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Abstract: Toluene degradation kinetics by biofilm and
planktonic cells of Pseudomonas putida 54G were com-
pared in this study. Batch degradation of 'C toluene was
used to evaluate kinetic parameters for planktonic cells.
The kinetic parameters determined for toluene degrada-
tion were: specific growth rate, p,,, = 10.08 = 1.2/day;
half-saturation constant, Kg = 3.98 + 1.28 mg/L; substrate
inhibition constant, K, = 42.78 + 3.87 mg/L. Biofilm cells,
grown on ceramic rings in vapor phase bioreactors, were
removed and suspended in batch cultures to calculate
14C toluene degradation rates. Specific activities mea-
sured for planktonic and biofilm cells were similar based
on toluene degrading cells and total biomass. Long-term
toluene exposure reduced specific activities that were
based on total biomass for both biofilm and planktonic
cells. These results suggest that long-term toluene expo-
sure caused a large portion of the biomass to become
inactive, even though the biofilm was not substrate lim-
ited. Conversely, specific activities based on numbers of
toluene-culturable cells were comparable for both bio-
film and planktonically grown cultures. Planktonic cell
kinetics are often used in bioreactor models to model
substrate degradation and growth of bacteria in biofilms,
a procedure we found to be appropriate for this organ-
ism. For superior bioreactor design, however, changes in
cellular activity that occur during biofilm development
should be investigated under conditions relevant to re-
actor operation before predictive models for bioreactor
systems are developed. © 1997 John Wiley & Sons, Inc. Bio-
technol Bioeng 53: 535-546, 1997.
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INTRODUCTION

tems is the ultimate result of a complex interaction between
transport of rate-limiting nutrients to bacteria within the
biofilm and reactions within the biofilm. In contrast to
planktonic (free) cells, biofilms attach to surfaces, produc-
ing extracellular polymers and metabolizing nutrients that
are transported to the biofilm. Results from laboratory-scale
VPBRs have been published for the removal of VOCs such
as methanol (Shareefdeen et al., 1993), phenol (Zilli et al.,
1993), benzene (Baltzis and Shareefdeen, 1993), toluene
(Baltzis and Shareefdeen, 1993; Kirchner et al., 1989) di-
chloromethane (Diks and Ottengraf, 1991a,b) propionalde-
hyde (Kirchner et al., 1989), and trimethylamine (Pdriiola
and Carrondo, 1993). Scale-up of VPBRs can best be
achieved by use of predictive models that depend on accu-
rate estimates of kinetic and stoichiometric coefficients. The
majority of VPBR models reported in the literature use
planktonic cell kinetics to predict biofilm growth rates un-
der the assumption that kinetic values are valid for biofilm
cells (Baltzis and Shareefdeen, 1993; Diks and Ottengraf,
1991a,b; Partidéo and Carrondo, 1993; Shareefdeen et al.,
1993). Effects of surface interaction and extracellular poly-
mer substance (EPS) production might lead to differences in
free and attached cell kinetics.

Hamilton and Characklis (1989) reported that activities of
cells in biofilms were likely to differ qualitatively from
those of planktonic bacteria and, in assessing relative ac-
tivities, suggested that it is necessary to identify and evalu-
ate important cellular processes involved in bacterial
growth. For an accurate understanding of molecular mecha-
nisms associated with the analysis of kinetic and stoichio-

Air emissions of volatile organic compounds (VOCs) havemetric coefficients, they suggested that the following should
been the subject of stringent environmental regulations duthe considered: the role of EPS associated physicochemica
ing the last decade. Applications of vapor phase bioreactorgnq piological variables within the biofilm and in situ mea-
(VPBRs) to treat contaminated vapor streams have ingyrements of fundamental cellular processes supported by
creased considerably because they offer a low-cost and lovgssays of relevant metabolic activities.

maintenance alternative to other air pollution control tech-  pitferences in the activity of biofilm and planktonic cells
nologies. VPBRs use biofilms (attached bacteria) to degradg, probably system dependent. This topic was considerec

volatile contaminants, and performance of these reactor sy$s some detail by Fletcher and Marshall (1983) who con-

cluded that increases and decreases in activity were ob-
served for surface-attached cells relative to planktonic cells.
Karel et al. (1985) reported that under certain conditions
metabolic activity of adhered cells was different from
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planktonic cells but there was no consistent method of preestimated that the active biomass was only about 5% of the
dicting how the behavior would be different. Because inbiofilm biomass. Similar results were obtained by Diks and

many cases no difference in activity was observed, theyttengraf (1991b) for the degradation of dichloromethane in
suggested that activity data obtained for planktonic bacteria VPBR. In both studies, mass transfer limitation was not a
could be used to model the behavior of attached cells.  factor.

