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IN PART I of this investigation 1 a study
was made of the relative efficiency

of alum and ferric chloride for the re-
moval of Coxsackie and bacterial viruses
by flocculation in chemically defined
water and the effects of coagulant dos-
age, buffering system and pH, and rate
of stirring on the removal efficiency of
alum were described. In the present
investigation an examination was made
of the effectiveness of flocculation proc-
esses as practiced in water treatment
plants for removing viruses and native
bacteria in raw Ohio River water. Some
attention was also devoted to determin-
ing the critical contact time between
microorganisms and coagulant in water
by alum flocculation and to studying
the interference effect of gum arabic
on the removal of viruses and bacteria
in water by flocculation.

Materials and Procedures
Materials

Strains of Coxsackie and bacterial
viruses were used as previously de-
scribed.' By use of purified Coxsackie

suspensions and dilute bacterial virus
suspensions, insignificant amounts of
organic materials were added to the ex-
perimental waters. Suspension of Esch-
erichia coli prepared by washing slant
cultures into sterile distilled water were
employed in determining the critical
time for the removal of bacteria by
flocculation. The suckling mice and
laboratory supplies were the same as
those used in the preceding study. Stand-
ard media were used in determining the
most probable numbers of coliform and
total bacteria and for growing E. coli.

Procedures

Purification of Coxsackie Virus: The
frozen, clarified suspension of Coxsackie
virus used in the preceding study 1 was
thawed and frozen two to three times.
The suspension was then diluted in
sterile distilled water containing 5 ppm
SiO2 and 3 millimols Na2CO3 and floc-
culated with 360 ppm A12 (SO4)3. The
floc was resuspended in 0.1 molar bicar-
bonate solution of pH 8.5-9.0 and was
allowed to stand with frequent agitation
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to facilitate separation of virus from
the floc. After centrifuging, the super-
natant containing the purified virus was
removed and its pH adjusted to 7.0-7.3
with 1 N HCI (slight pink to phenol
red) and its volume made up to that
of the original suspension. The puri-
fied suspension was again frozen at
- 700 C until used. With this purifica-
tion procedure a drop of 30-50 per cent
of the infective titer and a removal of
96.7-99.7 per cent of the organic nitro-
gen were observed, i.e., the LD50
dropped from about 3 million to 1.5-
2.0 million per 0.02 ml and the organic
nitrogen from 4,000 to 1.5-15 mg/ml.

Collection of Raw River Water Sam-
pies: Most of the raw river water sam-
ples were collected from a tap at the
Cincinnati Water Purification Plant,
with the exception of a few water sam-
ples which were collected at the public
landing located about 10 miles down-
stream from the plant intake.

Turbidity of the river water fluctuated
from a few ppm to a high of over 600
ppm. Samples having turbidity read-
ings over 400 ppm were found to have
such high coagulant demands that sev-
eral times the ordinary dosage was re-
quired for a good floc formation. Hence,
all the samples in the present study
showed turbidities from 16 to 255 ppm
and were used in experiments within a
few hours after collection.

Test Procedure: For the two-stage
process, the procedure used in the first
part was that previously described for
the one-stage process, with alum the
coagulant. In the second stage, the su-
pernatant obtained in the first was meas-
ured into another flocculation beaker
and dosed with a calculated amount of
the 1 per cent FeCl3 solution and suffi-
cient 0.1 per cent CaO solution to pro-
duce a final pH in the range of 7.3-8.4
as practiced in waterworks. The treated
water was stirred for 30 minutes at 81
rpm followed by 90 minutes of standing
before sampling the supernatant for de-

termination of microorganism concen-
tration.

Determination of Concentrations of
the Coxsackie and Bacterial Viruses in
Samples of Settled and Control Water:
The procedures for determining the
bacterial and Coxsackie virus concen-
trations were identical to those described
in the preceding report except that peni-
cillin and streptomycin were used in
inocula for mice in order to suppress
possible bacterial infection.

Again, at least 18 mice were used for
each dilution and total numbers were
comparable to those of the preceding
study."

