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Laboratory-scale porous media biofilm reactors were 
used to evaluate the effect of biofilm accumulation, mea- 
sured as the average thickness along a 50-mm flow path, 
on media porosity, permeability, and friction factor. Media 
tested consisted of l-mm glass spheres, 0.70-mm sand, 
0.54-mm sand, and 0.12-mm glass and sand. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPseudomonas 
aeruginosa was used as inoculum and 25 mg L-' glucose 
substrate was continuously supplied to the reactor. Re- 
actors were operated under constant piezometric head 
conditions resulting in a flow rate decrease as biofilm 
developed. The progression of biofilm thickness followed 
a sigmoidal-shaped curve reaching a maximum thickness 
after zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-5 days. Media porosity decreased between 50 and 
96% with increased biofilm accumulation while permea- 
bility decreased between 92 and 98%. Porous media 
friction factor increased substantially for all media tested. 
Observations of permeability in the biofilm-media matrix 
indicate that a minimum permeability [ (3-7) X lo-* cm2] 
persisted after biofilm thickness has reached a maximum 
value. Such results indicate substantial interaction be- 
tween mass transport, hydrodynamics, and biofilm accu- 
mulation at the fluid-biofilm interface in porous media. 
Improved understanding of these interactions will lead to 
industrial and environmental applications in biohydro- 
metallurgy, enhanced oil recovery, and bioremediation of 
contaminated groundwater and soil. 

Introduction 
The dynamics of microbial populations in porous media 

provide significant opportunities for improving the per- 
formance of industrial and environmental processes. The 
mining industry, for example, is developing methods for 
microbially enhanced leaching of metals from ores and 
recovery of metals from solutions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1). The petroleum 
industry is likewise interested in controlled biofilm accu- 
mulation to aid in enhanced oil recovery operations. De- 
liberate plugging of high-permeability zones (to prevent 
injection water from reaching the production well) is 
valuable (2,3) and can be accomplished by injecting cells 
and nutrients into the oil-bearing formation. Similarly, 
controlling biofilm accumulation is important to both in- 
jection and production well operation in order to avoid 
unwanted formation plugging near the well bore. Sub- 
surface biofilms also offer the potential for biotransfor- 
mation of organic compounds, thereby providing an in situ 
method (Figure 1) for treating contaminated groundwater 
supplies (4-6). The rate of biotransformation is strongly 
influenced by porous media mass-transport characteristics 
including media permeability and pore velocity distribu- 
tion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(3, as well as by biofilm surface roughness (8) and 
other variables that affect the delivery rate of substrate 
and nutrients to growing cells. 

Engineering and operational problems associated with 
these industrial and environmental systems require im- 
proved understanding of the interrelationship between 
porous media hydrodynamic properties and the accumu- 
lation rate and spatial distribution of biofilm. This paper 
presents results of an experimental evaluation of porous 
media biofilm accumulation and its effects on key hydro- 
dynamic variables including media porosity, permeability, 
and friction factor. 

Biofilm Accumulation, In porous media, as in other 
aqueous environments, microbial cells may exist in sus. 
pension or adsorb firmly to solid surfaces comprising the 
effective pore space. If favorable environmental conditions 
persist, adsorbed cells will grow and reproduce at  the 
surface, increasing the amount of attached biomass. 
Escher (9) observed that, under conditions of constant 
nutrient flux and laminar flow in capillary tubes, sorp- 
tion-related processes were governed by suspended cell 
concentration, while the growth process at the surface was 
a function of microbial surface concentration. 

If rates of cell adsorption and growth exceed the rate 
of desorption, a net accumulation of biomass will result 
on the surface. As the accurnulation process continues, 
additional cells may attach (and detach) directly to (from) 
the existing biomass surface. Attachment and detachment 
are probably the least understood processes affecting the 
accumulation of biofilm. Trulear and Characklis (10) and 
Chang and Rittman (11) used a first-order expression to 
model net detachment rate (i-e., detachment rate minus 
attachment rate) as a function of biomass. Speitel and 
Digiano (12) proposed adding a growth-related detachment 
rate term to the first-order biomass model to account for 
high detachment rates observed during periods of high cell 
growth. 

