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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

improved mass transfer characteristics of uniformly distributed biofilms. In this study, step function changes in toluene concentration were

applied to UF and FDS laboratory reactors operated in parallel. Contaminant concentration was monitored at several points along the packed
beds. FDS operation produced a more uniform (dispersed) distribution of biomass and microbial reaction capacity along the length of the

packed bed without diminishing activity and removal capacity in the inlet section. Maximum mass removal rates in the FDS biofilter were
approximately twice that of the conventional UF biofilter. In addition, FDS operation significantly improved biofilter response during an
extended period of operation with intermittent feed and following a period of non-operation.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Vanden Oeverinthe 1980s and numerous examples of biolog-
ical treatment for volatile organic compound (VOC) removal
Biological treatment is an attractive approach for remov- have been reported since that tifde-6]. Biological treat-
ing volatile contaminants in gaseous waste streams. The mosment systems can be significantly less expensive to build and
widely used biological air treatment process is the biofilter, operate than conventional treatment (e.g., combustion or ad-
a nominally plug flow, packed bed reactor in which a micro- sorption), but the reactors tend to be larger. Issues that must
bial community growing on the packing surface carries out be addressed for biological treatment to have widespread
the degradation of the contaminants. The first application of acceptance include questions about process reliability, the
biological air treatment reported in the United States litera- establishment of general or standardized design and opera-
ture was by Pomeroji], who was conducting odor control  tional parameters, and the absence of models that can predict
experiments at municipal wastewater treatment plants. Usesteady-state and transient loading responses with a reason-
of biological processes for odor control has become fairly able degree of accuracy. A major factor in process reliability
common and odor control remains the most widespread ap-is the ability of biological processes to respond to transient
plication of biofiltration[2,3]. Treatment of industrial and  loadings.
commercial waste air streams was initiated by Ottengraf and  Microbial population density in biofilters is related to the
availability of substrate or nutrients, and has been shown
to decrease by one to four orders of magnitude between
E-mail address: wiwright@csufresno.edu. the inlet and outlet when systems are operated under nom-
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inally steady-state unidirectional loading conditidi@s9]. intensification of work (e.g., higher rates of solvent use in a
The conventional system is inherently unresponsive to tran- manufacturing process) and changes in operation throughout
sientloadings because of the distribution of microbial activity an operating shift of manufacturing and commercial opera-
along the length of the reactor. When large transient loadingstions such as paint spraying, baking, coating and chemical
occur, either the mass transfer capacity or the reaction capacmanufacture. Regular transients can occur on an infrequent
ity of the initial sections of the bed are exceeded and con- basis due to quarterly, semi-annual or annual scheduled shut
taminants move into the latter sections where the microbial downs for plant maintenance and retooling. “Irregular” tran-
populations and reaction capacities are low and contaminantsient loadings result from random or erratic events such as
breakthrough may occ(it0-12] spills and unplanned shut downs. Irregular transient load-
Most work to date has been focused on steady-stateings have been observed in emissions from wastewater treat-
operating conditions. However, based on observations ment plants where relatively small diurnal transient loadings
of both field and laboratory units, transient loadings are were overshadowed by occasional large spikes at intervals as
common and often result in increased bed penetration andlong as several monttig0]. Further characterization of tran-
contaminant breakthroudh3—25] Typically, airflow rate is sient loading can be accomplished by establishing a peak-to-
constant during the operation of vapor-phase biofilters and baseline loading ratio and, for discontinuous feeding, length
transient loading results from variation in contaminant con- of feed-on and -off-time intervals, as illustratedhig. 1(a
centration. However, applications where significant variation and b), respectively. For frequent transients, a peak-to-mean
in contaminant concentration and gas flow rate do exist, asloading ratio parameter may be more appropriate than peak-
was the case at a soil-vapor extraction (SVE) operation in to-baseline ratio, as illustrated Fig. 1(c). The simplistic
Hayward, CA, during the first 7-months of biofilter operation step-function patterns shownfig. 1(a—c) are used to illus-
[13]. Transient loadings in biofilters have been studied by trate the peak-to-baseline (or peak-to-mean) loading concept
a number of researchef8-11,13—42] however, in most  and have been used in laboratory studies, but they do not
cases, the experimental conditions were limited and control reflect the wide array of complex concentration patterns typ-
strategies were addressed in only a few studies (discussedcally observed in field units.
below). Characterization of transient loading response and devel-
The occurrence of transient loadings can be characterizedopment of operating strategies to manage transient loadings
with two parameters, regularity and frequency. For the pur- to minimize contaminant breakthrough in biofilters is impor-
pose of this discussion regularity refers to occurrence on atant because: (1) many potential applications for biofilters
cyclical or predictable schedule. Regular transients are thewill be at facilities having inherent variation in waste gas
most common type due to normal cycles in process opera-characteristics, (2) appropriate performance monitoring re-
tions, overnight and weekend closures and scheduled maintegquirements should reflect actual operating characteristics and
nance activities. Normal cycles in process operations include (3) unsteady performance is a major drawback of biological

4 (a) " (b)
Peak-to-baseline loading ratio = 5/1 =5
5C, c
2o
= Step increase (5Cy) — 5 ®
IS 5
I § Feed on Feed off Feed on
g [&] interval interval mterval
o ‘ ’
Co Co
T Baseline concentration (Cy) ~ I
Time Time
s (C)
Peak-to-mean loading ratio = 5/3
5Cq
c
2
g Mean|Conceritration {3C,)
&
o
| =4
o
o
Co -

Time

Fig. 1. lllustration of step-loading (a), off-time (b) and regular step-loading (c).
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treatment relative to that of conventional physico-chemical fully [40] and the approach may be a reasonable if the
treatment technology where performance is more stable and  substrate compound(s) can be stored and fed to the
predictable. system economically.

