other can be
a problem [23]. In addition, longer EBRTs (empty bed resi-
dence times) are required to degrade aromatic VOCs com-
pared to non-aromatic, oxygenated VOCs. The removal
of styrene required comparatively long EBRTs from 31
to 66 s and the biotrickling filter took 300 days to reach
full performance [24]. When the exhaust from an indus-
trial wood painting shop floor was treated with a full scale
biotrickling filter, low degradation of aromatic solvents
was encountered and long EBRTSs in the order of 85 s were
required for the aromatic components to biodegrade [25].
Similarly, the treatment of a pollutant mix (methyl ethyl
ketone, toluene, n-butyl acetate and o-xylene) from the
paint spray industry required long EBRTs of 42 s [2], who
report that nonaromatic pollutants are easier to degrade
than aromatic ortho-xylene. Yet, treating a mixture of
VOCs simultaneously present in the exhaust stream is par-
amount, when emissions from industrial paint shop floors
need to be purified [26]. In general, mixed VOCs from
paint spray booths frequently contain two classes of sol-
vents — oxygenated, non-aromatic solvents (such as esters,
alcohols and in some cases ketones) and aromatic hydro-
carbons. In summary, the bioremediation of exhaust air
containing a mixture of esters/acetates and aromatic sol-
vents such as butyl acetate and xylene isomers, can be dif-
ficult for two reasons:

1. biological recalcitrance: Microorganisms resident
on the surface biofilm of the carrier material prefer
to degrade oxygenated, non-aromatic over aromatic
solvents [15, 17, 27-29]. The term given to the phe-
nomenon of preferred microbial metabolism/catabo-
lism on one substrate rather than another, is known
as diauxie [30]. Microorganisms tune their enzyme
machinery to the carbon source and tend to access
different carbon sources in a certain order rather than
simultaneously [31-33]. Due to the preference of cer-
tain solvents over others, their degradation can be
impaired, if mixed oxygenated and aromatic VOCs
are treated in biofilters at the same time. Newer
degradation approaches including ozone oxidation
attempt to overcome difficulties with recalcitrant
pollutants in the painting and coating industry [34].

2. physico-chemical gas-to-aqueous phase transfer:
The catabolism of solvents such as butyl acetate and
xylene in exhaust air requires the migration from the
gaseous phase into the aqueous phase in a biotrick-
ling filter [35-37]. Yet solvents frequently exhibit
a very wide range of gas-to-liquid mass transfer
capabilities. It is clear that solvents with low transfer
into the aqueous phase are harder to degrade than
solvents with a high transfer rate [38]. In particular,
non-polar solvents such as xylene, hardly migrate
into the aqueous phase.

The experiments reported here, purely deal with the lat-
ter problem, i.e. the transfer from gas to the aqueous phase
of the three solvents xylene, butyl acetate, and PGME
(propylene glycol methyl ether; [TUPAC: 1-methoxy-2-pro-
panol). If a hydrophobic solvent is injected into a biotrick-
ling filter with biofilm present, and this solvent is not suf-
ficiently eliminated at the filter outlet, then the problem
can either be caused by biological recalcitrance or inad-
equate gas-to-aqueous phase transfer. If biofilm is pres-
ent in a functional biofilter, both explanations are equally
possible. Either a lack of biological degradation or a lack
of gas-to-aqueous phase mass transfer can be responsible
for low pollutant elimination - it is not possible to point
the finger at the culprit. Low gas-to-water mass transfer
of pollutants was observed in laboratory reactors before
[38, 39], but has never been investigated on an industrial
scale biotrickling filter. One could argue, that gas-to-aque-
ous phase transfer improves, if a hydrophobic solvent is
forced through the dense lava rock packing material under
a powerful fan. The research question therefore can be



stated: Is gas-to-aqueous phase transfer of hydrophobic
solvents under a forced regime also a problem in an indus-
trial sized biotrickling filter?

