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Bacterial biofilm removal processes due to shear and cata- 
strophic sloughing have been investigated in a turbulent 
flow system under conditions of carbon versus oxygen 
substrate limitations and varying aqueous phase calcium 
concentrations. Biofilm cellular and extracellular polymer 
carbon, total biofilm carbon and mass, and biofilm calcium 
concentrations are measured for pure culture biofilms of 
the facultative aerobe, Pseudornonas putida ATCC 11172. 
Results indicate oxygen-limited biofilms reach a higher 
steady-state biofilm organic carbon level than carbon- 
limited biofilms. Oxygen-limited biofilms also exhibit 
(1) a higher extracellular polymer-carbon: cell-carbon ratio 
throughout biofilm development and (2) a higher biofilm 
calcium content than carbon-limited biofilms. Increasing 
aqueous phase calcium concentrations increase the amount 
of biofilm calcium in both cases; the rate of calcium accu- 
mulation in oxygen-limited biofilms increases with increas- 
ing liquid phase calcium concentrations over the entire 
range studied while the rates of calcium accumulation in 
carbon-limited biofilms appear independent of aqueous 
phase calcium concentrations above 11.0 mg/L. Oxygen- 
limited biofilms with their higher extracellular polymer 
and calcium content exhibit shear removal rates that are 
20-40% of those observed for carbon-limited biofilms. 
However, it is the oxygen-limited biofilms that experience 
catastrophic sloughing events. The carbon-limited biofilms 
studied here never sloughed even if subjected to intentional 
long-term deprivation of all nutrients. Reduced shear 
removal and the susceptibility to sloughing of the oxygen- 
limited biofilms are attributed to their more cohesive struc- 
ture bought about by their relatively greater extracellular 
polymer production. 

CONSEQUENCES OF BIOFILM FORMATION 

Cells (either microbial, plant, or mammalian) and their 
associated extracellular by-products attached to a solid 
surface are collectively known as a biofilm. In most mi- 
crobial biofilms, these extracellular polymers are pri- 
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marily highly branched polysaccharides' which extend 
from cell surfaces affecting attachment of additional 
cells while protecting attached microbes from harmful 
chemicals and predator organisms inherent in natural 
ecosystems. 

Biofilms are found in a plethora of natural and man- 
made systems. Many biofilms can be beneficial. In na- 
ture, microbial biofilms on submerged surfaces in lakes 
and streams metabolize soluble organic pollutants. Like- 
wise, trickling filters, fluidized bed bioreactors, and ro- 
tating biological contactors are engineered systems 
which employ bacterial biofilms in the treatment of in- 
dustrial and domestic wastewaters. Similarly, biofilms 
of Acetobacter spp. on a packed bed of beechwood chips 
oxidize ethanol to acetic acid in the commercial pro- 
duction of vinegar. 

Biofilms are also notorious for the detrimental role 
that they play in a variety of systems. Characklis' and 
Bryers3 have noted that biofilms create problems by 
(1) their effect on the transport of energy, mass, and 
momentum, and (2) their mediation of chemical and 
biological transformations. 

Biofilm development on submerged surfaces of naval 
vessels increases frictional resistances, thereby increas- 
ing fuel consumption. Similarly, bacterial biofilms can 
increase frictional resistances in closed conduits used 
for heat exchange, water supply, and wastewater trans- 
port. Picologlou et al.4 report for biofilms 130 pm thick 
within 2.5 cm 0.d. circular tubes, an increase in fluid 
frictional resistance of more than 200% at constant 
flow rates in the turbulent range. Similar magnitude 
reductions in heat transfer efficiencies have been ob- 
served during biofilm formation on power plant steam- 
condenser tubes.' 

