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Aerobic glucose metabolism by Pseudornonas aerugi- 
nosa biofilms at various calcium loading rates was in- 
vestigated. The influence of calcium on specific growth 
rate, extracellular polymeric substance (EPS) formation 
rate, biofilm detachment rate, and biofilm calcium con- 
centrations was determined. Calcium accumulated in 
the biofilm in proportion to the liquid phase concentra- 
tion. Increasing calcium concentration increased the 
cohesiveness of the biofi lm as indicated by a lower 
relative detachment rate. Specific activity in the biofilm 
was the same as that measured in a chernostat and was 
not influenced by changing calcium concentration. EPS 
formation rate in the biofilm was unaffected by calcium 
concentration but was higher than that observed in a 
chemostat. 

INTRODUCTION 

Microorganisms, primarily bacteria, exhibit a tendency 
for adsorbing to and colonizing surfaces submerged in 
aquatic environments. The immobilized cells grow, repro- 
duce, and produce extracellular polymeric substance (EPS) 
that frequently extend from the cell forming a tangled mass 
of fibers lending structure to the entire assemblage, which 
shall be termed a biofilm. 

Most studies on the effect of dissolved constituents on 
biofilm formation have been limited to the effect of or- 
ganic constituents. There is little or no information on the 
effect of dissolved inorganic constituents. Although there 
are numerous inorganic components that may affect biofilm 
processes, the scope of this research was limited to the ef- 
fect of calcium. Understanding the role of calcium in biofilm 
processes may be useful in ecosystem analysis, control of 
biofouling in heat exchangers and/or pipelines, operation 
of fixed-film biological wastewater treatment processes, 
and increasing the rate of strength of cell immobilization in 
a biofilm reactor for biotechnology applications. 

The major emphasis in this article is the influence of 
calcium on cellular reproduction and EPS formation by 
Pseudomonas aeruginosa in a biofilm and its consequent 
effect on biofilm accumulation. Pseudomonas aeruginosa 
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was used as a test organism because this organism has 
been extensively studied in continuous-flow stirred-tank 
reactors, i.e., chemostats,' and in biofilm reactors.233 Spe- 
cific cellular growth rates and EPS formation rates have 
been measured under defined experimental conditions in 
chemostat and biofilm environments. * J  

MATHEMATICAL DESCRIPTION OF REACTOR 
SYSTEM 

The RotoTorque reactor (RT) is a continuous-flow stirred- 
tank reactor (CFSTR); i.e., bulk liquid concentration gra- 
dients are negligible. The RotoTorque reactor consists of 
two concentric cylinders, a stationary outer and a rotating 
inner cylinder. The RT provides a large wetted surface- 
area-to-volume ratio and a turbulent liquid phase. The resi- 
dence time in the RT was maintained at 10 min so that 
microbial processes in the bulk liquid were minimized. 
More details regarding RotoTorque reactor system can be 
found elsewhere.324 Accumulation of compounds in the RT 
bulk liquid can be described by material balances of the 
general form 

net rate of net rate of net rate of 
accumulation = transport + transformation (1) 

Biofilm accumulates on the walls of the RT as a result of 
growth and EPS formation at the expense of substrate 
(Fig. 1). Some of the biofilm cells and EPS detach and are 
washed out in the RT effluent. Accumulation of attached 
biofilm components can be described by constitutive equa- 
tions of the same general form as equation (1) but with no 
transport term. Material balances and constitutive equations 
for this system have been presented in detail elsewhere or- 
ganized in matrix notation.2 The resulting steady-state equa- 
tions for the system relevant to this study are summarized 
in Table I. Water phase accumulation rate of substrate cells 
and polymer are negligible because of the high dilution 
rate (D = 6 h-') used in the experiments. Production rate 
of cells and polymer in the water phase are negligible for 
the same reason. 

Biotechnology and Bioengineering, Vol. 33, Pp. 406-414 (1989) 
0 1989 John Wiley &Sons, Inc. CCC 0006-3592189/04040609$04.00 



R O T 0  TOROUE R E A C T O R  

Figure 1. RotoTorque reactor (RT) operated as a continuous-flow stirred-tank reactor (CFSTR). Insert 
describes local environment at substratum in reactor. Mathematical model based on this physical system. 

Table I. Equations describing experimental reactor system." 

