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Abstract--Thickness, roughness, and density data were obtained from monopopulation Pseudomonas 
aeruginosa biofilms grown in an annular reactor under different substrate loading rates and shear stresses. 
Biofilm thickness showed significant increases, up to approx. 30 #m, with increasing substrate loading rate. 
Shear stress had no significant effect on thickness. Biofilm roughness, as measured by the standard 
deviation of the thickness, increased with increasing thickness. Areal mass density significantly increased 
with substrate loading rate and was not significantly affected by shear stress. Substrate loading and shear 
stress did not significantly affect volumetric mass density. A numerical expression that describes changes 
volumetric density as a function of biofilm depth is presented. 

Key words--Biofilm, Pseudomonas aeruginosa, accumulation, measurement, thickness, density, shear 
stress, substrate loading 

NOMENCLATURE 

k;~ =first order density coefficient in equation (I) 
(M L -3) 

k~v 2 = one-half order density coefficient in equation (2) 
(M L -5/2) 

Lr = biofilm thickness (L) 
Lfm = monolayer biofilm thickness (L) 
Xf= areal biofilm density (M L 2) 
z = location in biofilm perpendicular to the substra- 

tum (L) 
pf = average volumetric biofilm density (M L -3) 

pr~=volumetric biofilm density of a monolayer 
(M L -3) 

Pz = local volumetric biofilm density (M L -3) 

INTRODUCTION 

A biofilm is a matrix of cells and cellular products 
attached to a solid surface or substratum. Biofilms 
grow, reproduce, and produce extracellular polymers 
and other byproducts. They are found in most natu- 
ral and industrial aquatic systems and account for 
much of the overall microbial activity in these sys- 
tems. Wuhrmann (1971) estimated that 90-99.99% of 
the bacterial activity in shallow streams is associated 
with biofilms. In addition, biofilms have a significant 
influence in public health with regard to contami- 
nation of drinking water (LeChevallier et al., 1987, 
1991; van der Wende et al., 1989) and bacterial 
infections of living tissue, teeth, prosthetic devices, 
and contact lenses (Richards and Gagnon 1993, 
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Gagnon and Richards 1993, Olsson et al., 1992; 
Duguid et al., 1992; Wilson et al., 1990). 

Many deleterious effects of biofilm formation have 
been reported in industrial systems, consequently, 
biofilm research is usually aimed at reducing fouling 
from unwanted biofilms. Biofilm accumulation re- 
duces heat transfer efficiency in heat exchangers and 
condensers (Characklis et al., 1980). Geesey and 
colleagues (1987) examined the biological plugging of 
oil sand reservoirs to determine whether a water 
source would induce biofilm accumulation and conse- 
quent plugging of the formation. In oilfields, biofilm 
accumulation and plugging around injection wells 
results in decreased injection rate or higher injection 
pressure. Biofilm plugging has also been implicated in 
the closure of nutrient injection wells for in situ 
bioremediation (Semprini et al., 1991; Shouche et al., 
1993). The use of biofilm reactors had led to the 
rapidly increasing application of ex  situ bioremedia- 
tion such as vapor phase bioreactors (Shields et al., 
1994; Saberiyan et al., 1994) and packed and fluidized 
beds (Muicahy et al., 1987; Chang et al., 1991; Voice 
et al., 1992). 

Better characterization of biofiim properties can 
enhance understanding of the process and accurate 
quantitative description of the system. However, only 
limited parameters are currently available for a quan- 
titative description of biofilm accumulation. Two 
variables that are commonly used to help characterize 
the accumulation of a biofilm are its thickness and 
areal density. A third variable, roughness, describes 
the standard deviation of the thickness and helps 
to characterize the spatial heterogeneity within a 
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biofilm. To better define the effects of  environmental  
influences on thickness, roughness, and density, this 
paper presents data obtained from a monopopula t ion  
P s e u d o m o n a s  aeruginosa  biofilm grown in an annular 
reactor under different substrate loading rates and 
shear stresses, and presents a numerical expression 
that describes volumetric density as a function of  
biofilm depth. 

