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Transient response of vapor-phase biofilters
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Abstract

Biofilters are a relatively inexpensive management method for biodegradable gas-phase contaminants, capable of meeting stringent air
quality requirements. However, the nominally plug flow configuration of conventional unidirectional flow (UF) biofilters results in the
microbial community having higher population densities and greater activity near the inlet. When transient loadings occur in conventional
biofilters either the mass transfer capacity or the reaction capacity of the initial sections of the bed may be exceeded and contaminants move
into the downstream sections where the microbial populations and reaction capacities are low and contaminant breakthrough may occur. Flow-
directional-switching (FDS) operation incorporates the advantages believed to accrue from feast/famine operation of microbial processes and
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mproved mass transfer characteristics of uniformly distributed biofilms. In this study, step function changes in toluene concentr
pplied to UF and FDS laboratory reactors operated in parallel. Contaminant concentration was monitored at several points along
eds. FDS operation produced a more uniform (dispersed) distribution of biomass and microbial reaction capacity along the le
acked bed without diminishing activity and removal capacity in the inlet section. Maximum mass removal rates in the FDS biofi
pproximately twice that of the conventional UF biofilter. In addition, FDS operation significantly improved biofilter response d
xtended period of operation with intermittent feed and following a period of non-operation.
2005 Elsevier B.V. All rights reserved.

eywords: VOCs; Biofilter; Biofiltration; Biological treatment; Vapor-phase contaminants; Air pollution control technology; Flow-directional-swi;
ransient loading; Toluene

. Introduction

Biological treatment is an attractive approach for remov-
ng volatile contaminants in gaseous waste streams. The most
idely used biological air treatment process is the biofilter,
nominally plug flow, packed bed reactor in which a micro-
ial community growing on the packing surface carries out

he degradation of the contaminants. The first application of
iological air treatment reported in the United States litera-

ure was by Pomeroy[1], who was conducting odor control
xperiments at municipal wastewater treatment plants. Use
f biological processes for odor control has become fairly
ommon and odor control remains the most widespread ap-
lication of biofiltration[2,3]. Treatment of industrial and
ommercial waste air streams was initiated by Ottengraf and
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Vanden Oever in the 1980s and numerous examples of b
ical treatment for volatile organic compound (VOC) remo
have been reported since that time[4–6]. Biological treat
ment systems can be significantly less expensive to buil
operate than conventional treatment (e.g., combustion o
sorption), but the reactors tend to be larger. Issues that
be addressed for biological treatment to have widesp
acceptance include questions about process reliability
establishment of general or standardized design and o
tional parameters, and the absence of models that can p
steady-state and transient loading responses with a re
able degree of accuracy. A major factor in process reliab
is the ability of biological processes to respond to trans
loadings.

Microbial population density in biofilters is related to
availability of substrate or nutrients, and has been sh
to decrease by one to four orders of magnitude betw
the inlet and outlet when systems are operated under
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inally steady-state unidirectional loading conditions[7–9].
The conventional system is inherently unresponsive to tran-
sient loadings because of the distribution of microbial activity
along the length of the reactor. When large transient loadings
occur, either the mass transfer capacity or the reaction capac-
ity of the initial sections of the bed are exceeded and con-
taminants move into the latter sections where the microbial
populations and reaction capacities are low and contaminant
breakthrough may occur[10–12].

Most work to date has been focused on steady-state
operating conditions. However, based on observations
of both field and laboratory units, transient loadings are
common and often result in increased bed penetration and
contaminant breakthrough[13–25]. Typically, airflow rate is
constant during the operation of vapor-phase biofilters and
transient loading results from variation in contaminant con-
centration. However, applications where significant variation
in contaminant concentration and gas flow rate do exist, as
was the case at a soil–vapor extraction (SVE) operation in
Hayward, CA, during the first 7-months of biofilter operation
[13]. Transient loadings in biofilters have been studied by
a number of researchers[8–11,13–42]; however, in most
cases, the experimental conditions were limited and control
strategies were addressed in only a few studies (discussed
below).

The occurrence of transient loadings can be characterized
w pur-
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c e the
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intensification of work (e.g., higher rates of solvent use in a
manufacturing process) and changes in operation throughout
an operating shift of manufacturing and commercial opera-
tions such as paint spraying, baking, coating and chemical
manufacture. Regular transients can occur on an infrequent
basis due to quarterly, semi-annual or annual scheduled shut
downs for plant maintenance and retooling. “Irregular” tran-
sient loadings result from random or erratic events such as
spills and unplanned shut downs. Irregular transient load-
ings have been observed in emissions from wastewater treat-
ment plants where relatively small diurnal transient loadings
were overshadowed by occasional large spikes at intervals as
long as several months[10]. Further characterization of tran-
sient loading can be accomplished by establishing a peak-to-
baseline loading ratio and, for discontinuous feeding, length
of feed-on and -off-time intervals, as illustrated inFig. 1(a
and b), respectively. For frequent transients, a peak-to-mean
loading ratio parameter may be more appropriate than peak-
to-baseline ratio, as illustrated inFig. 1(c). The simplistic
step-function patterns shown inFig. 1(a–c) are used to illus-
trate the peak-to-baseline (or peak-to-mean) loading concept
and have been used in laboratory studies, but they do not
reflect the wide array of complex concentration patterns typ-
ically observed in field units.