1. Material balance for substrate in water phase (specific substrate (carbon) removal rate in 
biofilm, qsb): 

D(S, - S)V k' 

xb A 
qSb = 

2. Material balance for cellular carbon in water phase (specific cellular detachment rate, q&): 

QX 
qdT = - X ,  A 

3. Material balance for polymer carbon in water phase (specific polymer detachment rate, q + ) :  

QP 
qdP = - 

4. Accumulation rate of cellular carbon in biofilm: 
pb A 

(3) 

(4) 

(5 )  
&b A -  = pbXbA - q B X b A  
dt 

5 .  Accumulation rate of polymer carbon in biofilm: 

(6) 
dp, A -  = (kpbXb i k'Xb)A - q#PbA 
dt 

6 .  Specific cellular growth rate in biofilm pb as function of substrate (carbon) concentrationb, S: 
- - 

pb = [fi] (7) 

7. Specific polymer (carbon) formation rate in biofilm qpb as function of specific cellular growth 
rate in biofilm': 
qpb = k p b  i k' 

'From ref. 2. Water phase accumulation rate of substrate, cells, and polymer are negligible be- 
cause of the high dilution rate used in experiments. Production rate of cells and polymer in water 
phase are negligible for the same reason. 

%om refs. 2, 3, and 6. 
'From refs. 2-4. 

MATERIALS AND METHODS 

Experimental System 

All experiments were conducted in a RotoTorque reactor 
(RT) system consisting of two RTs, sterile dilution water, 
and sterile substrate feed apparatus (Fig. 2). The Roto- 
Torque reactor consists of two concentric cylinders, a sta- 
tionary outer and a rotating inner cylinder, containing four 
removable slides for biofilm sampling and/or biofilm mass 
measurements (Fig. 3). These slides formed an integral fit 
with the inside wall of the outer cylinder. The rotational 

speed of the inner cylinder was maintained at 250 rpm. 
The RT provided a wetted surface-area-to-volume ratio, 
A / V  = 275 m-', and a turbulent liquid phase (residence 
time 10 min). More details regarding the RotoTorque reac- 
tor system can be found elsewhere.4p8 

Experimental Procedures 

The RTs were cleaned, assembled, and then sterilized 
with sodium hypochlorite solution prior to all experiments. 
Then, dilution water, continuously sterilized by filtration 
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Figure 2. Flow diagram of RotoTorque reactor system. 

?ecycle y:. 
Figure 3. Simplified diagram of RotoTorque reactor. 

(Fig. 2), was pumped into the RT at the desired flow rate. 
A minimum of 50 residence times was allowed for residual 
chlorine removal before inoculation. The calcium content 
of the dilution water was controlled by the addition of 
CaCO, + HC1 stock solution. Experiments were started by 
pumping P. aeruginosa (-lo8 cells/mL) from a steady- 
state chemostat (dilution rate D = 24 h-') into the RT 
for a period of 8-10 h, thus providing a defined condition 
for initial attachment and colonization. Sterile substrate 
(glucose) and nutrient solutions were fed into the RT 
throughout each experiment, including the inoculation pe- 
riod. A loopful of reactor effluent was streaked on a trypti- 
case glucose agar extract (TGEA) plate regularly during 
each experiment to check for contamination using colony 
morphology as an indicator. 

Microbial lnoculum 

The strain of Pseudornonas aeruginosa used in this 
study was obtained from the culture collection of the De- 

partment of Microbology, Montana State University 
(Bozeman, MT). The organism was stored initially in a re- 
frigerator of TGEA plates and replated every 2-3 weeks to 
maintain viability. Later, the organism was stored at ap- 
proximately - 10°C in a 15% glycerol medium. 

Analytical Methods 

biofilm or reactor liquid samples is shown in Figure 4. 
The hierarchy of the analytical procedures performed on 

Glucose 

Glucose concentration was determined with a modified 
version of the Sigma 510 glucose analysis procedure (Sigma 
Chemical Co., St. Louis, MO). Trulea? observed no sig- 
nificant soluble organic carbon other than glucose carbon 
in this identical system. Therefore, no SOC measurements 
were conducted. Hence, the reported value of S represents 
only the glucose carbon concentration. 