(4) Increasing the average reaction capacity of the biofil-
ter. Several methods for increasing biofilter reaction

1.1. Transient loading management strategies -
capacity have been proposed, for example, those found

Microbial populations in biofilters will respond satisfacto- in Refs.[8,44-46] In addition to those methods (and
rily to transient loadings within certain boundaries of elevated ~ Others), the average reaction capacity of a biofilter may
concentration and length of off-time. However, at some ra- be increased by reversing the direction of flow through

tio of peak-to-baseline (or peak-to-mean) inlet concentration, ~ the media bed at regular intervi#l].
breakthrough can be expected. It should be noted thatifastep  Maintaining a more uniform microbial population
increase in contaminant concentration is sustained, contam-+throughout the media bed by alternating the direction of

inant removal rates will increase over time as the population flow would be expected to provide higher levels of reaction
acclimates and increases in number. The process is slow an‘éapacity along a greater fraction of the bed'’s length by in-
typically takes several days or weeks to comp[e@-28] creasing the microbial population density in the downstream
A corresponding process exists with respect to downtime. haf of the bed and maintaining that population in an active
When a unit is shut down for an extended period of time state. Song and Kinndy1] demonstrated that both biomass
the microbial population begins to go dormant and increased and biomass activity decreased along the length of a unidi-
penetration of contaminants will occur on start up. With time,  rectional flow (UF) biofilter and were maintained relatively
days to weeks depending on the length of the shut-down pe-constant in a flow-directional-switching (FDS) biofilter. A

riod and other factors, performance returns to nof@&B5] similar finding was observed in this study (discussed in
Short-term shut downs of a few hours do not appear to affect Sections3 and 4. The benefits derived from FDS should
biofilter performance upon restd&,9,29-34] be realized for all types of transient loading, including,

Strategies for managing transient loadings in biofilter sys- yariation in contaminant loading and restart following
temsinclude providing downstream polishing units; dampen- extended periods of downtime. In both cases, relative to
ing variations in contaminant loading using sorbent material conventional unidirectional biofilter operation, additional
upstream or in the biofilter bed; supplemental feeding during reaction capacity is available whenever contaminants pene-
extended periods of downtime; and maximizing reactor reac- {rate deeper into the bed. Park and Kinf@3] demonstrated

tion capacity. The first three management strategies are giversome improvement in transient loading response of a FDS
a brief intI’OdUCtion here and the fOUrth Strategy (maXimiZing b|0f||ter W|th the addition Of a s|ip_feed System_

reactor reaction capacity) is discussed in greater detail here
(and in Section8 and 4. 1.2. Research objectives

(1) Downstream polishing units. Inclusion of downstream The primary objective of this study was to provide
polishing units (e.g., activated carbon) to remove fugitive quantitative information on the extent of the benefit of
emissions can be used to insure regulatory standards ardlow-directional switching. Three aspects of the benefit were
met at all times. While increasing capital, operation and investigated: (1) response to step-loading (major emphasis),
maintenance costs, this provision will improve system (2) response following down time (minor emphasis) and (3)
performance and system reliability. long-term stability during regular on/off cyclical loading

(2) Physical damping of contaminant concentration. (minor emphasis). Step function increases in contaminant
Physical damping can be accomplished by installing concentration pattern were applied to FDS and conventional
an upstream load-dampening unit containing absorbentUF biofilters operated in parallel. Following those experi-
liquid [36] or adsorbent solif#2,43], or by adding ab- ments both biofilters were subjected to a shut-down period,
sorbent/adsorbent material as a partial or sole componenthen a feed-on/-off regular transient loading pattern for an
of the biofilter packing15,28,37-39,42]Performance  extended period of time. For all loading cases, toluene was
may become limited if granular activated carbon (GAC) used as the model compound and response was assessed
is used with humid waste streams because capillary by monitoring toluene vapor concentration at several points
condensation occurs and GAC surfaces become coatedalong the packed beds. Secondary objectives of the study
with water that reduces contaminant adsorption capacity were to determine the distributions of biomass and moisture
and slows contaminant mass transfer rates to microporecontent in the packed beds.

regions. Increasing our understanding of transient loading response
(3) Feeding contaminant or surrogate compound as a and development of operating strategies to minimize break-
supplement during extended “off-periods” or periods through will allow more extensive application of vapor-phase

of low inlet concentration. Feeding contaminant or a  biofiltration technology. Information developed in this study
surrogate compound to the biofilter as a supplement should provide a more complete basis for establishing mon-
during “off-periods” has been accomplished success- itoring regulations for vapor-phase biofiltration systems.
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2. Materials and methods Table 1
Nutrient solution recip&

A schematic representation of the experimental biofilter Mineral salt Concentration (mg/L)
system is shown irfrig. 2 Laboratory compressed air was KH,P0, 1390
filtered through two microfiber filter-regulators in series, hu- KzHPO 1710
midified, then passed through a rotameter to measure and regNaNGs 12500
ulate gas flow rate. A syringe pump was used to deliver liquid '\C"ggg“zﬁﬁéo 4(152_6
toluene to a glass—wool wick, where it evaporated into one air- gesq.7H,0 10
stream which then combined with a second air-stream con-H;B0O; 0.30
taining 10wm aerosolized nutrient solution generated by a CoCh-6H0 0.20
Heart nebulize™ (Vortran Medical Technology Inc., Sacra-  £"SQi-7H0 010
mento, CA). The aerosolized nutrient solution supplied in- m:gﬂgé%%zo 8:82
organic nutrients and moisture to the biofilter beds. Nutrient yjicy,.6H,0 002
solution consisted of a custom recig@ble 1) in which ma- CuCh-2H,0 0.01

jor and minor nutrients were assumed to be presentin eXCess. a recipe from Professor Kate Scow of the Department of Land, Air and
Pressure gauges were located at the outlet of the rotameter andiater Resources, University of California, Davis, CA, except concentration
the inlet of the Heart nebulizBY. The combined air-stream  of phosphate buffer and form and concentration of nitrogen were modified.
(containing toluene vapor and nutrient aerosol) was ConveyedMineraI salts were dissolved in NANOpU or deionized water.