Characterization of transient loading response and devel-
opment of operating strategies to manage transient loadings
t or-
t lters
w gas
c g re-
q s and
( ical

(a), off
ith two parameters, regularity and frequency. For the
ose of this discussion regularity refers to occurrence
yclical or predictable schedule. Regular transients ar
ost common type due to normal cycles in process op

ions, overnight and weekend closures and scheduled m
ance activities. Normal cycles in process operations inc

Fig. 1. Illustration of step-loading
o minimize contaminant breakthrough in biofilters is imp
ant because: (1) many potential applications for biofi
ill be at facilities having inherent variation in waste
haracteristics, (2) appropriate performance monitorin
uirements should reflect actual operating characteristic
3) unsteady performance is a major drawback of biolog

-time (b) and regular step-loading (c).
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treatment relative to that of conventional physico-chemical
treatment technology where performance is more stable and
predictable.

1.1. Transient loading management strategies

Microbial populations in biofilters will respond satisfacto-
rily to transient loadings within certain boundaries of elevated
concentration and length of off-time. However, at some ra-
tio of peak-to-baseline (or peak-to-mean) inlet concentration,
breakthrough can be expected. It should be noted that if a step
increase in contaminant concentration is sustained, contam-
inant removal rates will increase over time as the population
acclimates and increases in number. The process is slow and
typically takes several days or weeks to complete[26–28].
A corresponding process exists with respect to downtime.
When a unit is shut down for an extended period of time
the microbial population begins to go dormant and increased
penetration of contaminants will occur on start up. With time,
days to weeks depending on the length of the shut-down pe-
riod and other factors, performance returns to normal[28,35].
Short-term shut downs of a few hours do not appear to affect
biofilter performance upon restart[8,9,29–34].

Strategies for managing transient loadings in biofilter sys-
tems include providing downstream polishing units; dampen-
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fully [40] and the approach may be a reasonable if the
substrate compound(s) can be stored and fed to the
system economically.

(4) Increasing the average reaction capacity of the biofil-
ter. Several methods for increasing biofilter reaction
capacity have been proposed, for example, those found
in Refs. [8,44–46]. In addition to those methods (and
others), the average reaction capacity of a biofilter may
be increased by reversing the direction of flow through
the media bed at regular intervals[41].

Maintaining a more uniform microbial population
throughout the media bed by alternating the direction of
flow would be expected to provide higher levels of reaction
capacity along a greater fraction of the bed’s length by in-
creasing the microbial population density in the downstream
half of the bed and maintaining that population in an active
state. Song and Kinney[41] demonstrated that both biomass
and biomass activity decreased along the length of a unidi-
rectional flow (UF) biofilter and were maintained relatively
constant in a flow-directional-switching (FDS) biofilter. A
similar finding was observed in this study (discussed in
Sections3 and 4). The benefits derived from FDS should
be realized for all types of transient loading, including,
variation in contaminant loading and restart following
extended periods of downtime. In both cases, relative to
c nal
r ene-
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s FDS
b

1

ide
q of
fl ere
i asis),
( (3)
l ng
( inant
c ional
U eri-
m riod,
t r an
e was
u sessed
b ints
a study
w ture
c

onse
a eak-
t ase
b dy
s on-
i .
ng variations in contaminant loading using sorbent mat
pstream or in the biofilter bed; supplemental feeding du
xtended periods of downtime; and maximizing reactor r
ion capacity. The first three management strategies are
brief introduction here and the fourth strategy (maximiz

eactor reaction capacity) is discussed in greater detail
and in Sections3 and 4).

1) Downstream polishing units. Inclusion of downstream
polishing units (e.g., activated carbon) to remove fug
emissions can be used to insure regulatory standard
met at all times. While increasing capital, operation
maintenance costs, this provision will improve sys
performance and system reliability.

2) Physical damping of contaminant concentration.
Physical damping can be accomplished by insta
an upstream load-dampening unit containing absor
liquid [36] or adsorbent solid[42,43], or by adding ab
sorbent/adsorbent material as a partial or sole compo
of the biofilter packing[15,28,37–39,42]. Performanc
may become limited if granular activated carbon (GA
is used with humid waste streams because cap
condensation occurs and GAC surfaces become c
with water that reduces contaminant adsorption cap
and slows contaminant mass transfer rates to micro
regions.

3) Feeding contaminant or surrogate compound as a
supplement during extended “off-periods” or periods
of low inlet concentration. Feeding contaminant or
surrogate compound to the biofilter as a supplem
during “off-periods” has been accomplished succ
onventional unidirectional biofilter operation, additio
eaction capacity is available whenever contaminants p
rate deeper into the bed. Park and Kinney[32] demonstrate
ome improvement in transient loading response of a
iofilter with the addition of a slip-feed system.

.2. Research objectives

The primary objective of this study was to prov
uantitative information on the extent of the benefit
ow-directional switching. Three aspects of the benefit w

nvestigated: (1) response to step-loading (major emph
2) response following down time (minor emphasis) and
ong-term stability during regular on/off cyclical loadi
minor emphasis). Step function increases in contam
oncentration pattern were applied to FDS and convent
F biofilters operated in parallel. Following those exp
ents both biofilters were subjected to a shut-down pe

hen a feed-on/-off regular transient loading pattern fo
xtended period of time. For all loading cases, toluene
sed as the model compound and response was as
y monitoring toluene vapor concentration at several po
long the packed beds. Secondary objectives of the
ere to determine the distributions of biomass and mois
ontent in the packed beds.