Cellular Carbon 

Total number of cells in the effluent, X ,  or in the biofilm 
sample, X, , was determined by enumerating cells stained 
with acridine orange using epifluorescence microscopy ac- 
cording to the methods of Hobbie and co-~orkers.~ Cellular 
carbon was determined by multiplying the acridine orange 
cell count and the average volume of the cell by thy follow- 
ing factors: l.07 g ~ e l l / c m ~ , ' ~ ~ ' '  0.22 dry cell weight/wet 
cell weight,'0*'' and 0.5 g cell carbon/g cell dry 

Liquid Phase EPS Concentration 

The concentration of liquid phase EPS carbon, P,  was 
calculated by measuring the total organic carbon (TOC) of 
the reactor liquid sample, TOCso1,, and performing the fol- 
lowing calculations: 

(9) P = TOCso1, - S - X 
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Figure 4. Hierarchy of analytical procedures. 

TOC was determined using the ampule analysis module of 
the Oceanography International carbon analyzer (Oceanog- 
raphy International Corp., College Station, TX). 

Biofilm EPS Carbon Density 

The density of the biofilm EPS carbon, Pb, was deter- 
mined by measuring the TOC of a known volume of biofilm 
suspension, TOC, , and performing the following calculation: 

Pb = TOC, - x b  ( 10) 

Dry Biofilm Mass 

Dry biofilm mass was determined by filtering 15-25 mL 
biofilm suspension through predried ( 103"C), preweighed, 
Nuclepore membranes (0.45 pm). After filtration, the fil- 
ter was dried at 103°C for l h and weighed. 

Total Calcium 

Total calcium in the influent and effluent samples was 
determined by titration with ethylenediamine tetra-acetic 
acid (EDTA). Total calcium in the dry biofilm sample was 
determined by atomic adsorption. 

C, H, and N Analysis 
Carbon, hydrogen, and nitrogen content of the lyophilized 

biofilm samples were determined using a Carlo-Erba ele- 
mental analyzer. 

RESULTS AND DISCUSSION 

The effect of calcium on cellular reproduction and EPS 
formation was determined by varying influent calcium 
concentration and measuring changes in (i) biofilm cellular 
carbon areal density X , ,  (ii) biofilm EPS carbon areal den- 
sity P , ,  (iii) biofilm mass, (iv) immobilized calcium, 
(v) liquid phase cellular carbon concentration X ,  (vi) liquid 

phase EPS carbon concentration P, and (vii) glucose car- 
bon concentration S .  The effect of calcium on microbial 
transformation rate or process rate was determined from 
the preceding measurements using the material balances 
equations in Table I. 

All measurements, including substrate, cells, and EPS, 
are reported in terms of carbon equivalents. The Roto- 
Torque reactor was operated at three different input cal- 
cium concentrations: 0.4 (no added calcium), 25, and 
50 mg/L. 

Biofilm Mass 
The progression of biofilm mass for three different cal- 

cium concentrations in the dilution water is presented in 
Figure 5 .  The presence of calcium in the dilution water in- 
creases the rate of biofilm accumulation. However, in the 
early stages of the experiments (<48 h), there was no de- 
tectable difference in biofilm mass due to variation in dilu- 
tion water calcium concentration. Accumulation was 

0 40 80 120 160 

TIME ( h )  

Figure 5. Progression of biofilm mass as function of time for three dif- 
ferent calcium concentrations: (6,O.e) 50 mg/L (8, m, B) 25 mg/L; 
and (0, a,.) 0.4 mg/L calcium. 
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highest for experiments with 50 mg/L calcium (Fig. 6). 
Therefore, the rate and extent of biofilm accumulation in- 
creases with increasing calcium concentration. 

Biofilm Carbon 

Increasing dilution water calcium concentration in- 
creases the rate of accumulation of biofilm cellular carbon 
(Fig. 7). The extent of biofilm cellular carbon accumula- 
tion after 6 days increased with increasing calcium concen- 
tration in the dilution water (Fig. 8). The amount of EPS 
carbon accumulated within the biofilm after 6 days was 
not influenced by dilution water calcium concentration 

0.4 25 50 

CALCIUM IN DILUTION WATER (mg 1.’) 

Figure 6. Biofilm mass (140 h) as function of calcium in dilution water. 

I I I 

I I I 
0 80 160 

TIME ( h )  

Figure 7. F’rogressmn of biofilm cellular carbon for three calcium con- 
centrations: (6,B.O) 50 mg/L; (El,n,m), 25 mg/L; and (8.0.0) 
0.4 mg/ calcium. 

- 1 cellular carbon 

” 
0.4 25 50 

CALCIUM IN DILUTION WATER (mg I - ’ )  

Figure 8. 
calcium in dilution water. 

