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DISCUSSION OF THE EXPERIMENTAL RESULTS

An Experimental evaluation of "algal~-bacterial Symbiosis"

In order to evaluate "algal-bacterial symbiosis®
(or how one helps the other) in our experiments with
the three different types of algae, it is necessary to
know the quantity of carbondioxide liberated during
total bio-oxidation of sewage organic matter for the
production of each_of the three algal biomasses; and
in turn also how much of the photosynthetic oxygen is
liberated by each of the algal biomass during photosyn-
-thesis for total bacterial oxidation of sewage organic
matter. But it is not possible to estimate directly
either of the two gases in the ecosystem during "algal
~bacterial symbiosis", for two reasomss (i) They are
not phased metabolic processes (i.e. one taking place
after the .other) but they are considered to be not
only almost simultaneous or concurrent but are also
stated to be utilised as soo@ as they are liberated
in the closed aguatic eéosystem (Oswald 1960). The two
metabolic processes are illustrated in Fig. 7, (ii)
‘Bven granting that'it is possible to estimate them
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directly by means of isotopes, there are no facilities
for such work in our laboratory. Further, according to
Fogg (1970, p.102) t"the radio carbon method suffers
from more uncertainties." Therefore the method suggested
in this thesis apﬁéars to be more appropriate than
isotope method for“thﬁhconditions existing in the
ecogystem. So we were forced 0 resort to short-cut
methods, which could be verified, if needed be, wWan
when Pacilities for work with labelled compounds are

available in other laboratories.

So attempts were made to éstimate the guantities
of the t&o gaseé indireectly by methqu which areée based
upon certain well-established factors and equations
connecting carbon dioxide production and oxygen
regnirements af for oxidation of sewage organic matter
and photosynthetic o#ygen production and carbon dioxide
requirements for the~qlga1 biomasses formed. This is
the first time that such an attempt has been made in
 the history of the oxidation pqnd literature for
.establishing new relations of facts from the two most
indispensahle parameters COD and "algal biomass"
which we have actually estimated in our laboratory

experiments.



The main metabolic reactions taking place
oxidation poﬁd is "algal-bacterial symbiosis" and .
therefore an attempt has been made to-disseet the
mechanism of Yalgal-bacterial symbiosis" into its fwo .
coﬁponent parts: (a) bdacterial oxidation and (b) algal
photosyntheslis; and to evaluate quantitatively how one
has helpeé the other. So the results of our experiments

have heen discussed in four paris:

A. Bacterial Oxidation
B. Algal Photosynthesis,
C. MWAlgal~bacterial Symblosis",

and D, Removal of blostimulatory nutrients.

A. Bacterisl Oxidation

- Sewage contains nearly 99.9% water and 0.1% solids.
The sewage solids are about 14% settleable, 11% supra-
colloidal, 6% colloidal and 69% soluble (Rickert and
Hunter 1967). The soluble constituents are mainly

carbohydrates, proteins and fatty substanceé.

Purification of sewage:

Purification of sewage is affected inw%wo phases.
I Partial’or intermediate process of treatment and

IX: Bacterial oxidation of soluble organic matter.



They are discussed below. A , .

Phase -1 : Partial or intgrmediarj process of

treatment: -

The phenomena of autoflocculation, bioflocculation,
hioppecipitation and surface reaeration are of common
occurence in nature and actlas ﬁartial and interme-
éiary process of'puri£i§ation (Heukelekian 1941).
Sewage 6ont§ining finely divided suspended matter and
soluble organic matter undergées first autofloccula~
tion and bioflocculation, since colloidal material in
sewage has a natufal tendency to form aggregates or it
is a %ransitory stage of becoming larger parficles and
materials in solution. The process of autoflocculation
"is a coalescence of finely divided suspended matier |
under the influence of physical forces, vhile bio-
floceulation is alsq coalescence of finely éi&ided‘
susPended matter but acting under the iﬁfluence of
biological agencies, In the case of high-rate oxidation
pond solid sﬁrﬁaces are provided by alga, which.besides
furnishing phétosynﬁhetic oxygen for badtgrial oxida~
‘tion by algal photoéyﬁthesis also seem to act-as
resting places for bacteria and vhere nmutrients algo
concenfrate on their solid surfaces., So the ﬁaturally