Increasing our understanding of transient loading resp
nd development of operating strategies to minimize br

hrough will allow more extensive application of vapor-ph
iofiltration technology. Information developed in this stu
hould provide a more complete basis for establishing m
toring regulations for vapor-phase biofiltration systems
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2. Materials and methods

A schematic representation of the experimental biofilter
system is shown inFig. 2. Laboratory compressed air was
filtered through two microfiber filter-regulators in series, hu-
midified, then passed through a rotameter to measure and reg-
ulate gas flow rate. A syringe pump was used to deliver liquid
toluene to a glass–wool wick, where it evaporated into one air-
stream which then combined with a second air-stream con-
taining 10�m aerosolized nutrient solution generated by a
Heart nebulizerTM (Vortran Medical Technology Inc., Sacra-
mento, CA). The aerosolized nutrient solution supplied in-
organic nutrients and moisture to the biofilter beds. Nutrient
solution consisted of a custom recipe (Table 1) in which ma-
jor and minor nutrients were assumed to be present in excess.
Pressure gauges were located at the outlet of the rotameter and
the inlet of the Heart nebulizerTM. The combined air-stream
(containing toluene vapor and nutrient aerosol) was conveyed
to the inlet of the FDS biofilter packed bed (top or bottom
depending on the cycle phase) using a double solenoid, four-
way, five-port valve and electronic controller. The other com-
bined air-stream was conveyed to the top of the UF biofilter
bed. Biofilter columns were constructed of 15-cm i.d. stain-
less steel pipe sections. Each column consisted of four 25-
cm long media bed sections in series separated by 5-cm deep
plenums. Media bed sections were supported by perforated

Table 1
Nutrient solution recipea

Mineral salt Concentration (mg/L)

KH2PO4 1390
K2HPO4 1710
NaNO3 12500
MgSO4·7H2O 460
CaCl2·2H2O 17.6
FeSO4·7H2O 1.0
H3BO3 0.30
CoCl2·6H2O 0.20
ZnSO4·7H2O 0.10
MnCl2·4H2O 0.03
Na2MoO4·2H2O 0.03
NiCl2·6H2O 0.02
CuCl2·2H2O 0.01

a Recipe from Professor Kate Scow of the Department of Land, Air and
Water Resources, University of California, Davis, CA, except concentration
of phosphate buffer and form and concentration of nitrogen were modified.
Mineral salts were dissolved in NANOpureTM or deionized water.

plates. Sample ports fitted with Teflon-lined septa were lo-
cated in the plenums. The media beds consisted of a mixture
of new media (approximately two-thirds of the bed, volume
basis) and used media (originating from a FDS biofilter used
in prior experiments). The packing media was 0.64-cm diam-
eter rigid mineral (extruded diatomaceous earth) cylindrical
pellets (Celite R-635, Janus Scientific Inc., Fairfield, CA).
Fig. 2. Experimental biofiltra
tion system schematic.
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Measured pellet dimensions were highly variable with a me-
dian pellet length of approximately 0.8-cm.

2.1. Air-stream sampling and gas chromatography
analysis

Flow-stream grab samples were collected from column
ports at the inlet and at bed depths of 12.5, 25, 50, 75 and
100-cm (outlet) using 5-cc “gas-tight” Teflon Luer-lock sy-
ringes equipped with Mininert valves and Luer needles. Sam-
ples were analyzed for toluene concentration within 15 min
by direct syringe injection into a Shimadzu 14A gas chro-
matograph equipped with a 0.5 mL sample loop, 30-m J &
W Scientific DB-624 megabore column and flame ioniza-
tion detector (FID). Blanks were used for quality control and
toluene standards of 92.6 and 491 ppmv (±2%) were used
for toluene concentration determination (Scott-Marrin Inc.,
Riverside, CA).

2.2. Biofilter operation and maintenance

The biofilters operated with a nominal air-stream flux of
1 m3/m2 min, baseline inlet toluene concentration (C0) of
107 ppmv, empty-bed residence time of 1-min. and media
bed temperature of 23◦C. The FDS biofilter operated on a
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2.2.2. Operation and maintenance of regular transient
experiments

A cyclical feed-on/-off transient loading experiment was
conducted on the UF and FDS biofilters operated in parallel
to investigate long-term response to regular transient loading.
The regular transient loading pattern used was 1-h-on/7-h-
off, which represents a peak-to-mean loading ratio (PTMLR)
value of 8 and cycle period length of 8 h. Air, toluene vapor
and nutrient aerosol were passed through the biofilter during
the “feed-on” periods. During “feed-off” periods air and nu-
trient aerosol flow was continued. For each regular transient-
loading experiment, gas-stream samples were collected at the
same point in time within the FDS interval each day. Nutrient
solution was recirculated through the packing when perfor-
mance in the inlet region of the bed deteriorated significantly.

2.3. Methods for biomass and moisture content
determination

Gravimetric analyses for water content and biological
(volatile) solids content were conducted on the packing me-
dia at 25-cm intervals along the length of the beds of both
biofilters after several days of operation with constant load-
ing. Samples of approximately 4–8 mL volume were obtained
in triplicate, placed in weighing tins and analyzed for weight
change after being subjected to drying and incineration. Dry-
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2-h FDS interval length throughout the study. In related
eriments, it was found that a 12-h flow reversal interval
ufficiently short to maintain the toluene-degrading micro
ommunity in a fully active state[47].