Determination of the Most Probable
Number of Coliform and Total Bacteria
in Samples of Settled and Control Water:
Tenfold dilutions in sterile buffered dis-
tilled water were prepared from all
samples of the settled water and the
control. The coliform MPN (most
probable number) was determined in
accordance with the procedure pre-
scribed in Standard Methods 2 and the
total bacteria MPN was estimated by
referring the number of positive tubes
(indicated by visible bacterial growth)
in each of three suitable consecutive
dilutions to the MPN table.2

Experimental Data

Removal of Viruses and Native Bacteria in Raw
Ohio River Water by Two-Stage Flocculation
at 5° C-25 C

Using 25 ppm of A12(SO4)3 in the
first stage and the same amount of
FeCl3 in the second stage, a number of
determinations were made to ascertain
the virus and bacteria-removal efficiency
of the two-stage process at 50 C, 15° C,
and 250 C. The percentage removal
was computed for all four categories of
microorganisms and is shown in Table
1, together with observations on turbid-
ity, pH readings, and floc formation.

Table 1 shows that the percentage
removal of Coxsackie virus in the first-
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Table 1-Efficiency of Two-Stage Flocculation in Removing Viruses and Native
Bacteria in Raw Ohio River Water at Varying Temperatures

1st stage: 25 ppm Al2(SO4)s
2nd stage: 25 ppm FeCls

Per cent Removal
Initial Stage

Tempera. Turbid- of Floc- Coxsackie Bacterial Coliform Total Final Turbid- Floc
ture C ity (ppm) culation Virus Virus Bacteria Bacteria ity (ppm) Final pH Formation

16-240 1st 98.6 94.8 99.8 99.8 1-5 6.7-7.3 Very good

25 1-5 2nd 93.8 98.1 93.8 94.8 0.1 7.3-7.8 Good

...... Combined 99.9 99.9 99.99 99.99 0.1 ...... ......

140-255 1st 94.8 88.6 94.4 99.3 1-5 6.7-7.4 Very good

15 1-5 2nd 92.1 89.9 82.4 78.0 0.1 7.3-7.7 Good

...... Combined 99.6 98.6 99.9 99.8 0.1 ...... ......

40-135 1st 95.9 84.4 98.8 98.7 1-5 6.7-7.4 Very good

5 1-5 2nd 93.8 94.0 61.6 88.4 0.1-1 7.3-7.7 Good

...... Combined 99.6 99.1 99.95 99.8 0.1-1 ...... ......

stage flocculation was slightly but con-
sistently higher than that of bacterial
virus at all three temperatures. This
observation was in contrast to that ob-
served with water of known chemical
content in the preceding study. This
reversal of removal pattern was not at-
tributable to the use of purified Cox-
sackie suspension. Since it has been
reported that calcium and magnesium
ions become attached to bacterial
virus 3-5 and since raw Ohio River water
contained calcium ion (23.6-53.6 ppm)
and magnesium ion (6.3-13.6 ppm)
during the study period, it appears possi-
ble that the presence of these metal ions
slows down the formation of the
aluminum-bacterial virus complex.
The removal of both viruses attained

at all three temperatures by 25 ppm of
A12 (SO4)3 in the first stage compared
favorably with that attained by 40 ppm
in water of known chemical content in
the preceding study. It was also noted
(Table 1) that the floc formation with
the 25 ppm A12(SO4)3 was good at all
three temperatures, although it was
slower at 50 C than at 15° C and 250 C.

The percentage removal of Coxsackie
and bacterial virus obtained with 25
ppm of FeCl3 in the second-stage floccu-
lation was somewhat irregular but, as
a whole, was comparable to that ob-
tained with 25 ppm of alum in the first
stage. The removal of the bacterial
virus in the second stage was slightly
but uniformly lower than that obtained
with 20 ppm FeCl3. It was shown in
the preceding study that the ferric com-
pound was definitely more efficient than
alum in removing bacterial virus. Since
the supernatant from the first stage was
relatively free from turbidity and the
floc formation in this stage was better
than in the second stage, the slightly
lower virus-removal efficiency of the
FeCl3 observed here could be due to the
lack of sufficient colloidal matter to
facilitate as good formation of the iron-
virus complexes as in the raw water.
The addition of sufficient CaO solution
to give a final calcium ion concentration
of 60-62 ppm in the second stage, to-
gether with the- natural calcium and
magnesium ions in the river water,
again may have contributed to the lower
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removal of the bacterial virus from the
river water than was observed in the
preceding study.
At all three temperatures the removals

of total bacteria and of coliforms in the
first stage were consistently higher than
the virus removals. This bacteria-virus
removal ratio is in agreement with that
reported by Gilcreas and Kelly,6 al-
though the per cent removal was de-
cidedly higher in this study than that
obtained by them.