occuring autoflocculation and bioflocculation processes
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are exploited to the ﬁaximum possible extent in the
first phase of purification of settled raw sewage.
This phase is followed by biopreciﬁitation, in which
soluble substrates of sewage are converted into
cellular protoplasm by bacteria. Surface reaeration
is another factors of equal importance playing é
significant role especially at nights wheﬁ phqtésyn-
thesls is impossible. It helps to drive oxygen and
carbon dioxide from the aiy imto the 1iquid as in +the
case of Simplex Activated Sludge Process, The wind
action across the huge pond surface of shallow high-
rate pondé causes the breaking of the liquid surface
and mixing of the pond effluents and thus helps to
keep the ecosystem aerobie. Thus, these phenomena are
taking place in the laboratory experimental flasks and
the effect of their actions are more visible in the

control flasks.

!

Phasge~11s Bacterial oxidatiqn of soluble organic

matter:

The biological growth or slime is important in
furnishing adsorptive surfaces for the colloidal mabter
in sewage for the formation of an adsorption compound

of the colloidal matter and the gelatinous coating of

3
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the biological slime formed on inert surfaces. This

is followed by oxidation or conversion of the

adsorbed matter by bacteria using oxygen. The bioclogical
glime contains aerobiec bacteria of different species.
Baecterial oxidatioﬁ of the‘organig matter is the

result (Eckenfelder and Weston 1956, Eckenfelder and

| O'connor 1961). Bacteria oxidise the sewage organic

matter in three ways:

(1) Complete oxidation:

The oxidative decomposition of any organiec com-
pound follows a metabolic pathway that is characteris-
t;c for the compound and for(the organism that oxidises
it. The éespiratory oxidation of organic compounds by
most bacteria results in the formation of carbon
dioxidé, water and energy as & principal waste products
of metabolism, where a great number of enzymes and
intermediate pioduets are involved besides the electron
~transfer system, Such oxidations are sald to be

complete,

(ii) Incomplete oxidation:

There are cases, however, in which the organism
does not possess aii the‘enzymes necessary for complete

c@nversion of a substrate to carbon dioxide., In such
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cases, complete conversion of an organic substrate to
carbon dioxide does not take place but oxidised ‘organio
compounds accumulate in the medium'aﬁd/or in the ‘j .
cellular bo@ies as end products of respiratory metabo-
lism. These oxidations are sald to be incomplete. The
reactions of the acetic acid bacteria are classical

examples,

In‘addition; the early enzymatic steps in the
oxidation of a compound may sometimes be more rapid
then subsequent steps, When this happens, incompletely
oxidised products of intermediary metabolism accumi-
late in the medium until the substrate has disappeared.
This is speoiall& true when ahnormall& high concentra-

tions of substrateé are furnished to the bacterial cells,

A very striking aspect of bacterial metabolism
is the relatively enormous amounts of new cell material
that is normelly produced during the bresk-down of
organic mitrients, Thus growth accompanies the decom-
position of the substrate and newly formed cells are
a major; end product of intermediary metabolism. This
process—is known as "cellular synthesis" and ‘
"oxidative assimilation”". The patterms of substrate

utilization may be either concurrent or sequential.
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Thus, in incomplete oxidation a part of'ﬁhe
organic matter is used up as reserve materials:ar
storage products and the rest is assimilated for
synthesis of new cells. These types of metabolism
seem to be taking place in the trickling filter and

in the activated sludge process.

(iii) Endogenous metabolism:

Endogencus metabolism takes place vhen the organie
material in solution is very low so that bacteria
derive energy from the destruction of their .own storage
products. At this stage the number of active organisms
is low and most bacteria then loose their motility.
Endogenous respiration occurs, because substrate to
bacterial mass ratio and maintenance energy of bacteria
differ at different situations of a treatment system.
When bacteria grow at low substrate level, cells
increase in size but do not divide and bacterial counts

do not show this type of growth (Van GilZs 1964).

Endogenous respiration may take place, especially
vhen the time of treatment i.e. the contact period
between substrate and bacteria, is extended; which leads
to low substrate concentﬁation with mere bacterial

growth, And as there is no substrate left behind,
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bacteria use their storage products and auto-oxidation
of bacteria takes place resulting in low accumlation

"of bacterial sludge.

