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A phenomenological model has been developed to 
describe biomass distribution and substrate depletion 
in porous diatomaceous earth (DE) pellets colonized by 
Pseudomonas aeruginosa. The essential features of the 
model are diffusion, attachment and detachment tofirom 
pore walls of the biomass, diffusion of substrate within 
the pellet, and external mass transfer of both substrate 
and biomass in the bulk fluid of a packed bed containing 
the pellets. A bench-scale reactor filled with DE pellets 
was inoculated with P. aeruginosa and operated in plug 
flow without recycle using a feed containing glucose 
as the limiting nutrient. Steady-state effluent glucose 
concentrations were measured at various residence 
times, and biomass distribution within the pellet was 
measured at the lowest residence time. In the model, 
microorganism/substrate kinetics and mass transfer 
characteristics were predicted from the literature. Only 
the attachment and detachment parameters were treated 
as unknowns, and were determined by fitting biomass 
distribution data within the pellets to the mathematical 
model. The rate-limiting step in substrate conversion 
was determined to be internal mass transfer resistance; 
external mass transfer resistance and microbial kinetic 
limitations were found to be nearly negligible. Only 
the outer 5% of the pellets contributed to substrate 
conversion. 0 1993 John Wiley & Sons, Inc. 
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INTRODUCTION 

A broad range of process configurations, microbial pop- 
ulations, and conditions have been used for biological 
treatment of a variety of wastewaters. Contaminated ground- 
water has also been treated by some of these methods, 
including activated sludge, sequencing batch reactors, soil 
slurry reactors, and a broad variety of attached or immo- 
bilized biomass systems. In the attached biomass systems, 
an impermeable substratum is provided as a colonization 
surface upon which a biofilm is allowed to form. Contami- 
nants diffuse into the biofilm and are degraded, and biofilm 
growth proceeds until sloughing and erosion of biofilm 
cells result in a steady-state thickness. In immobilized 

*To whom all correspondence should be addressed. 

biomass systems, cells are trapped in an immobilization 
matrix such as alginate or p~lyurethane,’~ and cell growth 
and detachment are limited by the presence of the matrix. 
Models for these systems have been developed on the 
basis of effectiveness fa~tor,~,’~,*’ and generally assume a 
constant biomass density throughout the active portion of 
the system-the biofilm in the former case, and the entire 
matrix in the latter. 

Attempts to maximize surface area available for mi- 
crobial colonization per volume of reactor have led to 
the use of porous media for microbial stabilization. One 
such medium is a diatomaceous earth (DE) pellet. An 
expected benefit of such porous pellets is a degree of pro- 
tection for interior colonized organisms from both surface 
shear conditions and microbial competition and predation. 
A nominal pore size of 20 p m  provides a high surface 
area, and yet does not seriously impede movement and 
colonization of all pellet interior surfaces (Fig. 1). Several 
researchers have focused directly on quantifying cell ad- 
sorption and biodegradation phenomena on manufactured 
DE pellets. Caunt and Chase4 developed bacterial adsorp- 
tion “isotherms” for DE pellets. The pellets compared 
favorably with sand, anthracite, and charcoal in their ability 
to attach and retain organisms. 

Under laboratory conditions, Andrews et a1.2 colonized 
DE pellets with organisms isolated from sewage sludge 
and selected for the capacity to degrade a mixture of 
benzene, toluene, ethylbenzene, and xylene (BTEX). Better 
than 90% reduction of benzene, toluene, and ethylben- 
zene was reported. No loss of inoculum was reported 
over time. Column influent was not natural groundwa- 
ter, however, but was tap water with contaminant added. 
Similarly, Attaway2’ successfully degraded a 700-ppm phe- 
nol/formaldehyde mixture with microorganisms isolated 
from sewage sludge and inoculated onto DE pellets. Again, 
influent was tap water. 

Friday et a1.8 successfully degraded trichloroethylene and 
dichloroethylene in groundwater using DE pellets colonized 
with an inoculated Pseudomonas cepacia strain. Influent 
cell concentrations and alternate sources of organic carbon 
are not reported, but the experiment covered only 14 hours, 
insufficient time to observe significant competitive losses 
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Figure 1. 
is at pellet center. Scale bar at lower right is 2 p m .  