Lowering of the temperature from
250 C to 150 C and 50 C lowered the
per cent removal of the Coxsackie virus
and bacteria very slightly and somewhat
more significantly lowered the per cent
removal of the bacterial virus in the
first stage. In the second stage, the
lowering of the temperature did not ma-
terially affect the removal of viruses but
lowered the removal of the bacteria more
than in the first stage. Since the super-
natant from the first stage carried, after
the addition of CaO, about 100 ppm
of calcium ion and about 10 ppm mag-
nesium ion, and since the presence of
100-200 ppm of calcium or magnesium
ion in water has been found to raise the
isoelectric point of E. coli cells from the
acid to the basic side of the pH range
(unpublished data of S.L.C.), this re-
duced bacteria removal in the second
stage could be explained again by the
interfering effect of these bivalent cat-
ions in slowing down the formation of
the iron-bacteria complexes, especially
at lower temperatures.
The percentage removal of all four

categories of organisms was quite high.
The removal of bacterial virus and bac-
teria was slightly but consistently higher
at 25° C than at 150 C and 5° C, and
the removal of the bacteria was also
slightly but consistently higher than that
of the viruses. These results clearly in-
dicate that a two-stage flocculation proc-
ess employing 25 ppm each of these two
coagulants removed 99.6-99.9 per cent
of the Coxsackie virus at 50 C-25° C,

and 99.99 and 99.8-99.95 per cent of
bacteria at 250 C and 50 C-150 C,
respectively.

There was no apparent relationship
shown in Table 1 between the turbidity
of raw river water and the removal of
microorganisms. It appears, therefore,
that at an alum dosage of 25 ppm and
turbidity levels under 240 ppm, turbidity
itself is not a satisfactory criterion for
judging the efficiency of the process in
removing viruses and bacteria.

Effect of Coagulant Dosage in Removing Viruses
and Bacteria in Raw Ohio River Water by
Flocculation

The two-stage process was repeated at
250 C, with the dosage of alum and
ferric chloride reduced to 15 ppm. Ta-
ble 2 contains a summary of the virus
and bacteria removal results, together
with turbidity and pH values, and some
observations on floc formation. For the
purpose of comparison, the results ob-
tained with 25 ppm of these coagulants
at 250 C (Table 1) are reproduced in
Table 2.
Removal of the Coxsackie virus by

15 ppm of aluminum sulfate was only
slightly lower, but removal of the bac-
terial virus and the bacteria, especially
the latter, was distinctly lower than that
afforded by 25 ppm of this coagulant.
This reduced removal of bacterial virus
and bacteria may again be due to the
interfering effect of calcium and mag-
nesium ions in the raw river water,
which became significant when the alum
dosage was lowered from 25 to 15 ppm.
It is interesting that the turbidity re-
moval was also less with 15 ppm than
with 25 ppm of alum. These results
indicate that a dose of 15 ppm alum, or
about 26 ppm filter alum, approaches
the critical dosage for a satisfactory
flocculation process under the conditions
studied.
The removal of all four organisms in

the second stage by 15 ppm FeCl3 was
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not significantly different from that at-
tained by 25 ppm. This relatively im-
proved removal of organisms could be
due to the higher turbidity remaining
in the supernatant with 15 ppm Ialum
which facilitated a better floc formation
with ferric chloride.
To test the above hypothesis a sample

of raw Ohio River water having 40 ppm
of turbidity was treated with 15 ppm
each of both coagulants, but the second-
stage flocculation was carried out with-
out removing the floc formed in the first
stage. The results showed that removal
of the organisms in the first stage was
similar to that shown in Table 2, but
that removal of the Coxsackie and bac-
terial viruses was 99 and 99.8 per cent,
respectively, in the second stage. These
results lend support to the hypothesis
and suggest the advantage of using a
partially settled supernatant in the sec-
ond-stage flocculation, particularly if
little turbidity is left in the water after
the first-stage flocculation.

