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Abstract: Two protozoan species as well as an unchar-
acterized protozoan consortium were added to a toluene-
degrading biotrickling filter to investigate protozoan pre-
dation as a means of biomass control. Wet biomass for-
mation in 23.6-L reactors over a 77-day period was
reduced from 13.875 kg in a control biotrickling filter to
11.795 kg in a biotrickling filter enriched with protozoa.
The average toluene vapor elimination capacity at 1 g/m*
toluene and 64 m3/(m?3 - h) was 31.1 g/(m® - h) in the con-
trol and 32.2 g/(m® - h) in the biotrickling filter enriched
with protozoa. At higher toluene inlet concentrations,
toluene degradation rates increased and were slightly
higher in the biotrickling filter enriched with protozoa.
The lower rate of biomass accumulation after the addi-
tion of protozoa was due to an increase of carbon min-
eralization (68% as compared to 61% in the control). Ap-
parent biomass yield coefficients in the control and en-
riched trickling filter were 0.72 and 0.59 g dry biomass/g
toluene, respectively. The results show that protozoan
predation may be a useful tool to control biomass in
biotrickling filters, however, further stimulation of preda-
tion of the biomass immobilized in the reactor is required
to ensure long-term stability of biotrickling filters. © 1999
John Wiley & Sons, Inc. Biotechnol Bioeng 62: 216-224, 1999.
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INTRODUCTION

will increase. At the same time, pollutant removal will de-
cline mostly because of the decrease in interfacial area for
mass transfer (Alonso et al., 1997; Cox et al., 1998; De-
shusses et al., 1998). If no remedial action is taken, the
reactor will ultimately clog. In the case of a toluene-
degrading biotrickling filter with an elimination capacity of
50 g toluene/(m filter bed - h) with 50% conversion of
carbon into biomass and the production of a biofilm with 0.1
kg/L dry matter, 45% carbon on dry weight basis, and a
density of 1 kg/L, it would take 82 days of continuous
operation to produce a biomass volume as large as the re-
actor volume. Indeed, rapid clogging of biotrickling filters
has been observed (Diks, 1992; Smith et al., 1996; Sorial et
al., 1995; Weber and Hartmans, 1996). Interestingly, the
minimum amount of biomass in the reactor to obtain maxi-
mal pollutant-degrading activity is only 16 LAmeactor, if
one assumes a specific surface area of 230 (Van
Groenestijn and Hesselink, 1993) and an effective biofilm
thickness of about 8(dm as estimated in biofilters for waste
air treatment (Cox et al., 1997; Shareefdeen et al., 1993).
This implies that prolonged biotrickling filter operation pri-
marily results in formation of biomass not actively involved
in pollutant degradation. This was confirmed by Zuber
(1995), who demonstrated that no improvement of pollutant
removal occurred as biomass accumulated over time in

Biotrickling filters for waste air treatment have been eXte”'metherne chloride-degrading biotrickling filters.

sively studied in the laboratory and efficient removal of @  geyeral options to either prevent excessive biomass pro-
wide variety of organic and inorganic compounds from pol-q,cion or to remove excess of biomass in biotrickling fil-

'“‘e‘?' ai.r streams ha; been. reportgd. Hoyvever, de.ploy_me%rs and biofilters have been investigated, including nutrient
of biotrickling filters in an industrial environment is still limitation (Hekmat et al., 1997; Morgenroth et al., 1996:

limited (Hugler et al., 1997; Loy et al., 1997; Webster andSch"mduve et al., 1996; Weber and Hartmans, 1996), addi-

[.)esh'usses', 1997), 'although waste air t'reatment in biOtriClYion of growth-limiting concentrations of NaCl (Sahduve
ling filters is a relatively cheap alternative as compared to t al., 1996; Van Lith et al., 1994), discontinuous operation

phy3|cz_1| and ch-emlcal techniques (Van Groenestijn an with starvation periods (Farmer et al., 1995), biomass re-
Hesselink, 1993; Zuber et al., 1997). . )

. . . S moval by chemical washing (Weber and Hartmans, 1996) or

A major obstacle to implementation of biotrickling filters . . ] .
o . - by backwashing (Smith et al., 1996; Sorial et al., 1995) or
in industry appears to be the instability of these reacmrsmechan'cal removal by stirring of the trickling filier bed
over the long term. Due to rapid biomass accumulation in bk :  al 19\237 {J fl tl 9 telv. th ICKll gthl d p
the packed bed, the pressure drop, i.e., the operational co t\é/u eretal, )- Unfortunately, ese methods sutter
rom various drawbacks. In the case of limitation of bacte-

rial growth, decrease of bacterial activity and hence, pollut-
ant elimination capacity is generally observed. Chemical
biomass removal suffers from considerable down-time after
treatment, while mechanical biomass removal requires com-