to the inlet of the FDS biofilter packed bed (top or bottom

depending on the cycle phase) using a double solenoid, four-pjates. Sample ports fitted with Teflon-lined septa were lo-
way, five-port valve and electronic controller. The other com- ¢ated in the plenums. The media beds consisted of a mixture
bined gir-_stream was conveyed to the top of the UF biofilf[er of new media (approximately two-thirds of the bed, volume
less steel pipe sections. Each column consisted of four 25-j prior experiments). The packing media was 0.64-cm diam-
cm long media bed sections in series separated by 5-cm deeRyer rigid mineral (extruded diatomaceous earth) cylindrical
plenums. Media bed sections were supported by perforatedpgliets (Celite R-635, Janus Scientific Inc., Fairfield, CA).
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Vi From air compressor

ﬁ// -s— pPressure gau;\— Air filter/ regulator
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reservoir | = |

Metering
a pump_/'
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Fig. 2. Experimental biofiltration system schematic.
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Measured pellet dimensions were highly variable with a me- 2.2.2. Operation and maintenance of regular transient
dian pellet length of approximately 0.8-cm. 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-
Flow-stream grab samples were collected from column off, which represents a peak-to-mean loading ratio (PTMLR)

ports at the inlet and at bed depths of 12.5, 25, 50, 75 andvalue of 8 and cycle period length of 8 h. Air, toluene vapor
100-cm (outlet) using 5-cc “gas-tight” Teflon Luer-lock sy- and nutrient aerosol were passed through the biofilter during
ringes equipped with Mininert valves and Luer needles. Sam- the “feed-on” periods. During “feed-off” periods air and nu-

ples were analyzed for toluene concentration within 15 min trient aerosol flow was continued. For each regular transient-
by direct syringe injection into a Shimadzu 14A gas chro- loading experiment, gas-stream samples were collected at the

matograph equipped with a 0.5 mL sample loop, 30-m J & same pointin tim_e within the FDS interval egch day. Nutrient
W Scientific DB-624 megabore column and flame ioniza- SO'““W was 'reC|rcuI:_;1ted through the pgcklng Wheq 'perfor-
tion detector (FID). Blanks were used for quality control and Mancein the inlet region of the bed deteriorated significantly.
toluene standards of 92.6 and 491 pp(t2%) were used

for toluene concentration determination (Scott-Marrin Inc., 2-3- Methods for biomass and moisture content

Riverside, CA). determination

2.1. Air-stream sampling and gas chromatography
analysis

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

2.2. Biofilter operation and maintenance

The biofilters operated with a nominal air-stream flux of
1 m3/m? min, baseline inlet toluene concentratiofig] of
107 ppmy, empty-bed residence time of 1-min. and media

gczedhtlgrgggraturel?f 2’£h ':']he FES bigfiltergpe]rateld or(; a change after being subjected to drying and incineration. Dry-
) interval length throughout the study. In related ex- ing was conducted at 10€ for 24-h and incineration at

periments, it was found that a 12-h flow reversal interval was 550°C for 24 h. One empty weighing tin and three tins with

sufficient_ly s_hortto main_tainthetoluene-degrading microbial new (clean) media samples were analyzed concurrently as a

community in a fully active statp7]. control. Water mass was defined as change in sample mass
upon drying. Biological (volatile) solids mass was defined as

2.2.1. Operation and maintenance of step-loading change in dried sample mass upon incineration. Results were

experiments reported on the following basis:

Prior to initiating the experiments the packing media was
: : . . o mass of water 3

washed with tap water, soaked in nutrient solution containing water content (kg/m>)

inoculum for 10 min, then brought to a pseudo-steady-state total (bulk) volume

“mature” condition over a 13-day period with constant load-

ing at the baseline inlet toluene concentration (107gpm

The step-loading experiments were conducted over the next _ Mass of biological (voIatiIe)soIida(g/mS)

87-days. For the purpose of this study, “mature” refers to total (bulk) volume

a condition in which contaminant fractional removals in

the first 25-cm of the reactor bed exceeded 85%. Nutrient  Total (bulk) volume is the gross volume of space occu-

solution was recirculated through the biofilter columns pied by the packing material (i.e., the interstitial void space

approximately once per week to maintain high removal plus the volume occupied by the pellets) and was estimated

efficiencies in the inlet region of the reactor bed. During as “total (bulk) volume (mL)=[mass of incinerated sample

step-loading events, the inlet concentration was increased for(g)] x [1.5 mL/g].” The 1.5 mL/g “specific volume” conver-

1 h. Step concentrations of 2.5-, 4-, 5-, 10-, 20- and 50-times sion factor for “mass of incinerated sample” to “bulk volume

the baseline concentration were used. Three sets of baselinef media” is the inverse of dry packing bulk density and was

samples were obtained within a 2.5-h period prior to each obtained by measuring the bulk volume and mass of pellets

step-loading event (the third set approximately 20 min prior in a 500 mL beaker.

to initiating the step) and three sets of transient loading

samples were obtained during each step (approximately 6,

30 and 59 min after initiating the step). One additional set 3. Results

of samples was obtained for the 10-fold spike 30 min after

the inlet concentration was returned to the pre-step baseline Results of the transient loading experiments reported

concentration. below indicate that, relative to conventional UF mode of

biomass content
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operation, FDS operation: (1) produced a more uniform fects of toluene sorption and desorption within the packed bed
distribution of biomass and microbial reaction capacity duringand following transientloading events was not evident
along the length of the packed bed without diminishing within the time-limits/resolution of measurement procedures
activity and removal capacity in the inlet section; (2) used in this experiment, which was 6 min at the start of the
significantly improved biofilter response during step-loading step (all experiments), and 30 min following the step (10-fold

events, following a shut-down period and during an extended step only, data not shown). A lag in attaining elevated con-
period of operation with intermittent feed. These results are centration profiles within the bed at the start of the step would

discussed further below. be indicative of sorption effects and a lag in attaining lower
concentrations in the bed following the cessation of the step
3.1. Step-loading experiments would be indicative of desorption effects.