Although the removal of all four
organisms obtained by the two stages
combined was consistently higher with
25 ppm than with 15 ppm, the difference

was less significant in the virus than in
the bacteria removal. Because the re-
moval of bacteria was relatively poorer
with 15 ppm alum in the first stage, it
appeared that the two-stage processes
in the treatment of raw water with
marginal dosages of alum may yield
higher removals of viruses than of bac-
teria. Nevertheless, in spite of this
lower removal in the first stage, the
total removal was still impressive, i.e.,
over 99 per cent of viruses and almost
98-99 per cent of the bacteria.

Importance of Contact Time Between Micro-
organisms and Coagulant Before Floc Forma-
tion in the Removal of Organisms in Raw Ohio
River Water by Alum Flocculation

In an earlier report 7 it was shown
that efficient virus removal requires par-
ticipation of the virus in the floc forma-
tion. No detectable virus removal was
observed when the virus was introduced
30 minutes after dosing the water with
60 ppm of A12(S04)3. Although this
observation disproved the hypothesis
that the' flocculation process removes
particulate organic matter, living or
dead, by adsorption of the matter onto

Table 2-Effect of Coagulant Dosage on the Removal of Viruses and
Native Bacteria in Raw Ohio River Water by

Two-Stage Flocculation at 25 C

Per cent Removal
Initial Stage of
Turbid- Flocculation and Coxsackie Bacterial Coliform Total Final Turbid- Floc

ity (ppm) Dosage (ppm) Virus Virus Bacteria Bacteria ity (ppm) Final pH Formation

1st
60-100 Alum 15 ppm 95.7 85.5 63.8 75.1 5-10 7.1-7.4 Fairly good

16-240* Alum 25 ppm 98.6 94.8 99.8 99.8 1-5 6.7-7.3 Very good

2nd
5-10 FeCla 15 ppm 94.6 96.5 97.2 90.7 0.1 8.1-8.4 Very good

1-5* FeCla 25 ppm 93.8 98.1 93.8 94.8 0.1 7.3-7.8 Good

Combined
...... . .15 ppm 99.8 99.5 99.0 97.6 0.1 ...... ......

...... . .25 ppm 99.9 99.9 99.99 99.99 0.1 ...... ......

* Reproduced from Table 1 for purpose of comparison.
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the formed floc, the importance of the
contact time between the organisms
and coagulant before floc formation re-
mained to be determined.

In this part of the study an attempt
was made, therefore, to define this cri-
tical contact time during which the
viruses and bacteria must participate in
the floc formation if they are to be re-
moved from the treated water. The re-
moval percentages were computed from
the results of these experiments, together
with pH and turbidity readings, and
some observations were made on floc
formation (Table 3) .

In Table 3 it is seen that 85.0, 76.2,
and 75.6 per cent of the Coxsackie virus,
bacterial virus, and E. coli, respectively,
were removed by 25 ppm of A12 (SO4)3
when the organisms were introduced

into the water one minue after dosing,
whereas when the alum was added to
the water containing the organisms,
98.6 per cent of the Coxsackie, 94.8 per
cent of the bacterial virus, and 99.8 per
cent of the coliform organisms were re-
moved. When the elapsed time between
addition of alum and organisms was
increased to five minutes or more, none
of the organisms were removed. How-
ever, when the dosage was increased to
360 ppm, about 60 per cent of the two
viruses were removed when they were
introduced 30 minutes after the coagu-
lant. The latter result agrees with data
observed in a separate study made on
purification of viruses by flocculation
which will be presented in another
report.
The 60 per cent virus removal by 360

Table 3-Effect of Contact Time Between Coagulant and Organism in
the Removal of Viruses and E. coli in Raw Ohio River

Water by Alum Flocculation at 25 C

Time Elapsed Per cent Removal
Dosage of Between Dosing of Floc Formation, pH
A12(SO4)3 Alum and Adding Coxsackie Bacterial and Appearance of

(ppm) Organisms (min.) Virus Virus E. coli Settled Water

0* 98.6 94.8 99.8 t

25 1 85.0 76.2 75.6 No floc at time of add-
ing organisms;
settled water: pH
6.2-6.4 and tur-
bidity 1-5 ppm

25 5 None None None Floc well formed at
time of adding or-
ganisms; settled
water: pH 6.2-
6.4 and turbidity
1-5 ppm

15 None None None Same as above

30 None None None Same as above

360 30 62.5 60.3 .... Thick floc formed;
settled water: pH
6.2-6.4 and tur-
bidity 1-5 ppm

* Reproduced from Table 1.
t Coliform bacteria.
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ppm of alum suggests that in water dosed
with very large amounts of preformed
alum floc some aluminum ion may be
present to react with organisms in the
water. Hence, if preformed alum floc
is used, no significant results will be
obtained until very large amounts are
applied.

