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fo a packed cell volume of 0.008 and the pH adjusted to
3.0. Harvesting was performed in a glass column of 52
mm diameter, fitted with a swaged steel diffuser with a
porosity of 5 . Aeration was maintained at 90 standard
em® per min. The column was marked in 10-cm gradua-
tions, The algal eulture was added to the column until
the liquid level was 40 em above the diffusing plate.
Aeration was then started and maintained constant until
the fonm height attained a level of 120 ¢m above the
liquid surface. At this point aeration was halted and the
foam was immediately collected. This was accomplished
by means of glass siphon tubes which were used to remove
10-cm segments of the foam column in descending fashion.
Packed eell volumes of the collected fractions were de-
termined. In this manner, the structure of the foam was
determined under almost static condition. The results
are plotted in Fig. 6. From the curve, the packed ecell
volume of the foam is seen to inerease rapidly with height
for the first 15 em above the liguid level. Until a height of
approximately 110 em above the liquid level is reached,
the constitution of the foam iz surprisingly constant. At
115 em, the foum density again rises sharply to the top
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#1G. 3, Effect of pH on harvest concentration. Packed cell volume
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of the column. This maximal value is 113 times greater
than the constant level value.

Effect of aerator porosily on harvest concentration. Aliquots
of a culture adjusted to pH 3.07 were harvested at a
constant aeration rate with aerators with a porosity of
3, 20, 35, and 65 . For this and subsequent experiments,
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viG. 4. Effect of pH on foum height. Foam height vs. pH ., PCV feed
= 0.0065, aeration rate = 65 em® atr/man at 15 psi.
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harvest samples were taken, unless otherwise specified,
several minutes after harvesting began, thus avoiding the
heavy initial densities. An inverse, linear relationship
between PCVy/PCVe® and the aerator porosity was

? Packed eell volume of harvest/packed cell volume of feed.
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viG. 6. Algal concentrations in a column of standing foam. Packed
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Jeed = 0,008,
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demonstrated. This concentration factor was 34 with
the 65-p diffuser and 43 with the 5-g diffuser,

Effect of aeration rate on harvest concentration. Ten
liters of high temperature Chlorella culture were adjusted
to a pH of 3.0. Aliquots of the culture were harvested at
different aeration rates using an aerator of 5-u porosity.
The aeration rate was varied between 25 and 650 standard
em? per min, The plot in Fig. 7 depiets the interesting
phenomenon  which resulted. When the aeration was
reduced, the concentration of the harvest and, therefore,
the concentration factor achieved by the harvesting
process, as expressed by PCVy /PCVy, rose sharply. This
is a fortuitous circumstance in that it implies a practical
harvesting process could be operated with great efficiency
in the amount of air required.

Harvest eoncentration as a function of feed concentration.
A D-day-old Chlorella culture (packed cell volume 0.0060)
wag diluted with fresh medium to provide a packed eell
volume range varying between 0.0020 and 0.0060. Air
was applied at the rate of 650 standard em? per min through
a H-p porogity aerator in one series of determinations and
300 standard em?® per min in a second series. The results
obtained from both series of runs are shown in Fig. 8.
At a given aeration rate, within the range tested, reduced
packed cell volume of the feed results in increased density
of the harvest obtained. This figure demonstrates two
cconomic virtues of froth harvesting of algae: (i) high
harvest density at low rates of aeration; (ii) high harvest
density from low feed density. The latter finding may have
particular significance for mass cultures grown in sunlight
or not highly intense artificial illumination, These cir-
cumstances might apply to the culture of algae for food
or to sewage treatment processes utilizing algae.

Harvesting efficiency. High algal removal efficiencies
are a characteristic of froth flotation harvesting. Tn
typical results, 88 % of the cells in 1,200 ml of feed culture
were harvested in 18 min. Correspondingly, the culture
medium from which the cells had been harvested was
very low in algal content. Packed cell volume measure-
ments of the medium after harvest were 0.000 for 5 ml
of medium. Near the end of a bateh run, the foam becomes
exhausted and some cells are deposited on the wall of the
apparatus above the liquid level. Thus, although removal
efficiencies are essentially 100 % with respect to the feed
culture, in the tests made, part of the harvest was not
recovered. In addition to the high removal efficiency,
concentration factors were also high, frequently 50-fold
or more and, on oceasions, approaching 200-fold. The
solids content of a harvest of packed cell volume 0.220
was 5.9 7% based on dry weight.,