Hamilton (1987) reported that attached cells were gener- With such conflicting information available, we need to
ally assumed to be at an advantage, but experimental evisnderstand the relation between VOC degradation by free
dence for this advantage or a related increase in metaboliend attached cells. Clearly, cellular processes involved dur-
activity was inconclusive. In an exhaustive review on theing VOC removal by free and attached bacteria could be
effect of interfaces on microbial activity, van Loosdrecht etdifferent from the degradation of benign substrates such as
al. (1990) similarly concluded that although a qualitativeglucose or acetate. Bacterial injury, defined as a physiologi-
consensus existed to support the theory that attachment tal or genetic response to a sublethal environmental effect
surfaces influenced bacterial metabolism, experimental obfMcFeters, 1989) due to toluene degradation, was observec
servations had been inconsistent. They observed that aby H. F. Ridgway (Personal Communication) in cultures of
tached bacterial growth and substrate metabolism dependé&d putida54G using methods as described here. Leddy et al.
on the nature of both the organism and the substratum and995) reported the formation dbl-mutants ofP. putida
on the concentration of the substrate. Any resulting differ-54G that lose their toluene degradation capability on expo-
ences between adhered and free cells could be attributed sure to toluene.

a modification of the surroundings of the cells due to the Before kinetics of toluene degradation by free and at-
presence of surfaces. tached cells are compared, a practical basis for this com-

Bakke et al. (1984, 1989) studied the activity of biofilm parison should be chosen. Specific activity, defined as the
cells of a monoculture oPseudomonas aeruginossend  rate of substrate removal per unit biomass or cells, provides
compared kinetic parameters with those obtained by Roban absolute scale for evaluation of substrate uptake rates o
inson et al. (1984) for planktonic cells of the same bactefree and attached cells. Also, the sue of a pure culture bio-
rium. They concluded that kinetics derived for planktonic film provides the opportunity to elucidate the fundamental
cells closely represented biofilm cells. Keen and Prosseprocesses leading to accumulation and growth without the
(1987) reported that attachment Mitrobactercells to sur-  confounding factors of population dynamics and species
faces increased their growth rates by 25%. McFeters et ainteraction.

(1990) concluded that sand-associated biofilm bacteria We hypothesize that suspended and biofilm-grown cells
adapted more quickly and had a greater degradative activitgf P. putida54G exhibit similar toluene degradative capa-
for nitrilotriacetate than planktonic cells. Jefferey and Paulbilities when kinetic parameters are expressed on the ap-
(1986) reported that specific growth rates decreased whepropriate cellular basis, and that the specific activity for
bacteria attached onto surfaces because of loss of cell susiofilm and planktonic cells decreases during long-term
face available for substrate uptake. Harms and Zehndepluene exposure. The increased exposure to VOCS injuries
(1994) concluded that free and attached cellSgiiingomo-  P. putida54G, which in turn increases the inactive biomass
nas sp. strain HH19k exhibited different activities during fraction. In the present investigation, kinetics of toluene
dibenzofuran uptake. Deretic et al. (1990, 1994) and Martirdegradation by planktonic and biofilm-grown cells Bf

et al. (1994) recently hypothesized that planktonic-biofilm putida54G grown on toluene as a sole source of carbon and
transformation is controlled bya@factor, akin to control of energy are compared.

sporulation in Gram-positive bacteria, that might lead to a

phenotypic change in a large cassette of genes for biofiinpjATERIAL AND METHODS
bacteria, resulting in a phenotypically distinct expression of
the genome. Bacterial Strain

Based on these studies, differences in substrate utilizatiolg
kinetics of free and attached bacteria seem to be system a?r%m a gasoline contaminated aquifer at Seal Beach, CA
organism dependent. Al.th(.JUQh _mthematlcaI models tq’he isolate was capable of growth on HCMM2 mineral salts
evaluate steady-state biofilm kinetics have been docu-

mented (Harremie 1978; LaMotta, 1976: Rittmann and media (containing only inorganic compounds) in the pres-
McCarty, 1980: Skowlunéj 1990 ,Skowlu’nd and Kirmse. €M¢e of vapor phase toluene and on complex carbon source
' ' . o) . . _'such as R2A medium (Reasoner and Geldreich, 1985).
1989), very few studies on biofilm-mediated degradatlon|_|C|v"v|2 mineral salts medium was used as the liquid in-
kinetics of VOCs exist. Arcangeli and Arvin (1992) studied organic nutrient medium as described elsewhere (Ridgway
the biodegradation of toluene (sole carbon and energgt al., 1990)
source) by biofilm cells. Cells were grown in annular reac- " '
tors that provided ideal conditions for biofilm growth. They
determined that maximal toluene removal in biofilms oc-
curred within 20-30 h of attachment to the substratum. ConGrowth media employed in this investigation were R2A
comitant with a reduction in toluene removal with time, they plates and toluene vapors supplied continuously to cells on

putida54G, a toluene-degrading bacterium, was isolated

Enumeration of Viable Cells
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HCMM2 plates in sealed containers incubated at room temlon Chromatography
peratures, designated as HT platés. putida 54G cells

grown on toluene as the sole source of carbon and ener Ict:rl\j':\j,z ph(()j;phate, a(r;d sul_fatz lon congentrﬁtlons n
were enumerated for viable cells on R2A and HT plates, medium were determined using an lon chromato-

with results reported as colony forming units per milliliter graph. Aqueous samples were filtered and diluted in auto-