Biofilm formation on bioreactor internal sensing 
probes (e.g., pH, dissolved oxygen, cell fluorimetry, or 
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specific enzyme) can create significant mass-transfer 
resistances thereby biasing bulk liquid analysis and on- 
line control. Likewise, biofilm formation on surfaces 
within laboratory- or industrial-scale fermenters can 
contribute significantly to substrate utilization and, if 
unaccounted for, can lead to erroneous estimates of 
yield  coefficient^.^ 

Microbial biofilms can also have profound effects in 
the medical and public health sectors. Biofilm removal 
from water pipes can introduce pathogenic organisms 
into municipal drinking water ~uppl ies .~,~ Dental plaque, 
a biofilm consisting of a bacterial consortia of Strepto- 
cocci, Actinomyces, Bacteriodes, Capnocytophage, Fuso- 
bacterium, Acintobaciffus, and Treponema, creates 
dental caries and contributes to serious gum disea~e.~ 
Biofilm formation on cardiac pacemakers, intracardial 
and urinary catheters, orthopedic endoprostheses, and 
intrauterine contraceptive devices affected by bacteria 
within the bloodstream can lead to a variety of patho- 
logical problems.6 

PROCESSES GOVERNING BlOFlLM FORMATION 

Literature indicates a number of physical, chemical, 
and biological processes govern biofilm formation at a 
surface/liquid interface including: cell-particulate 
transport to the substratum, adhesion, cellular growth 
and replication, extracellular polymer production, 
shear removal, and sloughing (Fig. 1). The relative con- 
tribution of each process to net biofilm accumulation 
changes throughout each period of development. An in- 
depth discussion of each process is not possible here but 
key references for each individual process are cited in 
Table 

Biofilm Removal Mechanisms 

Shear Removal 

In turbulent flow, a biofilm has no effect on observed 
frictional resistance until the biofilm surface irregulari- 

FLOW - 

SUBSTRATUM 

1. Organlc Precondilionlng 

2. Particle Transport 

3. Cell Adhealon 

4. Cell Melabollsm h Polymer Producllon 

6 .  Shear Removal of Film 

6. Biofilm Slouphinp 

Figure 1. Processes governing biofilm development. 

Table I. Biofilm formation processes. 

Process Mechanism References 

1. Organic 
preconditioning Molecular diffusion 7-9 

2. Particle transport Molecular diffusion 10-12 
Convective diffusion 
Electrostatic attraction 

3. Cell adhesion Nonspecific electro- 13-15 
chemical forces 

Receptor Binding 
Specific Ligand- 

4. Metabolism 
a. Cell growth Biological reaction 16-19 
h.  Cell Maintenance Biological reaction 20 
c. Polymer production Biological reaction 16-19 

5.  Shear removal Shear stress 21,22 
6. Sloughing Bubble formation 23 

Biological reaction 24,25 

ties protrude through the viscous sublayer, at which 
point frictional resistance becomes dependent on bio- 
film thickne~s.~ As the biofilm continues to grow fric- 
tional resistance increases due to (1) a reduction in areal 
cross-section, (2) energy dissipation within the fluid due 
to surface roughness and compliance, and (3) fluid en- 
ergy dissipation induced by the presence of biofilm fila- 
m e n t ~ . ~  Shear stresses exerted by the fluid continuously 
erode material from the leading edge of the biofilm. 
Eventually, the biofilm reaches steady state where any 
further biofilm production is sheared off and entrained 
into the fluid stream. Characklis2 noted that biofilm re- 
moval results from shear forces acting parallel to the 
biofilm surface and lift forces, resulting from fluid tur- 
bulence, acting normal to the substratum. 

Powell and Slater26 verified earlier work by Marshall 
et al.14 and Weiss and C o o m b ~ ~ ~  in observing continual 
production of effluent suspended biomass from biofilm 
reactors throughout the net development of a biofilm. 
Such results suggest biofilm shear removal occurs at or 
near the upper surfaces of the biofilm and not at the 
biofilm-substrate interface. Trulear and Characklis'l 
for P. aeruginosa biofilms in turbulent flow and both 
Escher2'. for P. aeruginosa and Powell and Slater26 for 
Bacillus subtillus in laminar flow reported attached cell 
or biofilm removal rates to increase with increasing 
biofilm accumulation. Consequently, rate expressions 
for biofilm removal rates exhibit first-order dependen- 
cies on biofilm amounts with the first-order rate con- 
stant a function of prevailing shear stresses. 

