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The survival of selected hygienically relevant bacterial species in activated carbon (AC) filters on a bench
scale was investigated. The results revealed that after inoculation of the test strains the previously sterilized AC
adsorbed all bacteria (10° to 107). After a period of 6 to 13 days without countable bacteria in the effluent, the
numbers of Escherichia coli, Pseudomonas aeruginosa, and Pseudomonas putida increased up to 10* to 10°
CFU/ml of effluent and 10° to 10’ CFU/g of AC. When Klebsiella pneumoniae and Streptococcus faecalis were
used, no growth in filters could be observed. The numbers of E. coli, P. aeruginosa, and P. putida, however,
decreased immediately and showed no regrowth in nonsterile AC from a filter which had been continuously
connected to running tap water for 2 months. Under these conditions an autochthonous microflora developed
on the carbon surface which could be demonstrated by scanning electron microscopy and culturing methods
(heterotrophic plate count). These bacteria reduced E. coli, P. aeruginosa, and P. putida densities in the effluent
by a factor of more than 10° within 1 to 5 days. The hypothesis that antagonistic substances of the
autochthonous microflora were responsible for the eliriination of the artificial contamination could not be
confirmed because less than 1% of the isolates of the autochthonous microflora were able to produce such
substances as indicated by in vitro tests. Competition for limiting nutrients was thought to be the reason for the

observed effects.

The use of granular activated carbon (GAC) in current
water treatment processes as a further treatment step for the
removal of organic contaminants has become a focus of
attention owing to the increase in the number of microorgan-
isms in its effluent. The growth of bacteria on activated
carbon (AC) in water is an expected consequence of the
favorable environment provided by this material. The ad-
sorptive properties serve to enrich the organic substrate and
can enhance the attachment of microorganisms.

Practical and laboratory experience has shown that it is
impossible to operate a bacteria-free AC filter (1, 17, 22).
Furthermore, it was found that the increased number of
microorganisms in AC filters improved the removal capacity
for organic compounds (7, 8, 10, 17). Therefore, the term
biologically activated carbon (BAC) was introduced.

Our extensive examination of the bacteria found in BAC
filters of different water plants revealed that special commu-
nities develop under working conditions. Most of the iso-
lated species belonged to the genera Pseudomonas, Flavo-
bacterium, Acinetobacter, and a so-called biotype I (12), a
physiologically inactive gram-negative rod. Although there
were high bacterial counts in the effluent of the BAC filters,
we never found hygienically relevant species belonging to
the family Enterobacteriaceae, Pseudomonas aeruginosa,
or indicator organisms such as Escherichia coli, coliform
bacteria, and fecal streptococci.

One explanation for this phenomenon was supposed to be
the excessive densities of noncoliform bacteria which desen-
sitize assay procedures (11, 13, 16, 18, 19). In laboratory
tests conducted by Hutchinson et al. (16) suspensions of
various antagonistic organisms were added to lactose tubes
simultaneously with a suspension of E. coli and resulted in
reduced coliform detection. But in these experiments the
number of antagonists was about 100-fold higher than the
coliform count. Similar problems were encountered in the
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application of membrane filter techniques (11). These antag-
onistic relationships between the autochthonous bacteria
and the indicator organisms should also play an important
role in in situ situations, e.g., filter plants (3).

The purpose of this study was to examine the survival
probability of selected species in GAC filters and further-
more to show the influence of the autochthonous microflora
of the filter.

MATERIALS AND METHODS

AC filters. The AC filters consisted of glass tubes (8 in. [20
cm] high, 2 in. [5 cm] internal diameter) which were filled
with 86.52 g of dry GAC (NORIT ROW 0.8 Supra). The
upper part of the tube and the column were connected by a
ground joint and could be removed for inoculation or taking
carbon samples (Fig. 1). The filter system contained 195 ml
of drinking water, which had been taken from the municipal
water supply of Bonn. The filter effluent was connected to
the inlet opening with silicone tubing. The hose pump
circulated the water at a flow rate of 97 ml/min. The storage
tank contained 500 ml of water, which was used to compen-
sate the water loss during sampling. The sampling tap was
dipped in 0.2% sodium azide solution to avoid retrograde
contamination. The tests were performed at room tempera-
ture between 18 and 22°C. The whole filter system was
sterilized by autoclaving.