.2.1. Operation and maintenance of step-loading
xperiments

Prior to initiating the experiments the packing media
ashed with tap water, soaked in nutrient solution conta

noculum for 10 min, then brought to a pseudo-steady-
mature” condition over a 13-day period with constant lo
ng at the baseline inlet toluene concentration (107 ppv).
he step-loading experiments were conducted over the
7-days. For the purpose of this study, “mature” refe
condition in which contaminant fractional removals

he first 25-cm of the reactor bed exceeded 85%. Nu
olution was recirculated through the biofilter colum
pproximately once per week to maintain high rem
fficiencies in the inlet region of the reactor bed. Du
tep-loading events, the inlet concentration was increas
h. Step concentrations of 2.5-, 4-, 5-, 10-, 20- and 50-t

he baseline concentration were used. Three sets of ba
amples were obtained within a 2.5-h period prior to
tep-loading event (the third set approximately 20 min
o initiating the step) and three sets of transient loa
amples were obtained during each step (approximat
0 and 59 min after initiating the step). One additiona
f samples was obtained for the 10-fold spike 30 min

he inlet concentration was returned to the pre-step ba
oncentration.
ng was conducted at 104◦C for 24-h and incineration
50◦C for 24 h. One empty weighing tin and three tins w
ew (clean) media samples were analyzed concurrently
ontrol. Water mass was defined as change in sample
pon drying. Biological (volatile) solids mass was define
hange in dried sample mass upon incineration. Results
eported on the following basis:

ater content= mass of water

total (bulk) volume
(kg/m3)

iomass content

= mass of biological (volatile)solids

total (bulk) volume
(kg/m3)

Total (bulk) volume is the gross volume of space oc
ied by the packing material (i.e., the interstitial void sp
lus the volume occupied by the pellets) and was estim
s “total (bulk) volume (mL) = [mass of incinerated sam
g)] × [1.5 mL/g].” The 1.5 mL/g “specific volume” conve
ion factor for “mass of incinerated sample” to “bulk volu
f media” is the inverse of dry packing bulk density and
btained by measuring the bulk volume and mass of pe

n a 500 mL beaker.

. Results

Results of the transient loading experiments repo
elow indicate that, relative to conventional UF mode



166 W.F. Wright / Chemical Engineering Journal 113 (2005) 161–173

operation, FDS operation: (1) produced a more uniform
distribution of biomass and microbial reaction capacity
along the length of the packed bed without diminishing
activity and removal capacity in the inlet section; (2)
significantly improved biofilter response during step-loading
events, following a shut-down period and during an extended
period of operation with intermittent feed. These results are
discussed further below.

3.1. Step-loading experiments

Prior to imposing step increases in contaminant concentra-
tion, the biofilter beds were brought to a pseudo-steady-state
response condition at a nominal baseline inlet contaminant
concentration (C0) of 107 ppmv. Response of the UF and FDS
biofilters, operated in parallel, was assessed at baseline and
2.5-, 4-, 5-, 10-, 20- and 50-fold step increases inC0. Variation
of toluene concentration over time at the inlet and at five bed
depths is given for a five-fold step inFig. 3(a and b) for the
UF and FDS biofilters, respectively. Inspection ofFig. 3(a
and b) reveals that greater than 85% of the pre-step (base-
line) toluene concentration was removed in the first 25-cm of
bed depth and essentially 100% was removed by mid-depth
(50-cm). When step-loading events were initiated, concen-
tration profiles within the bed increased rapidly and achieved
p sents
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D ns at
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s ity of
t l re-
m t was
p . Ef-

fects of toluene sorption and desorption within the packed bed
during and following transient loading events was not evident
within the time-limits/resolution of measurement procedures
used in this experiment, which was 6 min at the start of the
step (all experiments), and 30 min following the step (10-fold
step only, data not shown). A lag in attaining elevated con-
centration profiles within the bed at the start of the step would
be indicative of sorption effects and a lag in attaining lower
concentrations in the bed following the cessation of the step
would be indicative of desorption effects.

Profiles of average removal efficiency across the bed for
both biofilters are shown inFig. 4 for steady-state con-
stant (baseline) loading and for several magnitudes of step-
loadings. Results for the four-fold step experiment were not
shown in order to improve figure clarity. The solid line in each
plot represents steady-state loading response profiles. Mean
values were calculated from the results of the six step-loading
tests (three samples per test for a total of 18 samples for each
bed depth). The dashed lines in each plot represent transient
(step)-loading response profiles based on the average of three
samples at each bed depth. Biofilter response profiles were
similar in both biofilters during the 2.5-fold step with com-
plete removal occurring within the first 75 cm of bed depth.
Reaction capacity in the first half of the UF biofilter bed was
exceeded during the four-fold step (not shown) and contam-
inants were carried deeper into the bed and emerged at the
o ,
b alue
2 se
p ely
fl be-
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t iofil-
t outlet
w er

F and the tt
l

seudo-steady-state response within 6 min, which repre
he time between the initiation of the step and the collec
f the first set of step-loading samples. Variation in syr
ump output resulted in some variability in inlet (feed)
esponse concentration profiles, as can be seen in the fi
uring the five-fold step increase, toluene concentratio
id-depth, 75-cm, and at the outlet were approximately

ame value in the UF biofilter because reaction capac
he second half of the bed was minimal and additiona
oval was not possible. In contrast, additional treatmen
ossible in the second half of the FDS biofilter media bed

ig. 3. Response of the conventional unidirectional flow biofilter (a)
oadings.
.

utlet (average value 56.6 ppmv or 13.2% ofC0). In contrast
reakthrough was minimal in the FDS biofilter (average v
.4 ppmv or 0.6% ofC0). For the five-fold step, the respon
rofile to the right of the 50-cm depth marker was relativ
at when compared to the FDS biofilter response profile
ause, as noted above, reaction capacity of the secon
f the UF biofilter bed was minimal. In contrast, additio

reatment was possible in the second half of the FDS b
er bed, and the mean contaminant concentration at the
as minimal (2.6% ofC0) when compared to the UF biofilt

flow-directional-switching biofilter (b) to baseline and five-fold stepransien
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Fig. 4. Response of a conventional unidirectional flow (UF) biofilter and
flow-directional-switching (FDS) biofilter treating toluene to steady-state
loading and step transient loading as functions of bed depth. The solid lines
represent steady-state response profiles in which mean fractional removal
values at each bed depth were calculated from the results of six step-tests
with three samples per bed depth per test (i.e., a total of 18 samples for
each bed depth). The dashed lines represent step-loading response profile
in which mean values at each bed depth are connected. Mean values were
calculated from the results of one step-test (a total of three samples for each
bed depth).