According to Lamana Carl (1963); "Endogenous
metaboiism can be defined as the sum total of all
chemicaﬁ'acti?ities performed by organisms in the
absence Bf utilizable extra-cellular materials'serving
as sources of energy and building stones for assimila-
tion and growth. Water, molecular oxygen and non-
carbonaceous and non-nitrogenous mineral salts may be
present in external environment and precipitate in
endogenous metaboligm: In nutritional terms, endo-

genous metabolism can be viewed as encompassing all

these chemical activities engaged in the starving cell",

"Depriving organisms of nutrients causes them
immediately to be dependent exclusively upon material
resources for maintaining their lives. At the
moment of deprivation of nmutrients the cell finds
iteelf with an acquired compliment of enzymes that
can continue to act as long as no bar%iers are inter-
posed to access to endogenous substrates. Thus the

metabolic activity of the starving cell osuld be the

expression of an unreasonable but natural compulsion
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of an enzyme to work With no necessary productiaﬁ

end in sighf. In fact, é gtarving cell is losing its
substance and must eventually waste away and die, :f
It would be mich more efficient if the cell deprived
of external resources could automatically stop its
endogenous metabolism and reét in a'étate 6f

suspended animation®,

If endoéenous regpiration is extensive there
is no écc InmAtion of sludge; if it 1s low, sludge
accumlates (Hoover ot al. 1952). In oxidation ponds, _
the absence of conslderable microbial sludge would
seem to show that all the blo-degradable organic
matter in influent sewage undergoes "total oxidation®.
"Motal oxidation" means absolute oxidation. In other
words it includes 'complete oxidation!, tincompletg
oxidatibn' and 'endogenous respiration' in the system.
The final result is that all the bio-degradable
organic matter in influent sewage are oxidised Yo
carbondioxide; ammonia and water. How maximum amounts
‘ of these substances are made available as a result of
ntotal oxidation" of organic matter during bacterial
oxidation is schematically represented in Fig. 8
(modified after Porges 1960).
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Different phases of microbial metabolism:

The above biochemical principles of mierobial
metabolism of organic matter in biological oxidation
processes; represent the kinetics of bacterial bio-
synthesis, growth and decay; and théy are shoim
YWokey in the four growth phases: In the ideal curve
Fig, 9. The lag phase is largely eliminated in the
high-rate oxidation pond as the pond is 1nocu1atedz
with a large amount of algal-bliomass for starting
the photos&nﬁhetic process. |

Thé log growth phase may be defined as that

" period during which fegular and maximum multiplica~
tion of bacterial sludge takes place. This maximum
or logarith?hic'growfh rate is dependent on the
meanpgeneration time of the ecosystem, Thelgenera~_
tion time is defined as that interval during Whiéh
one bacterium develops and completely divides into
fwe cells, This resultg in geometric progression £f
of bacterial growth. As the available food supply is
exhausted, a negative accelarative phase exists

vhere cellular division occurs occasionally.

i

A stationary phase will follow in which the
rate of growth equals the rate of cell death an#



60

and destruction. When the rate of destruction exceeds
the rate of'gnowth, a death phase exists. This 1s
probably the endogenous respirétion'phgse, whén‘the(
bacterial mass is oxidised to carbon dioxide, watqp'
and ammonia, |

. . the
In our experimental studies of \three algae, it

has been observed that all the inorganlc and organic
chemical and biochemical tgsts had high valﬁes during
the detentlon period of O %o 2 days, The nutrients,
during these two days were mostly used up by bacteris
_and algae. When the detention period inereased from = @ -
' é to 4 and from 4 to 6 days $hak there were gradual
decrease of nutrients, It Ls obvious to conclude that
0 to 2 days detention may be considered asg assimila-
tory phase, while 2 to 4 and 4 o 6 days as endoge-
nous phase, These results are shown accordingly in

the Table 6 (Appendix). From the study of the table

it will be seen that most of the data such as

ammonia nitrogen, phosphate phosphorus, BOD5, COD .
and algae formed coﬁfirmedvto the above classification
of assimilatory and endogehous phases, But in the
case of biochemical results such as protein, amino
acid nitrogen, free sugar, total sugar and organic

‘ acids, such a classification is possible only if we

~
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take into consideration the assimilatory phase as °
zero to four days and endogenous phase as four to six
days. These resulits seem to be intriguing and require

further work,

Bacterial biomass formed in sewage treatment system:

Gellman and Heukelekian (1953), Hoover and
Povges (1952) and Weston and Eckenfelder (19%8) have
found that the yield of cell material during the
rapid growth phase is slightly over 504 of the carbon
utilized and the remaining half is completely oxidised
to carbon dioxide, water and eﬁergy in aerobic treat-
ment systenms, Séwyer (1956) and McKinney (1962) have
furgished two different methods for calculating the
cellular biomass representing about 50% of the carbon
used up. The results of both the methods of calcula-

tions are compared under.