Correspondence tdyl. A. Deshusses
Contract grant sponsor: US Environmental Protection Agency
Contract grant number: R825392-01-0

© 1999 John Wiley & Sons, Inc. CCC 0006-3592/99/020216-09



plex reactor design. Finally, full media fluidization (back- 1968; Ratsak et al., 1994), whi\{é microstomds a sessile
washing) requires expensive equipment and generates largeotozoa frequently associated with activated sludge in
amounts of high BOD wastewater. wastewater treatment plants (Al-Shahwani and Horan,
We recently reported on several approaches to control th&991). A mixed protozoan consortium originating from ac-
rate of biomass formation in biotrickling filters (Cox and tivated sludge was grown using a culture of toluene-grown
Deshusses, 1997a). One innovative strategy that was inveB- corrugataas substrate. Protozoa cultures were performed
tigated is the use of protozoa that prey upon bacteria (Coin unstirred Erlenmeyer flasks with foam stoppers at room
and Deshusses, 1997b). Because protozoan predation tsmperature. Bacterial cell counts were done on Plate Count
coupled with CQ and heat generation, overall biomass pro-Agar (PCA) (Difco, Detroit, Ml) and on solid mineral me-
duction per amount of pollutant degraded should be less idium (MMAT) containing 8 g/L agarose with toluene va-
the presence of protozoa. Ideally, protozoan predatiomors as the carbon source.
should balance bacterial production to obtain a stable bi-
otrigklin_g filter with a constant amo_un_t of biomass. Su_ch anBiotricinng Filter Equipment and
equilibrium has been shown to exist in natural aquatic €COhoculation Procedure
systems (Bloem et al., 1989; Nagata, 1988; Sanders et al.,
1989), although bacterial production rates in those system&wo identical biotrickling filters were operated in parallel.
is much lower than in biotrickling filters. However, proto- Protozoa were added to one of the reactors while the other
zoan predation increases carbon mineralization in systenfeactor, without added protozoa, served as control. The re-
with higher biomass production rates such as wastewatexctors were made from clear PVC pipe with an internal
treatment plants, and protozoa has been suggested asd@meter of 0.152 m and filled with 2.46 kg polypropylene
means to decrease sludge production (Ratsak et al., 199Rall rings with a diameter of 2.5 cm (Flexirings, Koch En-
1996). Protozoa have been observed in biofilters and bigineering, Wichita, KS). The resulting reactor had a packed
otrickling filters for waste air treatment (Diks, 1992; Otten- bed height of 1.3 m and a bed volume of 23.6 L. The
graf, 1986), but there have been no study reports on the rokeactors were operated in a cocurrent mode. The air flow
of protozoa in these reactors, nor has there been any attemigite was regulated using a Series 200F mass flow controller
prior to this study to stimulate protozoa to control the rate of(Porter Instrument Company, Inc., Hatfield, PA). Toluene
biomass accumulation in biotrickling filters for air pollution inlet concentrations were varied by pumping liquid toluene
control. In the present article, we investigated a laboratoryat different flow rates into the air stream with a metering
scale toluene-degrading biotrickling filter to which protozoapump (model QVG50-RHOO0STY, Fluid Metering, Inc.,
were added and compared its performance to that of a corfdyster Bay, NY). The trickling liquid was recycled over the
trol trickling filter to which no protozoa were added. filter bed with a centrifugal pump (model 1P677A, Dayton
Electric Mfg. Co., Chicago, IL) at a superficial velocity of
7.9 m/h. Fresh mineral medium was continuously fed at an
MATERIALS AND METHODS average rate of 238 mL/h to a vessel at the bottom of the
reactor to collect the recycle liquid. Excess liquid was
drained via an overflow outlet to maintain a constant liquid
volume in the vessel of 1.6 L. A schematic of the experi-
A toluene-degrading bacterium, enriched from activatednental apparatus is shown in Figure 1.
sludge and tentatively identified #seudomonas corrugata ~ The procedure of inoculation of the biotrickling filters
using the Biolog test (GN Microplate™ from Biolog, Inc., was as follows. 2.5 L culture of toluene-groWwncorrugata
Hayward, CA), was cultured in a mineral medium contain-was recirculated over the filter bed for 3 h. After removing
ing per L: 1 g KH,PQ,, 1 g K,HPQ,, 1 g KNO, - 1 g NaCl, the bacterial liquid, one of the reactors was inoculated with
0.2 g MgSQ, 26 mg CaCj- 2H,0, 5.2 mg EDTA protozoa by overnight circulation of a mixture containing
Na,(H,0),, 1.5 mg FeC} - 4H,0, 0.12 mg CoGJ- 6H,0, 1.5 L of aT. pyriformisculture, 0.93 L of a&. microstoma
0.1 mg MnC}, - 2H,0, 0.07 mg ZnCJ, 0.06 mg HBO,,  culture, and 0.86 L of a culture containing the mixed-
0.025 mg NiC}, - 6H,0, 0.025 mg NaMoQ®- 2H,0, 0.015 protozoan consortium. In the control reactor, mineral me-
mg CuC), - 2H,0. For inoculation of the biotrickling filters, dium without protozoa was circulated. Standard operation
P. corrugatawas cultured under continuous aeration of of the biotrickling filters began the next day.
10-L mineral medium in an open container with repeated
addition of 40p.L/L toluene until a culture of appropriate
density was obtainedTetrahymena pyriformigATCC
3005) andVorticella microstoma ATCC 30897) were se- Apart from the inoculation, the operation of the two bi-
lected as protozoan predators, and cultured in ATTC meetrickling filters was identical, and their performances were
dium 357 and a culture dflebsiella pneumoniaéATTC  compared over a 77-d period. During this period, the bi-
27889, grown at 37°C in ATCC medium 802), respectively.otrickling filters were usually operated at standard condi-
T. pyriformisis a free-swimming, fast-growing ciliate and tions, i.e., a volumetric load of 64 #{m* - h), an average
an effective predator of bacteria (Curds and Cockburntoluene inlet concentration of 1.025 gina superficial lig-