Biofilm thickness, the perpendicular distance from 
the substratum to the biofilm-bulk liquid interface, 
has been historically used to determine the distance 
through which substrates and nutrients must diffuse 
to fully penetrate a biofilm. This one-dimensional 
view of  a biofilm is being expanded with new data 
(Bryers and Drummond,  1995) which suggest that 
convection may be a significant mechanism for nutri- 
ent mass transport in heterogenous biofilms. In ad- 
dition, diffusion into biofilm colonies may be slower 
than previously reported. These micro-scale obser- 
vations enhance our understanding of  the complexi- 
ties of  biofilm processes; however, until numerical 
simulations can incorporate this increased complex- 
ity, average values of  biofilm thickness and diffusivity 
must still be used for macro-scale modelling and 
design purposes. Whether  a biofilm is dominated by 
either diffusion or convection, the thickness is still an 
important  characteristic for both fundamental  and 
applied biofilm research. 

Biofilm thickness negatively influences fluid fric- 
tional losses and heat transfer resistances in industrial 
process equipment  and is the primary variable that 
determines the plugging of  porous media for in s i tu 

bioremediation (Jennings et al., 1994). Thickness has 
been measured primarily by three methods: optical, 
volumetric displacement, and electrical conductance. 
The optical method, which requires a transparent 
substratum and a light microscope with a micrometer  
focus, was developed by Sanders (1964) and refined 
by Bakke and Olsson (1986). The volumetric dis- 
placement method, first reported by Picologlou et  al. 

(1980) and was used by Turakhia and Characklis 
(1983), entails measuring the volumetric displacement 
of  a biofilm covered substratum, scraping the biofilm 
from the substratum, and determining the volume of 
the clean substratum. Measurement of  biofilm thick- 
ness by electrical conductance, reported by Nor rman  
et al. (1977) for use in metal pipes or on metal biofilm 
coupons, uses a micrometer  and steel needle electrode 
to determine when an electrical circuit is completed. 
The pipe or coupon is drained of  water and connected 
to the electrical circuit. As the needle is lowered onto 
the biofilm, a small current begins to flow through the 
circuit. When the needle touches the metal substra- 
tum, the current becomes significantly larger. The 
difference in the micrometer readings is the biofilm 
thickness. 

Volumetric displacement provides the average 
thickness over the measured area; whereas the optical 
and electrical methods give point measurements at 
specific locations. Many optical or electrical measure- 
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Table 1. Previously reported values of biofilm volumetric mass 
density (Pr) and thickness (Lr) 

Volumetric 
biofilm density Thickness 

Type a (kg m- 3) (10- 6 m) Reference 

A 66-130 160-210 (Kornegay and Andrews, 1967) 
A 50 n 100 (Rittmann and McCarty, 1978) 
A 12 78 b 7-32 (Chang et al., 1991) 
B 20-105 30-1300 (Hoehn and Ray, 1973) 
B 5 c 119-126 (Herbert, 1976) 
B 5 c 0-125 (Rittmann and McCarty, 1980) 
B 10-65 10-124 (Trulear and Characklis, 1982) 
C 42 109 150-580 (Williamson and McCarty, 1976) 
D 27 0-60 (Bakke, 1983) 

~A: steady state, heterotrophic mixed population; B: heterotrophic 
mixed population; C: steady state, nitrifying mixed population; 
D: steady state, Pseudomonas aeruginosa. 

bCalculated assuming biofilm is 80% volatile solids. 
CCalculated assuming biofilm is 50% carbon. 

ments are required to defined the average biofilm 
thickness in a statistically accurate manner. However,  
data obtained from different locations provide infor- 
mation on the "roughness"  that cannot be measured 
by volumetric displacement. Roughness is defined 
here as the standard deviation of  eight optical- 
thickness measurements, but has been defined else- 
where as the average height of  surface projections 
relative to some datum (Cunningham, 1989). Rough- 
ness is particularly high in undefined populations, 
where biofilm thicknesses are large and can exhibit 
spatially significant variation even under conditions 
of  constant substrate loading and shear stress 
(Peyton, 1992). In monopopula t ion  biofilms, both the 
thickness and the variation of  the thickness is usually 
less than in mixed populations (Christensen and 
Characklis, 1990). 