It is of interest that the percentage
removals of bacterial virus and E. coli
obtained with 25 ppm alum and an
elapsed time of one minute were again
slightly lower than that of the Coxsackie
virus. These differences could again be
explained by the interfering effect of the
calcium and magnesium ions in the
water, accentuated by the shortened re-
action time for the formation of alumi-
num-organism complexes.

Interfering Effect of Gum Arabic on the Re-
moval of Viruses and Native Bacteria in Raw
Ohio River Water by Alum Flocculation

Gummy substances and synthetic de-
tergents are well known for their stabil-
izing effect on emulsions. Because they
form a protective coating on charged
particles, one would expect these agents
to interfere with the flocculation process.
While the interfering effect by the syn-
thetic detergent group has been sum-

marized in the Task Group Report 8
and further investigated by Smith,
Cohen, and Walton of this center,9 that
of the gummy substances remained to
be ascertained.

In a preliminary experiment con-
ducted with 15 ppm of A12(SO4)3 and
bacterial virus in raw Ohio River water
at 250 C, it was found that the gum
exhibited no interfering effect on the
removal of the virus until concentrations
over 10 ppm were reached. Hence, a
limited number of experiments were
carried out to determine the interfering
effect of 20 ppm of gum arabic on the
removal of the Coxsackie virus, bacterial
virus, and the native bacteria in raw
Ohio River water by 15 ppm of
A12(SO4)3 at 250 C. The computed
percentages of the removal of all four
organisms are shown in Table 4, to-
gether with the pH and turbidity read-
ings and observation of floc formation.
As seen in Table 4, the per cent re-

moval of the Coxsackie virus by 15 ppm
of alum decreased from 96.7 to 16.7
when 20 ppm gum arabic was added.
The percentage removal of other organ-
isms under similar conditions dropped
from 93.1 and 94.8 to zero. Although the
interfering effect was accompanied by

Table 4-Interfering Effect of Gum Arabic on Removal of
Viruses and Native Bacteria in Raw Ohio River

Water by Alum Flocculation at 25 C

Per cent Removal
Nature of Floc Formation, pH,

Flocculation Coxsackie Bacterial Coliform Total and Appearance of
Process Virus Virus Bacteria Bacteria Settled Water

AL1(SO4)3 96.7 94.8 93.1 93.1 GoodflocFormation;
15 ppm turbidity reduced

from 15-25 to
0.1-1 ppm; final
pH 6.2-6.7

AL2 (SO4)3 16.7 None None None No apparent floc for-
15 ppm mation; turbidity
gum arabic slightly increased
20 ppm by the gum; final

pH 6.2-6.7
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a lack of floc formation, it is believed
that the interference is accomplished by
preventing the formation of aluminum-
organism complexes because the alumi-
num ion was shown to inactivate bac-
terial virus,3' 7 and there was no
evidence of such inactivation in the
presence of 20 ppm of the gum.

Discussion

At the outset of this discussion, it
should be noted that the information
obtained with bacterial viruses on the
efficiency of a flocculation process has
limited application to the removal of
pathogenic viruses from water. Being
more reactive with bivalent metal ions,
the bacterial viruses are removed by
flocculation at a higher level in the ab-
sence of, and at a lower level in the
presence of, such substances as calcium
and magnesium ions than are the patho-
genic viruses.
The observations made in the present