Organisms and Culture Media

Biotrickling Filter Experiments
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Compressed air inlet both biotrickling filters, which included continuous deter-

l mination of toluene and CQOin the gas phase, biomass in

the reactor, and suspended solids, bacteria, protozoa, and
Toluene injection total carbon in the liquid phase. Standard operation of the
biotrickling filters was maintained during these experi-
ments.

Analytical Methods

Samples from inlet and outlet streams were automatically
withdrawn via heated 1/8stainless steel tubing sampling
lines connected to a 16-port valve (Valco, Houston, TX) and
injected into a HP 5890 Series Il gas chromatograph (Hew-
lett-Packard, Wilmington, DE) via a 10-port valve. Simul-
taneous analysis of CQand volatile organic compounds
was achieved with a packed column and a TCD detector,
and with a capillary column and a FID detector, respec-
tively. At standard operating conditions, influent and efflu-
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Nutrient feed Control

(minor flow) tank Cleanair €Nt streams were analyzed in duplicate twice a day. For
Nutrient P> cxhaust determination of the amount of wet biomass in the reactor,
I(Jntfiizr flow) the liquid circulation was stopped, and the liquid was al-
lowed to drain from the reactor for 10 min. The reactor was
Figure 1. Schematic of the experimental set-up. weighed with a precisionfd g using a model 7300 scale