Bio film Sloughing 

While biofilm removal is a continuous process of 
biomass erosion from the biofilm outer surface, slough- 
ing is an apparently random, sporadic event where large 
amounts or entire sections of biofilm leave a support 
surface and are entrained into the surrounding media 
(Fig. 2). Unlike shear-related removal, sloughing ap- 
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Figure 2. Biofilm sloughing as seen in an aerobic continuous cul- 
ture of Hyphomicrobium spp. 

pears to involve the entire depth of the biofilm matrix; 
although it is yet unclear how “clean” the substratum is 
after a sloughing event. 

Sloughing can be explained in only a few isolated situ- 
ations. Due to oxygen mass-transfer rate limitations in 
thick biofilms, facultative aerobic bacteria anaerobically 
convert organic substrates into volatile fatty acids (which 
decrease local pH) and insoluble gases; both may serve 
to weaken the biofilm structure. However, this scenario 
does not completely explain the sloughing sequence of a 
strictly anaerobic non-methanogenic biofilm as recorded 
by Bryers and EgliZ9 in Figure 3. 

Harremoes et al.23 reported denitrifying bacterial 
biofilm sloughing that was attributed directly to nitro- 
gen bubble formation. Once the reactor liquid became 
N2 saturated, nitrogen produced by denitrifying bacteria 
created bubbles within the biofilm depth leading to the 
sloughing shown in Figure 4. Arvin and Kristensen3’ re- 
ported significant pH gradients can also exist in very 
thin denitrifying bacterial biofilms. Such gradients 
could lead to adverse pH conditions in the depth of the 
biofilm even though bulk liquid conditions are main- 
tained physiologically tolerable. The authorsz3 also re- 

ported, as a result of the observed pH gradients, the 
precipitation of significant amounts of calcium phos- 
phate in the bacterial biofilm. 

Unfortunately, these observations are highly system 
specific and causal in nature providing no universal 
understanding of the fundamental processes govern- 
ing biofilm stability. Circumstantial evidence has also 
suggested other alternative mechanisms to biofilm 
sloughing. 

Calcium (Ca”), and to a lesser extent magnesium 
(Mg”), accumulate within the biofilm matrix; an obser- 
vation attributed to the role of calcium as a crosslinking 
agent for the extracellular polysaccharides. Sudden re- 
lease of this biofilm-bound calcium could significantly 
weaken the biofilm matrix causing massive sloughing. 
Turakhia et al.31 exposed a bacterial biofilm to a pulse 
injection of EGTA, a Ca2+-specific chelating agent, in- 
ducing instantaneous artificial sloughing of the biofilm. 

Another alternative mechanism of sloughing could 
be attributed to rapid changes in pH gradients and 
their influence on the biofilm matrix. Tanaka and co- 
w o r k e r ~ ~ ~ ~ ~ ~  have shown for non-biological polymer gels 
(polyacrylamide) that electrochemical gradients (e.g., 
pH, specific ion, or direct electrical current) can drasti- 
cally alter the volume of a gel, swelling or contracting a 
gel matrix by 20 times over a range of less than 1.0 pH 
unit. Conceivably, a severe electrochemical gradient 
could develop within a biofilm matrix such that the 
resulting extreme osmotic pressure difference across 
the biofilm could literally “push” it off the substrate. 
Alternatively, rapid fluctuations in ambient ion or pro- 
ton concentrations could create repeated swelling and 
contracting of the biofilm, eventually weakening the 
entire matrix. 