Biofilm cellular and polymer carbon (140 h) as function of 

(Fig. 8). There was no significant difference in biofilm 
EPS carbon due to changes in calcium concentration at any 
time during biofilm development. 

Biofilm Calcium 

Biofilm calcium concentration increases with increasing 
calcium in the dilution water (Fig. 9). Twelve residence 
times before sampling biofilm for calcium analysis, the 
flow of CaCO, + HCI stock solution was stopped. Hence, 
there was no added calcium in the dilution water during 
the sampling period. The reported biofilm calcium does 
not discriminate between intracellular calcium and calcium 
immobilized within the extracellular matrix. Calcium is 
not generally accumulated in the cytoplasm by “normal” 
growing cells and appears to be exclusively extracellular. I3,l4 
Campbell’’ reported that the concentration of total calcium 
in the cytoplasm is usually in the range of 1-10 mmol/L 

0.4  25 50 
CALCIUM IN DILUTION WATER (mgi ’ )  

Figure 9. Biofilm calcium as function of calcium in dilution water. 
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cell water. On this basis, the maximum intracellular con- 
centration of calcium in the biofilm cells developed under 
50 ,25 ,  and 0 .4  mg/L calcium was estimated to be 
0.95,0.78, and 0.45 mg calcium/g dry biofilm mass, re- 
spectively. The estimated values of intracellular calcium at 
dilution water calcium at 25 and 50 mg/L are insignificant 
compared to the biofilm calcium measured (Fig. 9). 
Hence, a major portion of the biofilm calcium is immobi- 
lized in the extracellular components of the biofilm matrix 
when dilution water calcium is 25 or 50 mg/L. 

Biofilm Elemental Analysis 

Carbon, hydrogen, and nitrogen content of lyophilized 
biofilm was unaffected by changing dilution water calcium 
concentration (Table 11). The results obtained are consis- 
tent with C, H, and N content of microbial cells reported in 
the literature, i .e. ,  approximately 50% carbon, 20% 
oxygen, 10-15% nitrogen, and 8-10 hydrogen on a dry- 
weight basis. 

Specific Substrate Removal Rate 

Metabolic activity of the biofilm cells was determined 
by specific substrate removal rate [eq. (2)]. The specific 
substrate removal rate, qSb, was higher for biofilm accumu- 
lating in 0.4 mg/L calcium in the dilution water (Fig. lo), 
but there was no significant difference in specific substrate 
removal rate for biofilm accumulating at 25 and 50 mg/L 
calcium in the dilution water. Since lower biofilm cellular 
mass accumulated at low calcium, more substrate was 
available per cell, perhaps leading to enhanced uptake. Al- 
ternatively, the adsorbed cells at low calcium may be more 
active for unexplainable reasons. 

A linear relationship was observed between specific sub- 
strate removal rate, qs, and specific cellular growth rate in 
the biofilm, p b ,  as predicted by equation (2) (Fig. 11). 
The y intercept of the best-fit line is 0.165 (SE 0.175) and 
the slope equals 3.04 (SE 0.63). Robinson et al.' also ob- 
tained a linear relationship between specific substrate 
removal rate and specific cellular growth rate p for 
P. aeruginosa in suspended cultures (chemostat). A t-test 
was performed to statistically determine the correlation be- 
tween the biofilm data at different calcium concentrations 
(this study) and the chemostat (suspended culture) data re- 
ported by Robinson et al.' At the 5% level of statistical 
significance, there was no difference between the chemostat 
data and the biofilm data from this study. Similar results 

Table 11. Composition of biofilm (dryweight basis) 

Fixed Volatile 
Calcium Carbon Hydrogen Nigrogen solids solids 
(mg/l) (%) (%) (%) (So) (%I 

0.4 47.5 6.9 12.4 13.6 86.4 
25.0 48.0 7.0 12.3 13.4 86.6 
50.0 48.6 6.9 13.1 13.5 86.5 

\ .  

0 80 160 
TIME (h)  

Figure 10. Progression of specific substrate removal rate as function of 
calcium in dilution water: (0,@, 0)  50 mg/; (a, El, .) 25 mg/L; and 
(8,0,0) 0.4 mg/L calcium. 

0 
, 

J 
0 0.2 0.4 0.6 
BlOFlLM SPECIFIC CELLULAR 

GROWTH RATE (h-') 
Figure 11. Variation in specific substrate removal rate with biofilm 
specific cellular growth rate. The straight line represents best fit described 
by eq. (2): (0,. ),50 mg/L; (El, H) 25 mg/; and (0) 0.4 mg/L calcium. 

were also reported by Bakke et a1.2 for P. aeruginosa 
biofilm in the RotoTorque reactor. 