Particles of organic and inorganic material flowing in 
suspension may be removed by the attached biomass 
through filtration processes including diffusion, intercep- 
tion, and sedimentation (13). The entire deposit of cells 
and polymers, together with captured organic and inor- 
ganic particles, is termed the "biofilm". The amount of 
biofilm accumulation occurring in a porous media flow 
system is therefore the net result of the biomass adde 1. 
through adsorption, growth, attachment, and filtration less 
the amount removed by desorption and detachment 
(Figure 1). 

Individual biofilm processes are considerably more 
difficult to examine in porous media than in other common 
reactor geometries such as flasks, tanks, reservoirs, and 
pipelines. Biofilm growth, for example, is complicated by 
the nature of fluid and nutrient transport which, in porous 
media, occurs along tortuous flow paths of variable geom- 
etry. Similarly, the wide distribution of pore velocities 
introduces considerable variation in the processes of ad- 
sorption, desorption, attachment, and detachment. 

Measurement Methods. Recent investigations in- 
volving biofilm accumulation in porous media have tended 
to focus on the increased hydraulic resistanc? caused by 
biofilms, rather than direct measurement of accumulation 
or contributing component processes. Investigations 
documenting permeability reduction resulting from biofilm 
accumulation have been reported by practitioners working 
in petroleum recovery, disposal of treated wastewater, and 
recharge/recovery operations for water supply (14-21). 
These investigations address a wide variety of porous 
media, including core samples from field sites as well as 
synthetic media (e.g., glass spheres). Both pure and mixed 
bacterial cultures were used as inoculum. Substantial 
rec'uction in permeability (6595%) occurred in all cases. 
Torbati et al. (16) demonstrated that biofilm accumulation 
preferentially plugged larger pore spaces. Visual obser- 
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Figure 1. InJectlon/recovery scheme for enhancing in situ bioreme- 
dlation of contamlnated aquifer. Inset Identifies individual microbial 
transport processes that contribute to bbfllm accumulation and activity 
in porous media. 

vation of decreasing microbial mass downstream of the core 
entrance was reported in several of these investigations. 

A computational method for estimating the thickness, 
Lf, of porous media biofilm was presented by Rittman and 
McCarty (22) as part of a model of steady-state biofilm 
kinetics. Theoretical biofilm thickness is expressed in 
terms of substrate flux into the film, specific decay coef- 
ficient, average biofilm density, and yield coefficient. 
Rittman and McCarty also compared computed thickness 
values with corresponding thickness measurements from 
a laboratory porous media column reactor. Predicted 
biofilm thicknesses were found to slightly overestimate 
corresponding measured values, which were determined 
on the basis of observed organic carbon content of biofilm 
attached to individual reactor beads. 

As the model of Rittman and McCarty indicates, both 
thickness and mass density must be measured in order to 
completely quantify net biofilm accumulation (Le., the 
amount of attached biomass per unit surface area). Bakke 
(23) developed an optical method for measuring biofilm 
thickness and density in situ in capillary tube reactors 
under laminar flow conditions. The optical thickness ob- 
served in these experiments was subsequently corrected 
by using a geometric analysis of the light path through the 
sample and the refractive indexes of the sample and sur- 
rounding media (24). Time progression of biofilm thick- 
ness and spatial profiles within the reactor was also ob- 
tained by this method, which indicated that film density 
continued to increase even after the biofilm had reached 
a quasi-steady-state thickness. Substantial density in- 
crease with depth into the biofilm has also been observed 
(25). 

