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ABSTRACT

The paper describes the toluene degradation process in a flat plate vapor phase bioreactor (VPBR) by a
Pseudomonas putida 54G biofilm. Oxygen microelectrodes were used to measure oxygen concentration
profiles through the gas, liquid, and biofilm phases. The linear shape of the dissolved oxygen concentration
profile in the outer 87% of the biofilm thickness suggested an absence of reaction in this layer. Oxygen
consumption in the remaining basal 13 % (0.3 mm) followed zero order kinetics with a rate constant of

102.2 g m™ h’!, for toluene gas concentration of 1.5 g m>,

The increase in respiratory activity near the substratum was confirmed by microscopic study of cryogenic
biofilm sections, and the lack of activity in the surface film was interpreted as a consequence of injury
exerted by the toxic substrate. The accumulation of dead cells on the top of the biofilm contributed a
resistance fo the transport of substrates to deeper layers of the biofilm suggesting a protective role of the
outer layer against the harmful effect of the toxic. These results highlight a new conceptual biofilm model in
which both microbial growth and inactivation are controlied by substrate transpon, leading to a structure that

itself controls substrate availability. ® 1997 IAWQ. Published by Elsevier Science Ltd
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INTRODUCTION
The application of biofilters and vapor phase bioreactors (VPBRs), for degrading volatile organic
compounds (VOCs) is becoming a common practice due to Jow cost and good performance. To identify the
controlling step of the overall degradative process, it is critical to determine the relative importance of mass
transfer, kinetics and stoichiometry, Diks and Ottengraf (1991) found that the gas-liquid mass transfer
resistance was negligible in a trickling filter degrading dichloromethane. They also reported that the
degradation process inside the biofilm was the rate limiting step. Nevertheless, Kirchner ef al. (1987)
reported that the mass transfer through the liquid film around activated carbon grains was the rate limiting
step during the degradation of solvents (aldehydes, methyl ethyl ketone and ethyl acetate) in a trickle bed
reactor. The same conclusion was reached later using different pollutants as acetone, propionaldehyde,
nap_hthalen_' and toluene (Kirchner ef al. 1989). Different observations were made by Partidario and Carrondo
(1993) who reported that the overall conversion rate of trimethylamine in a packed bed bubble bioreactor
was controlied by diffusion from the gas to liquid phase. Sotoudeh and Windsperger (1994) concluded that
the biological gas purification process in a trickling fiiter bed reactor was limited by the mass transfer
through the liquid layer surrounding the packing material for low gas concentrations, and by the biological

reaction within the biofilm for high gas concentration. .-
t

All these observations were assumed to occur under non-oxygen-limited conditions. However, the
stoichiometric requirement for oxygen in the catabolic degradative reaction of VOCs usually range between
three and four grams of oxygen per gram of VOC, which means that in many practical situations the overall
process is controlled by the oxygen availability (Leahy and Colwell, 1990: Sturman ef al. 1995). In addition,
the transport of oxygen through the different phases involved in the process may also limit the degradative
process, specially when three phases -vapor, liquid, and biofilm- are involved.

Oxygen microsensors have been used to determine respiration rates in biofilms (Bungay 1969; Lewandowski
ef al. 1991), as well as for describing the mass transfer through gas-liquid interfaces (Lee er al. 1978).
Therefore, oxygen microsensors can be used to determine the limiting step of the overall degradation process
when oxygen is the limiting substrate. The goal of this work is to describe the mechanisms of toluene
degradation by a Pseudomonas putida 54G biofilm in a flat plate vapor phase bioreactor (FPVPBR). Mass
transport rates through the gas, liquid and biofilm phases and interfaces were cvaluated, as well as the

oxygen utilization rate within the biofilm.
MATERIALS AND METHODS
Flat Plate Vapor Phase Bioreactor (FPVPBR).