Discussion

I'roth flotation harvesting has been shown to be ac-
complished most effectively at low pH. Standing for long
periods or being stored at low pll values causes the
harvested material to deteriorate. It will, therefore, be
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necessary to readjust the pH of the harvest. This should
be done before final drying and in & manner that will not
dilute the harvest with water. A harvest with a packed
cell volume of 0120 and a pH of 3.0 resulting from feed
adjustment with HCOl would contain 0.073 % NaCl after
neutralization with NaOH as determined by neutraliza-
tion experiments. Upon drying, the sodium chloride
would be somewhat over 19%. Various
means for avoiding or reducing this addition of sodium
chloride to the produet are being explored. 1f none proves
feasible, the harvest would be utilized by diluting it with
other foodstulf,

It is still too early to determine accurately the cost of
harvesting algae by froth flotation. However, estimates
can be made for the cost of certain key processes in the
method. The cost of adjusting a culture of Chlorella
containing 0.5 % algae may be caleulated from the amount
of HCI necessary to adjust the culture to pH 3.0 with HCI
and the amount of NaOH required to neutralize it. Based
on current prices of 20°Be’ HCI and solid NaOH and
experimentally determined required quantities, the costs
of the acid and base would be approximately 40 and 11
dollars, respectively, per ton of dry algae. If the clarified
medium is not to be used over again, it may not be
necessary to readjust the pH of the medium, but merely
of the concentrated product. This would decrease the
cost correspondingly. It would also be possible to acidify
with nitrie acid and neutralize with ammonium hydroxide,
thus providing nitrogen for the medinm which would then
be reused. The cost of these latter reagents exceeds the
cost of HCl and NaOIH, but the total economics may
warrant. their use. This matter has not yet been given
detailed study.

Based on 1960 experience at the District of Columbia
Sewage Treatment Plant, aeration costs were estimated.
The cost of producing air for the aeration of municipal
sewage was 0,005 dollars per 1,000 ft* at 7.25 psi. Assum-
ing a 0.5% algal suspension, and based on experiments
in which 1,200 ml of such a suspension were essentially
clarified in 20 min when frothed at an aeration rate of
625 standard em® per min, the cost of air per fon of dry
algae would be less than 4 dollars.

The froth flotation harvesting process concentrates the
product to a point within the solids content, 5 to 8%,
reported by Gotaans and Golueke, (1957h) as necessary
for economical drying. The costs of such drying on a
commercial  basis have been estimated (Gotaas and
Golueke, 1957¢) at 20 dollars per dry ton of algae.

At this time it is not possible to estimate the installa-
tion ecosts of an algal harvesting plant based on froth
flotation. However, the froth flotation process is known to
be relatively economie and has been applied to large volumes
of liquid., The principal cost is in initial installation.
Operating costs, as indicated above by the cost of air,
are relatively low.

The value of dried algae has been estimated at 80

concentration
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dollars to something over 100 dollars per ton (Gotaas
and Golueke, 1957d). 1t also has been reported (Gotaas
and Golueke, 1957d) that as much as 35 to 40 dollars per
ton may economically be spent in harvesting and process-
ing the material. In the above cited studies at the Uni-
versity  of California  (Gotaas and  Golueke, 1957d),
extensive investigations were undertaken to develop eco-
nomie means for harvesting. Only two methods, eentri-
fugation and flocculation, were indicated in the report as
having potential for economie development. The principal
drawbacks to the floceulation process were the required
addition of chemicals to the harvest which could not be
easily removed and the low solids content of the algal
sludge produced which would require additional con-
centration before final drying. The problem with cen-
trifugation was primarily one of cost. Power for the in-
dustrial centrifuge used was estimated at costing from
G5 to 200 dollars per dry ton of product (Gotaas and
Golueke, 1957¢). A striking comparison between the
centrifugal method and the froth flotation process may be
made in that the industrial centrifuge, operating on a
continuous flow basis, produced a maximum of 0.7 7%
solids in the harvest. It was stated that second and
possibly third stages would be required to concentrate
the harvest to 5 to 8% solids content required for economic
drying. As has been shown, the froth flotation method,
in its present form, readily produces a harvest containing
5.9% solids. Although, at the present time, the total
costs of froth flotation harvesting and drying exceed the
figure of 35 to 40 dollars cited ag allowable, the costs may
be brought within or near this range.
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