BAC filters. BAC filters were obtained by connecting
sterile columns continuously to running tap water of the
municipal water system for 2 months and then installing
them in the test set-up. The tap water contained no chlorine
residuals.

Bacterial test strains. For the survival tests, the following
strains were used: E. coli (ATCC 11229), Klebsiella pneu-
moniae (ATCC 4352), P. aeruginosa (ATCC 15442), Pseu-
domonas putida (DSM 50091), and Streptococcus faecalis
subsp. liquefaciens (Hygiene-Institut Koln 1E1). All tests
were performed in triplicate.
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Growth and inoculation of test strains. The test organisms
were cultivated on nutrient agar medium (5) for 24 h at 25°C
and suspended in 0.9% NaCl solution. The number of
bacteria in the solution was determined as described below,
and the suspension was diluted to obtain an initial bacterial
concentration in the filter systems of 10* to 10° CFU/ml
(inoculum, 10° to 10’ CFU/13.5 ml). The accurate numerical
data are given in Fig. 2 to 7.

Collection and treatment of water samples. Water samples
(5 ml) were taken periodically over a period of 30 to 40 days.
After sampling, the filter system was refilled with water from
the reservoir. The water samples were collected in sterile
test tubes and diluted in sterile 0.9% NaCl solution if
necessary. Bacterial counts were determined by the spread
plate technique and recorded as CFU per milliliter of sam-
ple. Pure cultures and bacteria of the filter communities were
counted on nutrient agar.

E. coli was counted on Endo agar, and P. aeruginosa was
counted on cetrimide agar. To identify P. putida, the colo-
nies grown on nutrient agar were stamped on King B and
gelatin agar (replica plating technique).

Collection of carbon samples. At the end of a test run about
1 g of AC was taken from the columns (depth of the filter
bed, 1 in. [2.5 cm]) with a sterile spatula. The carbon was
suspended in 4.5 ml of NaCl solution and shaken on a
Whirli-Mix for 3 min. Bacterial counts in the supernatant
were determined by the spread plate technique and calcu-
lated as CFU per gram of carbon. The studies were done on
triplicate samples.

AC samples were further examined by scanning electron
microscopy by the method of Tuschewitzki et al. (23).

Identification of bacterial filter community. Isolates of the
filter effluent grown on the agar plates were physiologically
characterized by the microtitration system as described
previously (16). The details of the applied physiological test
media and the identification procedure are given by Gehlen
et al. (12).

Detection of inhibitory bacterial products. The isolates of
the BAC community were screened for the production of
substances inhibitory to the growth of E. coli, P. aeruginosa,
or P. putida. Spread plates (5 days old) which had been used
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FIG. 1. Schematic diagram of the test equipment. Water was
continuously circulated through the GAC column at a flow rate of 97
ml/min.
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FIG. 2. Bacterial counts in the effluent of a GAC filter inoculated
with E. coli. The first point of the curve was calculated from the
inoculum: 4 x 10® CFU yielding an initial concentration of 2 x 10°
CFU/ml. Water samples (5 ml) were taken over a period of 33 days.
Colony counts were determined by the spread plate technique.

for counting bacteria were overlayered with the indicator
organisms after the potential producers were killed with
chloroform by the method of Means and Olson (21). Plates
were incubated one further day at the optimum growth
temperature of the indicator organism. Excretion of inhibi-
tory substances was detected as an inhibition zone in the
indicator lawn.

RESULTS

Survival and growth of pure bacterial cultures in sterilized
AC filters. E. coli, K. pneumoniae, and S. faecalis as
members of the sanitary indicator bacteria were selected for
use in this study. P. putida, which had been frequently
isolated from the effluent of GAC filters in water works, was
selected because of its antagonism toward E. coli in mixed
cultures (data not published), and P. aeruginosa, which
could be found very rarely in the effluent of such filters, was
chosen because of its taxonomic relation to P. putida. After
inoculation of the sterile AC filters with different test strains
(10° to 107 CFU), all bacteria were adsorbed within 6 h with
the exception of P. putida which needed 4 days.