Scanning electron micrograph of pellet interior. Section shown 

of the inoculated organism. Pettigrew et al.14 found that an 
inoculated chlorobenzene degrading organism was outcom- 
peted after 2 weeks where influent groundwater contained 
a wide range of aromatic compounds and approximately 
100 ppm total organic carbon as well as a significant native 
microbial population. In prior experiments, the inoculated 
pseudomonad survived on chlorobenzene as the sole carbon 
source for 2 weeks in a chemostat without competitive 
pressures. l4 

Clearly, a process model for these supports cannot as- 
sume a constant biofilm or biomass density, due to at- 
tachment, detachment, and transport of cells within the 
pellets. The current research was performed to determine 
the feasibility of using these supports for microorganisms 
which degrade groundwater contaminants, with the goal 
of predicting and optimizing reactor performance. The 
following specific objectives were identified: 

1. Measure spatial variations in bacterial density within 
the pellets during steady-state operation of an upflow 
aerobic packed-bed reactor. 

2. Evaluate the steady-state performance of the reactor 
as a function of residence time. 

3. Develop a model to predict bacterial growth, spatial 
distribution, substrate removal, and substrate flux into 
the pellets from parameters such as loading rate 
and intrinsic chemical and microbial characteristic 
parameters. 

resuspended in sufficient sterile mineral salts buffer to fill 
the reactor systems. 

The packing used in this study consisted of Manville 
R-635 diatomaceous earth (DE) pellets (Manville, Inc., 
Lompoc, CA). These cylindrical pellets were approximately 
6 mm in diameter and 4 to 8 mm in length. Mean pore di- 
ameter was 20 p m  with more than 70% of the pore volume 
falling in the 10-30 p m  range. The total internal surface 
area was reported to be 0.27 m2/g, or about 0.35 m*/pellet. 
Additional characteristics are listed in Table 11. 

In the test system, two cylindrical reactors of length 
9.0 cm and diameter 3.4 cm (Fig. 2) were filled with DE 
pellets and autoclaved at 121°C for 1 hour. About lo1' 
cells of P. aeruginosa were inoculated into the reactors, and 
cells were allowed to colonize the surfaces of the pellets 
by recirculation of the inoculum for a period of 4 days. 
Following inoculation, the reactor volume was displaced in 
once-through mode by addition of a nutrient medium satu- 
rated with dissolved oxygen and containing the constituents 
shown in Table I. At this glucose concentration, oxygen 
was present in excess. Feed was started at 0.6 mL/min and 
maintained for 3 days. At this time, one of the reactors was 
disassembled for sampling of the pellets. The flow rate to 
the other two reactors was incrementally increased to 2.0, 
3.0, 4.0, 5.0, 6.4, 9.0 and 12.0 mL/min, and the system was 
allowed to reach a new steady-state at each flow rate. At 
the end of the study, the reactors were also disassembled 
and pellets removed for analysis. 

Pellets removed from the reactors at the end of the 
lowest and highest flow rate experiments were sectioned for 
microbial counting. A section consisting of approximately 
the outer 1-mm shell was removed by slicing off 1 mm 
from each end, and 4 to 6 slices parallel to the cylindrical 
axis constituting the outer 1 mm of the radius. The volume 
of the fragments was determined by displacement in sterile 
water, and the fluid/pellet mixture was then homogenized 
and serially diluted for spread plating on R2A agar. This 
process was repeated for an intermediate 1-mm shell, and 
for the remaining pellet core. Cell counts were normalized 
to a basis of cell number per volume of pellet sampled. 
Cell counts were converted to biomass concentration by 
multiplying by a constant factor of g cell dry mass 
per cell.17 Samples were also plated on Pseudomonas- 
selective agar and on MT7 to test for maintenance of a 
pure culture. No contamination was identified. 

At each flow rate, liquid effluent samples were passed 
through a 0.2-pm filter, and the glucose concentration was 
determined using an enzymatic assay (Sigma Diagnostics, 
St. Louis, MO). 