In our experiments, average biofilm thickness (measured 
along the 5-cm reactor) was the variable used to estimate 
net accumulation. The experimental porous media reactor 
(Figure 2) allowed optical measurements of biofilm 
thickness throughout the experiment. Enlarged photo- 
graphs of media particles showed no detectable difference 
in biofilm mass density during the 10-day duration of 
biofilm accumulation. Therefore, the effects of density 
variation on porous media hydrodynamics were not ex- 
plicitly evaluated. 

Hydrodynamic Variables. The accumulation of 
biofilm in porous media will result in the reduction in free 
pore space thereby affecting media hydrodynamic char- 
acteristics. Key hydrodynamic variables include the po- 
rosity, a, which measures the amount of free pore space, 
permeability, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI t ,  which describes the conductive properties 
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Figure 2. Experimental system for monitoring biofilm accumulation 
along rectangular porous media reactors. 

Table I. Hydrodynamic Equations Describing Flow in 
Porous Media 

equation description 

u =-Kdh/dL (1) Darcy's law 
k = K u / g  (2) intrinsic permeability 
a = V,/Vt (3) media porosity 

f(1 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa)Lu2 Carmen-Kozeny equation for head 
hL = (4) loss through porous media ea3 dg 

NR 

150 (1 - a) + 1.75 Carmen-Kozeny theoretical 
(5) equation for factor estimating 

porous media friction 
f =  

NR=du/v (6) porous media Reynolds number 

Terms 

variable 

K 
k 
dh JdL 

g 

U 

1 )  

c( 

VP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
VT 
hL 
I 
d 
0 
L 

NR 

description 

specific discharge 
hydraulic conductivity 
permeability 
piezometric gradient 
kinematic viscosity 
gravity constant 
porosity 
pore volume in media sample 
total volume of media sample 
head loss 
porous media friction factor 
diameter of media particles 
shape factor (usually 1) 
flow path length over which hL occurs (hLJL 

porous media Reynolds number 
is equal to piezometric gradient) 

units 

mm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS-' 
mm SF 
cm2 

m2 s-l 
9.8 m s-2 

cm3 
cm3 
m 

mm 

cm 

of the media, and friction factor, f ,  which quantifies fric- 
tional resistance. Hydrodynamic equations describing 
these three variables are summarized in Table I. 

Materials and Methods 

The experimental system (Figure 2) consisted of five 
parallel, horizontally mounted rectangular porous media 
reactors. Nutrients were supplied to the reactors under 
gravity flow from a constant-head mixing chamber. A 
constant piezometric head drop was maintained across the 
system throughout each experiment by locating the 
downstream end of each reactor effluent tube at an ele- 



Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAComposition of Nutrient Solution 

influent 
concn, g 

constituent m-s constituent 

glucose 25.0 (NH&M0,024*4HzO 
NH4Cl 7.2 FeS04-7H20 
MgS04.7HzO 2.0 ZnS04.7Hz0 
NazHP04 (buffer)" 213.0 MnS04.H20 
KHzP04 (buffer)" 204.5 CuS04.5H20 
CaC08 50.0 Na2B40,.10Hz0 
(HOCOCHJaN 0.40 

ODH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 6.8. 

influent 
concn, g 

m-s 

0.001 
0.112 
0.10 
0.008 
0.002 
0.001 

vation ranging between 2.7 and 16 cm below the level in 
the constant-head mixing chamber. Flow rate through 
each reactor varied in proportion to reactor permeability, 
which decreased substantially during the experiments due 
to biofilm accumulation. Piezometric head was monitored 
by vertical standpipe manometers located immediately up- 
and downstream from the reactor. Flow rate through each 
reactor was monitored volumetrically by using a graduated 
pipet located immediately downstream from the reactor. 