(26% ofC0). For the 10-fold and larger steps, large fractions
of the feed contaminant broke through both biofilters; how-
ever, the magnitude of breakthrough was significantly less in
the FDS biofilter due to the larger reaction capacity of that
unit. It is interesting to note that overall removal efficiency
in the FDS biofilter during the 10-fold spike was larger than
for the UF biofilter during the five-fold spike (78% and 75%,
respectively). Mass removal in the FDS biofilter was 90%
greater than that of the UF biofilter for the 10-fold spike and
71% greater for the 20-fold spike and 180% greater for the 50-
fold spike. However, the comparison of UF and FDS biofilter
performance for the 50-fold spike is tenuous due to a large
degree of scatter in the UF biofilter data (percent removals of
15.3, 4.90 and 0.40 for the UF biofilter as compared to 21.6,
16.5 and 16.7 for the FDS biofilter). The scatter was believed
to have been caused by unsteady syringe pump operation. A
more complete characterization of the step-loading response
data and additional details of the step-loading experiments
can be found in Ref.[12].

Toluene removal efficiency profiles across the length of
the UF biofilter bed were nearly identical to removal pro-
files across the FDS biofilter: (1) in the first half (50 cm) of
the bed for all loading conditions (baseline and step) and
(2) throughout the full bed (100 cm) for steady-state base-
line loading at 107 ppmv. Nearly identical removal profiles
in the first half of the beds revealed that, relative to UF op-

eration, operating with a 12-h FDS cycle did not diminish
activity, i.e. a lag/re-acclimation period was not observed nor
was removal capacity diminished in the first half of the bed.
Clearly the FDS biofilter performance was superior to that of
the conventional UF biofilter for spike magnitudes larger than
approximately 2.5-timesC0 (as indicated by the larger frac-
tion of contaminant removed in the FDS biofilter). Note that
the decrease in toluene concentration in the first 25 cm of the
FDS biofilter increases from approximately 95 ppmv for the
steady-state condition to approximately 340 ppmv for the 20-
timesC0 spike, although the fractional removal drops from 90
to 16%. Whether the first 25 cm became mass-transfer limited
(including the possibility of oxygen transfer limitation) or re-
action rate-limited cannot be determined from the data, how-
ever, Schroeder[20] suggested that toluene-treating systems
were probably mass-transfer limited at lower concentrations.

Fractional removals at the biofilters’ outlets are shown in
Fig. 5 as a function of step-to-baseline concentration ratio.
Each data marker represents the mean value of results of
three sample measurements. Complete removal occurred for
step-ratio values less than a threshold value and breakthrough
occurred when that threshold was exceeded. Based on best-fit
curves of post-threshold response data (power function for
FDS data and logarithmic function for UF data), threshold
step-to-baseline concentrations ratios for the UF and FDS
configurations are approximately 3.3 and 4.2, respectively.
F unit’s
t ear
m idly
t
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i ously
[ re-
s ppear
t
A dies
i ,
r

line
c -fold

F con-
c
d .
sor step-to-baseline concentrations ratios larger than a
hreshold value, fractional removal declined in a non-lin
anner with the UF biofilter response declining more rap

han for the FDS biofilter.
Response of conventional UF biofilters to step-incre

n toluene concentration has been documented previ
15–17,28,30,36], but published data on FDS biofilter
ponse to step-increases in contaminant concentration a
o be limited to four studies by Song and Kinney[9,32,34,41].

summary of results from other toluene step-loading stu
s given below inTables 2 and 3for UF and FDS biofilters
espectively.

The two UF biofilter studies that used step-to-base
oncentration ratios exceeding ten (Tang et al. with a 37

ig. 5. Relationship between fractional removal and step-to-baseline
entration ratio. The baseline toluene concentration was 107 ppmv. Each
ata marker represents the average value of data from three samples
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Table 2
Results from other UF biofilter toluene step-loading studies in which toluene
was degraded

Study Step-to-baseline
concentration ratio

Fraction
removed (%)

Al-Rayes et al.[36] 4 78
4.3 83

Irvine and Moe[15] 10 73

Marek et al.[30] 3 76
18 64

Métris et al.[16] 3.9 76
Moe and Irvine[17] 10 72

Tang et al.[28] 37 70
1.8 50
2.8 64

step and Marek et al. with an 18-fold step) resulted in remark-
ably large removal efficiencies (70 and 64%, respectively).
In both cases, the pre-step baseline concentrations were
relatively low (15 and 20 ppmv, respectively). It is possible
that, for the same step-to-baseline concentration ratio, lower
values of pre-step baseline concentration results in larger
fractions of the inlet concentration being removed during
step-loading events than is the case for higher pre-step base-
line concentrations. This could be the case if a larger fraction
of the contaminant adsorbs to, or absorbs in, the packing at
low contaminant concentration than is the case for higher con-
centrations. Other explanations are possible and additional
study is needed to answer the question. A second possibility
is that, prior to the studies, the biofilters had received
higher concentrations of contaminant than the 15–20 ppmv
baseline concentrations indicated in the referenced article,
which would have supported a larger population of toluene-
degrading microorganisms with greater reaction capacity at
the time the experiments were conducted. The response of the
fungal biofilter in the Woertz et al. study to step-to-baseline
concentration values ranging from 1.4 to 6.7 was remarkably
similar to that of the FDS biofilter used in this study.