EXPERIMENTAL METHODS 

Cell suspensions for inoculation were made by mixing 
0.1 mL Pseudomonas aeruginosa frozen stock culture, 
1 mL of 100-ppm glucose solution, and 100 mL sterile 
mineral salts buffer (pH 7) and incubating at 35°C for 
48 hours. After centrifugation for 20 minutes at 17,OOOg, 
the supernatant was discarded and the cell pellet was 

MATHEMATICAL MODEL 

The approach taken in the porous pellet model developed 
here is to couple two material balances: a microscopic 
material balance on substrate and biomass within the porous 
pellet, and a macroscopic material balance on substrate 
within the bulk fluid over the volume of the reactor. The two 
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Figure 2. Schematic of reactor system. During experiments, operation was in once-through mode. Recycle streams were used only during inoculation. 

balances are coupled through the substrate flux boundary 
condition at the outer surface of the pellet. 

Macroscopic Material Balances 

The unsteady-state macroscopic material balance on any 
constituent “i” within the bulk fluid of a bioreactor can be 
written as: 

(1) 
where Q and Ci0 and the volumetric flow rate and inlet 
constituent concentration, and Ci, J i ,  and ri are the concen- 
tration, flux, and production rate of the constituent within 
the reactor respectively. For a well-mixed reactor (CSTR), 

Table I. Media solution for column reactor feed. 

Compound Concentration (mg/L) 

15 
7.2 
2.0 
0.001 
0.1 
0.008 
0.002 
0.001 
0.112 
0.4 

11.0 
213 
204 

aAdded after sterilization. 

Eq. (1) reduces to: 

The corresponding version in a plug flow reactor (PFR) is: 

dCi + I dC. = - j i U  + T i ,  

d t  d0 (3) 

Thus, Eqs. (2) and (3) represent the hydrodynamic extrema 
for a packed-bed reactor. As will be shown, they also 
produce very different behavior. The key constituents in this 
system are substrate, oxygen, and biomass. Their reaction 
rates are related through the yield coefficient@): 

rx = -rsYxls = -ro,Yxlo. (4) 

Oxygen was supplied in excess of the stoichiometric re- 
quirement for mineralization in these experiments, so that 
its effect on growth rate can be neglected. Thus, substrate 
depletionbiomass production kinetics are assumed to be of 
the form of Monod kinetics for a single limiting substrate. 
Thus, r,X is given by: 

rgx = Hx. 
Ks + S ( 5 )  

To complete the solution to the macroscopic balances, it 
will be necessary to evaluate the flux terms (Jx  and Js) via 
solutions to a microscopic material balance applied to the 
individual pellets. 

Microscopic Material Balances 

For modeling purposes, the cylindrical pellets (approx. 
6 mm long, 6 mm diameter) were considered as spherical 
particles of 3-mm radius. Thus, the modeling equations 
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could be reduced to a one-dimensional form, with radial po- 
sition as the single independent variable. Because biomass 
within the pellets is present in both planktonic (free- 
swimming) and sessile (attached to the pore wall) forms, 
each biomass component was considered in a separate 
material balance. These are coupled through a first-order (in 
suspended biomass) attachment term and first- and second- 
order detachment  term^.'^,^' Due to the small pore sizes, 
gradients within the pores can be neglected, and the sessile 
and planktonic organisms were assumed to be exposed to 
the equivalent substrate concentrations at each particular 
point. 

Several modifications to traditional growth and diffusion 
rate expressions were required to incorporate the effects 
of constricted pore space. First, effective diffusivity was 
calculated on the basis of molecular diffusivity, reduced 
by porosity and tortuosity, as modeled by Satterfield." 
Second, biomass accumulation within the pore space can- 
not be considered to be unlimited. To account for this 
phenomenon, the specific growth rate was modified by 
a logistic expression in the biomass balances. Finally, 
biomass concentration was expressed on the basis of cell 
mass per unit of pellet volume, rather than per unit of 
pore (liquid) volume. With these modifications, a system 
of differential equations describing a time evolution of the 
substrate and two biomass components are: 

with intrapellet specific growth rate given by: 

Boundary conditions for these equations consist of a zero- 
flux condition at the pellet center (radial symmetry) and a 
mass flux term at the outer pellet radius: 

A summary of coefficients used in these equations is given 
in Table 11, along with values used in this study. 

Dimensionless Form 

The micro- and macroscale balances were made dimension- 
less using R 2 / D s e  for the time scale, Ds,YKs/R2pu,  for 
biomass concentration, KS for substrate concentration, R for 

Table 11. Parameters used in the development of the model, values for 
the experimental system studied, and sources of the values. 