2 Materials and methods

To answer this gas-to-aqueous phase transfer question,
pure rather than mixed solvents were injected into the abi-
otic biotrickling filter and the carbon content at the out-
put was measured and related to the input level. An exist-
ing, industrial scale biotrickling filter designed to treat
exhaust air from an industrial paint shop floor that is coat-
ing plastic parts, was used in all experiments as shown in
the left-hand side of Fig. 1. The filter is driven by a large
fan assembly feeding exhaust air into the tower. The tower
of the biotrickling filter is 3.5 m in diameter and 4.4 m high
which amounts to a filter volume of approximately 53 m>.
The packing volume is 42 m? (carrier volume including void
spaces), and with an exhaust gas flow rate of 15000 m*h™!
the EBRT = packing volume/exhaust gas flow rate =
42 m3/4.17 m3s' = 10 s. This is a comparatively low value,
particularly in view of the presence of aromatic VOCs,
that frequently requires longer EBRTs. The biotrickling fil-
ter contains lava rock as carrier material for the biofilm to
ensure longevity. Three layers of lava rock gravel are used:
Small sized lava rock gravel is located in the lowest part of
the tower, medium sized lava rock in the middle and large
sized lava rock gravel at the top of the tower in roughly
equal amounts as illustrated in the right-hand side of Fig. 1.
For all experiments the exhaust feed from the paint shop
floor was disconnected and ambient air was driven through
the filter. The biotrickling filter was cleaned/washed from
all biofilm/microorganisms beforehand to eliminate biolog-
ical degradation in the experiments. Absence of biological

@ (b)
Fig. 1 (a) Industrial sized biotrickling filter used for the treatment of
VOCs; (b) Sketch with FID (flame ionization detector) positions (1) at
the outlet and (2) at the inlet of the filter
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degradation was confirmed with an infrared-based CO,
meter. Levels of CO, inside the filter were identical to
ambient levels (data not shown).

2.1 Choice of solvents

The pure solvent injection experiment was carried out
three times - each time with a different solvent commonly
used in paintings and coatings. The three solvents were
of industrial grade and were supplied by Warnecke and
Bohm Ltd. [40]:

* xylene (isomer mix): A frequently used solvent
for paint thinners and main coatings. Water sol-
ubilities of the three xylene isomers are 156, 146
and 170 mg per liter for para-, meta- and ortho-xy-
lene respectively [41]. For a xylene isomer mix
Henry's law solubility constant is approximately
0.002 molm™Pa™ (values for ortho-xylene range
from 0.0010 to 0.0024 molm~Pa”!, meta-xylene
0.0006 to 0.0018 molm—Pa™!, para-xylene from 0.001
to 0.002 molm™Pa™ after [42]). Xylenes are well
known for their hydrophobic behavior.

* butyl acetate: Frequently used in paint thinners
and main coatings. Water solubility is 4.3 g per
liter [43] i.e., considerably higher than for xylene.
Henry's law solubility constant amounts to approxi-
mately 0.028 molm~Pa™' with a range of values from
0.021 to 0.035 molm—>Pa™' after [42].

* PGME/l-methoxy-2-propanol: Used in standard
paint thinners. PGME is fully soluble in water [44]
and comes with a high Henry's law solubility con-
stant between 1.1 to 4.8 molm=Pa™! [42].

The three solvents were chosen due to their widely
differing Henry's law solubility constants and water
solubilities.

2.2 Abiotic operation of the filter

Even though the biotrickling filter was previously func-
tional, it has been cleaned thoroughly and did not carry
biofilm during the injection experiments. All experiments
were carried out with an abiotic filter (in absence of bio-
logical degradation) but with trickling water present. The
idea is to observe the degree of dissolution of the three sol-
vents into the aqueous phase and eliminating any effects
from microbial biodegradation. The biotrickling filter
was continuously irrigated with circulating water from
the top of the tower in the weeks before the experiment
and also during the solvent injection experiments with a
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continuous, constant water flow rate of 100 liters per min-
ute. Ambient air (i.e. not exhaust air from the paint shop
floor) was blown through the tower (15000 m*h™!') during
the injection experiment. If a high concentration of solvent
is measured at the filter outlet under this constellation, it
is clear that no or only little mass transfer into the aqueous
phase is taking place inside the filter.