Table 3
Results from other FDS biofilter step-loading studies in which toluene was
degraded

S
)

P

S

S

W

DS
b

Fig. 6. Relationship between mass loading and mass removal rates in the
full 100-cm of bed depth for step-to-baseline loading ratios of 1, 2.5, 4, 5,
10, 20 and 50. Each data marker represents the average value of data from
three samples.

The relationship between mass loading and removal rates
for the full bed (100-cm) and for the first 25-cm of the bed
are shown inFigs. 6 and 7, respectively, for step-to-baseline
loading ratios up to and including 50. Scales in the two fig-
ures differ because bed volumes used to calculate loading
and removal rates differ by a factor of 4. Each data marker
represents the average value of data from three samples. With
the exception of the UF biofilter 50-fold step (in which un-
steady syringe pump operation affected the results), mass
removal rates increased with step magnitude and appear to
asymptotically approach maximum values. It is possible that
the functionality of the experimental apparatus was exceeded
for step-to-baseline concentration ratios beyond 10 or 20.
Maximum contaminant removal rates in the FDS biofilter
were exactly twice as great as those observed in the UF
biofilter (232 g/h m3 for the FDS biofilter 50-fold step versus
116 g/h m3 for the UF biofilter 20-fold step). In the first 25 cm
of the bed mass removal rate curves were nearly identical
with maximum contaminant removal rates of approximately
310 g/h m3-packing (UF and FDS biofilters for 10- and 20-
fold steps). This result shows that flow-directional-switching

F in the
fi 5, 10,
2 m three
s

tudy Step-to-baseline
concentration ratio

Fraction
removed (%

ark and Kinney[32]
(Phase I) 1.2 100

3.4 55
(Phase II) 1.5 100

3.7 70

ong and Kinney[41] 1.75 a

ong and Kinney[9] 1.6 100
3.6 74

oertz et al.[34]b 1.4 100
6.7 82

a Breakthrough occurred in the UF biofilter but not occur in the F
iofilter. The fractions removed were not reported.
b Fungal biofilter.
ig. 7. Relationship between mass-loading and mass-removal rates
rst 25 cm of bed depth for step-to-baseline loading ratios of 1, 2.5, 4,
0 and 50. Each data marker represents the average value of data fro
amples.
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on a 12-h interval did not diminish reaction capacity in the
inlet region relative to unidirectional flow.

3.2. Response to down time

Conventional UF and FDS biofilter response characteris-
tics were monitored in the days prior to and following a 2.9-
day down time event. Cumulative fraction of inlet toluene
concentration (C0) removed as a function of bed depth is
shown inFig. 8 for the UF biofilter (a, top) and the FDS
biofilter (b, bottom). The units were operated with continu-
ous feed (107 ppmv) for 1.85-days after a nutrient recircula-
tion procedure was performed, then shut down for 2.9-days.
Continuous-feed operation was resumed on day 4. Data mark-
ers for the UF biofilter response at 50, 75 and 100-cm bed
depths overlap at 100% removal prior to the shut down (as
was the case in the FDS biofilter for the 75 and 100-cm bed
depth markers). Fluctuations inC0 produced variability in
biofilter response, which was most pronounced near the in-
let and attenuated with bed depth. The FDS biofilter 25-cm
depth response was affected by switching the flow-direction
(characterized by lower fractional removals in the period im-
mediately following the switch and higher removals at the end

F
a
b

of the switching interval). Overall (100-cm depth) response in
the FDS biofilter was superior to that of the UF biofilter as evi-
denced by the large amount of contaminant that broke through
the UF unit (40% 1 h after restart) relative to the significantly
lower amount of contaminant that broke through the FDS unit
(2.5% 1 h after restart). Performance improved with time in
both units and complete removal was attained in the UF and
FDS biofilters after approximately 12 and 3 h, respectively.

3.3. Response to regular transient loading

A study investigating regular transient loading response
was conducted by operating the UF and FDS biofilters in
parallel on a regular 1-h-on/7-h-off transient loading pattern
at a nominalC0 value of 107 ppmv. The biofilters had the
same contaminant loading history prior to the experiment.
The responses are shown inFig. 9 for the UF biofilter (a,
top) and the FDS biofilter (b, bottom). Complete removal
occurred in the FDS biofilter and nearly complete removal
occurred in the UF biofilter throughout the 26-day exper-
iment. Following a brief decline in performance during the
ig. 8. Response of a conventional unidirectional flow (UF) biofilter (a, top)
nd flow-directional-switching (FDS) biofilter (b, bottom) treating toluene
efore and after a 2.9-day shut-down period.