(cfu/mL). The difference between R2A (nonselective) anddaved water (double distilled). Aliquots (1sL) of the

HT (selective) plate counts was used to determine injure(ﬁi'IUted sample were injected into a Dionex ion ghromato-
cells according to (McFeters, 1989) graph (model AI-450, Danes Co., San Francisco, CA)

equipped with a pulse electrochemical detector (model DX-
injury % = 300) and a Dionex lonpac AS4A-SC column (2 mm, col-
umn temperature= ambient).

nonselective counts selective count

- 100
nonselective counts

(1)  Biofilm Thickness Measurement

It should be noted that this technique does not differentiatgs;sfiim thickness was measured using a Bio-Rad MRC600
between phenotypic and genotypic loss of culturability on .gntocal laser (Kr/Ar) system with an Olympus BH2 mi-

selective medium. croscope and an MS plan 10x objective. Ceramic rings were
stained with 10 mg/L propidium iodide and mounted on a
Protein Assay sample holder filled with liqguid HCMM2 medium.

Levels of suspended cell biomass were quantified using the
BCA protein assay reagent (Pierce Chemical Co., RockfordKinetic Measurements

IL). Bovine serum albumin served as a standard. ) ) ]
Three different studies were conducted. The relevant infor-

. mation including physiological state of the bacteria, the pa-
Toluene Sampling rameters analyzed, and the duration of study are summa-

Gas samples (250L headspace) were analyzed for toluenefized in Table |.

using an HP 5890 Series Il gas chromatograph (GC)

equipped with a flame ionization detector and an A"teChPIanktonic Cell Kinetics

0.1% A1-1000 Graphpac 80/1008Im x 3.2 mm o.d. x 2.2

mm i.d. stainless steel column. The column was operated ah the planktonic cell study, liquid HCMM2 medium was
a constant temperature of 140°C. Toluene concentration inombined in 26-mL Supelco glass vials witAC toluene
the liquid was determined by combining 1 mL of the aque-(56.2 mCi/mmol, Sigma Chemical Company, St. Louis,
ous samples with 0.5 mL hexane and injectingl2of the ~ MO) and P. putida54G cells that were harvested in the
hexane phase into a HP 5890 Series Il GC equipped with aarly stationary phase after planktonic growth on toluene
photoionization detector and a DB42 & W Scientific ~ vapors. Vials were sealed using Teflon-lined rubber septa
megabore capillary column,03m x 0.53 mm i.d., with and an aluminum cap. The total liquid volume in each vial
temperature ramped from 140 to 200°C, Helium was usedvas 14 mL, which allowed sufficient headspace such that
as the carrier gas in both columns at a flow rate of 30oxygen was not stoichiometrically limiting. Labeled toluene
mL/min. was dissolved in autoclaved water (double distilled) and

Table 1. List of parameters analyzed, duration of study, and physiological state of bacteria
during studies.

Maximum
duration of
toluene Physiological
Experiment exposure state Analyzed for
Biofilm cell kinetics 22-25days Biofilm cells *“C toluene degradation

Cell nos. on R2A and HT plates

Biomass= protein analysis x 2

Biofilm thickness by SCLM
Suspended cell kinetics lday Suspended celf€ toluene degradation

Cell nos. on R2A and HT plates

Biomass= “C biomass produced
Long-term toluene exposure 29 days Suspended céfi§ toluene degradation

Cell nos. on R2A and HT plates

Biomass= protein analysis x 2

SCLM, scanning confocal laser microscopy.
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combined with HPLC-grade toluene (Fisher Scientific scintillation counter) was converted to milligrams per liter
Company, Fair Lawn, NJ) in the glass vials to final con-of carbon by determining the dpm for a known concentra-
centrations ranging from 1 to 50 mg/L. Vials were incubatedtion of labeled toluene. The mass balance®@ activity
in a water bath at 24°C with stirring. Controls were preparedwvas: total*“C toluene introduced= *“C toluene unreacted
without bacteria to determine abiotic losses and were usedl **C CQO, produced +C biomass produced. The results
to determine actual toluene removal. Toluene partitioning tabtained from scintillation vials were analyzed according to
headspace and total abiotic losses were consistently legall terms denote radioactivity due t8C): *C in vial A =
than 10%. C-toluene +4C0Q, + **C-biomass}“C in vial B = *“CO,