2.3 Injection procedure

The solvent (either butyl acetate, xylene, or PGME) was
injected for 5 minutes with subsequent 10-minute breaks
in a time pattern depicted in Fig. 2. Every solvent was
individually injected into the gas inlet duct of the biotrick-
ling filter using a standard pneumatic spray painting
gun as shown in Fig. 3. The spray gun always contained
500 ml of liquid solvent which was sprayed into the inlet
duct in one go during the 5-minute injection intervals.
After the 5-minute long, continuous injection, the spray
gun was refilled manually during the 10-minute break.
All injection experiments with the three chosen solvents
were carried out in the 2" half of 2019 on different days
with several weeks between measurements. Apart from
the last experiment with PGME, the circulation liquid
was renewed before each injection. A spray gun "Sata jet
1000 BRP" from [45] was used to inject the three solvents
into the inlet air duct of the biotrickling filter (Fig. 3).

2.4 Circulation liquid

A stainless steel reservoir-type circulation liquid tank is
located under the actual biotrickling filter underneath the
tower. The tank contains about 1500 litres of tap water
(Fig. 1). In the two injection experiments with butyl acetate
and xylene the old circulation liquid was drained and fresh
tap water was filled into the circulation tank before the injec-
tion experiment. Only for the third injection experiment with
PGME solvent, the circulation liquid was not replaced and
therefore contained minute traces of xylene from the previ-
ous xylene injection experiment carried out 10 weeks ago.
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2.5 Flame Ionization Detection (FID) instrument

A flame ionization detector responds to carbon content
in an analyte gas [46]. The carbon atoms in the analyte
gas are burnt in a hydrogen flame and the gas is ionised,
i.e., electrically charged particles produce a current. This
current is amplified and measured. The higher the current
the higher the carbon concentration in the analyte gas.
In simple terms, a FID is a carbon counter/ion counter that
responds to unoxidised carbon atoms in the hydrocarbon
analyte gas [47—-49]. A portable flame ionization detector
'ErsaTec SmartFID', with software version V1.120605k,
built in 2014 (Fig. 4, [50]), was used to measure car-
bon content at the inlet and outlet of the biotrickling fil-
ter. No attempt was made to compare absolute carbon
content [mg of carbon per m?] between the three chosen
solvents to avoid having to determine the response fac-
tor for each gaseous solvent for the ErsaTec FID instru-
ment. Instead, the amplitudes for each solvent at the inlet
and outlet of the biotrickling filter were used to compute
the amplitude ratio between peak inlet and outlet levels
during the injection with Eq. (1). The highest value of the
FID signal at the outlet was taken as the outlet amplitude,
and the highest value of the FID signal at the inlet (four
pulses) was taken as the inlet amplitude — see horizontal
lines in Fig. 5. The FID measurements were made at the
filter outlet and filter inlet and the two measurement loca-
tions are depicted in Fig. 1 as positions (1) and (2), respec-
tively. The sampling rate of the instrument was one mea-
surement every five seconds. The ErsaTec FID meter was
calibrated according to the manufacturer's instructions
with a calibration gas cartridge supplied by Calgaz [51]
(Newcastle-under-Lyme, U.K.) that contained 100.3 ppm
of iso-butylen in artificial air. Only one FID instrument
was available, hence measurements at the inlet and out-
let of the biotrickling filter had to be carried out in suc-
cession rather than simultaneously. For the FID ampliude
response at the biofilter inlet only a single 5-minute long
solvent pulse was injected (to reduce solvent use) as shown
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Fig. 2 Five-minute long injection intervals with ten-minute breaks in between. This spray pattern was used with the FID instrument at the output.

When the FID instrument was located at the filter input only a single pulse was sprayed into the filter to save solvent



Fig. 4 An "ErsaTec SmartFID" from [50] measured gaseous carbon

content at the outlet and inlet of the biotrickling filter during the
solvent injection experiments

by the red graphs in Fig. 5, whereas for the FID measure-
ments at the filter outlet, four or five injection pulses were
used, mainly because of the more fluctuating FID signal at
the outlet (green graphs in Fig. 5). During the injection of
a particular solvent into the inlet duct of the biotrickling
filter, the maximum value (peak) of the FID signal amplti-
tude at the outlet divided by the maximum value (peak)
FID signal at the inlet was used to compute the amplitude
ratio. Taking the peak average (rather than the maximum
peak value) would equally be possible and gives similar
results. The amplitude ratio between output and input FID
signal can be used to compute the (percentage) fraction of
the input solvent exiting the filter:

%age solvent exiting the filter
_ FID peak amplitude at outlet 00 M
FID peak amplitude at inlet )

Eq. (1) was used to compute the percentage of the sol-
vent exiting the filter for the three chosen solvents and to
produce Fig. 6.