F
b
o

ig. 9. Response (removal efficiency) of a UF biofilter (a, top) and the FDS
iofilter (b, bottom) treating toluene to constant loading followed by 1-h-
n/7-h-off regular transient loading.
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constant loading period, the FDS biofilter exhibited stable re-
sponse during the first 18 days of the regular transient loading
period with fractional removals at a bed depth of 25 cm con-
sistently above 70%. In contrast, fractional removals in the
UF biofilter at a depth of 25 cm began at 55% at the start of
the regular transient loading period and steadily declined to
less than 20% over the next 18 days. A similar decline in re-
moval efficiency with time can be seen at mid-depth (50 cm).
A nutrient recirculation procedure was performed on day 23,
during which time both biofilters were not operated for 24 h.
A temporary drop in performance was observed within the
FDS biofilter when feeding resumed (on day 24) as contami-
nant penetrated deeper into the bed. The performance of both
units improved in the days that followed. The restorative ef-
fect of the nutrient recirculation procedure can be seen in the
UF biofilter response on days 24–26. It should be noted that
biofilter performance can be improved/restored with nutrient
recirculation when using significantly shorter periods of re-
circulation times than the 12 h used for each unit here (e.g.,
a few hours). If the duration of the experiment were to have
been longer without nutrient recirculation, the trend of de-
clining performance would most likely have continued with
contaminant breakthrough expected in the UF biofilter well
before the FDS biofilter.

3
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sure drop across each unit was measured periodically and the
maximum value measured was 0.4 in. of water column (and
typically was much lower).

Inspection ofFig. 10(a) reveals that biomass (mass of
volatile solids/bulk volume of packing) was concentrated
near the inlet (0-cm depth) of the UF biofilter and was more
uniformly distributed at much lower densities in the second
half of the bed. The biomass profiles are in agreement with vi-
sual observation of biomass on the packing as it was removed
from reactor sections when sampled. The presence of mod-
erate levels of biomass in the second half of the UF biofilter
is probably the result of the nutrient recirculation procedure
which likely removed biomass from the inlet region and de-
posited in the latter half of the bed. The preceding conclusion
is supported by the fact that, in the second-half of the UF
biofilter bed: (1) biomass density was uniformly distributed
with depth rather than decreasing with depth and (2) toluene
removal rates were found to be minimal during the step-
loading experiments. Both of these observations make it un-
likely that the significant amount of biomass observed in the
second-half of the UF unit originated (was grown) there. In
contrast to the UF unit, the FDS biofilter biomass content pro-
file was nearly symmetric with biomass concentrated near the
ends of the media bed. The FDS biofilter 0-cm depth biomass
value was greater than the 100-cm depth value and a similar
result was observed by Song and Kinney[41]. This result (less
b real
( sam-
p that
s 100-
c and,
t from
s owth
i o be
r the
1 dif-
f have
b ensi-
t and

ent (pe
.4. Biomass and moisture content

Results of biomass content and moisture content
urements are presented below inFig. 10(a and b), respe
ively. Bed depth was measured from the top of each
depth = 0 cm) down to the bottom (depth = 100 cm). T
nalyses were conducted concurrently 34 days after the

em had returned to normal operation following a media w
nd mix procedure. However, the true operating time was
ificantly less than 34 days because the period include
ays of down time (days 12–22) and four media recirc

ion procedures with a cumulative (total) down time of 8
herefore, the effective operating time following the previ
ash and mix procedure was approximately 21 days.

Fig. 10. Biomass content (a) and moisture cont
iomass at the bottom of the FDS biofilter bed) may be
for reasons that are not known), or it may be the result of
ling limitations and/or experimental error. Observations
upport the latter conclusion include: (1) the packing at
m depth was resting on a perforated plate (support grid)
herefore, some of the pellet surface area was blocked
ubstrate flow which would have precluded biomass gr
n that area of the bed and (2) 25-cm of packing had t
emoved from the fourth column section in order to reach
00-cm depth pellets resulting in mixing of pellets from

erent depths during the process (i.e., the samples may
een contaminated with pellets having lower biomass d

ies). Overall average biomass content values for the UF

llets + biofilm) (b) profiles for the UF and FDS biofilters.
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FDS biofilters, measured as volatile solids, were nearly iden-
tical at 8.3 and 8.1 kg/m3-packing (or 146 and 142 g/unit),
respectively. Song and Kinney made similar observations of
nearly equal biomass levels in UF and FDS biofilters[9].

Profiles of media moisture content (mass of water/bulk
volume of packing) for the UF and FDS biofilters in ma-
ture condition are presented inFig. 10(b, right). As with
the biomass profiles, lines in the figure connect mean values
calculated from the results of three sample measurements.
Biofilter water content profiles were similar and revealed:
(1) a large amount of water held by the packing pellets, (2)
pellets located on the top surface of the bed had significantly
less water than pellets located below the surface and (3) wa-
ter content was uniformly distributed within the bed below
the 25-cm depth (and, though not measured, may have ex-
tended up to a depth near the surface). Average water content
values for the UF and FDS biofilters were 270 and 281 kg/m3-
packing, respectively. Most of the moisture is located inside
of the porous media and may not be associated with biomass.
Thus, the low water content at the top of the beds does not
appear to be reaction related (i.e., caused by reaction or af-
fecting reaction rates) because water content of the FDS unit
was low at the top of the bed and high at the bottom, but
removals in the top and bottom sections were similar. It is
possible that the lower water content at the top of the beds
was due to drainage of unbound water or due to evaporation
b

4

ular
t ings
t
d ng-
t n the
w -
e from
f oved
m uni-
f the
p

4

al-
l s fed
c ing
a ter-
m gher
r usly
f pon-
s ned
t ty’s
p y to
s com-
p ial is

then utilized/degraded during rest periods. It is also possi-
ble that the resting period may allow for metabolic activities
of the microbial ecosystem to “clean up” the resting biofilm,
leaving it in an improved state when feeding resumes. Biofilm
clean-up activities might include removal of waste products
(by mass transfer and/or consumption by secondary organ-
isms); replacement of depleted nutrients (by mass transfer
and/or cell lysis during endogenous decay); increased level
of cellular resources being directed towards cell maintenance
and repair activities; or reduction of excess biomass (by en-
dogenous decay and/or predation).