Unfortunately, a definitive study of biofilm sloughing 
does not exist even though information on such natural 
events may lead to more efficient artificial “control” 
(i.e., enhancement, inhibition, or removal) of biofilms. 
Research reported here is a first attempt to relate the 

Figure 3. 
culture degrading NTA. 

Sequence of biofilm formation and eventual sloughing in an anaerobic continuous bacterial 
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Figure 4. Photograph illustrating biofilm sloughing due to nitro- 
gen bubble formation in a mixed culture anoxic denitrifying 
biofilm. (Photograph courtesy of Dr. G. H. Kristensen, ref. 23.)  

physical, chemical, and biological properties of biofilms 
to any changes in the structural integrity of a bio- 
film throughout its development and during slough- 
ing events. 

EXPERIMENTAL PROTOCOL 

Microorganism Selection 

Pseudomonasputida ATCC 11172 was used in all experi- 
ments. It was maintained by monthly subculture on agar 
slants at 27°C and stored at 4°C. This species is a gram 
negative, motile, facultative aerobe and a known bio- 
film f ~ r m e r . ~ ~ , ~ ~  

Media and Culture Conditions 

A sterile basal nutrient media was used in all experi- 
ments with the complete recipe provided elsewhere.34 
Glucose served as the carbon and energy substrate and 
was added as a solution in desired concentrations, after 
filter sterilization, to the media above. Influent glucose 
concentration was maintained at 20 mg/L (8.0 mg C/L) 
in all experiments. The carbon-to-nitrogen mass ratio 
was also maintained at 5 in all experiments. Influent 
dissolved oxygen concentration was varied between ex- 
periments to affect either oxygen- or carbon-limited 
growth. The latter case of carbon-limited growth re- 
quired the use of pure oxygen to elevate dissolved oxy- 
gen concentrations. Influent calcium concentrations 

as CaC12 were maintained constant during any one ex- 
periment but varied between experiments from 5 to 
25 mg/L Ca2+. 

Reactor System Details 

Figure 5(a) details the Rotating Annular Reactor 19721 

which comprises a stationary cylindrical plexiglass 
outer cylinder and a rotating solid polypropylene inner 
cylinder. Four draft tubes in the inner cylinder aided in 
liquid phase mixing. Rotation of the inner cylinder at 
150 rpm sufficiently eliminated bulk liquid concentra- 
tion gradients. Consequently, the reactor can be consid- 
ered for material balances a Continuous Flow Stirred 
Tank Reactor (CSTR). Four removable slides made an 

substrate r-- 

Figure 5. 
(b) schematic of experimental system. 

(a) Rotating annular reactor (refs. 21 and 22) and 
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integral fit with the inside of the outer cylinder, allow- 
ing for the periodic destructive sampling of the biofilm. 
Specific operating conditions and bioreactor dimensions 
are provided in Table 11. 

Figure 5(b) depicts schematically the complete experi- 
mental system used in this study. Components include 
nutrient and dilution water feed systems, the rotating 
annular biofilm reactor, and the oxygen/air supply. 

Sterile substrate and nutrient solutions were com- 
pletely mixed and fed to the biofilm reactor by a dia- 
phragm pump (Liquid Metronics, Inc.). Dilution water 
(tap water) was delivered by peristalic pump through an 
activated carbon column (Barnstead, Co.) for the re- 
moval of soluble organics and residual chlorine, aerated 
with air or pure oxygen, then delivered to the rotating 
biofilm reactor. Total influent flow rate was the sum of 
both nutrient and dilution water flow rates. 

The inner cylinder was coupled to a lightweight 
variable-speed motor to affect a rotation velocity of 
150 rpm. An in-line oxygen probe (Yellow Springs In- 
struments Co.) continuously measured effluent dis- 
solved oxygen concentrations. 