Parameter Description Value in this study Ref. 

Total pellet outer surface 
area 
Pellet surface area per 
liquid volume 
Reactor liquid volume 30 cm3 
Macroscale porosity 0.33 
Pellet porosity 0.50 
Pellet tortuosity 2.00 
Substrate diffusivity 7 x cm2/s-l 
Biomass diffusivity I x 10-5 cm2/s-I 
Pellet radius 0.31 cm 
Influent substrate 15 mg/L 
concentration 

Maximum specific 0.4 h-' 
growth rate 
Specific cell death rate 2% of pm 

Half-saturation coefficient 2.0 mg/L 
Effective substrate 1.8 X cm2 s - I  
diffusivity 
Effective biomass diffusivity 5.0 x 10-6 ,,2 s - I  

Carrying capacity for the 
intrapellet cell biomass 35 mg/cc 

600 cm2 

20.3 cm-' 

Biomass yield 0.3 d g  

a 

a 

a 

20 
20 

24 
5 

b 

a 

a 

17 
17 

b 

17 
18, 24a 

5, 1sa 

12 

a n i s  study -measured or calculated values. 
bThis study-estimated. 

distance, and V / Q  for residence time. With this conver- 
sion, the macroscopic and microscopic balance equations 
become: 

%J 9 

aSB aSB aSp -7- S B  

at ad a i  11-1 1 + --K- 7- + - = 

(14) 
asp SP ep- = 9 2 S p  - -(t + 2J, ai 1 + s p  

aAa 
ai - =  -y2: + ( A  - /?)& + a2s (16) 

where 

h = ( p p -  1 kp - u p  ) ( 1  - -$% + x u )  9 9 (17) 

The macroscale equations have boundary conditions: 

&,&o = 0. 
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The microscale equations have zero flux at r = 0, and: 

Definitions for the dimensionless parameters are summa- 
rized in Table 111. 

Asymptotic Results: Microscopic Balances 

At steady-state, the time derivatives in Eqs. (12)-(16) 
become zero. One can solve Eq. (16) for & in terms of 
S p  and &, thus obtaining two differential equations for ks 
and S p .  The microscopic balance equations are coupled to 
the macroscopic balance Eqs. (12)-(13) only through the 
boundary conditions (20)-(21). The goal is to determine 
a relationship between the pellet substrate flux and pellet 
substrate concentration at the boundary of the pellet. 

The dimensionless parameter, d J ,  is of order (Id) ,  which 
gives a boundary layer of order l/dJ at 3 = 1 for the steady- 
state versions of Eqs. (14)-(16) (see Fig. 5). Using the 
stretched variable (see ref. 11) z = d J ( ?  - l), the leading 
order boundary layer equation is given by 

where 

SP 

1 + S p  
f(s) = p p -  - u p  and f = dJ2y. 

We must solve (22) for z E (-m, 0) to obtain a bounded 
solution satisfying 

S p l z = o  = S P l i = I .  

Table 111. 
values, and source. 

Dimensionless groups arising from model development, 

295 

Var. 
Var. 
Var. 
355 
Var. 
7.12 
Var. 
2.78 

Source 

Fit to data 
Fit to data 
Fit to data 
Fit to data 
Fit to data 

Table I1 
Table I1 

Fit to data 

Table I1 
Table I1 
Table I1 
Table I1 
Table I1 
Table I1 
Table I1 
Table I1 

aVariable-parameter value depends on reactor residence time. 

A simple phase plane analysis shows that for S p ( z )  to 
remain bounded, it must be the case that S p ( - m )  = S; 
where 

s* = f f P  + P 
p P  - f f P  - P ’  P 

The solution to this boundary value problem gives a 
nonlinear relationship between the substrate concentration 
and its gradient at 3 = 1. However, over the range S; < 
j p  < 1, the curvature is not great and we find that the 
relationship is well approximated by the result obtained 
by linearizing the right-hand side of (22) about S p  = S;. 
Doing so, to leading order in l/dJ, we find 

where 

Macroscopic Balances 

When T and S; are small, Eqs. (12), (22), and (20) can be 
rearranged to: 