study showed apparently that the re-
moval of Coxsackie virus by alum floc-
culation in raw river water is slightly
lower than that of native bacteria with
the difference slightly greater at 50 C-
150 C than at 250 C. As a whole, about
95 and 99 per cent of the Coxsackie
virus and about 99 and 99.8 per cent
of the native bacteria are removed by
25 ppm of alum, i.e., 44 ppm or 2.5
gpg (grains per gallon) of filter alum
at 50 C-15° C and 250 C, respectively,
in raw river water having turbidity levels
under 260 ppm.
The significantly lower removal of

the bacteria and bacterial virus and fair
floc formation obtained with 15 ppm of
alum (26 ppm or 1.5 gpg of filter alum)
indicate that this dosage was at or close
to the critical level. The fact that the
residual turbidity was quite low at both
dosage levels implies that coagulant
doses adequate for turbidity removal
are not necessarily high enough to in-
sure efficient virus or bacterial removal.

The organism removals obtained in
the second stage using FeCl3 cannot be
applied directly in estimating the re-
moval of viruses and bacteria in a raw
water because the supernatant obtained
from the first stage in this study, and
used in the second stage, was relatively
free of turbidity with considerably
higher calcium ion content and pH
value. Even under these conditions,
15-25 ppm or about 0.9-1.4 gpg of
FeCl3 facilitated about 95 per cent re-
moval of the Coxsackie virus. The lack
of improvement in removal efficiency
when the dosage of FeCl3 was increased
from 15 to 25 ppm was probably due
to insufficient suspended material left in
the supernatant to promote good floc
formation.
From the results obtained with the

two stages of flocculation combined, one
sees that the removal of the Coxsackie
virus in the raw water by 25 ppm of
both alum and FeCl3 was 99.6, 99.6,
and 99.9 per cent at 50 C, 150 C, and
250 C, respectively. On the other hand,
the native bacteria removal was 98-99
and 99.99 per cent with 15 and 25 ppm
dosages, respectively, at 25° C, and
about 99.9 per cent with 25 ppm at 50 C
and 15° C.
The observation regarding the critical

contact time for forming organism-
coagulant complex has both theoretical
and practical implications. In theory it
confirms the previous observation8 that
the removal of viruses in water by this
process involves, first, a reaction con-
sisting of coagulant-cation-virus complex
formation and, second, the formation of
aggregates of these complexes, and that
the first reaction is completed in a short
time. In practice, it emphasizes the im-
portance of rapid and complete disper-
sion of the coagulant chemicals in the
water to be treated and the insignificant
value of preformed floc in removing
microorganisms.

Demonstration of the interfering effect
of gum arabic on the removal of viruses
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and bacteria in water by alum floccula-
tion probably has more theoretical than
practical interest. It illustrates again
the importance of the formation of the
coagulant-cation-organism complex as
the first step in the removal mechanism
and the likelihood of low removal effi-
ciencies when interfering substances are
present.

Recent published reports combine
prechlorination and flocculation when
comparing the relative efficiencies of
stages in the removal of bacterial organ-
isms in water treatment and no informa-
tion is available regarding the compara-
tive efficiencies of virus removals.
Streeter's reports on the survey of filtra-
tion plants along the Ohio River in
1923-1924 10 and an experimental study
made with Ohio River water in 1926"
showed that the bacterial removal effi-
ciency of alum flocculation as practiced
at that time was decidedly lower than
that attained in the present study.
Streeter's reports also showed higher
levels of residual turbidity in the treated
water. Since it was common practice
in those days to carry out the floccula-
tion process in such manner as to leave
some turbidity in the settled water in
order to improve the removal efficiency
of the filtration process, the bacteria re-
moval of the flocculation process was
naturally lower than that obtained in
the present study. A fair comparison,
therefore, cannot be made.

Improvements in flocculation proc-
esses have enabled modern waterworks
operators to apply these procedures in
the field with maximum practical effi-
ciency in removing suspended matter.
To insure this efficiency the information
gathered in the present studies indicates
that the following points should be
observed:

1. The dosage of coagulant should be
adequate to insure good floc formation.

2. If the raw water carries synthetic
detergents and/or similar substances at
levels that would interfere with the

process, the dosage of coagulant should
be appropriately increased to counteract
the interference and promote good floc
formation.

3. The pH regulation of the raw water
should be such that it will not cause a
floc formation sufficiently rapid to re-
duce the contact between the coagulant
cation and the suspended particles dur-
ing the period of floc formation, nor too
slow a flcc formation to interfere with
the settling of the formed floc.