from Pennsylvania Scale Company (Leola, PA). The
amount of wet biomass in the reactor was calculated as the
uid velocity of 7.9 m/h, and an average mineral mediumjncrease of reactor weight as compared to the weight of the
feed rate of 238 mL/h. Toluene and G@let and outlet  dry and clean reactor including the packing on day 0. Pres-
concentrations, pressure drop, and wet weight of biomassyre drop measurements over 1.3-m filter bed was deter-
accumulating in the reactors were determined on a dailynined with a water U-tube during standard operation. Dry-
basis. On a weekly or biweekly basis, the liquid phase wasgnatter content of immobilized biomass was determined in
analyzed for pH, total carbon, total number of heterotrophgjuadruplicate by overnight drying at 95°C of known
and toluene-degrading microorganisms, and for the presasmounts of wet biofilm sampled from the biotrickling filters
ence of protozoa. after drainage of the dynamic hold-up as for the reactor
The performance of the two systems as a function of thgyeight determination. Analysis of C, H, N, and O in the
toluene-loading rate was investigated between days 37—4gried biomass was done by Desert Analytics Laboratory
During these experiments, the toluene inlet concentratioTucson, Az). Total carbon in the liquid phase was deter-
was varied between 0 and 3.5 g/nwhile the gas-flow rate  mined in duplicate using a model 5050 Total Carbon Ana-
was kept constant at a volumetric load of 64/(m®- h).  |yzer (Shimadzu, Kyoto, Japan). Suspended solids in the
After a change in the toluene inlet concentration, the toluengiquid was determined by centrifugation of a known volume
and CQ outlet concentrations were continuously measuredind overnight drying at 95°C of the pellet. Microbial counts
until constant values were obtained. in the liquid were performed by duplicate 10-fold dilution
On day 55, the trickling filter enriched with protozoa was series of samples in 8.5 g/L NacCl, followed by duplicate
reinoculated with the same protozoa as on day 0. 2I5-L plating of dilution series on PCA for the count of total
pyriformiS Culture, 2.0-LV. minOStoma:UltUre, and 1.5-L heterotrophs and p|at|ng on MMAT for the count of tolu-
culture of the mixed consortium were Centrifuged, and th%ne_degrading microorganisms. Incubation was at room
pellets were combined and suspended in 2.63-L mineraemperature and counting was done after 4 to 7 d. MMAT-
medium. The resulting protozoa concentration was approXip|ates were placed in a closed box, and toluene was supplied
mately 10 to 10° protozoa per mL of solution. The liquid o the atmosphere by diffusion via a syringe needle through
phase of the biotrickling filter enriched with protozoa was the septum of a vial containing liquid toluene. Protozoa in
removed and substituted by the protozoa culture suspendeHe liquid samples were counted in nine fields of 8.1 x
in mineral medium. The control received the same volume] mm in a hemacytometer after fixation in 10% (v/v) Lugol
of pure mineral medium. Subsequently, for a period of 4 dsp|ution (Sigma, St. Louis, MO).
(days 55-59), the toluene-inlet concentration was decreased
to 0 and the gas-flow rate was decreased to a volumetriRESULTS AND DISCUSSION
load of 16 ni/(m3- h). CO, in the inlet and outlet gases
were regularly analyzed, as well as the number of protozod ©luene Elimination Capacity
in the liquid phase. Figure 2 shows the toluene elimination capacity at standard
On days 65-66, mass-balance studies were performed faperating conditions. GC analyses started on day 22, at
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50 surement of dissolved oxygen in the liquid at the outlet of
the reactor indicated that oxygen in the liquid was not lim-
iting at standard operating conditions. This may not have
been the case at higher inlet concentrations, and further,
dissolved oxygen in the liquid may not reflect the true dis-
solved oxygen concentration in the biofilm. Toluene degra-
dation reached a maximum at inlet concentrations of 2-2.5
g/m? with maximal toluene elimination capacities of 71 and
83 g/(n? - h) for the control and enriched trickling filter,
respectively (Fig. 3). At all toluene concentrations tested,
the biotrickling filter enriched with protozoa degraded tolu-
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o ,‘ , ene at a slightly higher rate than the control. The increased
0 20 40 60 80 bacterial activity may be due to protozoan excretion of
Time (dav) growth factors and/or an increased turnover of nutrients

(Ratsak et al., 1996; Wright et al., 1995). The elimination
capacities obtained herein are at the higher end of values
usually reported for toluene. Pederson and Arvin (1997)
compared various studies and found that toluene elimination

which time both trickling filters had reached a steady Statecapacmes ranged from 12 to 84 gih) at loadings rang-

with respect to the toluene-degradation rate. In previouIng from 12 to 220 g/(rfi- h) and residence times between

studies (Cox and Deshusses, unpublished results), start-ép2 sec to 4 min.

times of less than 10 d were observed. Between day 22 and

78, the average toluene elimination capacity of the controEcological Aspects
was 31.1 g/(m- h) whereas the elimination capacity of the
biotrickling filter enriched with protozoa was 32.2

Figure 2. Toluene degradation rate of the contrial)(and enriched({)
filter at standard operation (64%m? - h, 1 g/n? toluene).