Areal density is the amount  of  dry biomass which 
is attached to a unit area of  substratum. Areal density 
depends on environmental conditions and is, in 
general, reported less often than volumetric density. 
Volumetric density is the amount  of  biomass in a 
given volume of biolfilm and is reported as dry 
biomass per unit wet volume (Table 1). Volumetric 
density is important  in the mathematical  modeling of  
biofilm processes, since biomass concentration is 
often related to the activity of  a biofilm. The only 
data available on the variation of  biofilm density with 
biofilm depth is by Masuda et  al. (1991), given in 
Table 2, who used a "microslicer" to section the 
biofilm and measure the density for each section. 
Volumetric density has been correlated with shear 
stress. Characklis et aL (1980) reported increasing 
biofilm density with increasing shear stress at low 

Table 2. Volumetric mass density (pf) with biofilm depth (Masuda 
et al., 1991) 

Depth from bulk Thickness 
Volumetric liquid-biofilm of biofilm 

Film density interface section 
morphology (103drygm 3) (10-6m) (10-~m) 

Surface film 37 0-400 400 
Intermediate 98 400-600 200 
Base film 102 600-730 130 
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substrate-loading rates. On the other  hand,  Kornegay 
and Andrews (1967) showed that  biofilm density did 

not  change with changes in shear stress at high 
substrate loading rates. Determining the relationship 
of  substrate loading rate and shear stress on volumet- 
ric density is required for more  accurate computer  
simulation of  biofi lm-system behavior. 

Biofilms are reported to have two compar tments ,  
surface film and base film, and may consist entirely 
of  one compar tment  or a combinat ion of  both  
(Wilderer and Characklis,  1989). Suschka (1987) pos- 
tulated the existence of  a surface film with a different 
porosi ty than that  o f  the base film. A three-fold 
difference in experimentally measured and theoreti- 
cally calculated residence times in trickling filters 
led to the conclusion that  there must  be two liquid 
film layers: "free"  liquid flowing over the top of  the 
biofilm and a "cap tu red"  layer flowing within the 
biofilm. The surface film is the heterogeneous region 
near the biofilm/bulk-liquid interface and is charac- 
terized by a rough, visco-elastic surface. In turbulent  
flow, surface morphology may contr ibute signifi- 
cantly to fluid friction (Picologlou et  al., 1980) and 
advective t ranspor t  may dominate  the movement  of  
nutrients in the surface film. Detailed study of  this 
rougher surface film has not  been thoroughly ad- 
dressed. A base film is a relatively cont inuous ac- 
cumulat ion of  cells and polymer,  and is more  dense 
than the surface film. The density and continuity 
provide a structure that  may limit advective t ransport  
within the base film. Mass t ranspor t  of  nutrients 
through the base film is, therefore, likely to be 
dominated  by molecular diffusion. Monopopu la t ion  
biofilms composed  entirely of  base films have been 
observed in high-shear, oligotrophic environments  
(Wilderer and Characklis,  1989). 

MATERIALS AND METHODS 

Microbial species and media 

A pure culture of Ps. aeruginosa was used in these 
experiments because biofilm kinetic and stoichiometric co- 
efficients have been determined previously (Robinson et al., 
1984). Separate vials of the stock culture were maintained 
in glycerol at -40°C to provide a reproducible inoculum. 
Bacteria were grown on a minimal-salts medium with 
glucose as the sole source of carbon and energy. The 
nutrient medium was identical to that used by Siebel (1987), 
except that the calcium concentration was lowered to pre- 
vent precipitation of calcium phosphate (Peyton and 
Characklis, 1993). Concentrated micronutrient solutions 
were prepared in 11-1 Nalgene ® bottles and autoclaved for 
4 h at 121 °C. After autoclaving, 20 ml of sterile concentrated 
glucose solution was added to each micronutrient bottle to 
give a final glucose concentration of 500 g m -a. Concen- 
trated phosphate buffer solution was prepared in 3.5-1 glass 
containers and autoclaved for 1 h. Dilution water was 
distilled water filtered through two 0.2-#m (2 x 10 -7 m) 
Gelman cartridge filters. Concentrated micronutrient/ 
glucose and buffer solutions were mixed with dilution water 
immediately before entering the biofflm reactor. Micronutri- 
ent flow rates were adjusted to give the desired influent 
glucose carbon (GC) concentration of either 0.8, 4.0 or 7.2 g 
GC m -3 with resultant areal substrate loading rates to the 

reactor of 0.0102, 0.0512, and 0.0922 g GC m -2 h -~, respect- 
ively. The pH was buffered at 6.7 _ 0.02. 