Profiles of average removal efficiency across the bed for

Prior to imposing step increases in contaminant concentra-both biofilters are shown irFig. 4 for steady-state con-
tion, the biofilter beds were brought to a pseudo-steady-statestant (baseline) loading and for several magnitudes of step-
response condition at a nominal baseline inlet contaminantloadings. Results for the four-fold step experiment were not
concentrationo) of 107 ppmy. Response ofthe UF and FDS ~ shownin order to improve figure clarity. The solid line in each
biofilters, operated in parallel, was assessed at baseline andlot represents steady-state loading response profiles. Mean
2.5-,4-,5-,10-, 20- and 50-fold step increasa&gnVvariation values were calculated from the results of the six step-loading
of toluene concentration over time at the inlet and at five bed tests (three samples per test for a total of 18 samples for each
depths is given for a five-fold step Fig. 3a and b) forthe ~ bed depth). The dashed lines in each plot represent transient
UF and FDS biofilters, respectively. InspectionFif). 3a (step)-loading response profiles based on the average of three
and b) reveals that greater than 85% of the pre-step (basesamples at each bed depth. Biofilter response profiles were
line) toluene concentration was removed in the first 25-cm of Similar in both biofilters during the 2.5-fold step with com-
bed depth and essentially 100% was removed by mid-depthplete removal occurring within the first 75 cm of bed depth.
(50-cm). When step-loading events were initiated, concen- Reaction capacity in the first half of the UF biofilter bed was
tration profiles within the bed increased rapidly and achieved exceeded during the four-fold step (not shown) and contam-
pseudo-steady-state response within 6 min, which representsnants were carried deeper into the bed and emerged at the
the time between the initiation of the step and the collection outlet (average value 56.6 pprar 13.2% ofCo). In contrast,
of the first set of step-loading samples. Variation in syringe breakthroughwas minimalinthe FDS biofilter (average value
pump output resulted in some variability in inlet (feed) and 2.4 ppmy or 0.6% ofCo). For the five-fold step, the response
response concentration profiles, as can be seen in the figuregrofile to the right of the 50-cm depth marker was relatively
During the five-fold step increase, toluene concentrations atflat when compared to the FDS biofilter response profile be-
mid-depth, 75-cm, and at the outlet were approximately the cause, as noted above, reaction capacity of the second half

same value in the UF biofilter because reaction capacity of of the UF biofilter bed was minimal. In contrast, additional
the second half of the bed was minimal and additional re- treatment was possible in the second half of the FDS biofil-

moval was not possible. In contrast, additional treatment waster bed, and the mean contaminant concentration at the outlet
possible in the second half of the FDS biofilter media bed. Ef- was minimal (2.6% o€) when compared to the UF biofilter

(a) Unidirectional Flow Biofilter (b) Flow -Direction-Switching Biofilter
600 T 600 T o
L X
- XoT T Pre-step (baseline) loading Step load
E> 500+ Pre-step (baseline) loading |Step Ioadingl E> 500+ re-step (baseline) loading | ep loa |ng|
a I | [} ‘ .
Q o .- »
g —x-Inlet _o-_g = —x—Inlet
& 4001 5 125-cm depth o & 4001 _a—12.5-cmdepth
® —&—25-cm depth ® —a—25-cm depth
T 399l —o-50-cmdepth T 300l --®--50-cmdepth A
g —o~75-cm depth b, 3 —e—75-cm depth proa
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Fig. 3. Response of the conventional unidirectional flow biofilter (a) and the flow-directional-switching biofilter (b) to baseline and five-fodthsiet t
loadings.
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—+— UF: Steady-state (Co = 107 ppmv) —*—FDS: Steady-state (Co = 107 ppmv) eration, operating with a 12-h FDS Cycle did not diminish
— -0~ UF: Spike mean values --®-- FDS: Spike mean values activity, i.e. a lag/re-acclimation period was not observed nor
was removal capacity diminished in the first half of the bed.

19T steady-state 55 G, (splke) ¥ f Clearly the FDS biofilter performance was superior to that of
901 the conventional UF biofilter for spike magnitudes larger than
g g0l approximately 2.5-time€ (as indicated by the larger frac-
o ,_"_‘: ________ -8 tion of contaminant removed in the FDS biofilter). Note that
g 701 /,/C*":,T' the decrease in toluene concentration in the first 25 cm of the
8 ol ."é'é A FDS biofilter increases from approximately 95 ppfor the
= . o (spike) s .
& o steady-state condition to approximately 340 pgar the 20-
z 50T timesCo spike, although the fractional removal drops from 90
§ 404 - o - m————m-- 9 to 16%. Whether the first 25 cm became mass-transfer limited
= 10 Gy (spike) (including the possibility of oxygen transfer limitation) or re-
T 301 e action rate-limited cannot be determined from the data, how-
& L. s _-éggo-—('s'-‘;;e—)—% ———————— f ever, Schroeddg0] suggested_that toluene-treating syst_ems
2 were probably mass-transfer limited at lower concentrations.
B 1 2 _,,,__,;.;._.;;-;~;-0'_"_"_ _____ - Fractional removals at the biofilters’ outlets are shown in
N et e [osoee : Fig. 5as a function of step-to-baseline concentration ratio.
0 25 50 75 100 Each data marker represents the mean value of results of
Inlet Distance from inlet (cm) Outlet three sample measurements. Complete removal occurred for

