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A sampling protocol was developed to examine particles released from granular activated carbon filter beds.
A gauze filter/Swinnex procedure was used to collect carbon fines from 201 granular activated carbon-treated
drinking water samples over 12 months. Application of a homogenization procedure (developed previously)
indicated that 41.4% of the water samples had heterotrophic plate count bacteria attached to carbon particles.
With the enumeration procedures described, heterotrophic plate count bacteria were recovered at an average
rate of 8.6 times higher than by conventional analyses. Over 17% of the samples contained carbon particles
colonized with coliform bacteria as enumerated with modified most-probable-number and membrane filter
techniques. In some instances coliform recoveries were 122 to 1,194 times higher than by standard procedures.
Nearly 28% of the coliforms attached to these particles in drinking water exhibited the fecal biotype. Scanning
electron micrographs of carbon fines from treated drinking water showed microcolonies of bacteria on particle
surfaces. These data indicate that bacteria attached to carbon fines may be an important mechanism by which
microorganisms penetrate treatment barries and enter potable water supplies.

Activated carbon has been widely used in the treatment of
drinking water to remove unpleasant tastes and odors as well
as to control the formation of trihalomethanes (11, 18, 21,
28). Granular activated carbon (GAC) is effective in adsorb-
ing a wide range of organic compounds, some of which serve
as nutrients for bacterial growth (2, 4, 5, 9, 24, 28). Various
researchers have shown that GAC used to treat drinking
water supplies can be heavily colonized by heterotrophic
microorganisms (2, 4, 5, 18, 28). Potential problems could
arise if these bacterium-coated particles penetrate treatment
barriers (23) or if organisms are sloughed or sheared from
colonized filter beds and enter finished drinking water sup-
plies (26). Recent studies (14) have shown that bacteria
attached to GAC are resistant to chlorination.

Previous investigations into the effects of activated carbon
on the microbiology of finished drinking water have indi-
cated that GAC had little impact on the bacterial quality of
potable water supplies (2, 5, 18, 24). It was thought that any
bacteria emanating from GAC filters were effectively treated
by post-chlorination. In addition, it was shown that bacterial
levels were generally low and of little health significance.

All of these prior investigations examined carbon-treated
water by collecting standard grab samples and enumerating
microorganisms by standard bacteriological procedures.
However, these techniques give inadequate results since a
single particle coated with thousands of bacteria would yield
only one colony. Recently, we have developed a homogeni-
zation technique to quantitatively desorb microorganisms
from GAC (6). This procedure was shown to enumerate
attached microorganisms at efficiencies of 80 to 90%. This
report describes a novel sample collection method capable of
trapping particles from treated drinking water. Application
of the homogenization technique on particles collected by
this method allowed us to evaluate the impact of carbon fines
on drinking water quality. The results show that bacteria
attached to carbon particles passing through GAC filters can
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be an important source of contamination in treated drinking
water supplies.

MATERIALS AND METHODS

Sampling device. A 47-mm Swinnex filter holder (Millipore
Corp., Bedford, Mass.) was modified by drilling each end to
a 0.25-in. (0.64-cm) diameter. A filter was constructed by
sewing 16 layers of gauze material together into a 47-mm-
diameter circle. The Swinnex unit and filter were sterilized
by autoclaving (121°C, 15 min) prior to use. The Swinnex
containing the gauze filter was attached to sampling ports of
drinking water filters.
Sample sites and collection methods. A total of nine drink-

ing water treatment facilities (each using full treatment, i.e.,
flocculation, sedimentation, filtration, pre- and postchlorina-
tion) provided samples of filtered effluents for this study by
installing Swinnex units to sample ports immediately follow-
ing filtration, prior to final chlorination. Separate gauze
filters were used to trap particles during three time periods of
normal drinking water treatment. One was the entire filter
run until 1 h prior to backwash, the second gauze filter was
used for the 1-h period before backwash, and a third filter
was used for the 1 h after backwash. Each gauze filter was
aseptically removed from the Swinnex unit, placed in a
sterile Whirl-pak bag (Nasco) containing a few drops of
water, and shipped on ice via overnight air service to the
laboratory. Information on the flow rate through the gauze
filter and the time period of filtration were also recorded. All
filters were processed within 30 h of collection.