K. pneumoniae and S. faecalis did not colonize the filter
system and died. During a period of 30 days, no bacteria
could be found in the filter effluent or on the carbon surface
as examined by scanning electron microscopy and culturing
methods. In contrast E. coli, P. aeruginosa, and P. putida
were able to colonize the filter system. Colony counts in the
filter effluent showed a similar development independent of
bacterial species (Fig. 2, 3, and 4). After a short period of
adsorption, a period of 6 to 10 days followed during which no
bacteria were found in the effluent. From days 6 to 20 the
colony counts increased again to a constant level of 10°
CFU/ml. On the carbon surface 3.8 x 10° E. coli, 2.0 x 10’
P. aeruginosa, and 2.0 X 10° P. putida per g were found. The
data indicate not only persistence but also growth of these
three species.

Growth and characterization of autochthonous flora on AC.
Two months after attachment of a sterile AC filter to the
municipal water supply, a physiologically inactive, oligo-
carbophilic population was established. The CFU level in
the effluent was about 10° CFU/ml, and on the carbon 10*
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FIG. 3. Bacterial counts in the effluent of a GAC filter inoculated

with P. aeruginosa. Inoculum, 8 x 10° CFU (see the legend to Fig.
2).

CFU/g were counted. Most isolates of the filter community
(50%) were aerobic, gram-negative, oxidase-negative, cata-
lase-positive, motile rods (0.5 to 0.8 by 2 to 3 pm) which had
relatively restricted metabolic capacity, including the inabil-
ity to utilize sugars and sugar alcohols, to hydrolase gelatin
and starch, to decarboxylase amino acids, and to reduce
nitrate or nitrite. They were grouped together and designated
as biotype I (12), indicating their predominant occurrence in
the aquatic environment (Table 1). Additional isolates be-
longed to the genera Acinetobacter, Pseudomonas, and
Enterabacter and to the group of Moraxella-like bacteria.

If such a BAC filter was connected to the test equipment
(Fig. 1), the bacterial counts increased to 10° CFU/ml of
effluent and 10° CFU/g of carbon.

Isolates producing antagonistic substances. A total of 2,758
isolated bacterial colonies were examined with respect to the
production of inhibiting substances against E. coli, P. aeru-
ginosa, or P. putida. Less than 1% of the bacteria which had
originated from the filter community were able to inhibit the
growth of E. coli and P. putida in vitro (Table 2). The zones
of inhibition were only about 1 mm in diameter. In neither of
the test cases was P. aeruginosa seen to be sensitive.

CFU/ML

6
10

105

10‘

3
10

-
oL,

0 5 10 15 20 25 30 35 40 45
DAYS

FIG. 4. Bacterial counts in the effluent of a GAC filter inoculated
with P. putida. Inoculum, 2 x 10’ CFU (see the legend to Fig. 2).
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TABLE 1. Qualitative and quantitative composition of the
bacterial flora in the effluent of a BAC column

No. of
Bacterial species isolates
(%)
All s 40 (100.0)
Biotype L. ..ot e 20 (50.0)
AcCinetobacter SP. ..........iiiiiii i 5(12.5)
Moraxella-like bacteria...........coooviiiiiininininnnnnn. 4 (10.0)
Pseudomonas Sp. ...........c.oiiiiiiiiiiiiiiiiiiaaan. 2(5.0)
Enterobacter Sp. .........coiiiiiiiiiiiiiiiiiiiaaan 2(5.0)
Unidentified bacteria.............cooivieiinnnennenennnnn.. 7@17.5)

Survival of E. coli, P. aeruginosa, and P. putida on BAC. E.
coli, P. aeruginosa, and P. putida failed to survive on BAC.
After inoculation, the colony counts in the filter effluent
dropped beyond the level of detection until the end of the
examination period. The decline extended from 1 to 10 days
depending on the bacterial strain used (Fig. 5, 6, and 7).
Even carbon samples were negative for the three bacteria.
On the other hand, colony counts of the filter population
stayed at a constant level.

DISCUSSION

The results presented here demonstrate that E. coli, P.
aeruginosa, and P. putida proliferated on sterile AC filters.
Each of the bacterial species increased to 10° CFU/ml in the
filter effluent and to 10° to 10’ CFU/g of carbon. Further
growth was not limited by the available surface area of the
carbon since scanning electron microscopy indicated that
the surface was only barely covered with bacterial cells. The
nutrient concentration of the tap water in the closed filter
system was probably the main limiting factor.