The liquid phase of both reactors was regularly investigated
3 : 3 for the presence of bacteria and protozoa to obtain a general
g(/(gaéz)t(;tu:ngoil:lg]te(t:g?\(ig??ract)ifog4of?'§n(])2;5,h%/;2?fo? description of the SPec les dt.aveiloping inside the reactor. B‘?'
mance vs. load curves (Fig. 3) were détermined betweeﬁause the populathn |n.the “qp.'d phase does not. neqessarlly
days 37—42 when the amouﬁt of wet biomass was about thréEﬂECt the population |mmob|I|zqu on the packing in thg
same in bo'éh reactors (Fig. 4). At low loadings, both per_reactor, it sh_ould_ be noted t_hat this apprqac_h may result in
formance curves showed ;';\ nbn-zero-order be’havior with underestlmanqn of ses_sne protoz_oa msu_je _the reactor.
. : L e X otal heterotrophic bacteria counts in the liquid of both
increasing toluene elimination capacities at higher tOILjenereactors were relatively similar and declined from initially
inlet concentrations. At loadings above 150 gi(rh), a 0°/mL to 1P-3- 10°/mL at the end of the investigation.
constant ellmlngtlon papguty was observed. W? did no he decrease in bacterial counts in the liquid did not cor-
perform further investigations to discer the reaction- CON%elate with a decrease in reactor activity, which indicates
trolled regime from the diffusion-controlled regime. Mea- that most of the pollutant elimination wa;s performed by

immobilized microorganisms. Counts of toluene-degrading
bacteria in the liquid phase were of the same order as total
heterotrophs, indicating that most of the bacterial popula-
tion consisted of toluene-degraders. This is in contrast to the
results of Mgller et al. (1996), who determined tiRseu-
domonas putidaconstituted only 4% of the total biofilm

100

80 +

60 | population, but was responsible for about 65% of the deg-
radation of the toluene vapors in their biotrickling filter.
40 At least six different bacterial species were observed on

both the general plate-count medium and the selective me-
dium with toluene. Specific precautions were taken to pre-
vent cross-contamination between the biotrickling filters,
but otherwise the reactors could be considered as open sys-
0 : : : 1 tems. Hence, the different bacterial species observed may
0 50 100 150 200 250 have originated from the air, the liquid feed, and from the
Toluene foad (g/m3.h) mixed protozoa inoculum in the case of the enriched bi-
Figure 3. Performance curves of the contrallY and enriched trickling ot'rlc'kllng filter. T. pyrlformlsdl_sappeared from the liquid
filter (1) at various toluene inlet concentrations and a constant volumetridVithin a few days, whereag. microstomavas observed up
load of 64 ni/m? - h. to 8 d after inoculation. Possible explanations are discussed

20

Toluene degradation rate (3/m3.h)

COX AND DESHUSSES: BIOMASS CONTROL USING PROTOZOA 219



below. Over the duration of the experiment, the liquid in 18 25
both biotrickling filters showed a succession of different
protozoan species. Both flagellates and ciliates were ob-
served, most of them smaller than pth and motile. These gm'
may have originated from the mixed protozoan populationg,
added to the protozoan inoculum in case of the enriched
biotrickling filter. In addition, both reactors may have ac- %
quired protozoa from the laboratory environment becausé
the biotrickling filters were open systems. Protozoan cellg ,
concentrations in the liquid of the enriched biotrickling fil-

ter fluctuated with time, and they were regularly too low for -
accurate counting, i.e., less than one cell per counting field o FE¢ ‘ 0
of 1 x 1 x 0.1 mm. In thdiquid of the control reactor, 0 20 40 60 80
protozoa counts fluctuated as well, but appeared, in general, Time (day)

to b_e abOUtlone order of magnitude lower than in the rea_‘Ct_olEigure 4. Biomass accumulation (open symbols) and pressure drop
enriched with protozoa. No attempts were made to limit(ciosed symbols) over 1.3-m filter bed height of the contidl|l) and
protozoa in the control biotrickling filter with antibiotics enriched [1,®) biotrickling filter at standard operation.

specific for eukaryotic organisms such as cycloheximide

because it would have altered yeast and fungal populations. ) )
Also, in related predator-prey experiments performed withthat at the end of the experiment, with more than 60% of the

rotating disk contactors in our laboratories, protozoan resigP€d volume occupied by biomass, flooding would have oc-

tance to 100 mg/L cycloheximide was observed after 6 furred if the control reactor had been operated in a coun-

(Cox and Deshusses, unpublished results). tercurrent mode. o
Because both biotrickling filters were identical and op-

erated in an identical way except for the inoculation of the
Biomass Accumulation and enriched biotrickling filter with protozoa, we conclude that
Carbon Mineralization the lower rate of biomass accumulation in the enriched bi-