The thin rectangular geometry of the porous media re- 
actors permitted lox microscopic observation of biofilm 
accumulation occurring on porous media particles. Black 
and white photographs taken through the microscope lens 
were subsequentually studied by image analysis. The re- 
actors consisted of sand-sized particles encased in rec- 
tangular glass capillary tubes of varying thicknesses and 
50 mm in length. Both quartz sand and glass spheres were 
used zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas media. Median diameters for both sand and glass 
were 0.12, 0.54, and 1 mm with a coefficient of variation 
of approximately 15%. Sand (0.70 mm) was also included 
in the experimental measurement of permeability and 
porosity. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAll experiments used layers of media one to three 
particles in thickness. A light source enhanced the visual 
image of biofilm accumulation. Media were constrained 
by fine-mesh wire screen at  the reactor ends. 

Influent and effluent dissolved oxygen were measured 
periodically. Because large effluent samples could not be 
obtained, the Winkler method zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(26) for measuring dissolved 
oxygen was modified by reducing the volume of samples 
and all reagents to 10% of their normal amounts. The 
sodium thiosulfate titrant was likewise reduced from 0.025 
to 0.0025 N. 

Pseudomonas aeruginosa was used as inoculum in all 
reactors. The bacteria were cultured aerobically at 20 OC 
in a batch shake flask containing the nutrient solution 
described in Table 11. Ps. aeruginosa was chosen for these 
experiments because it forms a very uniform biofilm, which 
facilitates measurement of film thickness on porous media 
particles. Also, kinetic and stoichiometric coefficients for 
this organism are well documented (27). The entire reactor 
system was sterilized by autoclaving prior to inoculation. 
Reactor effluent was checked periodically for contamina- 
tion by other bacterial species by plate count procedures 
and subsequent identification of colonies with the API- 
NFT (Analytab Inc.) procedure. 

Biofilm cells were enumerated by removing individual 
reactor segments and homogenizing in distilled water. 
Image analysis and epifluorescent staining techniques (28) 
were used to count total cells directly from a sample of 
homogenized solution. A computer program (9) analyzed 
the raw data and gave the mean cell count from 10 fields 
of focus on a microscope slide and also gave the standard 
deviation. Biofilm total organic carbon (TOC) analyses 
were performed by standard methods using a Dohrmann 
Model 80 detector. Strong correlation was observed be- 
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Flgure 3. Comparison of cell counts and corresponding TOC mea- 
surements for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf s  . aeruginosa adsorbed to l-mm glass spheres under 
no-flow conditions. Measurements were then taken 8 h after Inocu- 
lation with 5 mL of solution at a concentratlon of lo* CellSlmL. 

tween total cell counts and corresponding TOC measure- 
ments (Figure 3). 

To facilitate the initial adsorption of Ps. aeruginosa, 5 
mL of concentrated inoculum (approximately lo8 cells/ 
mL) was injected into each reactor under steady-flow 
conditions. After an elapsed time equal to the reactor 
travel time, flow was stopped by clamping both ends of 
the reactor. After an 8-h period, the reactor was flushed 
to remove nonadsorbed cells, and a steady-flow condition 
was established to begin the experiments. 

Experimental Results 
Biofilm Development. Within 2-3 days after inocu- 

lation, a uniform biofilm of detectable thickness could be 
observed on the exposed edges of reactor media particles. 
Average biofilm thickness (L,) measurements were taken 
based on 8-10 thicknesses taken at equal intervals along 
the reactor (coefficient of variation of 10-15%). No ob- 
vious difference in biofilm thickness was detected between 
the upstream and downstream ends of the 5-cm reactors. 
Photographs of reactor contents (6) permitted more de- 
tailed examination of biomass distribution. Two days after 
inoculation, a biofilm of approximately 15-pm thickness 
had developed on the visible edges of the 1-mm glass 
spheres. After -5 days, "pockets" of accumulation ap- 
peared approximately 50 pm in radius located on the 
downstream side of the contact points between particles. 
These locations appeared to be relatively sheltered from 
shear stress compared to surfaces located away from points 
of contact. After 8 days, biofilm thickness had increased 
to -60 pm and had displaced a substantial part of the 
original pore space inside the 1-mm glass spheres reactor. 
Similar progressions were observed for the other types of 
porous media. 