At timed intervals three biotic samples and one abiotic+ **C-biomass, and“C in vial C = **C-biomass.
control were removed from the water bath and transferred to The difference in radioactivity between vials A and B
a chemical hood to determine rate '6€ toluene degrada- was the amount of toluene degraded, while the difference
tion and rates of*C CO, and*“C biomass production. For between vials B and C was the amount of O@oduced.
each biotic sample, three scintillation vials were labeled AVial C was the amount of biomass produced. For abiotic
B, and C. One milliliter of NaOH (18!) was introduced into  controls, no CQ or biomass production was expected and
vials A and B and 1 mL of HCI (8) acid was introduced the difference in vials A and B was calculated as the amount
into vial C. An aliquot of 0.5 mL of aqueous sample was of unconverted toluene. The abiotic controls showed a de-
withdrawn from a biotic vial, introduced into scintillation crease of less than 10% of the initial toluene concentration
vial A, and combined with 6 mL of scintillation cocktail at the end of the experiment.
(Scintiverse Il, Fisher Scientific Company, Fair Lawn, NJ).
A 0.5-mL aliquot of the same sample was placed in vial B
and air stripped for 5 min. The resulting solution was com-
bined with 6 mL of scintillation cocktail. Similarly, 0.5 mL Biofilm kinetics were investigated by supplying toluene to
of the same sample was placed in vial C, air stripped for 3hree packed-bed VPBRs in a countercurrent mode of op-
min, and combined with scintillation cocktail. This proce- eration (Fig. 1) at room temperature (18-23°C). House air
dure was repeated for the other two biotic samples, but onlyvas split into two streams with one stream sparged through
vials A and B were used for the abiotic controls. Radioac-a carboy containing water (to maintain humidity) and the
tivity (*“C) in the resulting 11 (nine biotic and two abiotic) other stream sparged through a liquid toluene reservoir. The
vials for each sample time were analyzed using a 2200CAwo streams were mixed together forming a feed into the
Tri-Carb liquid scintillation analyzer (Packard Instrument bottom of all three VPBRs. Liquid HCMM2 medium
Company, Laguna Hills, CA). flowed downward through the VPBRSs, providing a source

Quenched standards were run weekly to produce a starmf inorganic nutrients for biofilm growth. Physical param-
dard curve used to correct for quenching. HCMM2 minimaleters and packing characteristics involved in the biofilm
medium in scintillation cocktail served as a blank to deter-kinetic study are shown in Table Il. The influent toluene gas
mine any background activity that was subtracted from theohase concentrations were 150 or 300 ppm. These experi-
results of all other measurements. RadioactiviCj ob-  mental conditions are hereby designated as 150T and 300T
tained as disintegrations per minute (dpm, measured by theespectively. Exactly 250 ceramic Raschigngs were in-

Biofilm Kinetics

Effluent Gas -
Filtered Sampling Port Pump
Effluent
Gas to
Flow Meter
: Li ui# Media
Y 1/4" Ceramic O ntluen
Raschig Rings
Control Sje
Valve Ba.
SI nflu?_nt GPasrt Liquid
ampling Po
ping Liquid Effluent
Sampling to Waste
Port
Humidifier Gas Mixer

Figure 1. Schematic of reactor system used to develop biofilm for kinetic studies.
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Table Il.  Physical parameters and packing characteristics for packed-bettansfer limitations were assumed to be negligible. Toluene

VPBRs used in studying biofilm kinetics. concentrations used in the glass vials were similar to the
Physical parameters concentration that the bacteria had been previously exposec
Vapor flow rate, 50 mL/min to in the VPBRs. For example, 300 ppm vapor phase tolu-

Liquid flow rate, 1 mL/min ene concentration is equivalent to approximately 3 mg/L

Toluene concentration, 150 and 300 ppm (vapor phaseO
Inoculation recycle time, 6 h
Column description, 8 in. high, and 1 in. i.d.

liquid phase toluene concentration. Packing material was
left in the glass vials during the degradation studies. Com-

Packing characteristics parable controls with the packing material removed from
Type, ceramic Raschigrings the vials did not show any appreciable differences in toluene
Description,% in. 0.d. and¥4 in. long degradation rates.