Microbiological examinations. Upon receipt, each filter
was examined and rated for the amount of carbon fines
observed. The filter ratings were as follows: 1, <10 carbon
(black) particles per filter visible with a dissecting micro-
scope at x 10 magnification; 2, >10 carbon (black) particles
per filter visible with a dissecting microscope at x 10 magni-
fication; 3, <10 carbon (black) particles per filter visible per
filter by the naked eye; 4, >10 carbon (black) particles per
filter visible by the naked eye. Filters were then aseptically
cut in half and placed in a fleaker containing 300 ml of cold,
sterile, reagent-grade water (Milli-Q system; Millipore
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TABLE 1. Results of analyses of particles collected from
GAC-treated effluents

TypeofTotal No. (%) Fold increase
Type of no. of showing
analysis no. >2-fold Mean Maximum

increasea
HPC 198 82 (41.4) 8.6 50.0
Coliform
MF 201 14 (7.0) 124.3 1,194.0
MPN 191 33 (17.2) 24.5 122.2
a Homogenized versus hand-shaken analyses.

Corp.). Each fleaker was vigorously hand shaken to dislodge
particles from the filter. The gauze was removed and the
suspended particles were chlorinated with 2.0 mg of sodium
hypochlorite per liter for 30 min at 4.0°C (pH 6.5 to 7.0) in
the dark. This chlorination procedure effectively eliminated
bacteria not attached to particulate material (14). Samples
were dechlorinated with sodium thiosulfate (1). Chlorinated
samples were divided into two parts; one half was evaluated
after hand shaking and the other was assayed following
homogenization (6). The homogenization procedure con-
sisted of blending the sample at 16,000 rpm in a solution of
10-6 M Zwittergent 3-12 (Calbiochem-Behring, La Jolla,
Calif.), 10-3 M ethylene glycol-bis(P-aminoethyl ether)-
N,N'-tetraacetic acid (EGTA), 0.1% peptone (Difco Labo-
ratories, Detroit, Mich.), and 1 mM Tris buffer, pH 7.0
(Sigma Chemical Co., St. Louis, Mo.) for 3 min at 4°C.

Coliform bacteria were enumerated by the membrane filter
technique, using 0.45-,um HA filters (Millipore Corp.) and
m-T7 agar (12). A total of 90 ml was filtered, usually in three
30-ml quantities. Plates were incubated at 35°C for 24 h.
Yellow colonies were counted with the aid of a disecting
microscope (x15) and confirmed in lauryl tryptose broth for
gas formation at 35°C for 48 h. Coliforms were also enumer-
ated by using a modified three-tube, three-dilution, multiple-
tube fermentation technique (most probable number
[MPN]). The method was modified by adding sodium lauryl
sulfate (Sigma) to the lauryl tryptose broth medium (pre-
pared initially without lauryl sulfate) 4 h after inoculation.
Gas-positive tubes were confirmed by inoculation into bril-
liant green bile broth and isolation on m-Endo agar (Difco).
Identifications were performed with the API-20E system
(Analytab Products, Plainview, N.Y.). Coliforms were
screened for fecal biotype by inoculation into EC broth
(Difco) and incubated for 24 h at 44.5°C. Heterotrophic plate
count (HPC) bacteria were enumerated, in triplicate, by the
spread plate technique, using R2A medium incubated for 7
days at 25°C (21). HPC bacteria were identified by the
procedure of LeChevallier et al. (15).
An increase of greater than twofold in bacterial counts of

homogenized over hand-shaken sample was selected as an
indication of attached populations for all enumeration pro-
cedures.

Particle examination. Carbon samples were prepared for
scanning electron microscopy by mounting critically point-
dried particles on a copper support, using colloidal graphite
(Ted Pella, Inc., Tustin, Calif.). Samples were shadow
casted with platinum and examined with a JEOL model
JEM-100 CX scanning transmission electron microscope.
Particles were also observed by using the acridine orange
direct count procedure of Hobbie et al. (11).

Additional particle analyses were done with the aid of an
image analyzer system composed of an Olympus model H-2
microscope and a Quantimet Qlo standard program. Particles

were prepared for viewing by concentration on 0.45-,um HA
Millipore filters and examined under epi-white light illumi-
nation, using Nomarski filters at x15 magnification. All
measurements were made on 10 fields per sample. Some
samples were split and half were treated with 2 N HCl to
remove organics and manganese oxide material that might be
mistaken as carbon.