Biofilm reactor 

An annular reactor was used because it allowed indepen- 
dent control of shear stress and volumetric flow rate. Torque 
was measured by the method of Characklis and Roe (1984) 
to determine average shear stress on the biofilm. Twelve 
removable coupons allowed direct biofilm sampling without 
taking the reactor off-line. Draft tubes inside the inner 
cylinder completely mixed the reactor contents, giving it the 
characteristics of a continuous stirred tank reactor (Trulear, 
1983). A schematic of the reactor and supporting apparatus 
can be found in Peyton and Characklis (1993). The reactor 
was disassembled and cleaned before each experiment by 
scrubbing the reactor and coupons with a brush and hot 
water containing laboratory glassware soap. Harsh chemi- 
cals were not used because of possible residual effects. The 
thoroughly cleaned reactor was reassembled, autoclaved 
empty for 0.5 h at 121°C, and allowed to cool. The reactor 
was filled with nutrients and operated in batch mode at 
200 r.p.m, for 24 h. After this initial 24 h, the rotational 
speed was set to 200 _ 0.3, 302 _+ 0.5, or 400 _+ 0.6 r.p.m., 
which resulted in shear stresses of 1.44, 2.20, and 
2.97Nm -2, respectively. Liquid flow was then started. 
This time was defined as experimental time zero. The 
phosphate buffer flow rate was constant at 24mlh -~ 
(2.4x 10-Sm3h -~) through all experiments. The glu- 
cose/micronutrient solution volumetric flow rate was ad- 
justed to give the desired influent glucose concentration. The 
flow rate of the dilution water was adjusted to give a total 
volumetric flow rate of 2.38 1 h -~ . The resultant residence 
time of 0.25 h minimized the effects of cellular growth in 
suspension. Temperature, pH, rotational speed, and torque 
were continuously logged by computer with a laboratory 
interface (SCI Technologies, Bozeman, Mont.). Reactor 
temperature was maintained at 20 + 0.1 °C with a water bath 
(Neslab, Portsmouth, N.H.). Tests were run for a minimum 
of 240 hs. 

Analytical methods 

Glucose. Reactor effluent samples were sterilized with a 
0.2-#m cellulose nitrate syringe filter and were analyzed for 
glucose with the Sigma Diagnostics ® enzymatic glucose 
determination kit (Sigma procedure 510). All glucose 
samples were frozen immediately after sampling and were 
analyzed after the experiment was completed. 

Biofilm thickness. Biofilm thickness was measured on the 
coupons with an optical microscope according to the 
method of Bakke and Olsson (1986). Eight optical-thickness 
measurements were taken for each coupon removed. The 
optical thickness is not the same as the actual mechanical 
thickness because of differences in the reactive index of air 
and water, therefore, as stated by Bakke and Olsson, a 
correction factor of 4/3 must be applied. In this paper 
"biofilm thickness" refers to the average mechanical thick- 
ness. The standard deviation of the eight mechanical thick- 
ness measurements is defined as the biofilm roughness. 

Areal biofilm density. Biofilm was scraped from a known 
area of a coupon into an aluminum dish of known weight, 
which had been dried at 104°C overnight. The dish contain- 
ing biofilm was dried overnight and weighed again to 
determine dry mass. Volumetric density was calculated by 
dividing areal density by average biofilm thickness. 

Statistical methods 

A 32 factorial experimental design (Petersen, 1985) was 
used to determine the effects of substrate loading rate and 
shear stress on biofilm thickness. Each replication was a 
separate, independent experiment, resulting in a total of 
twelve experiments. An advantage of this design was the 
ability to distinguish the main effects of each factor (shear 
stress or substrate loading rate) and any possible interactive 
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Table 3. Summary of results from ANOVA of measured dependent 
variables at steady state against independent variables of shear stress 

and substrate loading rate 

P -valtlc a 
Substrate 
loading Shear 

Variable rate stress 

Biofilm characteristics 
Thickness < 0.0001 0.7945 
Roughness < 0.0001 0.0690 
Areal mass density <0.0001 0.0132 
Volumetric mass density 0.1268 0.1293 

aThe P-value is the probability that the true value of the dependent 
variable is the same at all three values of the independent 
variable. 

effects. The statistical software package "MSUSTAT" was 
used for the analysis of variance and multiple regression 
(MSUSTAT 1986). Significance was determined at the 95% 
level (P = 0.05). Regression analysis was performed assum- 
ing that the independent variable, usually biofilm thickness, 
was error free. In this case however, both variables have 
associated measurement errors. Data are reported as the 
mean _ SE, except in describing biofilm roughness, where 
the standard deviation of the biofllm thickness was used. 
The standard error of biofilm thickness does not directly 
reflect the roughness. 