An accurate determination of wet biomass in the reactor Wagtrickling filter was caused by the addition of protozoa. This

possible by daily comparing the reactor wet weight to the'S further supported by the examination of carbon mineral-

weight of the dry reactor without biomass. An average vol-'Zation Va}lue§, i.e., C-Cpproduced / C-toluene degr?‘ded
ume of about 2.1 L drained from the reactor in 10 min’reported in Figure 5. Between day 22-34, carbon mineral-
which constituted more than 90% of the dynamic hold-up.Zation was approximately the same for the control and en-
Biomass accumulation shown in Fig. 4 was more rapid infiched biotrickling filter, with average values of 50 and

the enriched biotrickling filter up to day 34. This was not 2270, Fespectively. However, carbon mineralization in the
initially expected. A plausible explanation is that inocula- enriched biotrickling filter increased thereafter, to an aver-

tion of the biotrickling filter enriched with protozoa resulted 29€ Of 68% while only 61% of the toluene was mineralized

in the addition of extra nutrients, i.e., protozoan biomasd the control reactor. This confirms that addition of proto-
and residual nutrients from the protozoan cultures. Also, i

£oa indeed resulted in an increase of carbon mineralization
has been suggested (Ratsak et al., 1996) that protozoa pr%s expected when the food chain is extended to include
duce bacterial growth factors or that protozoa induce bac-

terial flocculation (Bossier and Verstraete, 1996), which 44
may have accelerated the initial start-up of the biotrickling
filter enriched with protozoa. Another possible explanation
is that polymers secreted by protozoa may have affected the
wetting of the support, creating a more favorable environ-=
ment for rapid bacteria attachment. From day 34 on, the%
trend reversed with biomass accumulation being more rapic
in the control biotrickling filter. At the end of the experi- £ o
ment, the wet weight of immobilized biomass was 13.875¢
kg in the control trickling filter and 11.795 kg in the trick- 207
ling filter enriched with protozoa. This had a marked effect

on the pressure drop as shown in Fig. 4. Initially, the pres- ©
sure drop increased very slowly in both reactors. After 60
days, a rapid increase was observed in the control filter
only, whereas pressure drop remained essentially constagure 5. Degree of carbon mineralization of the contral)(and en-
in the reactor inoculated with protozoa. One can speculatéched () biotrickling filter at standard operation.
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higher organisms preying on lower organisms. Closure othan as found in activated sludge (Al-Shahwani and Horan,
the carbon balance is discussed in the next section. 1991; Ratsak et al., 1996). The values presented in Table |

permit calculation of a biomass yield coefficient for both

trickling filters. In most studies on biotrickling filters, bio-
Carbon Balances mass yield coefficients are indirectly determined by either
stimation of model equations or experimentally using
atch- or continuous-liquid cultures. This leads to large un-
Sgertainties, because flask and bioreactor systems can gen-
erally not be directly compared. Here, assuming that total
hcearbon in the liquid is biomass, various yield coefficients
can be calculated as defined in Equations (1) and (2):

In Table I, carbon balances for the control and enrichecﬁ
biotrickling filter are compared for the entire period of in-
vestigation (day 22 to 77). The carbon balance include
average C-pollutant elimination, C-G@roduction, carbon

washed out via the purge and C-biomass increases in t

reactor.

Biofilm samples from the inlet and outlet of both reactors C-biomass formed
had the same dry mass and carbon content of 0.046 g/g wet Y ¢ biomass/C-substrafe C-toluene degraded
weight, and 0.44 g C/g dry matter, respectively. These val- s
ues are comparable to others reported for various types of C%%gggsf\?vggﬁgg out
biofilms (Christensen and Characklis, 1990). Total carbon - (1)
concentrations in the liquid phase were relatively constant C-toluene degraded
during the entire experiment with average concentrations of :
0.28 g C/L and 0.24 g C/L in the control and enriched s = Dry biomass formed 2)

biotrickling filter, respectively. Removal of carbon via the Toluene degraded

liquid discharge was slightly higher in the control reactorUSing data from Table |, average values over the experiment
(Table 1), indicating that wash-out of carbon-biomass (pro-gnq over the entire reactor can be calculated. A C-biomass
tozoa or bacteria) could not explain the observed lower ratgy c.sybstrate yield coefficient of 0.31 g C-biomass/g C-
of biomass accumulation in the enriched reactor. Table {5uene in the control biotrickling filter and 0.21 g C-
clearly illustrates that although more toluene was degradegiomass/g C-toluene in the enriched filter was obtained,
in the enri(.:hed. biotrickling filter, biomas; accumulation \yhich corresponded to apparent biomass yield coefficients
was lower in this reactor because of the increased rate qer/Sof 0.65 and 0.43 g dry biomass/g toluene, respectively.
carbon mineralization due to protozoan predation. Interestrpose values fall within the range of yield coefficients re-
ingly, we believe predation must have occurred preferenported forPseudomonaspecies growing on toluene (Mir-
tially on the biofilm rather than in the liquid, based on three puri et al., 1997). The lower apparent yield coefficient in the
observations: (1) bacterial cell densities in the liquid weregpriched bioreactor confirms that addition of protozoa has a

very similar for both biotrickling filters; (2) bacterial cell positive effect in reducing the rate of biomass accumulation
densities in the liquid were close to levels known to persisf, biotrickling filters.