The flat plate reactor (Figure 1) has been
described in detail elsewhere (Mirpuri
1996). The gas feed stream was prepared by
mixing humidified air with toluene-saturated

air, and delivered into the FPVPBR at a flow Flow ngir%roséegg%
rate of 50 ml/min. Sterile HCMMQ mineral conolfer d l P —
salts medium (Ridgway et al,, 1990} flowed Gasip & 2 3 & § & 7 Gas Out

through the reactor at a constant flow rate of
I mlmin. Both liguid and vapor flow
regimes were laminar flow, and the reactor
was operated in coentercurrent mode. In
Table 1 the operation conditions for the

Humidifier -3 0

i Flow
conlroller  1jquig
oul

FPVPBR are presented. The sole external Toluenaf “io™y %a;?\aptlw?;e

carbon and energy source for bacterial ﬁ?gg‘f&“pg’

degradation was toluene introduced in the

vapor phase. Figure 1. Scheme of the Flat Plate Vapor Phase Bioreactor

(FPVPBR),
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Two sets of experiments were conducted.

-In the first, gas phase influent toluene concentration was set at 150 ppm (0.47 g m™). Under these
conditions, toluene was the limiting substrate and oxygen was present in excess. In the second experiment,
gas influent toluene concentration was 750 ppm (2.37 g m™), making oxygen the limiting substrate within
the biofilm. Experiments were run at constant room temperature of 25/C. During start-up, suspended cells
of Pseudomonas putida 54G, a toluene-degrading bacterium isolated from a gasoline contaminated aquifer at
Seal Beach, California, were introduced into the reactor and recycled for 12 hours, after which the reactor
was operated continuously in a once-through mode. Biofilm growth was observed daily untit steady state
was reached, as indicated by relatively constant substrate removal rate, biofilm thickness, and density, about
one month after start-up. Once the steady state was reached, several dissolved oxygen profiles were taken
through the different ports along the reactor. Biofilm samples were also taken for measuring total and

respiring cell densities by staining techniques,

Table ). Operation conditions for the flat plate vapor phase bioreactor.

Phase Gas Liquid
Flow rate ( 10° m°/h) 3.0 0.06
Fluid superficiai velocity (m/h ) 1.87 0.37
Residence time in the glass plate (h) [ 0.2} 1.07

Oxygen microsensors

Oxygen probes were fabricated as described previously (Revsbech, 1989, and Revsbech and Jorgensen
1986). Tips of the oxygen probes were about 10 pm in diameter, which allowed for non-invasive
measurements of oxygen concentration in the biofilm. Probes were calibrated in air-saturated water and
nitrogen-saturated water at 25 °C. Effect of stirring on the microsensors was less than 5% of the response

and the response time less than one second.

Probes were mounted on computer controlled micro-manipulators, and used for in-situ measurement of
oxygen in the liquid and biofilm phases through the sampling ports. An inverted microscope (Olympus) was
used to locate the tip of the probe, and to determine the position of the biofilm-iiquid interface. Oxygen
concentration profiles obtained within the biofilm were fitted to the traditional diffusion-reaction model
using a nonlinear optimization method. The consumption rate of oxygen within the biofilm was assumed to
follow a Monod type expression. Mathiab (Math Works Inc.) computer software was used to carry out the

optimization procedure.

Biofilm analysis

Biofilm samples taken at several points along the reactor were analyzed for total and respiring cells by direct
epifluorescent microscopy. Samples were counterstained by DNA-binding fluorochrome 2,4-diamidino-2-
phenylindole (DAPI) and 5-cyano-2,3-ditolyl tetrazolium chioride (CTC) based on a procedure outlined by
Rodriguez er al. (1992) with minor modifications. We refer to DAPI and CTC stained cells as total and
respiring cells respectively. Microscopic examination was done using an Olympus BH2-RFCA
epifiuorescent light microscope (Scientific Instrument Company, UT) with a UV100X (refractive index=1.3)

oil immersion lens.

Toluene Sampling

Gas and liquid samples were taken from the influent and effluent, and through the sampling ports at several
points along the reactor length, and analyzed for toluene concentration using gas chromatography; (GC)
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model HP 5830 Series IT GC equipped with a FID and an Alitech 0.1% Ai—lOOO_Graphpac GC 80/100, 6" x
1/8"x (L085", S.S. column.