R E S U L T S  

Table  3 gives the results of  the statistical analysis 
of  the effects of  shear  stress and  the subst ra te  loading 
rate on  variables tha t  character ize biofilm accumu-  
lation. At  a 95% confidence interval,  the subst ra te  
loading rate significantly affected all variables except 
the volumetr ic  mass  density; shear  stress had  no 
significant effect, except on  areal mass density. 

Biofilm thickness 

Figure 1 depicts a typical t ime progression of  the 
average biofilm thickness at  the three levels of  sub- 
s t ra te- loading rates. D a t a  for Fig. 1 are t aken  f rom 
tests run  at  a shear  stress of  1.44 N m  -2 (200 r.p.m.). 
The  biofilm thickness increased rapidly and  leveled 
off at  the steady state value. Steady state thickness 
with subst ra te  loading rate and  shear  stress is given 
in Fig. 2. Thickness  increased significantly with in- 
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| 1 m - 2 . 2 o  (N m~)l 
~ l l m - z , r ( N ~ ) l  
~ -  

20 

10 

10.2 51.2 92.2 

Substrate Loading Rate (mg GC m-2h -1) 

Fig. 2. Steady state biofilm thickness increased with sub- 
strate loading rate. Shear stress had no significant effect. 
Error bars are standard deviation of 8~40 measurements 

and are indicative of the roughness of the biofilm. 

creases in substrate  loading rate and showed no 
consis tent  response to increasing shear stress. 

Biofilm roughness 

Figure 3, which combines  data  f rom all exper- 
iments,  shows tha t  biofilm roughness  increased with 
thickness. The slope of  0.22 + 0.02 (unitless) indicates 
tha t  roughness  was approx.  20% of  the measured 
average thickness. Statistical analysis indicates tha t  
subst ra te- loading rate significantly influenced rough- 
ness (Table 3). No significant or consistent  depen- 
dence on  shear stress was observed. 

Areal and volumetric mass density 

Areal  mass density, Xf ( k g m  2), increased with 
subst ra te  loading rate (Fig. 4) and  therefore increas- 
ing biofilm thickness, Lf (Fig. 5). Al though  statistics 
suggest tha t  shear stress had a significant influence in 
areal mass  density (P-value = 0.0132), no consistent  
t rend was found.  Regression of  areal mass density 
data  was performed with bo th  a first order model in 
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Fig. 1. Typical time-progression of the average Ps. aerugi- 
nosa biofilm thickness for three levels of substrate loading 

rate (~,: 10.2; O: 51.2; I :  92 .2mgGCm-2h-1 )  • 
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Fig. 3. Ps. aeruginosa biofilm roughness was approximately 
one-fifth of the measured average biofilm thickness. 
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Fig. 4. Steady state areal mass density increased with average biofilm thickness. Lines are calculated from 
increasing substrate loading rate, but showed no consistent equations (5) and (6), giving zero and negative one-half 

pattern with varied shear stress, order expressions in biofilm thickness. 

biofilm thickness [equation (1)] which assumes a 
constant  volumetric mass density and a one-half 
order model in biofilm thickness [equation (2)] 

Xf = kpl Lr (1) 

Xf = kpl/2 x ~ f .  (2) 

The regression coefficients determined were 
39 .5+3.11  ( k g m  -3) for the first order model 
[equation (1)1, and 0.199 + 0.041 (kgm -s/2) for the 
one-half  order model [equation (2)], but  both gave 
low squared correlation coefficients, 0.17 and 0.29, 
respectively. 

The volumetric mass density decreased with in- 
creasing thickness (Fig. 6). The significance of the 
relationship between thickness and volumetric mass 
density was determined with a linear regression. The 
slope of the line was - 1.31 kg/m3/#m, with a 95% 
confidence interval ( - 2 . 6 3 ,  -0 .31) ,  indicating that 
the slope of the line is significantly different from 
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Fig. 5. Areal mass density increased with increasing biofilm 
thickness. First order and one-half order regression lines are 
plotted. These regressions give squared correlation co- 

efficients of 0.17 and 0.29, respectively. 

zero. The lines on Fig. 6 were calculated from the 
regressions of the areal mass density [equations (1) 
and (2)] and thickness. The observed decrease in 
volumetric mass density with increasing substrate 
loading rate (P-value = 0.12) was insignificant at the 
95% level. No consistent or significant influence of 
shear stress was observed. Both models gave accurate 
predictions of volumetric mass density for biofilm 
thicknesses greater than 15/~m, however, systematic 
deviations in the residuals (measured-calculated) 
were observed. The first order model had an average 
residual volumetric density of 15.67 kg/m 3, whereas 
the negative one-half order model had an average 
residual of - 9 . 8 9  kg/m 3. 