Results from this study and those reported by Bakke 
et a1.2 indicate that specific activity of P. aeruginosa in 
biofilms is not different than its specific activity in sus- 
pended cultures if no significant diffusion resistance exists 
in the biofilm. Varying calcium concentration did not in- 
fluence specific activity. Hence, the specific cellular 
growth rate of P. aeruginosa in biofilms and/or suspended 
cultures can be estimated by monitoring the changes in 
specific substrate removal rate. 
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Specific Cellular Growth Rate 

The mean specific cellular growth rate of P. aeruginosa 
in the biofilm decreases with time, which is not surprising 
since the same amount of substrate is being consumed by 
an increasing number of cells. Robinson et al.’ report that 
specific cellular growth rate of P. aeruginosa in suspended 
culture depends on substrate concentration as described by 
equation (7) and determined p, and K ,  for P. aeruginosa 
in suspended culture using a linearized form of equa- 
tion (7) (Lineweaver-Burk equation). The maximum 
specific cellular growth rate p, was reported to be 0.4 h-’ 
(SE 0.2) and the saturation constant K,, was 2.0 mg/L 
(SE 0.78). In Figure 12, biofilm specific cellular growth 
rate p b  is plotted as a function of reactor substrate concen- 
tration 3. The shaded portion in Figure 12 represents the 
95% confidence interval of the saturation equation based 
on the parameters p,,, and K, estimated by Robinson et al.’ 
for P. aeruginosa in suspended culture. The data points 
outside the shaded region were obtained during the initial 
period (48-70 h) of the experiments in this study. The 
specific cellular growth rate of P. aeruginosa in the 
biofilm calculated for this initial period was greater than or 
equal to the maximum cellular growth rate of P. aerugi- 
nosa reported for other studies in suspended and biofilm 
 reactor^.^,'^ During this initial period, however, accurate 
measurements of biofilm cellular carbon concentration is 
difficult because less than 80 mg/m2 biofilm had accu- 
mulated on the substratum. Alternatively, cells adsorbed to 
the substratum during this initial period may be more 
“active.” The increased activity may be due to a higher 
substrate flux than that experienced by suspended cells due 
to mass transfer effects or may indicate that the initial col- 
onizers are cells with higher growth rates. 

Calcium is required for growth of many, and probably 
all, bacterial species. I5,l7 Results from a separate study4 in- 
dicate that the maximum specific cellular growth rate pm 

0 5 10 15 20  
GLUCOSE CARBON CONCENTRATION (mg I’) 

Figure 12. Biofilm specific cellular growth rate as function of glucose 
carbon concentration. Shaded portion represents 95% confidence interval 
of Monod equation based on parameters (H, and K,) estimated by P .  
ueruginosu in suspended culture: (O,.) 50 mg/L; (El, .) 25 mg/L; 
and (0) 0.4 mg/L calcium. 

for P. aeruginosa (suspended culture) in the presence of 
25 mg/L was approximately 16% higher than that with 
calcium at 3.2 mg/L. The cellular growth and reproduc- 
tion were monitored by measuring cumulative oxygen up- 
take in a respirometer. Therefore, higher biofilm cellular 
accumulation in presence of 25 and 50 mg/L calcium in 
the dilution water, as compared to 0.4 mg/L calcium, may 
be at least partially due to a difference in p, for P. aerugi- 
nosa in the biofilm. 