RESULTS
A total of 201 gauze filters were collected from nine

drinking water treatment facilities during the 1-year sampling
period. Analysis of the particles entrapped by the filters
showed that 41.4% of the samples had a greater than twofold
increase of HPC bacteria when enumerated by the homoge-
nization technique compared with conventional hand-shaken
methods (Table 1). An increase of this magnitude was
presumed to be due to release of attached microorganisms.
The mean increase of HPC bacteria after homogenization
was 8.6-fold, while the maximum increase observed was
50-fold. Coliform bacteria were enumerated by two tech-
niques (Table 1). Over 17% of the samples analyzed by the
modified MPN procedure showed a greater than twofold
increase after homogenization. The average increase in
coliform densities after homogenization was 24.5 times
higher than by the conventional analyses (maximum in-
crease, 122.2 times higher). Coliform enumerations by the
membrane filter (MF) technique showed only 7.0% of the
samples with a greater than twofold increase, but the mean
increase was 124.3 and the maximum increase was 1,194
times higher than the unblended samples.
An understanding of when carbon particles penetrate

treatment barriers is important in the management of drink-
ing-water filters. Experiments were designed to collect par-
ticles during the full filter run as well as immediately before
and after the backwash cycle. Data presented in Table 2
indicate that more carbon fines were found with the full filter
run samples. The time periods before and after backwash
were not associated with an especially great amount of
particle break-through. The mean filter ratings for samples
that yielded greater than twofold increases in coliform and
HPC bacteria after homogenization were also slightly higher
than the overall mean filter rating.

Information presented in Table 3 suggests an association
between the volume of water passed through the gauze filters
and the increases observed in coliform densities after ho-
mogenization. The results show that one-quarter of the
samples collected from the full filter run (18,600 liters) had
greater than twofold increases of coliform bacteria after
homogenization. The mean increase of coliform organisms
was 111 times higher than the hand-shaken count. Water

TABLE 2. Summary of gauze filter ratings for GAC-treated
drinking water

NofMeanDescription of sample No. of filtersamples ratinga

All samples 201 1.8
Full filter run samples 72 2.6
Samples 1 h before backwash 63 1.5
Samples 1 h after backwash 66 1.5
Samples with >2-fold increased coliform 32 2.4

bacteria'
Samples with >2-fold increased HPC bacteriab 82 2.2

a Arithmetic mean of filter ratings for all samples from each category.
b Homogenized versus hand-shaken analyses.
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TABLE 3. Summary of data collected at different times during a

filter cycle

Avg o% >2-fold increase Mean increase

Time of Total no. of in:a (fold)
collection no.*al liters HPC HPCsamples sampled bacteria Coliforms bacteria Coliforms

Full cycle 72 18,600 43.1 25.0 11.1 111.0
1 h before 63 260 41.3 12.7 12.5 13.8
backwash

1 h after 66 270 37.9 9.1 8.3 17.7
backwash
a Homogenized versus hand-shaken analyses.

collected 1 h before or after backwash (260 to 270 liters
filtered) had coliform increases after homogenization of 12.7
and 9.1%, respectively. The mean increases of coliforms in
these samples were 13.8- and 17.7-fold, respectively. The
results for HPC bacteria were more uniform, for both the
percent showing greater than twofold increases (43.1 to
37.9% of the samples) and the magnitude of the increase
(12.5 to 8.3 times higher than hand-shaken analyses). These
results indicate that populated GAC fines were released
throughout the entire filter cycle with no peaks in break-
through occurring at the very end or beginning of the cycle.
A distinct seasonal trend in the level of attached coliform

bacteria was observed. Data presented in Fig. 1 indicate
marked peaks in both coliform isolation rates and mean

number of attached cells during the spring (March-May) and
fall (October-December). HPC bacteria recovered from par-

ticles did not show appreciable seasonality.
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FIG. 1. Samples showing a greater than twofold increase in

coliform bacteria after homogenization. Symbols: (40) percentage of

samples with a greater than twofold increase; (0) mean fold in-
crease.

TABLE 4. Identification of coliform bacteria isolated from
particles in finished drinking water

No. of coliforms isolated
Organism

MPN h-MPNa MF h-MFa

Kluyvera spp. 0 6 0 0
Klebsiella oxytoca 4 24 2 40
Klebsiella pneumoniae 1 (0)b 11 (5) 9 (3) 25 (10)
Escherichia coli 10 (10) 23 (23) 3 (3) 13 (13)
Enterobacter agglomerans 0 3 0 9
Enterobacter cloacae 7 (0) 11 (2) 5 (5) 2 (0)
Enterobacter aerogenes 2 1 0 1
Enterobacter sakazakii 1 6 0 0
Aeromonas hydrophila 0 5 0 3
Citrobacterfreundii 0 1 0 1
Serratia spp. 2 5 0 6
Hafnia spp. 2 3 0 0

a h-MPN and h-MF denote that samples were homogenized prior to
analysis.

b Numbers in parentheses give number expressing a fecal biotype.