This procedure was repeated for another VPBR at 2

weeks from the start of the study (week 2). For the third
troduced into each reactor and the entire system was ste¥"PBR, toluene concentrations were measured until constant
ilized by autoclaving. After sterilizing, toluene vapor was removal efficiencies were obtained. This indicated that
fed into the column continuously until steady-state abioticsteady-state conditions, with respect to toluene degradation,
losses of approximately 10-15% were measured (approxprevailed in the VPBR. At this point (usually between 22
mately 2 days). A bacterial inoculum &f. putida54G (5 and 25 days from the start of the study) the third VPBR was
mL) cells previously exposed to toluene vapors was intro-destructively sampled (week 3).
duced into the columns and the reactor liquid contents re-
cycled fa 6 h allowing the bacteria to attach to the ceramic
rings. Following this, the VPBRs were switched back to aLong-Term Toluene Exposure Study

once-through mode and liquid flow was turned on. Vapor

phase toluene concentration in the influent and effluent ga-s(hIS ft?dy was designed tol |n\li?st|.gate"tsr£ efig;tz;élong-
ports and liquid phase toluene concentration in the effluen erm toluene exposure on planktonic cellsofputida :

were measured daily to determine reactor performance. Abi—hree 400-mL |_Er|er_1meyer flasks were used in the VPBR
otic toluene losses were subtracted from observed reactSy St shown in F \gure 1, replacing the .packed bed col-
performance to obtain actual biological removal efficien-UMNS: .and no liquid flow was supplied. Tolugng-
cies. contamlnated_ air was bubbled through 250 mL of _Ilqwd
After 1 week of operation, one VPBR was destructively HCMM2 medium in each flask at a vapor (_:oncentratlon of
sampled (week 1) by transferring the ceramic rings from the150 ppm and a vapor flow rate of 50 mL/min. The gas flow

top, middle, and bottom of the column aseptically to threeprovided sufficient mixing (visual observation), and all
' ' flasks were immersed in an insulated water bath at 24°C. At

sterile petri dishes. For each column position, packing ma- .
terial was subjected to the following analysis: Six ceramicthe start O.f the study, su_spended cellsRofputida 54G,
harvested in the early stationary phase after growth on tolu-

rings were combined with 6 mL of HCMM2 medium, then i . -
vortexed and sonicated for 3 min each, a procedure that wad € vapors, were inoculated into two flasks (biotic flasks).
! An abiotic control flask was operated in a similar fashion to

previously shown to yield a maximum number of viable he biotic flask for the ab f cells. Tol
cells. An aliquot (0.1 mL) of the resulting aqueous samplet e biotic flask except for the absence of cells. Toluene

was used to enumerate cell numbers by diluting and sprea%ontcer}t:ﬁt'(;r vi\(/asL_me%sured Im the |an_L:re]3t andf efflutﬁnt
plating on R2A and HT plates. Base (NaOH) was added tﬂor s 01 INe Tasks. -iquid samples were withdrawn from the

the remainder of the suspension containing the packing to asks daily for: ce_II enumeration on R2A and HT plates;
final concentration of il and the suspension was boiled in measurement of nitrate, sulfate, and phosphate ion concen
a 120°C incubator for 1.5 h to disrupt all the cells Thetrations; measurement of toluene concentration; and mea-

suspension was then vortexed and protein concentration gHrement of (_:eIIuIa_r protein. L|qU|d and gas samples were

the suspension determined as discussed previously and th g{noved' at. timed mtgrvals until the end of the study (29

converted to biomass expressed as g biomdsgtuking. aysz. Liquid volumelln the flasks was rgduced by 20 mL
Biofilm thickness was measured on three ceramic ringé<10 %) due to sampling at the end of this study.

using confocal laser microscopy as described in the next

section. For each ceramic ring, nine measurements of thic"i)ata Analysis

ness were determined and averaged. Because three ceramic

rings were sampled at each column position, a statisticallfor planktonic cells, substrate degradation rateS/d)

significant value was obtained by evaluating a standard efyere converted to specific growth ratgs) (using the fol-

ror. lowing (Grady and Lim, 1980):
Six ceramic rings were combined with liquid HCMM2
medium in 26-mL Supelco glass vials and vortexed to sus- _ Yy dS
pend the cells. Initial-raté“C toluene degradation studies M=y dt’ @)

(maximum time = 2.25 h) were conducted as discussed
previously. Because the bacteria were suspended, masg#ereX is biomass concentration ang, is the yield. Spe-
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cific growth rates were correlated to substrate concentrationhanged by a maximum of 4 orders of magnitude (data not

using the Andrews (1968) substrate inhibition model: shown) after complete mineralization of toluene. At toluene
concentration of 20 mg/L and below, lag phases were
u= HmaxS 3) shorter and suggested that higher toluene concentrations
g\ could inhibit growth ofP. putida54G cells. This observa-
KS+S+E tion is consistent with results shown in Figure 3, where

growth rate decreased as toluene concentration increase

wherep.,{/day) is the maximum specific growth ratés  above 20 mg/L. Growth rates for planktonic cells Bf
(mg/L) is a half-saturation constant, afq (mg/L) is a  putida54G correlated well with the Andrews substrate in-
substrate inhibition constant. The kinetic coefficiepts.,  hibition model ¢? = 0.93) of Equation (4). Values of yield
Ks andK, were determined by using a least-squares nony, ) were calculated to be 0.90 + 0.13 mg biomass pro-
linear regression fit (Microsoft Excel) of the Andrews inhi- duced/mg toluene degraded for toluene concentrations rang:
bition model to the experimental results jpfvs. S. ing from 1 to 50 mg/L. Button (1985) presented kinetics of