RESULTS AND DISCUSSION

Oxygen requirements

Figure 2 shows five oxygen concentration 10 v 25
profiles through the liquid and biofilm phases ¢ 9 ' o
measured  for different toluene gas E 3-‘l Biofilm ] Liquid N P <
concentrations. It can be seen that the oxygen (3, 24 ; Gas 'é >
became limiting for toluene gas concentration < 6 f ‘ PP - ;
of 1.50 g m, which corresponds to a toluene 5 £«
liquid concentration of 7.89 g m™ (for a vajue g 4l ¢ 203gtol/m3 || § 8
of Henry’s constant for toluene of 0.19, 3 ad e 1.50 gtol/m3 °g '§-
determined experimentally). The biofilm 2 + 1.34 gtol/m3 lg’g,
thickness ranged from 1.4 to 2.3 mm. The § 21 + 0.39gtol/m3 || 3 &
linear shape of the oxygen concentration S 17T = 0.23 gtol/m3 ©
profiles suggested that the transport of 0 t ? : T 0

substrates was governed by molecular 0E+00 1.E-03 2E03 3.E03 4.E03 5E-03

diffusion. Consequently Fick’s law was used Distance from the substratum (m)
to caiculate the flux of subsirate into the
biofilm. Figure 2. Oxygen concentration profiles through gas, liguid, and

biofilm phases for different toluene gas concentrations.

It was expected that the toluene was :
completely depleted for toluene gas concentrations lower that 1.5 g m™, consequently, under non-limiting
conditions for oxygen we assumed zero concentration for toluene at the substratum. A linear pattern for the
toluene concentration profile in the liquid and biofilm phases, and a diffusion coefficient for toluene in the
biofilm 58.2 % of the value in water (2.87 x 10 m? h' were assumed 2s in the case of oxygen (see last
section of this paper). The toluene flux into the biofilm surface, J,, was estimated from Equation 1, where
Csat is the saturation concentration at the gas-liquid interface, Dy and D, are the diffusion coefficients for
toluene in water and biofilm respectively, and Ly and L, are the thickness of the liquid layer and biofilm

respectively.
J,=C, 2D (1)
*T " DL +D,L,

; ! 5 - 0.02
In Figure 3 the fluxes of oxygen (1) Vineraiization @) Syieis

(experimental) and toluene {Equation 1) and 3439 0s/g CrHe 0.69.90s/g CrHe
their ratio are plotted for different toluene
gas concenfrations. Since transport of
oxygen and toluene in the axial direction
was at least two orders of magnitude smaller
than the transport by molecular diffusion in
the normal direction within the biofilm, it
can be assumed that the flux ratio represents
the total amount of oxygen consumed per
mass unit of toluene degraded, ie. the
stoichiometry of the overall process. This Y
flux ratio was close to the stoichiometry of 0
the anabolic reaction, 0.69 g O, / g tolucne Toluene gas concentration ( g/ m®)

(Figure 3) for toluene concentrations of 0.23

2 m‘:" and rapidly increased to 3.2 g Oy / g Figure 3. Loecal fluxes of oxygen {experimental) and toluene

toluene for a toluene gas concentration of (estimated), and their ratio for different toluene gas
concentrations. Toluene was the limiting substrate.

— Flux ratio
~a— Toluene flux
~~ Oxygen flux
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o
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0.39 g m™. The maximum ratio was 3.5 g/g, which is slightly over the value predicted by the stoichiometry
of the mineralization reaction, (3.13 g O,/ g Toluene) suggesting that part of the oxygen may be consumed
by processes not associated with toluene degradation. These observations must be considered only
qualitatively since the toluene fluxes can be either underestimated or overestimated. Nevertheless, there
appears to be a tendency of the process towards cell growth at low concentrations and towards

mineralization at high concentrations.

Respiratory activity stratification

The oxygen concentration profiles Figure 2 exhibited an increasing oxygen concentration gradient near the
substratum. This phenomenon is more clearly seen in the totally penetrated biofilm situations when toluene
is the limiting substrate. In Figure 4, the oxygen concentration profile within the biofilm was presented for a
toluene gas concentration of 0.39 g m™. The oxygen concentration gradient was 7.0 x 10° g m™ above 0.3
mm from the substratum, and increased by 17 times to a value of 1.19 x 10* g m™ below 0.03 mm from the
substratum. Since visual observation of the biofilm structure under the inverted microscope revealed that the
biofilm was very homogeneous, it is unlikely that large changes in the diffusion coefficient were responsible
for the increased gradient. Consequently, such an increase in the oxygen concentration gradient suggests a

gradient in the respiratory activity within the biofilm.