step-ratio values less than a threshold value and breakthrough
Fig. 4. Response of a conventional unidirectional flow (UF) biofilter and  gccurred when that threshold was exceeded. Based on best-fit
flow-directional-switching (FDS) biofilter treating toluene to steady-state .
loading and step transiegt (Ioadir)19 as functions ogf bed depth. The SZIid lines curves of pOSt_thres,hOld_ reSponse data (power function for
represent steady-state response profiles in which mean fractional removal':DS data and logarithmic function for UF data), threshold
values at each bed depth were calculated from the results of six step-testsStep-to-baseline concentrations ratios for the UF and FDS
with three samples per bed depth per test (i.e., a total of 18 samples for configurations are approximately 3.3 and 4.2, respectively.
_each _bed depth). The dashed lines represent step-loading response profilegqy step-to-baseline concentrations ratios larger than a unit’s
in which mean values at each bed depth are connected. Mean values Werethreshold value, fractional removal declined in a non-linear
calculated from the results of one step-test (a total of three samples for each . . . .
bed depth). manner with the UF biofilter response declining more rapidly

than for the FDS bidfilter.
(26% of Cp). For the 10-fold and larger steps, large fractions ~ Response of conventional UF biofilters to step-increases
of the feed contaminant broke through both biofilters; how- in toluene concentration has been documented previously
ever, the magnitude of breakthrough was significantly less in [15-17,28,30,36]but published data on FDS biofilter re-
the FDS biofilter due to the larger reaction capacity of that sponse to step-increases in contaminant concentration appear
unit. It is interesting to note that overall removal efficiency to be limited to four studies by Song and Kinrj6y32,34,41]
in the FDS biofilter during the 10-fold spike was larger than A summary of results from other toluene step-loading studies
for the UF biofilter during the five-fold spike (78% and 75%, is given below inTables 2 and 3or UF and FDS biofilters,
respectively). Mass removal in the FDS biofilter was 90% respectively.
greater than that of the UF biofilter for the 10-fold spike and The two UF biofilter studies that used step-to-baseline
71% greater for the 20-fold spike and 180% greater for the 50- concentration ratios exceeding ten (Tang et al. with a 37-fold
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 138 I e;— ’ Egg St:ta

15.3, 4.90 and 0.40 for the UF biofilter as compared to 21.6, 5 80 | N ---- UF Best Fit

16.5 and 16.7 for the FDS biofilter). The scatter was believed 335 70{ S FDS Best Fit

to have been caused by unsteady syringe pump operation. A§5 601

more complete characterization of the step-loading response% 5 %7 o

data and additional details of the step-loading experiments 2 é gg: h

can be found in Ref12]. L= 0. Teelol —
Toluene removal efficiency profiles across the length of 10 b

the UF biofilter bed were nearly identical to removal pro- 0 - , , . ,

files across the FDS biofilter: (1) in the first half (50 cm) of 0 10 20 30 40 50

the bed for all loading conditions (baseline and step) and Ratio of Step to Baseline Concentration

(_2) throu_ghOUt the full bed (109 Cm)_for Steady'State _base' Fig. 5. Relationship between fractional removal and step-to-baseline con-
!'ne |Oa.d|ng at 107 ppm Nearly identical remoyal profiles  centration ratio. The baseline toluene concentration was 107.peth
in the first half of the beds revealed that, relative to UF op- data marker represents the average value of data from three samples.
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Table 2 --o-- UF Biofilter spike mean values —e— FDS Biofilter spike mean values
Results from other UF biofilter toluene step-loading studies in which toluene 250-
was degraded %
Study Step-to-baseline Fraction [ S 200+
concentration ratio removed (%) g £
Al-Rayes et al[36] 4 78 o8 %9
4.3 83 B!
. €€ 100
Irvine and Mo€[15] 10 73 s %
(0]
Marek et al[30] 3 76 27 504
18 64 Z
s 0 . r r r r T "
Métris et al [16] 39 76
2 4 1 12 14
Moe and Irvind17] 10 72 0 00 00 .600 800 \ 000 . 00 00
Mass loading rate (g/h-m”-packing)
Tang et al[28] 37 70
;g 22 Fig. 6. Relationship between mass loading and mass removal rates in the

full 200-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

step and Marek et al. with an 18-fold step) resulted in remark- three samples.

ably large removal efficiencies (70 and 64%, respectively).

In both cases, the pre-step baseline concentrations were The relationship between mass loading and removal rates
relatively low (15 and 20 ppg respectively). It is possible ~ for the full bed (100-cm) and for the first 25-cm of the bed
that, for the same step-to-baseline concentration ratio, lowerare shown irFigs. 6 and 7respectively, for step-to-baseline
values of pre-step baseline concentration results in largerloading ratios up to and including 50. Scales in the two fig-
fractions of the inlet concentration being removed during ures differ because bed volumes used to calculate loading
step-loading events than is the case for higher pre-step baseand removal rates differ by a factor of 4. Each data marker
line concentrations. This could be the case if a larger fraction represents the average value of data from three samples. With
of the contaminant adsorbs to, or absorbs in, the packing atthe exception of the UF biofilter 50-fold step (in which un-
low contaminant concentration than is the case for higher con-steady syringe pump operation affected the results), mass
centrations. Other explanations are possible and additionalremoval rates increased with step magnitude and appear to
study is needed to answer the question. A second possibilityasymptotically approach maximum values. It is possible that
is that, prior to the studies, the biofilters had received the functionality of the experimental apparatus was exceeded
higher concentrations of contaminant than the 15-20,ppm for step-to-baseline concentration ratios beyond 10 or 20.
baseline concentrations indicated in the referenced article,Maximum contaminant removal rates in the FDS biofilter
which would have supported a larger population of toluene- were exactly twice as great as those observed in the UF
degrading microorganisms with greater reaction capacity at biofilter (232 g/h i for the FDS biofilter 50-fold step versus
the time the experiments were conducted. The response of theL16 g/h ni for the UF biofilter 20-fold step). In the first 25 cm
fungal biofilter in the Woertz et al. study to step-to-baseline of the bed mass removal rate curves were nearly identical
concentration values ranging from 1.4 to 6.7 was remarkably With maximum contaminant removal rates of approximately