DISCUSSION 

Biofilm thickness 

Steady state biofilm thickness is dependent on the 
substrate-loading rate. Average steady state values 
for measured thicknesses were 6.20, 17.61 and 
3t.85 # m  (10 -6 m) for substrate loading rates of 10.2, 
51.2 and 92.2 mg GC m -2 h -~, respectively. This indi- 
cates that biofilm thickness is dependent on substrate 
loading rate between 10.2 and 92.2 mg GC m - 2 h  - j .  
Data on Ps. aeruginosa biofilm thickness at such low 
substrate loading rates (10.2 m g G C m  -2 h -~) were 
not  available before this research. Previous research 
(Trulear 1983; Siebel 1987) with Ps. aeruginosa in 
an annular  reactor found that the average steady 
state biofilm thickness was approximately 33/~m 
(3.3 × 10-Sm), and the lowest reported substrate 
loading rate was 6 5 . 3 m g G C m - 2 h  - j .  In most of 
these experiments the substrate utilization rate was 
nearly equal to the substrate loading rate. Figure 7 
shows that the steady state thickness increases with 
substrate utilization rate up to approximately 
1 2 0 m g G C m - 2 h  -~ and then levels off at 3 3 # m  
(3.3 × 10 -s m). It is not  clear why the average plateau 
thickness for Ps. aeruginosa is in this range. In mixed 
populations, biofilm thicknesses are typically an 
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order of magnitude higher at identical substrate- 
loading rates and rotational speeds (Peyton, 1992); 
thus the strength of EPS bonds between cells and to 
the substratum, and the general biofilm structure may 
be key variables that determine thickness. 

Biofilm roughness 
Data on biofilm roughness may provide insight for 

microscale computer modelling efforts. The standard 
deviation of the Ps. aeruginosa biofilm thickness is 
approximately one-fifth (0.22) of the mean biofilm 
thickness (Fig. 3). For a normal distribution of 
measured thickness values, approximately 95% 
would fall within 2 SD of the mean. As an example, 
for a 30/~m (3.0 × 10 5m) average film thickness, 
individual measurements would typically be in the 
range of 18-42/~m (1.8 x 10 5 to 4.2 x 10--Sm). No 
existing models account for film roughness and the 
differences in fluid dynamics and mass transfer that 
may result. Rougher films would likely have higher 
mass transfer coefficients than smoother films, and 
thus would result in a higher growth rate for a given 
bulk-liquid substrate concentration. Mixed popu- 
lation biofilm roughness observed by Peyton (1992) 
sometimes exceeded the mean value of biofilm thick- 
ness. Thus, not only are mixed culture biofilms 
thicker, but their morphology is much more hetero- 
geneous. 

Areal and volumetric mass density 
For modelling purposes, it would be useful to 

obtain correlations which account for the changes in 
structure as the biofilm ages and matures. The areal 
mass density was fit with both a first order [equation 
(1)] and one-half order [equation (2)] expression in 
average thickness (Fig. 5). The regression analysis 
gave low squared correlation coefficients (r 2) of 0.29 
and 0.17, respectively. From these regressions, the 
volumetric mass density (calculated by dividing areal 
density by the thickness) can be plotted against the 

~ 4O ~ I ~ ~;~o ~ °°~m~mmm~mmm~ 
~,~ ~ 301  , ~  • • | 

I / - / ; Y ;  "- " I 
..I ................. I 

~ . ~  ~ u t  7 ~ . , ~  " ,  I 

" I ~ 

'°gg I 
o z " 

0 100 200 300 

Substrate Util ization Rate (mg GC m "2 h "1 ) 

Fig. 7. Steady state biofilm thickness from this study 
combined with that of Trulear (1983) and Siebel (1987). 
Thickness increased with increasing substrate utilization 
rates up to ~ 120 mg GC m -2 h-~ where average biofilm 
thickness plateaued at ~ 33 #m. Dashed lines indicate 95% 

confidence interval of the mean. 