Flow-directional-switching is analogous to the intermit-
tent (or sequencing batch) operation studied by Irvine and
Moe in that alternating feast/famine sequences are introduced
with downstream sections of the biofilter receiving virtually
no feed half of the time and are thus allowed to “clean up.”
Thus, if physiological advantages result from feast/famine
operation, FDS would be an appropriate management strat-
egy based on simplicity. Results of this study (discussed
above) and the work of Song and Kinney[9,41] appear to
support this position. In the work of Song and Kinney[41],
performance had deteriorated faster in a conventional UF
biofilter treating toluene than in a 3-day FDS biofilter. Two
reasons were cited: first, exposure to toluene inhibits micro-
bial activity over time and the inlet section of the UF unit
was exposed to toluene continuously, whereas each end of
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. Discussion

Evidence is mounting that biofilters subjected to reg
ransient loadings perform better during transient load
han biofilters that have not[9,10,15,34,37,41,48]. In ad-
ition, flow-directional-switching appears to improve lo

erm operational stability, as was seen in this study and i
ork of Song and Kinney[9]. Flow-directional-switching op
ration incorporates the advantages believed to accrue

east/famine operation of microbial processes and impr
ass transfer characteristics of biofilms that are more

ormly distributed (dispersed) throughout the length of
acked bed.

.1. Feast/famine

Irvine and Moe[15] operated three UF biofilters in par
el with the same average loading rate, but one unit wa
ontinuously while the others were fed intermittently us
regular feed-on/-off transient loading pattern. The in
ittently fed units responded better to shock-loading (hi

emoval efficiencies) than was the case for the continuo
ed unit. Addressing one of two factors believed to be res
ible for the improved performance, Irvine and Moe reaso
hat intermittent feeding may alter the microbial communi
hysiological state, providing it with an enhanced abilit
orb and store (accumulate) contaminant or high-energy
ounds during shock-loading events. The stored mater
he FDS biofilter was exposed to toluene only half of
ime (due to FDS operation). Second, biomass clogging
urred sooner in the UF biofilter than in the FDS unit (
ussed below in the next section). In a subsequent study,
nd Kinney observed a rapid loss of biodegradation ca

ty and serious bioreactor instability when a FDS biofi
as operated on a 1-day FDS frequency, but greater s

ty in units operated on 3- and 7-day switching frequen
9]. They concluded that frequent dynamic loading hind
iofilm development because, as concluded in their prev
tudy, continuous or near-continuous exposure to toluen
nhibit microbial activity. If Song and Kinney’s conclusi
s correct (toluene exposure inhibits microbial activity o
ime), it may partially explain results of this study in wh
erformance of the UF biofilter deteriorated over time fa

han was the case for the FDS biofilter. Alternatively the re
ould have been due to biomass clogging (discussed b
nd/or other factors such as differences in moisture con
H, nutrient or oxygen availability, etc. In the present stu
12-h direction-switching period resulted in stable op

ion, contrasted with the Song and Kinney studies, and
robably a result of frequent nutrient recirculation.

.2. Mass transfer

In addition to improved physiological state of t
icrobial population, the improvement in transient load

esponse in intermittently fed and FDS biofilters may als
ue to improved mass transfer characteristics of biofilms
re distributed throughout the bed. Although total biom
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levels measured in this study were approximately the same in
both biofilters, contaminant-degrading capacity in the FDS
biofilter was approximately twice that of the UF biofilter.
The apparent dilemma may be explained by mass transfer
considerations as follows: relative to the FDS biofilter, most
of the active biomass in the UF biofilter was concentrated in
a relatively small region of the bed (near the inlet) and the
length of time that contaminant was in contact with active
biofilm as it flowed through the bed was therefore limited. In
contrast, active biomass in the FDS biofilter was more evenly
distributed over the packing media throughout the length of
the bed, which may have increased active biofilm/gas inter-
facial area (specific biofilm surface area) and certainly would
have increased active biofilm/gas contact time in the bed.
Both factors would increase overall mass transfer rates dur-
ing transient loadings. Returning to the previous discussion
of Irvine and Moe[15], the second reason cited for superior
performance of intermittently fed biofilters is consistent
with this position. They suggested that the contaminant mass
flow rates used in their intermittently fed biofilters, which
was greater than in the continuously fed biofilter, caused the
growth of microorganisms to extend deeper into the bed.
The presence of microorganisms deeper in the bed allowed
contaminant removal to occur during shock loading that
would otherwise pass through the bed untreated. Returning
to the previous discussion of Song and Kinney[41], the
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distribution of biomass and microbial reaction capacity
along the length of the packed bed without diminishing
activity and removal capacity in the inlet section. Operating
in FDS mode incorporates advantages believed to accrue
from feast/famine operation of microbial processes and
improved mass transfer characteristics of biofilms that are
uniformly distributed (dispersed) throughout the length of
the packed bed. Dispersed biofilms are thought to have
increased active biofilm-vapor interfacial area and potential
mass transfer rates relative to biofilms that are concentrated
near the inlet. The benefits of flow-directional-switching
were demonstrated when; (a) maximum mass removal
rates in the FDS biofilter were approximately twice that of
the UF biofilter in step-loading experiments, (b) the FDS
biofilter performed better than the UF biofilter following a
2.9-day shut-down period and (c) FDS operation resulted in
greater long term stability relative to UF operation in regular
feed-on/-off transient loading experiments.
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