The high sensitivity of the biofilm to
mechanical stress made possible the analysis 6
of the upper layer of the biofilm when tilting
the reactor to remove the upper layer of the
biofilm. The cell numbers for respiring and
total cells within the biofilm before and after
the sloughing event revealed that the upper
layer was formed mostly of dead cells (90
% dead cells), and the base biofilm was very
active with 70 % respiring cells. These

4————{ Respiratory activity I

l slope = 7.0 x 10% g m*

m
o
b
T

[s[ope =15x10°gm"* I

AN

Dissolved Oxygen (g 02 m™)
L]

observations  were  confirmed by 4.5

epifluorescence microscopy of cryogenic 13f0pe=1-2“049m'4]

biofilm sections (Huang er al 1995) 4 , ; ‘ .
previously counterstained by DAPI and 0.E400 2E-04 4E04 6.E04 BEO4 1.E03

CTC, which revealed a two-layer biofilm,
with a thin (0.03-0.1 mm) layer of respiring
cells overlaid by a layer of mostly non- Fjgure 4, Oxygen concentration profile within the biofilm for a
respiring cells, A possible explanation for toluene gas concentration of 0.39 g m™. The different slopes represent
such a phenomenon is supported by recent the concentration gradient change with depth.

studies of the physiological changes of P.

putida cells degrading toluene during prolonged exposure to different concentrations of the toxic substrate
(Mirpuri, 1996). The number of non-respiring cells and mutants increased with increasing the toluene
concentration and time, to reaching values two orders of magnitude higher than the number of cells
degrading the toluene. This observation is in accordance with the accumulation of inactive cells on the top of

the biofilm where the toluene concentration is higher.

Distance from the substratum { m )}

Mass transport and reaction

To study the mass transport and reaction processes taking place within the biofilm under oxygen limiting
conditions, we used a representative oxygen concentration profile through the gas, liquid and biofilm phases
for a toluene gas concentration of 1.50 g m™ (Figure 5). Similar results were obtained for higher toluene
concentrations. The biofilm thickness was 2.3 mm and the thickness of the liquid layer above the biofilm
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was 1.7 mm. The linear shape of the concentration profile in the liquid and outer biofiim suggested that the
transport of substrates was governed by molecular diffusion. Therefore, the flux of oxygen through the:
biofilm surface was evaluated from Fick’s law applied at the liguid side of the biofilm-liquid interface
(Figure 5) and using the diffusion coefficient of oxygen in water, 9.0 x 10° m® h™', The resulting flux was
0.010 g m™ h"'. This value must be equal to the oxygen flux at the biofilm side of the biofilm-liquid interface
to satisfy flux continuity. The effective diffusion coefficient for oxygen w;thm the biofilm was calculated
from the ratio of the oxygen gradients. The value obtamed was 522 x 10® m* b, which is the 58.2 % of the

molecular diffusivity for oxygen in water (9.0 x 108 m? by,

The oxygen concentration profile within the 10 25
basal 0.3 mm of the biofilm was fitted to the l

7 2
traditional diffusion-reaction model assuming E 8 T Biofiim + 20 E -
homogeneous biofilm and Monod kinetics for ~ $, Zero order reaction / 5%
oxygen consumption within the biofilm. The T 6 4[©2=1%220m b / - 15 8 2
results revealed zero order kinetics for the & Gas Eg
oxygen uptake within this portion of the § Liquid fayer + 10 § -g
biofilm (Kg values of zero). The value 3 No reaction ‘,:’ @
obtained for the kinetic constant was 1022 g 3 k.= 0005 m b lg 2°
m? b, According to Harremogs (1978) the & " F
flux of oxygen into the biofilm is equal to the 0 ; ; : 0
surface uptake rate, which for a fully o 0001 0002 0003 0004 0.005

penetrated biofilm can be calculated by
multiplying the zero order kinetic constant by

the biofilm thickness. Therefore, the active
biofilm thickness can be calculated by Figure 5. Oxygen concentration profile through gas, quuid, and

dividing the Fickian value of the oxygen flux biofilm phases for a toluene gas concentration of 1.5 g m™,

by the zero order kinetic constant. The value
obtained was 0.1 mm, which compared to a total thickness of 2.3 mm would result in a biofilm only 4%

active, which for zero order kinetics would correspond to the effectiveness factor in the biofilm (Andrews,
1988). However the concentration profile (Figure 5) shows a 120 % increase on the oxygen gradient at 0.3
mm from the substratum, taken as the active thickness of the basal biofilm.