Gredmaier et al. | 95
Period. Polytech. Chem. Eng., 66(1), pp. 91-100, 2022

injection of butyl acetate
800 T T T

600 1
peak level = 492

FID amplitude
N
8
T

peak level = 239

i

0 10 20 30 .40 50 60 70
time [minutes]
(@
500 injection of xylene
eak level = 745 1 ! H
peak level = 677
600 - 1
@
°
2
400 .
©
o
[
200 1
0 L L i
0 10 20 30 .40 50 60 70
time [minutes]
(b)
800 injection of PGME
600 4
(o]
°
2
400 |
©
o peak level = 265
[
200
0 , _peak level =0 { | |
0 10 20 50 60 70

t:i;r?'ne [minutgg]
(0)
Fig. 5 FID measurements during the injection of butyl acetate (a), xylene
(b) and PGME (c) at the inlet duct of the biotrickling filter (in red, single
S-minute pulse) and outlet (in green, five S-minute pulses). The straight
lines represent the peak amplitude during the solvent injection at the inlet

(in red) and the outlet (in green). These went into Eq. (1)
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Fig. 6 Percentages of injected solvent migrating into the aqueous phase
(arrows pointing to the left) and percentages exiting the biotrickling
filter through the outlet (arrows pointing upwards). Numbers based

on outlet/inlet peak amplitude ratios of the FID instrument during the

injection of pure solvent into the biotrickling filter

3 Results and discussion

The injection of three individual solvents into the inlet
duct of the biotrickling filter was carried out on separate
days. The proportion of the solvent that is transferred into
the aqueous phase is deduced from the carbon content at
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the outlet and inlet of the biotrickling filter, measured with
a portable FID instrument.

3.1 Injection of butyl acetate

The FID instrument levels during the injection of butyl
acetate into the biotrickling filter are plotted at the top
of Fig. 5. In order to save solvent only a single 5-minute
injection pulse with the FID instrument at the inlet was
performed (red graph top of Fig. 5). Measurements at the
outlet comprised 5 injection pulses (green graph top of
Fig. 5). The peak amplitude of the FID instrument at the
inlet during the injection of n-butyl acetate was 492 (red
horizontal line top of Fig. 5) and the peak outlet amplitude
on the FID instrument was 239 (green line top of Fig. 5).
The fraction of butyl acetate exiting the filter amounts to

FID peak amplitude at outlet _ 239 049 or 49 %. Roughly

FID peak amplitude at inlet 492

49 % of the butyl acetate entering the biotrickling filter is
exiting the filter at the outlet and 51 % migrates into the
aqueous phase.

3.2 Injection of xylene

The FID measurements at outlet and inlet of the biotrick-
ling filter during the injection of xylene are plotted in the
middle graph of Fig. 5. To save solvents only a single 5-min-
ute injection pulse with the FID instrument at the inlet was
performed, whereas the outlet measurements consisted of
five injection pulses. The peak amplitude of the FID instru-
ment at the inlet was 745 (red line middle of Fig. 5). The
peak outlet amplitude on the FID instrument is 677 (green
line middle of Fig. 5). The fraction of xylene exiting the

FID peak amplitude at outlet 677 0.91

FID peak amplitude at inlet 745

filter amounts to

or 91 %. Gas-to-liquid transfer of xylene is extremely lim-
ited and almost all of the injected xylene is leaving the
biotrickling filter at the outlet.