Specific activity was used to compare the kinetics of cellstoluene degradation and induction of toluene degradation
with various histories and was calculated by dividing thepathways in 1985. More recently Chang et al. (1993) and
absolute toluene degradation rate in a given assay (mg tol®h et al. (1994) presented results on kinetic parameters
ene/L/h) by the concentration of biomass (mg/L protein orestimated for aerobic growth of pseudomonads using tolu-
cells as cfu/mL) present in that particular assay. Thus, spene. Results of their studies in comparison to the present
cific activity was defined in two different units: milligrams  investigation are detailed in Table lll. While Chang et al.
of toluene degraded per milligram of protein per hour, des{1993) used the Monod model to fit their data, Oh et al.
ignated as SAB (mg/mg/h) or milligrams of toluene de-(1994) determined that the Andrews inhibition model fit
graded per number of cells grown on HT plates, designategheir data. We obtainekls values lower than those obtained

as SAH (mg/cfu/h). by Oh et al. (1994), whilg,,, andK, values were com-
parable. The differerits values probably resulted from dif-
RESULTS AND DISCUSSION ferent nutritional conditions and differences in the strains of

P. putidaused. Bacterial injury levels during the planktonic
cell studies, as calculated from Equation (1) were never
Planktonic Cell Kinetics higher than 10%.

Toluene degradation experiments were carried out for tolu-

ene concentrations ranging from 1 to 50 mg/L. TolueneBjofilm Kinetics

degradation profiles are shown in Figure 2. All the profiles

show a similar behavior: a lag phase, indicated by little orReactors in the VPBR setup were destructively sampled
no change in toluene concentration, followed by a growthevery week as detailed previously. Representative data
phase in which all the toluene is degraded. Cell numbers ofweek 2, 300T study) for attached cellular protein and bio-

R2A and HT plates were initigll 5 x 10* cfu/mL and film thickness are shown in Figure 4. Biomass amounts and

50 °

30

Toluene (aq)> mg/L

20 &

10 ¥

1]

vy ==}

0 5 10 15 20 25
Time (hours)

Figure 2. Degradation profiles (1-50 mg/L initial concentration) durfig toluene metabolism by planktonic cells®f putida54G in batch cultures.
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Growth rate (hr™")

04 } } : }
0 10 20 30 40 50
Toluene concentration (mg/1)

Figure 3. Specific growth rate for planktonic cells &. putida54G as a function of aqueous toluene concentration. Markers indicate experimental datz
while the solid and dashed lines indicate model fit and 95% confidence intervals, respectively.

biofilm thicknesses were highest at the bottom (near the ga€onsistent with the gradient in biomass and film thickness,
inlet) and decreased toward the top of the column, probablyhe degradation rate in the specific activity assay was high-
due to the gradient in toluene concentration. Similar result@st for the samples nearest the inlet. In comparison with the
were obtained from each column for both experimental contime elapsed in this assay, the doubling time Forputida
ditions. The difference in biofilm thicknesses between the54G at 3 mg/L aqueous toluene concentration was about 5.8
top and bottom of the column decreased with time whileh, so that biomass growth in the specific activity assay could
toluene removal efficiency of the column increased (datebe neglected.
not shown), which is consistent with unsteady-state opera- Similar toluene degradation experiments were conducted
tion of the VPBRs. for all VPBRs during both the 150T and 300T studies, and
Toluene {%C) degradation experiments were conductedtoluene degradation rates were normalized to protein mea-
on biofilm cells to evaluate specific activity. Representativesurements to evaluate performance as specific activity
results (same samples as Fig. 4) are shown in Figure §SAB). Figure 6 shows specific activity during both experi-

2.5
1 40
~ 2 |
& )
& L 30 2
]
&S) 15 ¥ §
o -
& e
= L 20 =
£ 1 E
g g
< 2
05 | - 10
0 0

0 1 2 3 4 5 6 7 8

Distance from vapor inlet (inches)

Figure 4. Protein (left ordinate) and biofilm thickness (right ordinate) for a week 2 VPBR sample during the 300T experiment at three different reac
positions.
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Table Ill. Comparison of kinetic parameters for bacterial growth on toluenPdgudomonaspecies.