A standard cleaning and inoculation procedure, used 
before all experiments to ensure consistent initial condi- 
tions, consisted of (1) disinfecting the biofilm reactor 
with diluted chlorine bleach, (2) growing a batch culture 
of P. putida in shake flask up to late exponential phase, 
and (3) cycling the batch inoculum with nutrients 
through the biofilm reactor for a period of 6 to 8 h. Con- 
tinuous flow of sterile nutrients and dilution water 
through the reactor signaled the beginning of an experi- 
ment. 

The sampling protocol consisted of direct measure- 
ment of the following parameters: (liquid phase, influ- 
ent, and effluent) total organic carbon, soluble organic 
carbon, calcium and (biofilm phase) total organic car- 
bon, total cell count, and biofilm calcium. Total cell 
carbon concentrations were determined by calibration 
of a series of total carbon analysis on suspended cell 
cultures of known concentration. Biofilm extracellular 
polymer carbon was calculated by difference between 
the biofilm total organic carbon minus the biofilm cellu- 
lar carbon. Suspended biomass (cells and polymer) or- 
ganic carbon was determined by doing a total carbon 
analysis on an aqueous sample, before and after filtra- 
tion through a 0.22-pm membrane. 

Table 11. Bioreactor details. 
~ 

Inside wetted height 
Reactor surface area 

Stationary outer cylinder 
Rotating inner cylinder 
Draft tubes 

Reactor volume ( V )  
Volumetric flow rate (Q) 
Dilution rate ( Q / V )  
Inner cylinder rotational speed 

25 cm 
2,230 cmz 
1,088 cm2 

890 cmz 
252 cm2 
714 cm3 

48 cm3/min 
D = 4 h-’ 

150 rpm 

Analytical Methods 

Total cell counts were determined by acridine orange 
staining and epifluorescence microscopic counting as 
per Hobbie et a1?7 

Biofilm areal densities were determined by removing 
biomass attached to reactor surfaces of known area, 
drying for 24 h at l O K ,  and weighing. 

Influent and effluent oxygen concentrations were 
measured directly with an in-line oxygen probe (Yellow 
Springs Ins. Co). 

All total organic carbon (TOC) concentrations were 
measured using the ampule analysis method of an in- 
strumental total carbon analyzer (0.1. Corp., Model 700 
Total Carbon Analyzer)?* Total biofilm carbon was de- 
termined by scraping biomass from a known area on a 
removable slide into a volume of distilled water, homog- 
enizing the sample by sonication, and pipetting the 
sample into analyzer ampules containing prescribed 
amounts of phosphoric acid and sodium persulfate. 
Ampules are purged with oxygen to remove inorganic 
carbon, flame sealed, and heated to facilitate the oxida- 
tion of reduced organic carbon to COz, which is de- 
tected in infrared spectroscopy. 

Calcium concentrations were determined using 
atomic adsorption spectrophotometry (Perkin-Elmer, 
Inc.). Twenty-five microliters of a 35% by volume nitric 
acid solution was added to all calcium samples to pre- 
vent metal adsorption to container walls, while a lan- 
thanum oxide solution3’ was added to prevent phosphate 
interferences. Biofilm calcium concentration was deter- 
mined by scraping biomass from a known sample into a 
known volume of distilled water, homogenizing the 
sample by sonication, and aspirating the sample into 
the spectrophotometer. 

RESULTS 

Stoichiometry for the aerobic microbial conversion of 
the limiting substrate, glucose, can be calculated as 
shown, using the method of M ~ C a r t y ~ ~ :  

1C6H12O6 + 3.3602 + 0.528HC03- + 0.528NH4+ 
+ 3.89COz + 5.47820 + 0.528CsH702N (1) 

Equation (1) infers that approximately 0.60 mg O2 are 
required for every milligram of glucose oxidized. The 
maximum influent oxygen concentration observed 
in this study during oxygen-limited experiments was 
6.5 mg/L; the resultant maximum amount of glucose 
converted would be approximately 10.5 mg/L glucose. 
Thus, at an influent glucose concentration of 20 mg/L, 
one could expect oxygen stoichiometric limitations, un- 
less pure oxygen is used to elevate influent dissolved 
oxygen concentration. Note a biofilm system can also 
become rate limited by oxygen even though the bulk 
liquid oxygen concentrations appear sufficient. One 
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must account for differences in mass transfer coef- 
ficients and reaction rates in the biofilm, in order to 
estimate whether a biofilm is completely “penetrated” 
by substrate.” 