3.3 Injection of PGME

Measured FID levels at the inlet and outlet of the biotrick-
ling filter during the injection of PGME are plotted into
the bottom graph of Fig. 5. Again, in order to save sol-
vents only a single 5-minute injection pulse with the FID
instrument at the inlet was performed. Analogous to
the two previous experiments, the outlet measurements
consisted of five 5-minute long injection pulses with
10-minute breaks between them. The peak amplitude

during PGME injection was 265 (carbon) units (red line
at the bottom of Fig. 5). The PGME output amplitude
was zero, and the fraction of PGME exiting the filter is
FID peak amplitude at outlet 0

; - =——=0 or0%. Itisclear
FID peak amplitude at inlet 265

that PGME is dissolving into the aqueous phase extremely
well and gas-liquid mass transfer of PGME is dramatic.
No PGME appears to be exiting the biotrickling filter
through the outlet. From the FID amplitudes measured with
butyl acetate and xylene some FID signal at the outlet of the
biofilter was expected. However, when PGME was injected
into the filter inlet duct, no signal was detected on the FID
instrument at the filter outlet as shown in the green graph at
the bottom of Fig. 5. The FID instrument was checked for
malfunctioning and it was moved to the filter inlet on the
same day to successfully measure the inlet amplitude during
the injection of a single 5-minute PGME pulse. PGME
behaves completely different to the previous two solvents
- peak amplitude at the outlet is zero or below the detection
limit of the instrument. Virtually no PGME arrives at the
outlet of the biotrickling filter. Instead, all injected PGME is
migrating into the aqueous phase inside the filter.

The FID instrument amplitude ratios between outlet
and inlet indicate the extent of dissolution of the three sol-
vents into the liquid phase. These peak amplitude ratios
were used to produce Fig. 6 with Eq. (1). The VOC con-
centration in the circulation liquid is initially zero but is
gradually increasing with the number of injections and the
increasing VOC concentration in the circulation liquid was
measured using headspace gas chromatography (data not
shown). It is assumed that desorption (from the aqueous
back into the gaseous phase) does not play a role within the
30-minute experiment. Desorption effects could possibly
be observed by measuring either VOC concentration in the
circulation liquid over hours or days after the injection or
in the exhaust funnel using the FID instrument. The latter
option would benefit from a reduction of the 15000 m*h
air flow rate to increase the (probably rather low) VOC con-
centration in the exhaust air from desorption.

3.4 Limitations

In this study approximate transfer from the gaseous into
the aqueous phase for three solvents with widely differing
Henry's law solubility constants were measured in-situ.
Pure solvents were injected into the abiotic biotrickling fil-
ter inlet duct with biofilm absent. Biofilm, however, unlike
pure water, consists of complex organic material such as



living cells, proteins, lipids, EPS (extracellular polymeric
substances), DNA, 3-dimensional spaces and water chan-
nels [52, 53]. Even if a large proportion of active biofilm is
indeed water, the mass transfer in the two cases:

1. absence and

2. presence of a biofilm is likely to be different.

The rather severe mass transfer limitation of aromatic,
hydrophobic solvents such as xylene, observed here in
the absence of a biofilm may improve if a biofilm is pres-
ent. Yet little is known about the degree of improvement,
even though the issue was occasionally pointed out [54].
Similarly, extracellular polymeric substances (EPS) may
possess both hydrophobic and hydrophilic properties
[55]. If and to what degree the presence of a biofilm in a
biotrickling filter improves mass transfer of hydrophobic
solvents such as xylene, still remains speculation.

4 Summary and conclusions

Three aqueous solvation experiments were carried out
on a full-scale, but abiotic biotrickling filter with biofilm
absent. The filter was designed for the removal of solvents
from an industrial paint shop floor and three common
VOCs with widely differing hydrophilic properties (n-bu-
tyl acetate, xylene, PGME) were individually injected into
the inlet duct of the biotrickling filter, and driven through
the filter by an electric fan using ambient air. During the
injection, gaseous carbon concentrations at outlet and inlet
of the biotrickling filter were measured with a portable
FID instrument. Based on these measurements the follow-
ing conclusions can be drawn:

» FID instrument: If pure solvents are injected into the
inlet duct, a FID instrument is perfectly able to mea-
sure the carbon load at the inlet and outlet of the fil-
ter. As expected, outlet solvent levels are more fluc-
tuating compared to inlet levels.

* n-butyl acetate: Is moderately migrating into the
aqueous phase. The FID amplitude at the filter out-
let amounts to less than half the inlet amplitude (top
of Fig. 5). Approximately 51 % of the injected butyl
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