The progression of biofilm thickness for porous media 
of various size and composition was generated by simul- 
taneously running five parallel reactors under a constant 
piezometric head gradient of 0.5 cm/cm (Figure 4). 
Comparison of these accumulation curves indicates that 
the ultimate biofilm thickness varied directly with media 
pore space size and was not influenced significantly by 
media composition. A similar observation was made with 
"empty" rectangular reactors (Le., containing no porous 
media) of dimensions 0.2 X 4 mm on 0.4 X 4 mm; the 
reactor with the larger cross section (0.4 X 4 mm) and, 
hence the larger mass flux, exhibited a greater maximum 
biofilm thickness. 

Permeability Reduction. A constant piezometric 
gradient was maintained across each porous media reactor 
throughout the experiment and flow rates were measured 
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volumetrically at 12-h intervals. Fmm these data, together 
with reactor geometry, permeability values were computed 
from eqs 1 and 2. Initial (clean surface) permeability 
values were 2.1 X 1od (1-mm glass spheres), 3.19 X lo4 
(0.70-mm sand), 2.17 X l0.g (0.54-mm sand). and 9.7 X lW’ 
cmz (0.12-mm sand). Increases in average b io fh  thickness 
in the 5-cm porous media reactors resulted in a corre- 
sponding decrease in permeability (Figure 5). In each 
experiment, the permeability decreased rapidly during the 
period of increasing biofilm thickness and then stabilized 
in the range between 1 and 5% of the original (clean 
surface) value. Also, the permeability for 0.7.. O S - ,  and 
0.12-mm sand all achieved a relatively stable minimum 
permeability between about 3 X and 7 X lo-* cm2. 

Porosity Effects. The accumulation of biofilm in PO- 
rous media resulted in a corresponding decrease in media 
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porosity (Figure 6). Initial media porosity (0.42) was 
measured by oven-drying the saturated reactor media. 
Subsequent porosity values with the biofilm in place were 
estimated as 

a = u / u p  (7) 

where up is the average linear pore velocity through the 
porous media, u is the specific discharge (flow rate/ 
cross-sectional area) for the reactor, and a is the effective 
porosity. Measurements of u were determined volumet- 
ricaUy, while corresponding measurements of u were made 
using bromothymol blue dye tracer monitored with a pair 
of infrared light sensors mounted at either end of the 
reactor. 

Tests on each medium type (prior to biofilm develop- 
ment) resulted in no significant difference between total 
porosity, as determined by oven-drying, and effective p 
rosity determined by dye tracer measurement of up. 
Comparable tests could not be run with hiofilm in place 
because oven-drying would destroy the biofilm. 

In these experiments, b io fh  thickness L, was calculated 
from observations for a at  various stages of biofilm de- 
velopment. If biofilm is assumed uniformly distributed 
over media particles, an estimate of biofilm thickness can 
be made as follows: 

Lf = Vf/S (8 )  

where Vf is the biofilm volume, determined as the differ- 
ence between V, values (using eq 3) measured before and 
after biofilm accumulation, and S is the total surface area 
inside the porous media reactor. 

The measured a values (Figure 6). together with eq 3, 
were used to compute corresponding biofilm thicknesses 
(A in Figure 6 )  from eq 8. The computed L, values (cor- 
responding to a values of 0.42,0.40,0.38. and 0.36) compare 
favorably with corresponding microscopic measurements 
of average thickness. This observation points out the 
potential for developing methods for estimating biofilm 
accumulation in a porous media sample based on dye 
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Figure 8. Variation in estimated media porosity, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal with biofilm 
thickness. For l-mm glass spheres zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa, = 0.48, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL, ,  = 65 pm; for 
0.7-mm sand amX = 0.35, L,,, = 15.4 pm; for 0.54-mm sand a- 
= 0.35, L,, = 46 pm; for 0.12-mm sand a, = 0.47, L,, = 15.3 
pm. The @ symbol represents measured a, (0.34) and L ,  (25 pm) for 
l-mm glass spheres. 

tracer measurements of effective porosity. Such nonde- 
structive methods could be particularly useful in the 
analysis of field core samples. 