similar to that of the FDS biofilter used in this study. 310 g/h m¥-packing (UF and FDS biofilters for 10- and 20-
fold steps). This result shows that flow-directional-switching

Table 3
Results from other FDS biofilter step-loading studies in which toluene was - - UF Biofilter spike meanvalues  ---+--- FDS Biofilter spike mean values
degraded
Study Step-to-baseline Fraction % 350+ o
concentration ratio removed (%) g 3004 ,’.”"&m TSR
Park and Kinney32] % 2 250{ & T,
>3 1
(Phase 1) 1.2 100 5 S 2001 o
34 55 s e 150 v
(Phase II) 15 100 EE ,
37 70 G 5, 100 ¢
&7 0
Song and Kinney41] 1.75 a % 50+
. i 0 T r r T T )
Song and Kinneyd] ;g ;54)0 0 1000 2000 3000 4000 5000 6000
Woertz et al[34]° 1.4 100 Mass loading rate (g/h-m3-packing)
6.7 82

Fig. 7. Relationship between mass-loading and mass-removal rates in the
a Breakthrough occurred in the UF biofilter but not occur in the FDS first 25 cm of bed depth for step-to-baseline loading ratios of 1, 2.5, 4, 5, 10,
biofilter. The fractions removed were not reported. 20 and 50. Each data marker represents the average value of data from three

b Fungal biofilter. samples.
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on a 12-h interval did not diminish reaction capacity in the ofthe switchinginterval). Overall (100-cm depth) responsein
inlet region relative to unidirectional flow. 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
Conventional UF and FDS biofilter response characteris- (2.5% 1 h after restart). Performance improved with time in
tics were monitored in the days prior to and following a 2.9- poth units and complete removal was attained in the UF and

day down time event. Cumulative fraction of inlet toluene FDS biofilters after approximately 12 and 3 h, respectively.
concentration o) 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 ppy) for 1.85-days after a nutrient recircula- A study investigating regular transient loading response
tion procedure was performed, then shut down for 2.9-days. yas conducted by operating the UF and FDS biofilters in
Continuous-feed operation was resumed on day 4. Datamarkyparallel on a regular 1-h-on/7-h-off transient loading pattern
ers for the UF biofilter response at 50, 75 and 100-cm bed 5t 5 nominalCy value of 107 ppm. The biofilters had the

depths overlap at 100% removal prior to the shut down (as same contaminant loading history prior to the experiment.
was the case in the FDS biofilter for the 75 and 100-cm bed The responses are shown Fig. 9 for the UF biofilter (a,

depth markers). Fluctuations ifp produced variability in - op) and the FDS biofilter (b, bottom). Complete removal
biofilter response, which was most pronounced near the in-gccurred in the FDS biofilter and nearly complete removal
let and attenuated with bed depth. The FDS biofilter 25-cm gccurred in the UF biofilter throughout the 26-day exper-
depth response was affected by switching the flow-direction jment. Following a brief decline in performance during the
(characterized by lower fractional removals in the period im-
mediately following the switch and higher removals atthe end

3.2. Response to down time

3.3. Response to regular transient loading

(a) Unidirectional Biofilter — 8- 25-cm depth

Cy = 107 ppm, —©— 50-cm depth
(a) Unidirectional Flow Biofilter --o--12.5-cm depth — ©— 75-cm depth
Co = 107 ppm, —&—25-cm depth . — +— 100-cm depth
—o—50-cm depth & 100 Teo0o === p¥®
—o—75-cm depth — 90 Q ~- -
—+—100-cm (outlet) ° Go N 2]
100 ©- 9, f—0 o c 80 o /,,(
90 | g 5 E o-__ __ o< B
8~ 80 A K A 3 b “o-o
Q-3 £ 60
3O 70 ,// ,Z/ o 5 G Nutrient recirculation procedure =
£E5 o
3% 60 . 3 o
S% e P T 5 a0 S .
2 - |2.9-day shutdown | J& o 30 = o
o 40 I’ I’C% » . c 20 ~
SL& 30 2 ol = S Constant ~a-a
w 20 Restart | \/ S 10 | oading, | T-hour-on/7-hours-off regular fransient loading
Al I 0 T T T T T 1
10 g
o L 2 0 5 10 15 20 25 30
0 1 2 3 4 5 6 7 Elapsed time (days)

Elapsed time (days)

(b) Flow-Direction-Switching Biofilter --25-cm depth

(b) Flow-Direction-Switching Biofilter

--=--12.5-cm depth
—a—25-cm depth

Co =107 ppm, —e—50-cm depth
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Fig. 8. Response of a conventional unidirectional flow (UF) bicfilter (a, top) Fig. 9. Response (removal efficiency) of a UF biofilter (a, top) and the FDS
and flow-directional-switching (FDS) biofilter (b, bottom) treating toluene  biofilter (b, bottom) treating toluene to constant loading followed by 1-h-
on/7-h-off regular transient loading.