Cellular Detachment Rate 

In Figure 13, the ratio of specific cellular detachment 
rate to specific cellular reproduction rate is plotted as a 
function of time for three different calcium concentrations 
in the dilution water. This ratio represents the fraction of 
cells produced in the biofilm that detach. At steady state, 
specific cellular detachment rate equals specific cellular re- 
production rate, and the ratio will be unity. The data indi- 
cate that a major portion (>92%) of the attached cells 
growing under 0.4 and 25 mg/L calcium are detaching 
and the system is approaching steady state. The cellular 
carbon accumulation rate (d&/dt)  at 0.4 and 25 mg/L 
calcium also seems to be approaching zero (Fig. 7). A 
lesser fraction of cells at 50 mg/L detach (as little as 
72%). The reduced detachment at calcium concentration of 
50 mg/L may be explaind as follows: (a) cellular accumu- 
lation rate (within the experimental period) at 50 mg/L 
calcium was increasing exponentially with time (Fig. 7) 
and (b) specific cellular growth rate was significantly 
greater than specific cellular detachment rate. Thus, cells 
accumulating at 50 mg/L calcium tend to stay, or “stick,” 
to a greater extent. Cellular detachment appears to be in- 
fluenced by calcium concentration and may be controlling 
the biofilm accumulation rate. Understanding biofilm de- 
tachment is therefore not only necessary to predict biofilm 
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Figure 13 Ratio of specific cellular detachment rate to specific cellular 
production rate as function of time: (0, ) 50 mg/L; (0, 0) 25 mg/L; 
and (0) 0.4 mg/L calcium. 
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behavior, but may also serve as a means to control biofilm 
activity or accumulation. 

Turakhia4 observed immediate detachment of P. aerugi- 
nosa biofilm when the free calcium in the biofilm was 
altered by the addition of the calcium-specific chelant. De- 
tachment was presumably caused by the removal of cal- 
cium important to biofilm structure. 

Specific EPS Production Rate 

Specific EPS production rate is a linear function of 
specific cellular growth rate in the biofilm (Fig. 14) as de- 
scribed by equation (8). The growth-associated EPS rate 
coefficient k is 2.07 mg EPS carbon/mg glucose carbon 
(SE 0.39), and the non-growth-associated EPS coefficient 
k’ is -0.02 mg EPS carbon/mg glucose carbon/h (SE 0.11). 
The non-growth-associated EPS formation coefficient k’ 
can be assumed to be neglibible as compared to the growth- 
associated EPS coefficient k .  

Robinson et al.’ reported that EPS production by P. 
aeruginosa in a suspended culture was growth- and non- 
growth-associated. The growth-associated EPS formation 
coefficient (0.27 mg EPS carbon/mg glucose carbon) for 
P. aeruginosa in suspended culture was much smaller than 
that obtained for the biofilm organisms for this study 
(2.07 mg EPS carbon/mg glucose carbon). The result sug- 
gests that P. aeruginosa may increase its EPS production 
rate when immobilized in a biofilm. 

CONCLUSIONS 

The results of this study indicate that increasing calcium 
concentration in the growth medium significantly increases 
the rate and extent of P. aeruginosa biofilm accumulation. 
Calcium accumulated in the biofilm increased in propor- 
tion to the calcium concentration in the water phase. The 

”1 
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Figure 14. Specific polymer production rate as function of biofilm 
specific cellular growth rate. Straight line represents best-fit described by 
eq. (8): (0. O ) ,  50 mg/L; (BJ) 25 mg/L; and (0) 0.4 mg/L calcium. 

immobilized calcium increases the cohesiveness of the 
biofilm as reflected by the decreased detachment rate at 
higher calcium concentrations. The activity of P. aerugi- 
nosa, as indicated by specific growth rate and yield deter- 
minations, is the same as measured in a chemostat regardless 
of the calcium concentration. Pseudomonas aeruginosa in 
the biofilm, however, produced EPS at a higher rate than 
determined in a chemostat. There was no significant differ- 
ence in EPS production rate with calcium concentration. 
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NOMENCLATURE 

A 
RT 
D 

k 
k‘ 

P 

Q 

KS 

pb 

q S b  

9dP 
9w 
qPb 

S 

TOC, 

V 
X 

s, 

t 

TOC,,” 

xb 

YPIS 

YXIS 

F 

F m  
F b  

surface area 
RotoTorque reactor 
dilution rate 
volumetric flow rate 
biofilm growth-associated polymer formation rate Coefficient 
biofilm non-growth-associated polymer foxmation rate coefficient 
saturation coefficient 
polymer carbon concentration 
biofilm polymer carbon areal density 
specific substrate removal rate in biofilm 
specific polymer carbon detachment rate from biofilm 
specific cellular carbon detachment rate from biofilm 
specific polymer carbon formation rate in biofilm 
influent glucose carbon concentration 
reactor glucose carbon concentration 
time 
biofilm total organic carbon concentration 
liquid solution total organic carbon concentration 
volume of system 
cellular carbon concentration 
biofilm cellular carbon areal density 
yield coefficient of polymer carbon from substrate 
yield coefficient of cellular carbon from substrate 
specific cellular growth rate 
biofilm specific cellular growth rate 
maximum specific cellular growth rate 
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