Consequently, 

Because the terms which multiply SB in Eq. (26) are 
assumed to be independent of position in the reactor, they 
collectively represent a first-order decay coefficient, which 
can be written as 

The asymptotic approach to the microscale equations as out- 
lined above is independent of the macroscale hydrodynamic 
model. Setting 4 = 1 at the reactor effluent, solutions to the 
two forms (PFR and CSTR) of the macroscopic balances 
result in: 

for the plug flow model and 

1 
so,, = s,- i + r  

for the CSTR model. 
As defined in Eq. (28), r depends on reactor overall 

residence time (00) through the parameters K and I)s. While 
K is directly proportional to 00 (Table III), the dependence 
of I)s on residence time is less obvious. 
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The mass transfer coefficients, kfs  and kfx  were estimated 
from the relationship used by Jennings" for flow through 
a packed bed: 

With the appropriate substitutions for superficial velocity 
in terms of reactor geometry, and using parameter values 
from Table 111, kfs  and kfx  may be expressed as: 

kfs  = 0.026780-'", kfx  = 0.0337801/4, (33) 

A scale factor, 7, has been introduced, representing the 
ratio of measured to predicted mass transfer coefficients. 
Using these expressions and substituting the dimensional 
forms for K and i ) ~ ,  r can be shown to depend on B0 
according to the form: 

(34) 

where A l  and A2 are given by: 

and 

(36) 
0.0267 R 

A2 = 
4* mt! 

Parameter Estimation 

The coefficients A1 and A2 both contain the unknown scale 
factor v, while A2 also depends on +*, which depends 
on the unknown parameters p and y ,  the dimensionless 
first- and second-order detachment coefficients. Because 
none of these parameters may be determined a priori from 
microorganism characteristics or reactor configuration, they 
must be determined empirically. The approach used in this 
study was as follows. 

1. The scale factor, 7 ,  was set to 1.0 in Eq. (33), and 
the bulk solution biomass concentration at the reactor 
effluent was assumed equal to Y ( &  - Sout). With 
these two assumptions, the parameters, a, p, and y 
remain as unknowns in the microscale equations. 

2. Because the intrapellet biomass distribution data re- 
flect volume averages over the respective pellet sec- 
tions, the microscale equations were integrated to 
provide inner, intermediate, and outer shell volume 
averaged biomass densities. 

3. Numerical continuation methods6 were used to vary 
the parameters a, p, and y so as to match the 
numerical solution to the experimental biomass data. 
Because the experimental data gives a volume aver- 
age biomass density for each of the inner, middle, 
and outer portions of the pellet, continuous biomass 
density functions determined from the solutions to 
(15) through (19) were also volume averaged. 

4. The values of a, p, and y were used to calculate Sf, 
and 4*.  

'"I measured 

E 1 ° L  

outer 
1 

middle inner 

pellet section 

Figure 3. Volume-averaged biomass density as a function of pellet 
position: model (asterisk) and experimental (empty square). Error bars 
represent high/low range from a total of 6 pellets per data point. 

5. Nonlinear least-squares regression of Eq. (34) with 
the experimental substrate concentration data was 
performed to determine a value of 7. 

RESULTS 

Using the experimental data for biomass distribution as 
shown in Figure 3, estimates of parameters a, p, and 
y were obtained, and are listed in Table 111. The error 
bars shown in Figure 3 represent high and low ranges 
for 6 pellets per data point. The lack of superb fit at 
the inner pellet core can be attributed to the method of 
measuring cell mass. Plate count methods have been shown 
to work well for enumerating active microbial cultures. 
In a starved condition, however, viable cells may not 
recover sufficiently to grow on solid media, while they 
do recover under other environmental conditions. Hence, 
the inner core data probably underestimate the biomass 
density. Conversely, cell dwarfing is commonly observed 

; 
0 2 4 6 8 1 0 1 2 1 4  

residence time, min 

0.01 

Figure 4. Semilogarithmic plot of effluent glucose concentration versus 
reactor fluid residence time. Error bars on experimental data represent 2 
one standard error of at least three measurements of duplicate columns. 
Curves represent results of nonlinear regression of a s .  (29) and (30) using 
data for residence time below 10 minutes. 
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under starvation conditions, and the conversion factor used 
for cells to biomass is for actively growing cells. This error 
would result in an overestimate of cell mass. An additional 
bias may have been introduced in that only pellets which 
did not shatter upon sectioning were analyzed. 