Figure 6 depicts the progression of biofilm carbon ac- 
cumulation for both oxygen- and carbon-limited growth 
conditions. Results indicate an increase in the net rate 
of biofilm carbon accumulation under oxygen-limited 
conditions between 30 and 75 h. Biofilm carbon 
amounts at steady-state (i.e., t 1 90 h) for the oxygen- 
limited biofilms are 46% greater than the carbon lim- 
ited experiments (carbon-limited: maximum biofilm 
amount = 0.074 & 0.004 mg carbon/cm2; oxygen- 
limited: maximum biofilm amount = 0.108 +- 0.005 mg 
carbon/cm2). 

Biofilm cellular carbon and extracellular polymer car- 
bon concentrations during biofilm development at an in- 
fluent concentration of 12 mg/L Ca” are illustrated for 
oxygen- and carbon-limited conditions in Figure 7(a) 
and 7(b), respectively. When cultivated under oxygen 
limitations, the extracellular polymer carbon composi- 
tion relative to total biofilm carbon increased through 
the early stages of an experiment to a value of approxi- 
mately 66% at steady state. Oxygen-limited biofilms 
produced a polymer-carbon : cell-carbon ratio of ap- 
proximately 2.0 with a maximum amount of extracel- 
lular polymer at steady state of 0.075 mg polymer 
carbon cm’. Conversely, in biofilms cultivated under 
carbon limitations, extracellular polymer carbon com- 
position relative to total biofilm carbon decreased in 
the early stages of an experiment to approximately 43% 
at steady state. Carbon-limited biofilms produced a 
polymer-carbon : cell-carbon ratio of approximately 
0.75 at steady state; the maximum amount of extracellu- 
lar polymer at steady state was 0.030 mg polymer 
carbon cm’, about 40% of the same value seen in the 
oxygen-limited experiments. 

Figures 8(a) and 8(b) illustrate, for oxygen-limited 
and carbon-limited growth, respectively, the biofilm 
calcium concentrations throughout each experiment. 

Oxyqen Limited 

BlOFlLM 
CARBON 

Carbon Limited 

0 
0 30 60 90 120 150 180 

TIME ( h o u r s )  

Figure 6. Biofilm carbon concentrations per area during biofilm 
development. 

Slouahina 

0 30 60 90 I20  150 
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.06 , 
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(b) 

Figure 7. (a) Cellular carbon and extracellular polymer carbon 
for oxygen-limited conditions; influent calcium = 12 mg/L; 
(b) cellular-carbon and extracellular polymer-carbon for carbon 
limited conditions; influent calcium = 12 mg/L. 

Increased influent calcium concentrations led to in- 
creased calcium accumulation in all biofilms cultivated. 
Biofilm calcium concentration appears to reach some 
saturation limit since an increase to 25 mg/L Ca2+ only 
marginally increased surface calcium over that seen at 
11 mg/L [Figure 8(b)]. Turakhia and Characklis4’ ob- 
served increased biofilm calcium accumulations in 
carbon-limited biofilms for influent calcium concen- 
trations ranging from 0.4 to 50 mg/L, although the 
biofilm calcium accumulation was significantly lower in 
their studies. 