Identification of bacteria from hand-shaken and homoge-
nized samples indicated that, while recoveries of HPC
bacteria increased after homogenization, the diversity of
HPC microorganisms did not become greater. Six genera of
HPC bacteria (Arthrobacter, Alcaligenes, Acinetobacter,
Micrococcus, Corynebacter, and Pseudomonas) were re-
covered from five samples analyzed by both hand-shaken
and homogenized methods from three distribution systems.
An increase in species diversity was observed for coliform

bacteria after homogenization for both the MPN and MF
procedures (8 versus 12 and 4 versus 10, respectively) (Table
4). Five species were detected only in homogenized samples
(Kluyvera spp., Enterobacter agglomerans, Aeromonas
hydrophilia, Citrobacterfreundii, Serratia spp.). There were
2.5 more coliforms exhibiting fecal biotypes after homoge-
nization than by hand-shaken analyses (Table 4).

Black particles collected by the gauze filters from GAC-
treated drinking water were examined with the aid of an
image analyzer (Table 5). Results showed that the particles
ranged from 1.0 to 3.5 x 103 ,um in length and were nearly
spherical. Three samples were split and half were treated
with 2 N HCl to determine if manganese dioxide and dark
organic materials were influencing the filter ratings. Results
showed no difference in the size distribution of treated and
untreated particles, suggesting that the material was carbon
and not debris.
Carbon material collected from GAC-treated distribution

water and examined by scanning electron microscopy
showed microcolonies of bacteria on the particle surfaces.
Bacteria coated with extracellular material were observed in
the cracks and crevices on the carbon surfaces. Analysis of

TABLE 5. Summary of data collected by image analysis

No. of Mean Size
Parameter roundness Distribution,particles valuea length (pum)

All samplesb 2,333 1.36 x 103 1.0-3.5 x 103
Samples before acid 857 1.59 x 103 1.0-3.5 x 103

treatmentc
Samples after acid 1,617 1.48 x 103 1.0-5.7 x 102

treatmentc
a Perfectly round = 1.00 x 103; values can reach 3.00 x 103.
b Total of eight samples, not acid treated.
cTotal of three samples.
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carbon particles by using acridine orange and Hoechst stain
also revealed sporadic patches of microcolonies (data not
shown).

DISCUSSION

The results of this study have shown that carbon particles
can penetrate treatment barriers and enter finished drinking
water. The development and use of a gauze filter/Swinnex
sampling technique permitted the examination of large vol-
umes of filtered drinking water for carbon fines. Carbon
particles were observed routinely in the gauze filters re-
ceived from treatment facilities. These findings support
those of Robeck et al. (23), who in 1964 demonstrated that
powdered activated carbon frequently penetrated treatment
filters and caused problems in distribution water, particu-
larly when flocculation was weak. Syrotynski (25) showed
that microorganisms, turbidity, and aluminum ions could be
associated with filtered drinking water effluents at all ranges
of flows but especially at high filtration rates (1.44 to 2.52
liters/min per m2). In this study, experiments were designed
to determine when carbon particles entered finished water
supplies. It was anticipated that the time before or after filter
backwash would be the period of highest particle penetration
(3). However, results showed that the accumulation of
carbon fines was dependent only on the amount of water
filtered and not on the time period before or after filter
backwash (Table 2). These results suggest that the release of
carbon fines was a random event not related to filter opera-
tion.
Data presented in this report indicated that >40% of the

samples contained carbon particles colonized with HPC
bacteria (Table 1). HPC bacteria were recovered at a rate 8.6
times higher than with conventional analyses. Over 17% of
the samples contained carbon particles colonized with
coliform bacteria (Table 1). Maximum coliform recoveries
ranged from 122 to 1,194 times higher than when standard
procedures were used. Examination of scanning electron
micrographs of carbon fines from treated drinking water
showed microcolonies of bacteria on particle surfaces. It is
likely that desorption of these bacteria by the homogeniza-
tion procedure would result in large increases in recoveries
of coliform and HPC bacteria. The observation that in-
creased coliform recoveries were usually of a single species
also supports the microcolony hypothesis.