The experimental data for effluent substrate concentration 
as a function of reactor residence time are shown in 
Figure 4, along with results of the nonlinear regressions 
performed using the PFR and CSTR macroscopic balances. 
It can be seen that the PFR model fits the experimental data 
reasonably well, while the CSTR model does not. This re- 
sult is not unexpected, considering the configuration of the 
experimental system. However, plug flow hydrodynamics 
are difficult to obtain under laboratory conditions, so it was 
felt that both models should be included in order to provide 
an envelope for operating conditions. Tracer studies on 
the reactor (not shown) also matched plug flow conditions 
better than complete mix, but some dispersion phenomena 
were apparent. 

As is seen in Table 111, the scale factor is 1.43, 
well within 50% of the value obtained from the Jennings 
relationships. Potential adjustments to the relationship may 
be made by including a shape factor for the packing 
material, which is probably appropriate for the cylindrical 
pellets.’ In addition, the porosity of the pellets and their 
relatively large pore size (e.g., compared with activated 

10000 ; 

1000; 

0.6 

0.5 

0.4 

$ 0.3 
n 

0.2 

0.1 

t 
0 

I 
d 

n 

a 

! 
100000 1 I 

0 u 
.K 

0 

0 
c c 

10 J 
0 0.2 0.4 0.6 0.8 1 

radial position 

carbon) may allow advection through a small film on 
the outer surface of the pellet, thus reducing the outer 
boundary layer thickness, and increasing mass transfer 
within the pellet above the diffusive flux alone. Separate 
measurements of hydraulic conductivity of the packed bed 
reactor and of single uncolonized pellets were made, and 
advection through the whole pellet was small in comparison 
with diffusion for substrate, oxygen, and motile cells.20 
However, this does not preclude some advective transport in 
the outer pellet shell. The calculated external mass transfer 
boundary layer thickness based on the Jennings relationship 
is on the order of 0.025 cm, compared with 0.017 cm 
from the experimental data. The difference, about 70 pm,  
may partially be attributed to penetration of the boundary 
layer into the pellet. These two phenomena are probably 
sufficient to increase mass transfer by the necessary amount 
to account for the higher value of the experimentally 
determined k f s .  

The substrate and biomass profiles within the pellet based 
on these parameters and on the results of the reactor analysis 
are shown in Figure 5. Clearly, over 90% of the activity of 
the system is located in the outer 5% of the pellet volume. 
An effectiveness factor can be defined in several ways for 
such a system because the “catalyst” distribution within the 
pellet is nonuniform. If effectiveness factor is calculated 
on the basis of an ideal pellet having C throughout the 

16 1 I 

154 I 
0 0.2 0.4 0.6 0.8 1 

radial position 

100000 1 

10 
0 0.2 0.4 0.6 0.8 1 

radial position 

Figure 5. Profiles of dimensionless parameters (a) substrate, (b) suspended biomass, (c) attached biomass, and (d) total biomass within the pellets. 
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volume, values on the order of lo-’ and lower are obtained. 
If the effectiveness factor is calculated on the basis of 
the “catalyst” distribution, as shown in Figure 5(d), values 
on the order of are obtained. Thus, only a very 
small fraction of the pellet is actually involved in substrate 
conversion, and the pellet interior acts as a “storage area” 
for a cell inoculum. 

DISCUSSION 

The relative importance of kinetic and mass transfer limita- 
tions can be seen through the values of the Sherwood num- 
ber ($s) and Thiele modulus (+), which were determined 
to exceed 50 and 500, respectively. Internal mass transfer 
resistance (to the center of the pellet) is nearly two orders 
of magnitude higher than kinetic or external resistance, 
which results in the observed limited zone of activity in 
the outer pellet shell. Further, mass transfer limitations 
around the pellet exterior dominate over kinetic limitations 
within the limited reaction zone. Increasing the Sherwood 
number is theoretically possible by adding a recycle stream 
and increasing the superficial velocity. However, the weak 
dependence of the mass transfer coefficient on velocity 
means that extremely high recycle ratios would be required 
to achieve even a small increase in $s. Decreasing the pellet 
radius would actually decrease $s further ($s cx R1’4). 
However, the overall performance would improve, because 
K a R - 2 .  