Note that calcium accumulation within the biofilms 
continues to increase throughout the entire length of the 
experiments, even after the onset of steady-state condi- 
tions for biofilm areal carbon. This linear increase in 
biofilm calcium concentrations may indicate that either 
the polymeric matrix, while at a steady state in either 
experiment (after = 60 h), may not be completely satu- 
rated with calcium or that other mechanisms, indepen- 
dent of biofilm accumulation (e.g., precipitation), may 
be contributing to continued calcium accumulation. 
Precipitation of a calcium phosphate material is a dis- 
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Figure 8. (a) Biofilm calcium concentrations for oxygen-limited 
conditions. Influent liquid phase calcium concentrations (mg/L) 
are 12 (0), 13 (H), 6.0 (D), and 7.0 (A); (b) biofilm calcium concen- 
trations for carbon-limited conditions. Influent liquid phase cal- 
cium concentrations (mg/L) are 5.1 (U), 11.0 (A), and 25.0 (0). 

tinct possibility since both were present in high concen- 
trations in the nutrient supply. This precipitation could 
occur either in the bulk fluid or within the biofilm. 
Using data from Figures 7(a) and 8(a) at 90 h, the 
biofilm carbon concentration is 0.11 mg carbon/cm2 
while the biofilm calcium concentration is 0.175 mg 
Ca2+/cm2. This translates to a Ca2+/carbon mass ratio 
of 1.6 mg/mg, or to a molar ratio of 0.6. If only ionic 
binding were occuring, this would suggest there is more 
than one calcium molecule per two carbon molecules, 
which is highly unlikely. Results from both carbon- and 
oxygen-limited experiments exhibit what can only be 
attributed as a calcium phosphate precipitate accumula- 
tion within the biof ilm. 

A material balance across the biofilm reactor tor sus- 
pended biomass originating due to shear removal from 
the biofilm has been derived elsewhere2219-22v40 and can 
be written as 

where X is the suspended biomass carbon concentration 
(MIL3); D is the dilution rate ( t - ' ) ;  RsG is the suspended 
biomass growth rate (MIL3 t ) ;  A is the biofilm surface 
area (L'); I/ is the reactor volume (L3); and R,  is the 
biofilm shear removal rate (MIL' t ) .  

Biofilm shear removal rates (R,) are calculated, using 
eq. (2), from effluent suspended biomass data for all 
replicate experiments; results are presented in Figure 9. 
Shear removal rates are significantly lower in oxygen- 
limited biofilms after 30 h in comparison to carbon- 
limited biofilms. Maximum biofilm shear removal rates 
(steady-state values) for oxygen- and carbon-limited 
conditions, respectively, are 0.405 g C/m2-day and 
1.080 g C/m2-day. Maximum specific biofilm removal 
rates (ie., per areal rates normalized by the appropriate 
biofilrn carbon amounts) were 0.375 day-' (oxygen- 
limited) and 1.47 day-' (carbon-limited). Combined 
with the compositional data in Figures 7 and 8, these 
results imply that oxygen limitations create a different 
biofilm-matrix structure, one less susceptible to shear 
removal. After 90 h, effluent suspended biomass con- 
centrations actually decrease in oxygen-limited ex- 
periments, indicating a further decrease in biofilm 
shear-related removal rates. This apparent increase in 
internal biofilm cohesiveness is attributed to the dra- 
matically different composition (cell versus extracellular 
polymer) of the oxygen-limited biofilms. Oxygen- 
limited biofilms produced greater amounts of extracellu- 
lar polymer than carbon-limited biofilms; increased 
cohesiveness could possibly be the result of increased 
calcium crosslinking (as explained by Le Chatelier's 
Principle), brought about by the increase in extracellu- 
lar polymer. 

Although oxygen limitations did reduce continual 
biofilm shear removal rates, total catastrophic sloughing 
of the biofilms occurred only under these conditions 
[Figs. 6, 7(a), and 101. P. putida is capable of utilizing 
nitrate (NO3) as a terminal electron acceptor in the 
production of nitrogen gas. Subsequent N2 bubble for- 

30 60 90 I20 150 0 
TIME (hours) 

Figure 9. 
both oxygen- and carbon-limited conditions. 