observed values. Fitting the areal mass density with 
a first order regression in film thickness (Fig. 5) 
results in a zero order, or constant volumetric mass 
density, Pr [equation (3)]. 

pf = k~l (3) 

kin2 
pc = ~ .  (4) 

Also, fitting the areal mass density with a one-half 
order expression in biofilm thickness gives a negative 
one-half order expression in film thickness for volu- 
metric mass density [equation (4)]. Solving equation 
(4) for a monolayer of cells Lfm = 1.0/~m (1 × 10 -6 m) 
gives a value ofpfm = 199--+41 kgm 3 for the volu- 
metric density of the first layer of cells attached to the 
substratum. Wanner (1989) reported a monolayer 
volumetric density of 200 kg m 3. 

Most biofilm models assume constant volumetric 
mass density [equation (3)] (Howell and Atkinson, 
1976; Rittmann and McCarty, 1978, 1980, 1981; 
Wanner and Gujer, 1986; Chang and Rittmann, 1987, 
1988; Namkung and Rittmann, 1987; Suidan et al., 
1987; Skowlund and Kirmse, 1989). Although cer- 
tainly not conclusive, the data from this study suggest 
that volumetric mass density may be better modelled 
with a negative one-half order expression in biofilm 
thickness [equation (4)]. In contrast to equation (3), 
equation (4) predicts high volumetric density values 
for thin films and low density values for thicker films. 

As an extension of this regression analysis, the local 
volumetric mass density, pc~, can be calculated with 
biofilm depth. Local biofilm density is defined as the 
density at a specific location in the biofilm, as op- 
posed to typically measured density values that are 
the average density over the entire biofilm thickness. 
Using the calculus definition of an average 

f ~" pf~ dz 

P~ fo c~ dz (5) 

Integrating the demoninator and substituting 
equation (4) gives 

f/' = Pr~ dz. (6)  

Solving equation (6) for Pr~ gives the final f o ~  of the 
local density profile with depth in the biofilm 
[equation (7)]. 

k~,:~ (7) 
Pf' = 2 ~ "  

Equation (7) predicts that the high density of the 
deeper biofilm layers have a large effect on the 
average volumetric density (Fig. 8). Further volumet- 
ric mass density data are required to verify and refine 
this approach, since different biofilms may have 
different values of k ~ .  Even so, this model is quali- 
tatively consistent with the changes in volumetric 
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Fig. 8. Predicted average and local volumetric mass density 
from equations (4) and (9), respectively. 

density with depth measured by Masuda et al. (1991) 
(Table 2). Their data indicate that the average volu- 
metric density of  the total biofilm was 65.3 dry kg 
wet m -3. 

This analysis is intended to describe a conceptual 
approach to modelling biofilm volumetric density 
and is based on intrinsically noisy measurements of  
thickness and areal mass density. Analytical errors 
are more likely to occur when measuring the density 
of  thinner films, since a small absolute error in the 
biofilm thickness measurement may lead to a large 
error in the calculated volumetric density. 

CONCLUSIONS 

The results of  this research indicate that, over the 
range of  variables tested: 

I. Increases in substrate loading rate significantly 
increase steady state biofilm thickness up to an 
average of  33 microns for monopopula t ion  Ps. aerug- 
inosa biofilms. Literature data indicate, however, that 
substrate loading rates exceeding 120 mg G C  m -2  h -1 

do not further increase the steady state biofilm 
thickness. No  significant effect of  shear stress on 
thickness was observed over the range of  shear stress 
tested. 

2. Biofilm roughness, as measured by the standard 
deviation of  thickness, increases with increasing 
thickness. Linear regression indicates that roughness 
is 22 _+ 2% of  the Ps. aeruginosa biofilm thickness. 

3. Areal mass density significantly increased with 
substrate loading rate. Al though A N O V A  indicated 
a significant effect (P = 0.0132) of  shear stress on 
areal mass density, no consistent trend was observed. 
Areal mass density was described as a function of  
thickness equally well by a first order or a one-half  
order expression. 

4. Volumetric mass density was not significantly 
affected by substrate loading or shear stress. De- 
creases in volumetric mass density with biofilm depth 
have been reported in the literature and can be 
calculated with a negative one-half  order expression 
for volumetric mass density. 
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