The performance of this system is similar to the ex- 
pected performance of a system consisting of similar-sized 
impermeable spheres with a mature external biofilm. In 
comparison to the porous pellets, however, an impermeable 
sphere would, by definition, have zero effectiveness, mass 
transfer to the biofilm in the liquid boundary layer may 
not be as efficient, and the biofilm would be subject to 
catastrophic loss (sloughing) in the case of a shock load 
or hydrodynamic change. In the latter case, reinoculation 
and regrowth might be required, whereas the pellet could 
conceivably regrow from its own internal inoculum. 

The limitations of the model to design and analysis of 
pellet-immobilized bioreactors result primarily from the 
assumptions made in the model development: 

1. “Pellets may be adequately modeled as spherical 
particles.” This assumption has two ramifications. As 
indicated above, only a thin outer shell is involved 
in substrate consumption. thus, the pellets can nearly 
be modeled as a flat plate. The difference in specific 
surface area appears only in the macroscale balance, 
and the cylindrical pellet shape was taken into account 
in the value used in this study (Table 11). The second 
ramification is in calculation of the external mass 
transfer coefficient: irregularly shaped packing will 
improve mass transfer over what would be found 
with spherical packing of the same overall specific 
surface and porosity. Thus, as was found in this study, 
reactor performance will actually be slightly better 
than predicted. 

“Intrapellet transport is described by diffusion.” Al- 
though hydraulic conductivity measurements confirm 
that advective transport may be neglected,” more se- 
rious errors would occur as the flow rate (and, hence, 
the Reynolds and Peclet numbers in the system) 
increase. Advective transport will increase the total 
substrate flux over what is predicted by a diffusive- 
transport-only model, again improving reactor perfor- 
mance past model prediction. We have also assumed 
isotropic diffusivity-that is, chemotaxis of cells 
within the pellet can be neglected. The result of 
this assumption is that we have overestimated the 
cell concentration in the pellet interior, as shown in 
Figure 3. 
“Hydraulic conditions are plug flow.” As can be seen 
from Figure 3, the plug flow model was inadequate at 
long residence times. In addition to the dependence 
of mass transfer on residence time [Eq. (33)], axial 
dispersion and diffusion and channeling of the fluid in 
the reactor will all cause greater breakthrough in the 
reactor over the model predictions from Eq. (29). Ad- 
justments to the macroscopic balance will be required 
to accommodate these conditions. 

The modeling strategy used here differs in two respects 
from the effectiveness factor approach that is traditionally 
used. First, the solutions presented by Fink et al.’ assume 
a constant catalyst density throughout the reactive zone. 
Similar approaches are taken by Skowlund” and in the 
more complex multispecies model presented by Wanner 
and G ~ j e r . ~ ~  With the current length scale used in this 
model (the pellet radius, R), this assumption is clearly 
unwarranted. The approach could be corrected by using 
a length scale of 8 ,  the outer pellet shell thickness where 
the biomass concentration is effectively C .  However, this 
thickness is not known, nor can it easily be measured. 

Second, the use of an overall effectiveness factor in the 
mass balance equations results in an equation of the form: 

where TO is also a function of 2~ through the modified 
Thiele modulus, +f, given by: 

1 12 

9f = +(A) 
Determination of 770 from the three parameters +, +f, and 
$s requires either a numerical solution or graphical solution 
as presented by Fink,’, or an approach as suggested by 
Grady and Lim,’ 

TO = a+; (39) 

where a and b are determined from the graphical results 
presented by Fink.7 Thus, Eq. (37) cannot be solved an- 
alytically. While numerical solutions do not represent a 
serious deterrent, they will depend on obtaining a value 
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for S .  As shown above, S is also a function of the pellet 
boundary substrate concentration, and hence, a function 
of the Sherwood number and bulk solution concentration. 
Even with limiting cases such as presented by Skowlund,” 
the need for a value for the representative length remains. 
The approach taken by the model presented in this study is 
much simpler to use, the obviates the need for a boundary 
layer thickness determination. 