4. The stirring rate employed during
the flocculation period should be fast
enough during the first few minutes to
provide a good contact between the floc-
culant cation and the suspended particles
and should be adjusted after this critical
period to facilitate the formation of floc
masses that will settle out within the
prescribed period.

5. Because of the apparently inter-
fering effect of calcium and magnesium
ions on bacterial removal, it appears
that flocculation of water having unus-
ually high contents of these ions would
require preflocculation treatment to re-
duce the metal ions or a corresponding
increase of coagulant dosage, especially
when the process is applied to cold
water. The use of lime to raise the pH
of the water should be replaced by the
use of caustic soda or compounds con-
taining no calcium or magnesium.

6. In a two-stage process the removal
efficiency of the second stage may be
improved by incomplete settling of the
floc in the first stage, which leaves
enough suspended material to form a
good floc in the second stage.

Summary and Conclusions

A study has been conducted to deter-
mine (1) the efficiency of a two-stage
flocculation process for removing Cox-
sackie and bacterial viruses and native
coliform and total bacteria in raw Ohio
River water at 50 C, 150 C, and 25° C,
(2) the critical time in relation to floc
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formation for the removal of these
viruses and E. coli in the flocculation
period, and (3) the interfering effect
of gum arabic on the removal of these
viruses and native bacteria in raw river
water by alum flocculation. From the
observations made in this study, the
following summary is prepared:

1. Based on the results obtained in
the first stage, removal of the Coxsackie
virus by 25 ppm of alum, i.e., 44 ppm
of filter alum, in raw river water having
turbidity readings under 260 ppm was
95 and 99 per cent at 50 C-15° C and
250 C, respectively, and by 15 ppm of
alum, i.e., 26 ppm of filter alum, 95.7
per cent at 250 C. In the same samples
removal of the bacteria showed insig-
nificant differences between E. coli and
total bacteria. It was slightly higher
than Coxsackie virus removal with 25
ppm and significantly lower with 15 ppm
of alum, with removal of the bacterial
virus slightly but consistently lower than
that of the Coxsackie virus.

2. The virus-removal efficiency of the
FeCl3 used in the second stage was com-
parable to that of alum, but its bacterial-
removal efficiency was lower. These
relatively poor results were attributed
to poor floc formation due to inadequate
turbidity. The lower bacterial removal
was enhanced by the interfering effect
of about 100 ppm of calcium ion and
over 10 ppm of magnesium ion, the
effect of which was exaggerated at lower
temperatures.

3. Removal of Coxsackie virus by the
two stages combined was 99.6 per cent
at 50 C and 150 C, and 99.9 per cent
at 250 C with 25 ppm coagulant in each
stage. With 15 ppm coagulant, Cox-
sackie removal was 99.8 per cent at
250 C. At the same time removal of
native bacteria was 98-99 and 99.99 per
cent by 15 and 25 ppm dosages, respec-
tively, at 250 C, and about 99.99 per
cent by the 25 ppm dosage at 50 C and
15° C.

4. Removal of the Coxsackie virus

was slightly higher in general than that
of the bacterial virus, contrary to the
findings in the preceding study 1 made
with water of known chemical content.
The presence of calcium and magnesium
ions in the raw water and the addition
of CaO in the second stage were be-
lieved to have interfered with the forma-
tion of the coagulant-cation bacterial-
virus complex.

5. The critical time for the formation
of coagulant-microoganism complex in
relation to removal of viruses and E.
coli by practical dosages of alum at
25° C was confined to the first few
minutes after addition of the coagulant.
The removal of about 60 per cent of the
Coxsackie and bacterial virus by 360
ppm of alum when the viruses were in-
troduced 30 minutes after the alum ad-
dition was attributed to the presence of
a small amount of aluminum ion in
combination with this large coagulant
dose.

6. Gum arabic at a concentration of
20 ppm was found to prevent completely
the formation of floc and removal of
Coxsackie and bacterial viruses and na-
tive bacteria in raw Ohio River water
dosed with 15 ppm of alum.
As a result of these observations, a

number of suggestions were presented
for obtaining practical maximum effi-
ciency in removing viruses as well as
bacteria and other particulate matter in
water supplies by flocculation.
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