Theoretical Porosity. The concept of theoretical po- 
rosity (29), which assumes uniform diameter spherical 
porous media particles arranged as in Figure 7, can be used 
here to develop an expression relating effective porosity 
and biofilm thickness. If effects of biofilm are considered 
the expression for theoretical porosity, atf is 

v, 
VT 4d3 

4d3 - 4(?r/6)(d + 2Lf)3 - atf = - - 

or 

(r/6)(d + 2 ~ 5 ) ~  

d3 atf = 1 - (9) 

(for the clean surface conditions (L, = 0), zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaf f  can be cal- 
culated as 0.476). 

Biofilm Porosity Estimates. Equation 9, along with 
clean surface porosity measurements, was used to estimate 
effective porosity variation with biofilm development for 
each experimental porous medium. Media porosity with 
biofilm, af, was computed by using the proportionality 
relationship 

af/ai = atf/0.476 (10) 

where atf was computed (eq 9) for each measured value 
of Lf, 0.476 was the theoretical clean surface porosity, and 
ai was the measured clean surface porosity. Estimates of 
af using eq 10 appear in Figure 8. A measured af value 
of 0.34 was determined from eq 7 (up measured via bro- 
mothymol blue dye tracer) for l-mm glass spheres with an 
Lf of 25 pm. These measurements agree favorably with 
the corresponding af estimated from eq 10 (e symbol in 
Figure 8). 

Porous Media Friction Factor. Reactor flow rate and 
piezometric gradient measurements, together with the 
porosity values (Figure 8), were also used to compute po- 
rous media friction factor (eq 4). Comparisons were made 
between measured f and corresponding values computed 
from Kozeny-Carmen's theoretical relationship (eqs 5 and 
6), which predicts f in terms of porous media Reynolds 
number, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN, (Figure 9). The degree and symmetry of point 
scatter in Figure 9 provides a general indication of the 
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Figure 9, Comparison of measured porous medla friction factors with 
values computed by using the Carmen-Kozeny equation (eq 5). 

validity of using eq 10 to estimate effective porosity for 
biofilm-laden porous media. Predicted and measured f 
values were found to agree well (Figure 9) during early 
stages of b i o f h  development when the reactor flow regime 
was in the transitional region between turbulent and la- 
minar flow. Increased scatter occurring for the higher f 
values is probably the result of decreased accuracy in 
measuring the (very low) flow rates resulting from larger 
biofilm thicknesses. Friction factor increased substantially 
with increasing biofilm thickness for all types of media 
tested. Smaller diameter media resulted in higher f values 
for the condition of maximum biofilm thickness. 

Discussion 

In our experiments, Ps. aeruginosa inoculum was in- 
jected, along with nutrients necessary for cell growth, into 
initially sterile porous media. Under these conditions, 
some cells will adsorb to the media particles, consume 
substrate, and grow. Many cells desorb back into sus- 
pension. According to Escher (9), rates of adsorption and 
desorption depend on suspended cell concentration and 
the magnitude of shear stress at the substratum. If suf- 
ficient substrate and nutrients are available, the colonies 
will grow together to form a continuous film. If pore sizes 
(with or without biofilm) are small enough, biofilm accu- 
mulation will be enhanced by the process of fdtration. The 
presence of significant surface irregularities on the biofilm 
will most likely increase filtration potential. As the biofilm 
continues to develop, suspended cells will attach to and 
detach from the biofilm surface. 