in the presence of protozoa (Alexander, 1981); and (3) pro-
tozoan concentrations in the liquid were, in general, lower
Reinoculation with Protozoa

Table . Overall carbon balances over days 22-27 for the control and théc@rbon mi_neraliza_tion approa_lching 100% is req_uired to pre-
biotrickling filter enriched with protozoa. vent clogging of biotrickling filters. However, this was not

observed in the bioreactor enriched with protozoa, and con-

Control Enriched . .
Parameter filter filter sequently, a tendency for cloggl_ng and decreasing perfqr—
mance over the long-term operation was also observed with
C-toluene degraded (9) 898 930 this reactor. In an attempt to increase protozoa density, the
g'b"’”;]azs formed (§) 123 118 enriched filter was reinoculated with protozoa on day 55.
washed out () IS During this phase of the experiment (5 d), the volumetric
C-mineralization (%) GHm?>
Averagé, days 22-78 66 72 load was decreased to 16'4m” - h) and the toluene supply
Determine§, days 22-34 50 52 was stopped in both reactors. Protozoan cell cultures, har-
Determined, days 35-78 61 68 vested by centrifugation and suspended in mineral medium

(to minimize introduction of dissolved organic nutrients),

@Average toluene elimination capacity 31.1 and 32.23%/im for the . . . R .
control and enriched filter, respectively (except for days 55-59, duringWere then introduced in the enriched bIOtI’ICkllng filter. The

which no toluene was supplied). production of carbon dioxide was monitored as an indica-
PAmount of wet biomass on days 77-day 22, multiplied by dry mattertion of the overall endogenous respiration and of protozoan
(4.62%) and biomass carbon (44.04%) content. activity. Values for CQ concentrations in the outlet gases

Average total carbon concentration in liquid multiplied by the medium are compared in Figure 6. Four hours after the addition of

purge rate. . . . L .
d(C-toluene degraded — C-biomass formed — C-washed out)/C—tquenQrOtozqa' cQ p.roductllon in the enrlchec! b'(_)t”d_(“ng filter
degraded) x 100%. was twice as high as in the control biotrickling filter. How-

$(C-CO, produced/C-toluene degraded) x 100%. ever, CQ production rates declined in both biotrickling
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0.8 7 result in an immediate decrease of biomass by protozoan
predation. Instead, the addition of protozoa that specifically
prey upon immobilized biomass should be considered.