Distance from the substratum (m)

, kL
’ (2)

“36,%)

To evaluate the implications of this stratification of activity on the overall process we calculated the
generalized Thiele modulus for Monod kinetics, ®. For zero'order kinetics the modulus can be calculated
following Equation 2, where k° is the zero’ order kinetic constant (102.2 g m’ * Y, Ly is the total biofilm
thickness (0.0023 m), Cs is the substrate concentration at the biofilm surface (5.02 g m"~ ) La is the acuve
b:oflim thickness (m), and Dy, is the diffusion coefficient of the substrate within the biofilm (5.22 x 10 m?
h'"). The obtained @ value assuming that all biofilm is active was 3.21 which indicates that the process
would be transport limited by the diffusion within the biofilm. The same calculation using an active biofilm
thickness of 0.3 mm determined experimentally resulted in a @ value of 1.16 which indicates that the
oxygen uptake rate within the biofilm was only slightly higher than the diffusional transport of oxygen

within the biofilm.

As shown by Mirpuri (1996), the fraction of toluene degrading cells within a biofilm decreases with the time
of exposure and with concentration of toluene, suggesting that the distribution of toluene degrading cells was
negatively correlated with the toluene concentration within the biofilm, with most of the active cells residing
near the substratum. The accumulated layer then reduces the toluene concentration to which cells are
exposed withoul producing an equivalent reduction in the transport rate (@ close to one). The outer layer of

biofilm protects the deeper layer against high concentration of toluene.
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ki’. Lfl
D, (3)

Bi=

To compare the importance of the mass transport within the biofilm and the mass transfer through the liquid
layer (Figure 5) the Biot number was calculated using Equation 3, where ky is the global mass transfer
coefficient in the liquid layer (0.005 m h'!), Ly is the total biofilm thickness (0.0023 m), and D; is the
diffusion coefficient of the substrate within the biofilm (5.22 x 10° m? h"). The Bi obtained was 2.20
indicating that the transport rate for oxygen in the liquid layer was 2.2 times higher than within the biofitm,
which implies that both transports are important to the overall rate of degradation. No mass transport

resistance was observed at the gas-liquid interface.

CONCLUSIONS

In a Pseudomonas putida 54G biofilm grown in a flat plate vapor phase bioreactor,

1. The degradation process was oxygen limited for toluene gas concentration over 1.5 g m™, and the biofilm
thickness ranged between 1.5 and 2.3 millimeters. The stoichiometry of the process indicated high biomass
production for low toluene concentrations and high mineralization for toluene gas concentrations above 0.39

-3
gm”,

2. Dissolved oxygen was observed to follow a linear pattern through the overlying liquid layer, indicating - -
that mass transfer was primarily by molecular diffusion in this layer. The upper portions of the biofilm,
nearest the liquid Jayer, also exhibited linear dissolved oxygen profiles suggesting absence of activity in this

layer.

3. The respiratory activity within the biofilm increased in the basal biofilm. The greater oxygen gradients
found at the basal film suggested the greater activity of the basal filmwhich was confirmed by respirometric
staining and cryosectioning for microscopy. Results highlighted zero order kinetics with a kinetic constant of

102.2 g m’> h'! for a toluene gas concentration of 1.5 g m,

4. Despite the extreme thickness of an inactive layer, often accounting for as much as 87% of the biofilm, the
mass transport rate through the accumulated cells was close to the respiration rate of the active biofilm (P
close to one). This suggests that the toluene concentration profile within the biofilm is controlling the
processes of injury and death of cells in the outer biofilm (higher toluene concentrations) and the respiration

rate of the basal biofilm (exposed to low toluene concentrations).