Extrapolation of this model to other systems should be 
made with some care. In particular, the final form of the 
proposed model incorporates the linearization scheme used 
to develop Eq. (24). In considering application to recalci- 
trant substrates, the Thiele modulus (4 )  would not be nearly 
as large, and a full numerical solution to the microscale 
balances might be required. However, the approximation 
will be appropriate for Thiele modulus values above 100. 
Further study is warranted for those systems which would 
be expected to be severely kinetically limited. 

CONCLUSIONS 

A phenomenological model for diffusion and reaction 
of both substrate and biomass within porous pellets 
can be used to predict the qualitative distribution of 
biomass within the pellet, as well as predicting the 
mass transport and conversion of both substrate and 
biomass. 
Internal mass transfer was found to be the rate- 
limiting step in overall substrate conversion, with 
external mass transfer and microbial kinetics provid- 
ing negligible resistance to glucose conversion. 
Only a small fraction of the total pellet volume was 
utilized effectively for biomass colonization and glu- 
cose utilization. Due to the severe diffusion limitation 
within the pellets, much smaller pellets would be 
expected to have a much higher efficiency. 
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NOMENCLATURE 
specific surface area (L-’) 
total reactor surface area (L~) 
maximum intrapellet biomass concentration (M L - 3 )  
effective substrate diffusivity (Lz t - I )  
effective biomass diffusivity (L2 t - I )  
biomass to substrate diffusivity ratio (as defined in Table 111) 
Substrate flux into the pellet (M L-* t - ’ )  
Biomass flux into the pellet (M L-’ t - I )  
Monod half-saturation coefficient (M L-3)  

attachment rate coefficient ( t - ’ )  
first-order detachment rate coefficient ( t - ’ )  
second-order detachment rate coefficient (L3 M-’ t - ’ )  

external mass transfer coefficient for substrate ( L  r - ’1  
external mass transfer coefficient for biomass (L t - l )  
superficial velocity (L t - ’ )  
production rate of species “i” (M L-3  t - ’ )  

intrapellet radial position (L) 
pellet radius (L) 
Reynolds number for a packed bed (4Rq/(l - 4, )~)  

substrate concentration (M L - 3 )  
substrate concentration in the bulk fluid (M L - 3 )  
intrapellet substrate concentration (M L - 3 )  
reactor influent substrate concentration (M L-3)  
Schmidt number for substrate v/Ds 
Schmidt number for biomass v/Dx 
time ( t )  
reactor volume ( L ~ )  
biomass concentration (M L - 3 )  
biomass concentration in the bulk liquid (M K 3 )  
intrapellet attached biomass concentration (M L - 3 )  
intrapellet suspended biomass concentration (M L - 3 )  
biomass yield (g/g) 
bulk substrate concentration ( S B / K S )  
intrapellet substrate concentration (Sp/Ks) 
time (tDse/R2) 
biomass concentration in the bulk liquid (XeR2pm/Dse YKs)  
intrapellet attached biomass concentration (XaRZpm/Dse Y K s )  
intrapellet suspended biomass concentration (XsR2pm/Dse Y K s )  

Greek symbols 

attachment rate parameter (as defined in Table 111) 
first-order detachment parameter (as defined in Table 111) 
second-order detachment parameter (as defined in Table 111) 
substrate removal rate parameter (as defined in Table 111) 
internal high biomass boundary layer (L) 
reactor macroporosity (as defined in Table 11) 
pellet microporosity (as defined in Table 11) 
scale factor for mass transfer relationships (as defined in Eq. (33)) 
effectiveness factor (as defined in Eq. (37)) 
residence time at a point in the reactor ( t )  

total reactor residence time (t) 
residence time parameter (as defined in Table 111) 
biomass decay rate coefficient ( t - ’ )  
maximum specific growth rate ( t - I )  
intrapellet specific growth rate ( t - ’ )  
kinematic viscosity of water (L2 t - l )  
pm relative to reactor timescale (as defined in Table 111) 
pm relative to pellet timescale (as defined in Table 111) 
Pd relative to reactor timescale (as defined in Table 111) 
jLd relative to pellet timescale (as defined in Table 111) 
ratio of reactor to pellet timescales (as defined in Table 111) 
Thiele modulus: ratio of kinetic and diffusive rates (as defined 
in Table 111) 
modified Thiele modulus (as defined in Table 111) 
substrate mass transfer parameter (as defined in Table 111) 
biomass mass transfer parameter (as defined in Table 111) 
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