As biofilm thickness increases, the diffusional path 
length within the biofilm increases thereby decreasing 
nutrient concentrations in the base film. Providing the 
piezometric head gradient remains constant, increased 
thickness will also result in decreased pore velocity. De- 
creased pore velocities will reduce both advective and 
dispersive transport thereby lowering nutrient concen- 
trations at  the film-water interface, which will subse- 
quently reduce growth rate. Decreased pore velocities will 
also reduce shear stress, thereby reducing the rate of de- 
tachment. Accumulation of biofilm will continue until 
specific growth rate is balanced by detachment rate. These 
interactions give rise to the sigmoidal shape exhibited by 
the accumulation progressions (Figure 4), which indicate 
a quasi-steady-state thickness is reached after -5 days of 
reactor operation. Maximum biofilm thickness values of 
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63,40, and 9-14 pm were observed (Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4) for media 
particle diameters of 1,0.54, and 0.12 mm. Clean surface 
permeability values of 2.1 X 2.17 X lo+, and 9.7 X 
lo-' cm2 correspond to these particle diameters, suggesting 
a direct relationship between media permeability and 
maximum biofilm thickness. 

After biofilm thickness reaches quasi steady state, the 
volume of effective pore space (permeability) appears to 
stabilize and remain constant until operating conditions 
are disturbed. The media/biofilm permeability (for media 
of various size and composition) stabilized and remained 
essentially constant after -5 days of reactor operation 
(Figure 5). Torbati et al. (16) reported a similar obser- 
vation wherein in situ accumulation of microorganisms in 
Berea sandstone was observed to preferentially plus the 
large (59-69 pm) pore entrances resulting in a narrow range 
of biofilm-encased pore sizes in the range of 5-30 pm. 
These observations suggest that, for the experimental 
conditions used herein, the biofilm accumulation process 
stabilizes so zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas to preserve a minimum permeability within 
the media biofilm matrix. 

If sufficient biomass accumulates so as to reduce the 
effective pore space, a corresponding decrease in media 
porosity and permeability, as well as an increase in friction 
factor will ensue (Figures 5,8, and 9). The strong corre- 
lation observed between these three variables and biofilm 
thickness is important because it provides the basis for 
developing potentially useful predictive relationships. For 
example, if biofilrn thickness can be measured or computed 
based on kinetic parameters zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(22), estimates of corre- 
sponding zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf can be made from curve relationships 
illustrated in Figures 5-9. Conversely, if in situ mea- 
surements of effective porosity can be made, estimates of 
biofilm thickness can be computed from eq 8. 

Conclusions 

Our experiments have related porous media biofilm 
thickness with media porosity, permeability, and friction 
factor under the following conditions: a Ps. aeruginosa 
biofilm developed within uniform diameter porous media 
reactors, operated under a constant piezometric gradient, 
with a sterile influent. With these experimental conditions 
in mind, the following conclusions can be drawn: 

(1) The maximum biofilm thickness varied directly with 
the initial (clean surface) permeability of the media. 
Biofilm accumulation followed the same sigmoidal-shaped 
progression observed in conduit reactor systems. 

(2) When biofilm accumulation becomes large enough 
to substantially reduce pore space, media permeability and 
porosity will decrease substantially and friction factor will 
increase substantially. 

(3) As the accumulation process progressed in our ex- 
periments, the permeability of the biofilm-media matrix 
stabilized at a minimum value [ (3-7) X 10-8 cm2] regardless 
of media particle diameter. 

(4) Predictions of formation plugging and biofilm ac- 
cumulation in porous media can be accomplished based 
on biofilm kinetics and the concept of theoretical porosity. 
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Fine aerosol emissions have been collected from a va- 
riety of urban combustion sources, including an industrial 
boiler, a fireplace, automobiles, diesel trucks, gas-fired 
home appliances, and meat cooking operations, by use of 
a dilution sampling system. Other sampling techniques 
have been utilized to collect fine aerosol samples of paved 
road dust, brake wear, tire wear, cigarette smoke, tar pot 
emissions, and vegetative detritus. The organic matter 
contained in each of these samples has been analyzed via 
high-resolution gas chromatography. By use of a simple 
computational approach, a quantitative, 50-parameter 
characterization of the elutable fine organic aerosol emitted 
from each source type has been determined. The organic 
mass distribution fingerprints obtained by this approach 
are shown to differ significantly from each other for most 
of the source types tested, using hierarchical cluster 
analysis. 