Shear removal rates during biofilm development for 
dX/dt = -DX + Rsc + (R, . A)/V (2) 
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“ C  

Figure 10. 
conditions. 

Biofilm sloughing event during oxygen-limited 

mation within a biofilm could lead to ~loughing.’~ This 
possibly was prevented by using ammonia (NH3) as the 
only nitrogen source in this study. An alternate cause of 
biofilm sloughing could be expected under carbon limi- 
tations when bacteria in the depths of a biofilm receive 
electron acceptor but not electron donor. Such carbon 
starvation would lead to cell lysis and subsequent release 
of lytic enzymes thus weakening the biofilms. However, 
sloughing was not observed in carbon-limited experi- 
ments, but only under oxygen-limited conditions. 

One possible explanation for this exclusivity in 
sloughing within oxygen-limited biofilms is the same 
apparent increase in biofilm cohesiveness which re- 
sulted in a reduced susceptibility to shear removal. Prior 
to the observed sloughing events, shear removal rates 
rapidly decrease (as observed in Fig. 9). An increasingly, 
internally cohesive biofilm matrix would cause shear 
forces to be transferred through the biofilm to adhesion 
bonds at the biofilm-substrate interface, where the ad- 
ditional stresses could possibly trigger the detachment 
of entire biofilm sections (i.e., a “shear-induced slough- 
ing” event). 

Conversely, carbon-limited biofilms in this investiga- 
tion never sloughed. One experiment was operated for 
320.5 h in an attempt to observe biofilm sloughing un- 
der carbon-limited conditions. After t = 320.5 h and no 
sloughing, nutrient and dilution water flow to the reac- 
tor were terminated and the reactor was operated batch- 
wise, without substrate and nutrients for an additional 
99.5 h to observe the effects of complete substrate de- 
privation on biofilm stability. Still, the carbon-limited 
biofilm never sloughed. During this batch deprivation 
challenge, biofilm carbon concentrations were measured 
within the reactor and are provided in Figure 11. Bulk 
liquid biomass carbon concentrations were also mea- 
sured and used to calculate the remaining biofilm car- 
bon during the batch operation; these independent 
estimates agree well with direct measurements of bio- 
film carbon (Fig. 11). The decrease in areal carbon con- 
centrations observed is the result of continual biofilm 
erosion due to fluid shear and not sloughing. 

BlOFlLM CWBCU 0 4  
CONCN 

03 
I m p c / t m 2  I 

MTCH OPERATION 
NO NUTRIENTS ‘L CONTINUOUS OPERATION -1- 

240 260 2 8 0  300 320 340 360 380 400 4 2 0  4.0 

TIME ihoursl 

Figure 11. Shear removal study after prolonged total nutrient 
deprivation of a carbon-limited biofilm. Biofilm carbon concentra- 
tion was determined by direct surface sample (A) and calculated 
from batch reactor material balance on suspended biomass carbon 
and experimental suspended biomass data (A). 

CONCLUSIONS 

Presented are the results of an investigation on the 
effects of different nutrient limitations and calcium 
concentrations on biofilm shear removal rates and 
sloughing. Conclusions drawn from pure culture Pseu- 
domonas putida biofilms cultivated, under either car- 
bon- or ox ygen-limited conditions and variable influent 
calcium concentrations, within a turbulent flow field are 
the following: 

1. Oxygen limitations increase the extent of steady- 
state biofilm carbon accumulation, the polymer- 
carbon : cell-carbon ratio, and the amount of 
calcium collected within the biofilm. 

2. Steady-state shear-removal rates are lower for 
oxygen-limited biofilms in comparison to carbon- 
limited biofilms based on both a per areal basis 
and a specific carbon basis. 

3. Circumstantial evidence suggests that total slough- 
ing occurred only within oxygen-limited bio- 
films due possibly to increased biofilm matrix 
cohesiveness. 

4. Evidence suggests that the lack of a sloughing 
event is possible under pure culture carbon-limited 
growth. 
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