Concn tested

Bacterial strain Pmax (/day) Ks (mg/L) K, (mg/L) Ysss (Mg/mQ) (mg/L) References
PseudomonaB1 13.03+1.83 1.96+0.91 — 1.22+0.10 1-10 Chang et al. (1993)
P. X1 10.84+2.77 1.88+1.26 — 0.99+1.26 1-10
P. patida 17.28 15.07 44.43 0.64 5-70 Oh et al. (1994)

P. putidaT2 3.1 0.43 — 0.28 0.01-4 Button (1985)
P. putida54G 10.08+1.2 3.98+0.78 42.78 £3.87 0.90+0.13 1-50 This study

mental conditions for biofilm cells at the top and bottom of  Specific activity (SAB) for the biofilm experiments was
the column. Also shown in Figure 6 is the specific activity between 3 and 5 times lower than that observed with plank-
for free cells (batch) evaluated asY,,. The specific ac- tonic cells. This implied that inactive biomass was formed
tivity for free cells was computed at a substrate concentraeluring the 150T and 300T experiments and that the inactive
tion of 3 mg/L, because this value was approximatelybiomass fraction increased with both toluene concentration
equivalent to the gas phase toluene concentration to whicand time. In the planktonic cell studies, which were only
the biofilm cells were exposed. Comparison of SABs for theconducted for a day, insufficient time elapsed to allow ac-
VPBR experiments suggested higher activity for biofilm cumulation of inactive cells. If cell counts on selective me-
cells that had been exposed to the lower toluene concentraium are a reasonable measure of active cells, then specific
tion. When the toluene concentration was increased fronactivity based on toluene degrading cells (SAH) should re-
150 to 300 ppm, SAB decreased by a factor of 2 on themain constant for both biofilm and planktonic cells, regard-
average. Biomass contents measured during the 300T studiyss of toluene concentration or time of exposure of the
were consistently higher than those obtained during theulture in the reactor.

150T experiment (data not shown). This suggested that al- Figure 7 shows that the specific activity (SAH) for bio-
though an increase in toluene concentration produced afiim and planktonic cells ofP. putida54G was approxi-
increase in biomass concentration, this increase was prolmately the same, 2.5 x I8 mg toluene degraded/cfu (HT)
ably offset by a loss of biomass activity at the higher tolueneh. Further, this value was obtained for biofilm cells from all
concentration. Mass transport did not prevent toluene per8 weeks of exposure and for both gas-phase toluene con-
etration throughout the film (maximum biofilm thickness  centrations tested.

55 um, and Thiele modulus <3.4). Thus, we conclude that Diks and Ottengraf (1991b) obtained similar results for a
larger amounts of inactive biomass were being formed durdichloromethane degrading biofilm in a biofilter. They ob-
ing the 300T experiment than during the 150T experimentserved that specific activity for &lyphomicrobiumspp.
Specific activity (SAB) decreased from week 1 to week 3computed from batch dichloromethane degradation experi-
samples for both the 150T and 300T studies, indicating thatnents was 0.64 g/g h, while that for biofilm-grown cells
toluene degrading capability of the biofilm decreased withwas only 0.08 g/g h under similar conditions, or about 12%
time. of the batch experiment activity. In a studyDésulfovibrio

-=-Top -e—Middle —o—Bottom

Toluene concentration (mg/l)

0 —
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Time (hours)

Figure 5. Agueous toluene concentration profiles in the specific activity assay on the samples from Figure 4.
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Figure 6. Specific activity (SAB) in units of mg toluene degraded/mg protein h for planktonic and biofilm cells. Planktonic cells are shown as batch wh
biofilm cells are shown for two different experimental conditions, influent vapor phase concentration of 150 and 300 ppm.

desulfuricansgrown on lactate and sulfate, Okabe (1995)toxicity due to toluene exposure have not been documented;
observed that maximal growth rate decreased from an initialo better understand these observations, we conducted long
value of 0.37 to 0.1/h at steady state within the biofilm,term toluene exposure experiments. Our objective was to
whereas the maximal growth rate for planktonic cells wasdetermine if the specific activities (SAB) for planktonic
stable at 0.37/h, all in the absence of nutrient limitation.cells exhibited the same reduction as biofilm cells on expo-
While Okabe’s study (1995) used a mass balance approacure to toluene.
to calculate the specific growth rate in the biofilm, and Diks
and Ottengraf's (1991b) used a similar approach to out-ong-Term Toluene Exposure Study
study, both groups utilized total cell mass data rather thafhe results shown in Figure 8 are from an experiment where
viable or active cell enumeration techniques. cells that were withdrawn from flasks after timed exposure
Because mass transport limitations were similar (ando toluene were enumerated on R2A and HT plates. After
minimal) in the specific activity assays used for both plank-the first day, cells that formed colonies on R2A plates re-
tonic and biofilm-grown cells, other mechanisms are necimained constant at approximated x 1¢° cfu/mL while
essary to explain this difference. Reports of injury and/orcells on HT plates decreased continuously during the same