before and after a 2.9-day shut-down period.
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constant loading period, the FDS biofilter exhibited stable re- sure drop across each unit was measured periodically and the
sponse during the first 18 days of the regular transient loadingmaximum value measured was 0.4 in. of water column (and
period with fractional removals at a bed depth of 25 cm con- typically was much lower).
sistently above 70%. In contrast, fractional removals in the  Inspection ofFig. 10(a) reveals that biomass (mass of
UF biofilter at a depth of 25 cm began at 55% at the start of volatile solids/bulk volume of packing) was concentrated
the regular transient loading period and steadily declined to near the inlet (0-cm depth) of the UF biofilter and was more
less than 20% over the next 18 days. A similar decline in re- uniformly distributed at much lower densities in the second
moval efficiency with time can be seen at mid-depth (50 cm). half of the bed. The biomass profiles are in agreement with vi-
A nutrient recirculation procedure was performed on day 23, sual observation of biomass on the packing as it was removed
during which time both biofilters were not operated for 24 h. from reactor sections when sampled. The presence of mod-
A temporary drop in performance was observed within the erate levels of biomass in the second half of the UF biofilter
FDS biofilter when feeding resumed (on day 24) as contami- is probably the result of the nutrient recirculation procedure
nant penetrated deeper into the bed. The performance of bottwhich likely removed biomass from the inlet region and de-
units improved in the days that followed. The restorative ef- posited in the latter half of the bed. The preceding conclusion
fect of the nutrient recirculation procedure can be seen in theis supported by the fact that, in the second-half of the UF
UF biofilter response on days 24—26. It should be noted thatbiofilter bed: (1) biomass density was uniformly distributed
biofilter performance can be improved/restored with nutrient with depth rather than decreasing with depth and (2) toluene
recirculation when using significantly shorter periods of re- removal rates were found to be minimal during the step-
circulation times than the 12 h used for each unit here (e.g.,loading experiments. Both of these observations make it un-
a few hours). If the duration of the experiment were to have likely that the significant amount of biomass observed in the
been longer without nutrient recirculation, the trend of de- second-half of the UF unit originated (was grown) there. In
clining performance would most likely have continued with contrastto the UF unit, the FDS biofilter biomass content pro-
contaminant breakthrough expected in the UF biofilter well file was nearly symmetric with biomass concentrated near the
before the FDS biofilter. ends of the media bed. The FDS biofilter 0-cm depth biomass
value was greater than the 100-cm depth value and a similar
resultwas observed by Song and Kinfl]. This result (less
biomass at the bottom of the FDS biofilter bed) may be real
Results of biomass content and moisture content mea-(forreasonsthatare notknown), oritmay be the result of sam-
surements are presented belowFig. 10a and b), respec-  pling limitations and/or experimental error. Observations that
tively. Bed depth was measured from the top of each unit support the latter conclusion include: (1) the packing at 100-
(deph=0cm) down to the bottom (depth=100cm). The cm depthwas resting on a perforated plate (support grid) and,
analyses were conducted concurrently 34 days after the systherefore, some of the pellet surface area was blocked from
tem had returned to normal operation following a media wash substrate flow which would have precluded biomass growth
and mix procedure. However, the true operating time was sig- in that area of the bed and (2) 25-cm of packing had to be
nificantly less than 34 days because the period included 10removed from the fourth column section in order to reach the
days of down time (days 12—22) and four media recircula- 100-cm depth pellets resulting in mixing of pellets from dif-
tion procedures with a cumulative (total) down time of 83 h. ferent depths during the process (i.e., the samples may have
Therefore, the effective operating time following the previous been contaminated with pellets having lower biomass densi-
wash and mix procedure was approximately 21 days. Pres-ties). Overall average biomass content values for the UF and

3.4. Biomass and moisture content

(a) Biomass o UF Biofilter data (b) Moisture o UF Biofilter data

Content e FDS Biofilter data Content e FDS Biofilter data
UF biofilter mean values —— UF Biofilter mean values

-----FDS biofilter mean values -~~~ FDS Biofilter mean values

0 g 0 * . —
= o5 - / € 25 Bt S
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Biomass (kg/ms-packing) Moisture content (kg/m3-packing)