Introduction 
Most of the existing data on organic aerosol emissions 

from sources are derived from bulk chemical analyses that 
quantify the total amount of organic carbon present. Total 
aerosol emissions of organic carbon have been measured 
by combustion techniques for a large variety of sources 
(e.g., refs 1 and 2). Gravimetric procedures have been used 
to quantify the amount of extractable organic material 
emitted from sources such as boilers (e.g., refs zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3-5), motor 
vehicles (e.g., refs 6-9), and fireplaces (e.g., refs 10 and 11). 
Some separation of the organic species based on vapori- 
zation temperature also has been achieved by using 
thermal evolution analysis to produce “thermograms” 
(12-17). These approaches provide little or no information 
about the underlying molecular structure of the organic 
aerosol compounds emitted. 

Other researchers have used costly, time-consuming 
procedures to identify specific organic compounds (e.g., 
polycyclic aromatic hydrocarbons) through approaches 
such as gas chromatography coupled with mass spectrom- 
etry (GC/MS) and high-pressure liquid chromatography 
with fluorescence detection. Daisey and co-workers (18) 
have published a thorough review of the literature between 
1972 and 1986 that identifies specific organic compounds 
in various source emissions. The individual compounds 
identified typically account for only a few percent of the 
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total organic mass emitted. Hence these data are of limited 
use in designing pollution abatement programs that must 
achieve changes in the total amount of aerosol present. 

Aerosol carbon emissions arise from a large number of 
different source types. Recent studies of Los Angeles (19, 
20) have shown that at least a dozen different source types 
must be considered in order to account for close to 80% 
of the primary organic aerosol emissions in that airshed. 
To determine the effect of these emission sources on am- 
bient air quality via receptor modeling techniques, at the 
very least there must be more distinctive attributes of the 
organic aerosol than there are different source types. The 
predictions of transport-oriented models in relating source 
contributions to the ambient organic aerosol likewise re- 
quire detailed characterization of the emission sources for 
model verification. In both air quality modeling ap- 
proaches, a procedure is needed for characterizing the 
organic aerosol emission sources that is more economical 
than GC/MS analysis, but provides a fuller description of 
the differences between the source types than is possible 
from bulk carbon analysis. 

In the present study, gas chromatography (GC) analyses 
alone are used to characterize the organic aerosol emissions 
from a variety of sources in a way that reveals the dis- 
tinctive features of the different source types using a 
quantitative, multiparameter description. This approach 
shows promise as a tool for characterizing organic emissions 
in a way that can be used to better support air quality 
modeling studies. 

Experimental Section 
Sample Collection. Fine organic aerosol (particle di- 

ameter d, C 2 ,urn) was collected from combustion sources 
by a dilution stack sampling system, and other sources 
were sampled by grab sampling techniques. The source 
types tested and the number of samples analyzed are 
itemized in Table I. Details of the sampling procedures 
used for each of the sources have been described elsewhere 
(191, and the design of the stack sampler has been docu- 
mented previously (21). 

Briefly, hot stack gases were diluted many-fold with 
purified dilution air that had passed through an activated 
carbon bed and an absolute filter. During the dilution 
process, the source effluent was cooled to ambient tem- 
perature and kept at near-ambient pressure, causing the 
aerosol-forming organic vapors present to condense onto 
preexisting aerosol as would normally occur in the plume 
downwind of the stack. The diluted emissions passed 
through a 2-pm size-cut cyclone, and the fine particulate 
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