Consistent with this idea is the effect of seasonal changes.
The seasonal input of nutrients and warm-water tempera-
tures could stimulate growth of the microcolonies, resulting
in higher bacterial recoveries. Indicator organisms attached
to carbon particles in drinking water could be responsible for
sporadic recovery of coliform bacteria in routine samples.
Further, accumulation of carbon particles in distribution
mains could be involved in the phenomenon known as
coliform regrowth. It should also be noted that this study
was performed with the cooperation of treatment plants that
were properly operated and had no history of coliform
problems in the distribution water. The impact of GAC
particles on water quality may be more severe in instances
where treatment is not diligently monitored.

Previous studies have shown that bacteria attached to
GAC were unaffected by disinfection with 2 mg of free
residual chlorine per liter for 1 h (14). The experiments
performed in this study support these results. All of the
microorganisms recovered in this study survived disinfec-
tion with 2 mg of free residual chlorine per liter for 30 min of
contact. Some of the bacteria released from carbon fines,

including Acinetobacter spp., Pseudomonas spp., Klebsiella
pneumoniae, Aeromonas hydrophila, and Serratia spp. may
be opportunistic pathogens (9, 16, 19). Nearly 28% of the
coliforms attached to carbon particles, including the 49
Escherichia coli isolates from finished drinking water, exhib-
ited the fecal biotype (Table 5). In addition, Salmonella spp.
were isolated once from a GAC filter bed (A. K. Camper,
D. G. Davies, S. C. Broadaway, M. W. LeChevallier, and
G. A. McFeters, Abstr. Annu. Meet. Am. Soc. Microbiol.
1985, N38, p. 223). While the survival of pathogens on GAC
has been shown to depend on the interaction between
autochthonous water organisms and the pathogenic bacteria
(7), the results of this study indicate that release of carbon
fines from treatment filters may be a mechanism by which
virulent microorganisms penetrate disinfection barriers and
enter potable water supplies. However, further research is
needed to determine the health significance of low levels of
bacteria entering water supplies by this route.
The results of this study also demonstrate the impact of

suspended particulates on coliform detection. Coliform enu-
merations by the MF technique showed only 7.0% of the
samples with a greater than twofold increase, while over
17% of the samples analyzed by the modified MPN proce-
dure showed such an increase after homogenization. Previ-
ous studies have shown the deleterious effect of turbidity on
the detection of coliforms by the MF technique (13). It has
been speculated that particles alter the surface morphology
of the membrane filter so as to inhibit coliform growth. This
study has indicated that investigators examining turbid water
samples should consider (i) a desorption technique to dis-
lodge microorganisms from particle surfaces and (ii) the type
of coliform enumeration technique used. As cumbersome as
the MPN method may be, we recommend it for analysis of
turbid water samples.

In summary, the results of this report have important
implications for the microbiological determination of water
quality. We have shown that bacteria attached to carbon
fines may be an important mechanism by which microorga-
nisms penetrate treatment barriers and enter finished drink-
ing-water supplies. Some of the organisms attached to car-
bon particles have been identified as possible pathogens or
opportunistic pathogenic bacteria. In addition, we have
developed techniques to detect bacteria attached to carbon
particles. Application of these methods in treatment plants
experiencing coliform problems may provide important in-
sights into the mechanisms of bacterial passage, survival,
and growth in finished drinking-water supplies.

ACKNOWLEDGMENTS

We are grateful to the management of the American Water Works
Service Co. and the staff of the participating drinking water treat-
ment plants for providing samples. The assistance of Andy Escher
with the image analysis is appreciated. We also thank Ajaib Singh,
Rich Robisco, Diane Mathson, Bruce Lapke, Jerrie Beyrodt, and
Nancy Burns for their excellent technical assistance.

This project was supported by funds from the Microbiological
Treatment Branch of the Drinking Water Research Division, U.S.
Environmental Protection Agency, Cincinnati, Ohio (grant
CR810015).

LITERATURE CITED
1. American Public Health Association. 1985. Standard methods for

the examination of water and wastewater, 16th ed. American
Public Health Association, Washington, D.C.

2. American Water Works Association Research and Technical
Practice Committee on Organic Contaminants. 1981. An assess-

ment of microbial activity on GAC. J. Am. Water Works Assoc.

VOL. 52, 1986



APPL. ENVIRON. MICROBIOL.

73:447-454.
3. Amirtharajah, A., and D. P. Wetstein. 1980. Initial degradation

of effluent quality during filtration. J. Am. Water Works Assoc.
72:518-524.

4. Brewer, W. S., and W. W. Carmichael. 1979. Microbial charac-
terization of granular activated carbon filter systems. J. Am.
Water Works Assoc. 71:738-740.