o
o

Carbon Balance Studies over Days 65-66

Between days 64 and 70, the weight of the enriched reactor
remained almost constant (see Fig. 4). Optical density mea-
4 surements of the recycling liquid indicated an unusually
high turbidity, with maximal densities observed at days 65—
66. Details of carbon balance studies for these days are
: ‘ : presented in Table Il. At this time, toluene degradation was
0 20 40 60 80 slightly higher in the control bioreactor, while carbon min-
Time (h) eralization was the same in both biotrickling filters and
comparable to the average degree of carbon mineralization
Figure 6. Effect of reinoculation at time 0 of the enriched bioreactor with (Table 11). However, the liquid in the reactors showed
protozoa on CQ production [d, control filter; O, enriched filter) and marked differences. While bacterial concentrations were
protozoan cell concentration in the liquid phase of the enriched biotrickling . R . L
filter (m). about the same in both biotrickling filters, the liquid in the
enriched trickling filter contained high concentrations of
two types of protozoa. These protozoa were not identified
filters and were comparable gnil d after reinoculation but were probably ciliates with average diameters of 10 and
with protozoa. The protozoan cell concentration in the lig-30 wm. Suspended solids and total carbon were signifi-
uid of the enriched biotrickling filter coincidentally de- cantly higher in the liquid of the enriched trickling filter,
creased from 1.1 x POmL to 4 x 1¢Y/mL within 2 d, while  which is likely to be the result of unusually high protozoan
protozoa in the liquid of the control biotrickling filter was and bacterial cell concentrations. The carbon balance of the
less than 1®/mL during this experiment (Fig. 6). Small enriched biotrickling filter (Table Il) showed that at this
flagellates predominated in the liquid of the enriched filter,time 22% of C-toluene degraded was being removed (as
while T. pyriformiswas observed 102 d atconcentrations total carbon) via the liquid discharge whereas this was only
of 6 x 10° to 10*/mL. V. microstomadisappeared from the 4% for the control. The reason for this is unclear. The ob-
liquid within 1 d. Becausé/. microstomas a sessile pro- servation that significant amounts of biomass flocs were
tozoa frequently associated with activated sludge in wastefound in the liquid of the enriched biotrickling filter and that
water treatment plants (Al-Shahwani and Horan, 1991), itghe reactor weight remained constant seems to indicate that
disappearance from the liquid may be explained by attachbiofilm detachment was an important factor. This is further
ment to immobilized biomass, although this would requiresupported by separate experiments with rotating disk con-
confirmation by sampling biofilm inside the reactor. Disap- tactors (Cox and Deshusses, unpublished results), where it
pearance ofl. pyriformiswas unexpected, because it is a was found that biofilm detachment was more likely to occur
free-swimming ciliate and an effective predator of bacteriawhen protozoa were added compared to controls without
in batch (Curds and Cockburn, 1968) and continuous culprotozoa. On the other hand, during the trickling filter ex-
tures (Ratsak et al., 1994). In our laboratory, we also foungberiments, the toluene-induced oxygen uptake rate for the
thatT. pyriformisrapidly grew and effectively reduced bac- liquid of the enriched biotrickling filter was much higher
terial concentrations in toluene-degrading suspended cuthan usual (results not shown). This indicates that signifi-
tures with continuous aeration of 1 gfroluene in air (re-  cant toluene-removal activity occurred in the liquid. Hence,
sults not shown). Conditions in the trickling filter may not it is likely that the unusually high carbon content in the
have been optimal for the growth @f pyriformisbecause liquid was a combination of biomass growth in the liquid
it was washed out at a dilution rate of 0.06%hwhich is  and biofilm detachment from the packing, probably trig-
lower than reported previously. Ratsak et al. (1994) reportedered by protozoa. Unfortunately, because of the extreme
stable protozoa populations at dilution rates of 0.06 up taomplexity of the phenomena involved during these experi-
0.18 h* and Curds and Cockburn (1971) at dilution ratesments and because of the lack of fundamental understanding
ranging from 0.1 to 0.4 1. Possible explanations could be in heterogeneous predator-prey systems, it was not possible
that bacterial concentrations in the liquid were too low toto firmly attribute a cause to these unusual observations.
support growth off. pyriformisand thafTl. pyriformiscould  Neither was it possible to maintain the conditions observed
not effectively prey upon biofilms. Alternatively, repeated during theg 6 d over an extended period of time, which
passage through the centrifugal pump may have had a detvould have guaranteed a stable and O-growth situation. At
rimental effect onl. pyriformis.As judged from CQ pro-  this time, one can only speculate that a cause-effect rela-
duction (Fig. 6), addition of large amounts of various pro-tionship exists between the reinoculation of the reactor with
tozoa to the recirculating liquid of biotrickling filters did not protozoa on day 55 and the sudden protozoan bloom 10 d

o
Protozoa (log N/ml}

Produced CO2 in outlet (g C/m3)
o =)
[N N
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Table Il. Analyses if the gas phase, biomass, and the liquid phase, and calculation of carbon-mass balances
over days 65—66.

Control filter Enriched filter
Parameter Day 65 Day 66 Day 65 Day 66
Gas phase
g C-toluene degraded/n 0.423 0.410 0.380 0.364
g C-CQ, produced/m 0.267 0.276 0.224 0.242
Reactor
Biomass wet weight (kg) 12.830 13.100 10.635 10.640
Liquid phase
Total heterotrophs (log N/mL) 6.0 6.5 6.2 6.6
Total toluene-degraders (log N/mL) 6.2 6.3 6.9 6.6
Small protozoa, 1wm (log N/mL) <4 5.3
Large protozoa, 3@m (log N/mL) <4 4.3
Suspended solids (g/L) 0.016 0.361
Total carbon (g/L) 0.116 0.095 0.571 0.445
Carbon balance
C-toluene degraded (Q) 14.994 13.392
C-CQ, produced (g) 9.774 8.388
C-biomass formed (g) 5.494 0.102
C washed out (g) 0.603 2.902

#Carbon balances are calculated over a 24 h period, using the following parameters/conversion factors: gas
flow rate = 1.5 n/h, medium feed and purge rate 238 mL/h, 0.0462 g dry biomass/g wet biomass, 0.4404
g C/g dry biomass. When available, average values for days 65 and 66 were used.
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