ACKNOWLEDGMENTS

This work was supported by the Orange County Water District (OCWD), the National Water Research
Institute, and by Cooperative Agreement EEC-8907039 between the National Science Foundation and
Montana State University. I (SV) would like to thank the Ministry of Education and Science of the Spanish
Government for supporting part of my stage at the Center for Biofilm Engineering at MSU-Bozeman, USA.
The authors wish to thank Dr. Harry Ridgway of OCWD for providing the Pseudomonas putida 54g culture,
and to'Dr. James D. Bryers of the Chemical Engineering Department at Montana State University for his

assistance.




84 S. VILLAVERDE et al,

REFERENCES

Andrews, G. (1988). Effectiveness factor for bioparticles with Monod kinetics. Chem. Eng. Journal. 37,
B31-B37.

Bungay, H.R. (1969). Microprobe techniques for determining diffusivities and respiration rates in microbial
slimes systems. Biotechnol.Biceng. 11, 765-772.

Diks, R.M.M., and Ottengraf, S.S.P. (1991). Verification studies of a simplified model fro the removal of
dichloromethane from waste gases using a biological trickling filter (Part I). Bioprocess Engineering.

6, 93-99.
Harremoés, P. (1978). Biofilm kinetics. In Warer Pollution Microbiology (Edited by Mitchell R.), pp. 71-

110, Wiley, New York.

Huang, C.-T., Yu, F.P., McFeters, G.A., and Stewart, P.S. (1995). Nonuniform spatial patterns of respiratory
activity within biofilms during desinfection. Appl. Environ.Microbiol. 61, 2252-2256.

Kirchner, K., Hauk, G., and Rehm, H. -J. (1987). Exhaust gas purification using immobilized monocultures
(biocatalysts). Appl. Microbiol. Biotechnol. 26, 579-587.

Kirchner, K., Schiachter, U,, and Rehm, H. -J. {1989). Biological purification of exhausted air using fixed
bacterial monocultures. Appl. Microbiol. Biotechnol. 31, 629-632.

Leahy, J.G., and Colwell, R.R. (1990). Microbial degradation of hydrocarbons in-the environment.
Microbiol. Reviews. 54, 305-315.

Lee, Y.H., Tsao, G.T., and Wankat, P.C. (1978). Ultramicroprobe method for investigating mass transfer
through gas-liquid interfaces. Ind. Eng, Chem.Fundam. 17, 59-66.

Lewandowski, Z., Walser, G., and Characklis, W.G. (1991) Reaction kinetics in biofilms.

Biotechnol Bioeng, 38, 877-882.

Mirpuri, R. (1996). Physiological and environmental factors affecting biofilm formation and activity in
vapor phase bioreactors. PhD Thesis. Montana State University-Bozeman. Bozeman, MT.

Partidario, P.J., and Carrondo, M.J.T. (1993). Mass transfer and reaction of trimethylamine in a three-phase
biological reactor. J. Chem. Tech. Biotechnol. 57, 299-307.

Revsbech, N.P. (1989). An oxygen microsensor with a guard cathode. Limnol.Oceanogr. 34, 474-478.

Revsbech, N.P., and Jorgensen, B.B.A(1986), Microelectrodes: their use in microbial ecology, p.293-352, In
K.C. Marshall {ed.). Advances in Microbial Ecology, Plenum, New York.

Ridgway, H.F., Safarik, J., Philips, D., Carl, P., and Clark, D. (1990). Identification and catabolic activity of
well-derived gasoline-degrading bacteria from a contaminated aquifer. Appl. Environ.Microbiol. 56,
3565-3575.

Rodriguez, G.G., Philips, D., Ishiguro, K., and Ridgway, H.F. (1992). Use of a fluorescent redox probe for
the direct visualization of actively respiring bacteria. Appl. Environ.Microbiol. 58, 1801-1808,
Sotoudeh, M., and Windsperger, A. (1994). Study of mass transfer in a trickle-bed reactor for the biological

gas purification. Chem.Biochem.Eng.Q. 8, 77-80.

Sturman, P.J1., Stewart, P.S., Cunningham, A.B., Bouwer, E.J., and Wolfram, J.H. (1995). Engineering scale-

up of in situ bioremediation processes: a review. Journal of Contaminant Hydrology. 19, 171-203.