5. Cairo, P. R., J. McElhaney, and I. H. Suffet. 1979. Pilot plant
testing of activated carbon adsorption systems. J. Am. Water
Works Assoc. 71:660-673.

6. Camper, A. K., M. W. LeChevallier, S. C. Broadaway, and
G. A. McFeters. 1985. Evaluation of procedures to desorb
bacteria from granular activated carbon. J. Microbiol. Methods
3:187-198.

7. Camper, A. K., M. W. LeChevallier, S. C. Broadaway, and
G. A. McFeters. 1985. Growth and persistence of pathogens on
granular activated carbon filters. Appl. Environ. Microbiol.
50:1378-1382.

8. Capelle, A., and F. de Vooys. (ed.). 1983. Activated carbon... a
fascinating material. Norit N.V., Amersfoort, The Netherlands.

9. Culp, R. L. 1969. Disease due to "non-pathogenic" bacteria. J.
Am. Water Works Assoc. 61:157.

10. Hassler, J. W. 1963. Activated carbon. Chemical Publishing
Co., Inc., New York.

11. Hobbie, J. E., R. J. Daley, and S. Jasper. 1977. Use of
Nuclepore filters for counting bacteria by fluorescence micros-
copy. Appl. Environ. Microbiol. 33:1225-1228.

12. LeChevallier, M. W., S. C. Cameron, and G. A. McFeters. 1983.
New medium for improved recovery of coliform bacteria from
drinking water. Appl. Environ. Microbiol. 45:484-492.

13. LeChevallier, M. W., T. M. Evans, and R. J. Seidler. 1981.
Effect of turbidity on chlorination efficiency and bacterial per-
sistence in drinking water. Appl. Environ. Microbiol.
42:159-167.

14. LeChevallier, M. W., T. S. Hassenauer, A. K. Camper, and
G. A. McFeters. 1984. Disinfection of bacteria attached to
granular activated carbon. Appl. Environ. Microbiol.
48:918-923.

15. LeChevallier, M. W., R. J. Seidler, and T. M. Evans. 1980.
Enumeration and characterization of standard plate count bac-
teria in chlorinated and raw water supplies. Appl. Environ.

Microbiol. 40:922-930.
16. Lennette, E. H., E. H. Spaulding, and J. P. Truant (ed.). 1974.

Manual of clinical microbiology, 2nd ed. American Society for
Microbiology, Washington, D.C.

17. National Research Council. 1977. Drinking water and health.
National Academy of Sciences, Washington, D.C.

18. Parson, F., P. R. Wood, and J. DeMarco. 1980. Bacteria
associated with granular activated carbon columns, p. 271-296.
In Proceedings of the American Water Works Association
Technology Conference. American Water Works Association,
Denver, Colo.

19. Prier, J. E., and H. Friedman (ed.). 1974. Opportunistic patho-
gens. University Park Press, Baltimore.

20. Putnam, H. D., and M. K. Hein. 1980. Problems associated with
algae in potable water supplies and treatment systems, p.
305-330. In Proceedings of the American Water Works Associ-
ation Technology Conference. American Water Works Associ-
ation, Denver, Colo.

21. Reasoner, D. J., and E. E. Geldreich. 1985. A new medium for
the enumeration and subculture of bacteria from potable water.
Appl. Environ. Microbiol. 49:1-7.

22. Robeck, G. G., N. A. Clarke, and K. A. Dostal. 1962. Effective-
ness of water treatment processes in virus removal. J. Am.
Water Works Assoc. 54:1275-1290.

23. Robeck, G. G., K. A. Dostal, and R. L. Woodward. 1964. Studies
of modifications in water filtration. J. Am. Water Works Assoc.
56:198-213.

24. Schalekamp, M. 1979. The use of GAC filtration to ensure
quality in drinking water from surface sources. J. Am. Water
Works Assoc. 71:638-647.

25. Syrotynski, S. 1971. Microscopic water quality and filtration
efficiency. J. Am. Water Works Assoc. 63:237-245.

26. Trulear, M. G., and W. G. Characklis. 1982. Dynamics of
biofilm processes. J. Water Pollut. Control Fed. 54:1288-
1301.

27. U.S. Environmental Protection Agency. 1979. National interim
primary drinking water regulations, control of trihalomethanes
in drinking water, final rule. Fed. Regist. 44:231.

28. Weber, W. J., Jr., M. Pirbazari, and G. L. Melson. 1978.
Biological growth on activated carbon: an investigation by
scanning microscopy. Environ. Sci. Technol. 12:817-819.

438 CAMPER ET AL.