Camper et al. (3) used a quite similar filter model and
demonstrated that pathogenic bacteria such as Yersinia
enterocolitica, Salmonella typhimurium, and E. coli colo-
nized and grew on granular activated carbon. The extent of
colonization and the survival time of the pathogens was
reduced in the presence of an autochthonous bacterial
community.

In contrast to our results, Botzenhart and Kufferath (2)
and Dickgiesser and Rittweger (4) demonstrated a decline in
E. coli counts in sterile tap water. However, they did not
supply nutrients in their tests, in contrast to our system
which was refilled with fresh water after each sampling.

The increase of P. aeruginosa in sterile drinking water is
well documented (2, 4). Botzenhart and Kufferath (2) noticed
a 100-fold increase to 10° CFU/ml during 4 days, which is
consistent with the present results. P. aeruginosa seems to
use the substrates more efficiently than E. coli and P. putida,
which results in the 10-fold-higher colony counts.

K. pneumoniae and S. faecalis did not survive in the
low-nutrient filter system. Botzenhart and Kufferath (2),
however, demonstrated an increase in K. pneumoniae in
sterile tap water, and Dickgiesser and Rittweger (4) found no
change in §. faecalis counts.

TABLE 2. Inhibitory activity of the filter community

Indicator No. of colonies No. of colonies % Colonies with
organism examined with inhibition zone inhibition zone
E. coli 1,582 11 0.7
P. aeruginosa 501 0 0
P. putida 675 1 0.15
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FIG. 5. Stable heterotrophic plate count bacterial population in
the éffluent of a BAC filter. The arrow indicates the inoculation with
E. coli (4 x 10° CFU) (see the legend to Fig. 2).

E. coli, P. aeruginosa, and P. putida, which grew on
sterile AC filters, failed to proliferate on BAC filters. These
results indicate that not only the medium (water), pH,
temperature, and other physical factors are responsible for
the survival of indicator bacteria but also the presence or
absence of other bacteria of the biotope which can act as
antagonists. Genera which have been implicated as being
antagonistic toward coliform bacteria include Bacillus, Pseu-
domonas, Flavobacterium, Moraxella, Arthrobacter, Acti-
nomyces, Sarcina, Micrococcus, and yeasts (9, 14-16, 18—
21, 24).

Antagonism may be attributed to nutritional competition,
injury, or chemical antibiosis. Means and Olson (21), for
example, showed that 22% of the isolates which were
screened from a chlorinated water system were able to
produce bacteriocinlike substances inhibitory to the growth
of at least one of three selected coliforms. On the other hand,
LeChevallier and McFeters (18, 19), who investigated the
interaction between standard plate count bacteria in drinking
water and coliforms, could not detect any bacteriocins or
antibiotics. Consistent with the present results, they noticed
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FIG. 6. Stable heterotrophic plate count bacterial population in
the effluent of a BAC filter. The arrow indicates the inoculation with
P. aeruginosa (4 x 10° CFU) (see the legend to Fig. 2).
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FIG. 7. Stable heterotrophic plate count bacterial population in
the effluent of a BAC filter. The arrows indicate two subsequent
inoculations with P. putida (4 x 10¢® CFU and 8 x 10° CFU,
respectively) (see the legend to Fig. 2).

an increase in the noncoliform organisms of 10* to 10°
CFU/ml of tap water and a decrease in coliform organisms of
more than a factor of 10° within 8 days. These authors
indicated that coliforms have higher growth requirements
than the heterotrophic plate count bacteria, and competition
for nutrients was hypothesized to be responsible for coliform
suppression. On BAC, suppression of the test organisms is
probably based on nutritional competition, too, in which the
naturally occurring filter community is better adapted to the
use of the low nutrient supply of the water. Since the present
in vitro tests showed that less than 1% of the bacteria
isolated from the filter effluent produced substances inhibi-
tory to the growth of the test strains, ammensalism does not
seem to play an important role in their suppression. Further-
more, dilution by the tap water and adsorption by the carbon
lessen the influence of antagonistic substances.

Data presented in this report indicate that the survival and
growth of indicator organisms and enteric pathogens on
BAC filters used during water treatment is not probable and
that the autochthonous microbial filter community plays an
important role in the elimination of these contaminants.
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