Fig. 10. Biomass content (a) and moisture content (pellets + biofilm) (b) profiles for the UF and FDS biofilters.
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FDS biofilters, measured as volatile solids, were nearly iden- then utilized/degraded during rest periods. It is also possi-
tical at 8.3 and 8.1 kg/Rapacking (or 146 and 142 g/unit), ble that the resting period may allow for metabolic activities
respectively. Song and Kinney made similar observations of of the microbial ecosystem to “clean up” the resting biofilm,
nearly equal biomass levels in UF and FDS biofil{&]s leavingitin animproved state when feeding resumes. Biofilm
Profiles of media moisture content (mass of water/bulk clean-up activities might include removal of waste products
volume of packing) for the UF and FDS biofilters in ma- (by mass transfer and/or consumption by secondary organ-
ture condition are presented Fig. 1Qb, right). As with isms); replacement of depleted nutrients (by mass transfer
the biomass profiles, lines in the figure connect mean valuesand/or cell lysis during endogenous decay); increased level
calculated from the results of three sample measurementsof cellular resources being directed towards cell maintenance
Biofilter water content profiles were similar and revealed: and repair activities; or reduction of excess biomass (by en-
(1) a large amount of water held by the packing pellets, (2) dogenous decay and/or predation).
pellets located on the top surface of the bed had significantly =~ Flow-directional-switching is analogous to the intermit-
less water than pellets located below the surface and (3) wa-tent (or sequencing batch) operation studied by Irvine and
ter content was uniformly distributed within the bed below Moe inthat alternating feast/famine sequences are introduced
the 25-cm depth (and, though not measured, may have ex-with downstream sections of the biofilter receiving virtually
tended up to a depth near the surface). Average water contenho feed half of the time and are thus allowed to “clean up.”
values for the UF and FDS biofilters were 270 and 281 Bg/m  Thus, if physiological advantages result from feast/famine
packing, respectively. Most of the moisture is located inside operation, FDS would be an appropriate management strat-
of the porous media and may not be associated with biomassegy based on simplicity. Results of this study (discussed
Thus, the low water content at the top of the beds does notabove) and the work of Song and Kinnf;41] appear to
appear to be reaction related (i.e., caused by reaction or af-support this position. In the work of Song and Kinr{é],
fecting reaction rates) because water content of the FDS unitperformance had deteriorated faster in a conventional UF
was low at the top of the bed and high at the bottom, but biofilter treating toluene than in a 3-day FDS biofilter. Two
removals in the top and bottom sections were similar. It is reasons were cited: first, exposure to toluene inhibits micro-
possible that the lower water content at the top of the bedsbial activity over time and the inlet section of the UF unit
was due to drainage of unbound water or due to evaporationwas exposed to toluene continuously, whereas each end of
by inlet air that may have not been fully humidified. the FDS biofilter was exposed to toluene only half of the
time (due to FDS operation). Second, biomass clogging oc-
curred sooner in the UF biofilter than in the FDS unit (dis-
cussed below in the next section). In a subsequent study, Song
Evidence is mounting that biofilters subjected to regular @nd Kinney observed a rapid loss of biodegradation capac-
transient loadings perform better during transient loadings 'ty @nd serious bioreactor instability when a FDS biofilter
than biofilters that have nd®,10,15,34,37,41,48]in ad-  Was operated on a 1-day FDS frequency, but greater stabil-
dition, flow-directional-switching appears to improve long- %Y In units operated on 3- and 7-day switching frequencies
term operational stability, as was seen in this study and in the[9]- They concluded that frequent dynamic loading hindered
work of Song and Kinnefg]. Flow-directional-switching op- biofilm devglopment because,.as concluded in their previous
eration incorporates the advantages believed to accrue fronstudy; continuous or near-continuous exposure to toluene can
feast/famine operation of microbial processes and improved Inhibit microbial activity. If Song and Kinney’s conclusion
mass transfer characteristics of biofilms that are more uni- S correct (toluene exposure inhibits microbial activity over
formly distributed (dispersed) throughout the length of the tMe), it may partially explain results of this study in which

4. Discussion

packed bed. performance of the UF biofilter deteriorated over time faster
than was the case for the FDS biofilter. Alternatively the result
4.1. Feast/famine could have been due to biomass clogging (discussed below)

and/or other factors such as differences in moisture content,

Irvine and Mo€[15] operated three UF biofilters in paral-  pH, nutrient or oxygen availability, etc. In the present study,
lel with the same average loading rate, but one unit was feda 12-h direction-switching period resulted in stable opera-
continuously while the others were fed intermittently using tion, contrasted with the Song and Kinney studies, and was
a regular feed-on/-off transient loading pattern. The inter- probably a result of frequent nutrient recirculation.
mittently fed units responded better to shock-loading (higher
removal efficiencies) than was the case for the continuously 4.2. Mass transfer
fed unit. Addressing one of two factors believed to be respon-
sible for the improved performance, Irvine and Moereasoned In addition to improved physiological state of the
thatintermittent feeding may alter the microbial community’s microbial population, the improvement in transient loading
physiological state, providing it with an enhanced ability to response in intermittently fed and FDS biofilters may also be
sorb and store (accumulate) contaminant or high-energy com-due to improved mass transfer characteristics of biofilms that
pounds during shock-loading events. The stored material isare distributed throughout the bed. Although total biomass
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levels measured in this study were approximately the same indistribution of biomass and microbial reaction capacity
both biofilters, contaminant-degrading capacity in the FDS along the length of the packed bed without diminishing
biofilter was approximately twice that of the UF biofilter. activity and removal capacity in the inlet section. Operating
The apparent dilemma may be explained by mass transferin FDS mode incorporates advantages believed to accrue
considerations as follows: relative to the FDS biofilter, most from feast/famine operation of microbial processes and
of the active biomass in the UF biofilter was concentrated in improved mass transfer characteristics of biofilms that are
a relatively small region of the bed (near the inlet) and the uniformly distributed (dispersed) throughout the length of
length of time that contaminant was in contact with active the packed bed. Dispersed biofiims are thought to have
biofilm as it flowed through the bed was therefore limited. In increased active biofilm-vapor interfacial area and potential
contrast, active biomass in the FDS biofilter was more evenly mass transfer rates relative to biofilms that are concentrated
distributed over the packing media throughout the length of near the inlet. The benefits of flow-directional-switching
the bed, which may have increased active biofilm/gas inter- were demonstrated when; (a) maximum mass removal
facial area (specific biofilm surface area) and certainly would rates in the FDS biofilter were approximately twice that of
have increased active biofilm/gas contact time in the bed. the UF biofilter in step-loading experiments, (b) the FDS
Both factors would increase overall mass transfer rates dur-biofilter performed better than the UF biofilter following a
ing transient loadings. Returning to the previous discussion 2.9-day shut-down period and (c) FDS operation resulted in
of Irvine and Mo€[15], the second reason cited for superior greater long term stability relative to UF operation in regular
performance of intermittently fed biofilters is consistent feed-on/-off transient loading experiments.
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 Kinréyi], the
second reason cited for the unidirectional-flow biofilter
'°°S‘.”9 perfo_rmance fa_sFer than the FDS biofilier is alsa EPA (Grant # G6J10677 from the exploratory research pro-
consistent with the position stated above. They suggestedgram)_
that excess biomass accumulation near the inlet end of the
unidirectional-flow biofilter reduced the specific surface area
of the biofilm and resulted in mass transfer limitations. In
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