4E-10 +— ——[ﬂWeek 1 Mweek 2 BWeek3 |—— - e
£
g 150
< 3B10 300 ppm I ppm
2 L]
T B
“ 2E-10 1 %
2 =
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0E+00 =

Top Bottom Top Bottom Batch
Position in the column

Figure 7. Specific activity (SAH) in units of mg toluene degraded/cfu on HT plates for planktonic and biofilm cells. Planktonic cells are shown as ba
while biofilm cells are shown for two different experimental conditions, influent vapor phase concentration of 150 and 300 ppm.
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Figure 8. Cell numbers on R2A and HCMM2 + toluene plates (left ordinate) during the long-term exposure study for suspended cells. Dashed line
markers shows injury percent on the right ordinate.

time period from 3.2 x 1®to 5.1 x 10 cfu/mL. The dif-  activities (SAB) decreased from 0.25 to about 0.025 mg/mg
ference in the cell numbers on R2A and HT plates is interh at the end of the experiment, while SAH decreased ini-
preted as a measure of toluene injury. Injury increased cortially to 2.4 x 10°mg/cfu h in 1.5 days and then decreased
tinuously for the duration of the study to 86% and suggest®nly slightly to about 2.25 x T3° mg/cfu h at the end of the
that long-term exposure to toluene caused significant levelexperiment at 26 days. The initial drop in SAH (day 1 to day
of bacterial injury. Dissolved nitrate, phosphate, and sulfate) was characteristic of a stationary phase decline in activity
ion concentrations decreased to approximately 50% of theifRobertson and Button, 1987; despite the continuing supply
initial concentration, indicating that these ions were not rateof toluene and oxygen), while cell numbers on HT plates
limiting (data not shown). Specific activity for the plank- remained nearly constant. The onset of injury in this experi-
tonic cells was determined by exposing the cells to a 1.3nent was at approximately 1 day, which correlated with
mg/L liquid phase concentration df'C toluene, as ex- transition of the cells from a log-phase culture to a station-
plained previously. This procedure was repeated at timedry-phase culture. It is noteworthy that the trend and values
intervals and, combined with biomass data, produced théor SAB and SAH were similar for biofilm and planktonic
specific activities shown in Figure 9. Values of specific cultures.
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Figure 9. Specific activity in mg/mg h (SAB) and mg/cfu h (SAH) evaluated for planktonic cells from Figure 8. SAB is on the left and SAH is on th
right ordinate.
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Leddy et al. (1995) studied the growth of planktonic cells criteria for packed-bed biofilters [Paper 93-TP-52A.03]Proceedings of
of P. putida54G on toluene in batch cultures and observed the 86th meeting of the Air & Waste Management Association, Den-

. ver, CO.
.that tOI_mUt.antS of the V\.Illd type cells .Were produced that Button, D. K. 1985. Kinetics of nutrient-limited transport and growth. Mi-
increased in concentration with duration of toluene expo-" . .0\ Reyv 49 270297,
sure. Thesetol-mutants possibly grew on organic COM- chang, M.-K., Voice, T. C., Criddle, C. S. 1993. Kinetics of competitive
pounds leaking from injured cells or intermediates formed inhibition and cometabolism in the biodegradation of benzene, tolu-
due to incomplete toluene degradation. They also showed ene, and-xylene by twoPseudomonatsolates. Biotechnol. Bioeng.
that benzyl alcohol, a degradation product, mediates forma- 41 1057-1065.

tion of tol-mutants. We completed similar studies that sup-28"€1C: V-» Govan, J. R. W., Konyecsni, W. M., Martin, D. W. 1990. Con-
version ofPseudomonas aeruginosacystic fibrosis: Mutations in the

port these findings. muc loci affect transcription of thaelgR andalgD genes in response to
Clearly, traditional bioreactor design strategies that have environmental stimuli. Mol. Microbiol4: 189—196.

been used to model VOC degradation may be improved bperetic, V., Schurr, M. J., Boucher, J. C., Martin, D. W. 1994. Conversion

incorporating effects of injury or toxicity caused by VOCs. of Pseudomonas aeruginosa mucoidy in cystic fibrosis: Environ-

Without coupling the processes of growth and injury or mental stress and regulation of bacterial virulence by alternative sigma

L . . - factors. J. Bacterioll76 2773—-2780.
Xicity in henomenological m I rial ivi
toxicity into a phenomenologica odel, bacterial act ty Diks, R. M. M., Ottengraf, S. P. P. 1991a. Verification studies of a simpli-

C.Ol'”d be g_r.O.SSIy overestimated, compromising the predic- fied model for the removal of dichloromethane from waste gases using
tive capabilities of such models. a biological trickling filter. Bioprocess Eng: 131-140.
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. . . amilton, W. A., Characklis, W. G. 1989. Relative activities of cells in
surface attachment caused_ a difference in activity for free suspension and in biofilms, pp. 199-219. In: W. G. Characklis and
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