{(a) According to Sawyer, total bacterial growth
is calculated as: total bacterial growth = 0.5 x BOD5

used up (mg/l).

An attempt is made to apply this formula to our

results and the calculated results are shown below;
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(The results are expressed in mg/l)

 Deten- Nostoc pyriformis Ansbaena Mixed algae

tion cylindrica N

period BOD5 Total BOD5 Total BODS Total
nsed mass used mags used mass

up up Tup

(1) in the 3 controls

2 days 8% 41.5 45 22,5 56 28,0
4 days 9% 47.5 68 34.0 82 41.0
6 days 136 68,0 89 44.5 95 47.5

(i1) in the algae treated flasks

2 days 141 70.5. 190  55.0 92 46.0
4 days 153 . 76.5 128 64.0 134  67.0
6 days 171 85.5 141 70.5 139 69.5

(b) Bﬁt, MeKinney (1962) has furnished different
formulae for calculating total bacterial mass, active
bacterial mass and decreasing bacterial mass, According

to him.
(1) Total bacterial mass = COD used up(mg/l) / 2.13

(i1) Active bacterial mass = S/(1+K3.%)

Where S = total meterizl mass

t

]

time in hours; and



(iii) Decreasing bacterial mass + total bacterial mass

« getive bacterial mass

Total bacterial mass, active bacterial mass and
decreasing bacterial mass are calculated in the

sub-joined tabular statement(id.

The total bacéterial mess in the three algae
treated samples are considerably more than in the

respective controls,

The percentage of decrease in active bacterial
mass would seem to range from 22 to 46% during 2 to
6 days of the detention periods in the éase of the
three algae,

From the data it is also obvious that the total
bacterial mass caleulated according to Sawyer is less
than the total bacterial mss caleulated according to
McKinney. But it would appeaxr that it is related more
to the active mass of McKinney. So an attempt is made
(see the subjoined tabular stétemenéﬁ)to correlate the
total vacterial mass of Sawyer with active bacterial
mss of McKinney assuming that the metabolic activities
of bacteria in the high-rate oxidation pond are

similar to an activated sdludge process,
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The values for active mass calculated according

to McKinney approximates the total bacterial mass
calculated according to Sawyer.

It has to bejborne in mind that the formmlae of
Sawyer and McKinney are related to activated sludge
process and not to high-rate aerobic oxidation pond
and still a comparison has been made to indicate ﬁﬁe
progress of biochemical reaetions in our case, in
the absence of any formula for high-rate1oxidation
pond, |

»  Purther, total bacterial mass calculated
according to Sawyer{ total bacterial mass caleulated
according to McKinney and algal biomass actually
estimated in our expefiments a;e compared in the

sub-~ joined tabular statement.

It will be seen from the sub-joined table that
the total bacterial biomass calculated acoofding to
Sawyer is about 50 to 60% of the corresponding values
calculated according to McKinney and McKinney's
values are nearly one half of the corresponding values

for algal biomass,
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Removal of organic pollutants as COD:

The process of respiration demands oxygen frém
the environment. Thus sewage exerts a BOD i.e. B;o-
1ogi§al Oxygen Demand through the orgenisms living
on it, so that these organisms can oxidise a part of
of the organic matter into carbon dioxide, water and

energy for their cellular growth.

But BODs is a measure of the oxygen demand by
bacteria for a period of 5 days only. While Chemical
Oxygen Demand (COD) estimates oxygen demand exerted
by bacteria for their life span of twenty days.

%

Thus reduction in COD values represents
indirectly the organic maﬁter removed by bacteria.
The COD values indirectly give also an idea of the

amount of organic matter present in sewage.

Percentage reduction of COD values in the three

algal-treated experiments is summarised belows:

Deten~ Percentage reduction of COD

té%?od Control  Nostoc | Anabaena Mixed

P raw pyriformis cylindrica algae
sewage . ‘

2 days 25 to 41 71 ‘ 72 - 61

4 days 48 %o 58 78 84 83

6 days 58 to 70 87 93 85
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The COD removed in control within six days was
58 to 70 percent, while that removed in.the algae- |
treated samples was nearly of the same amount within -
two days. The percentage removal of GOD by the three
algae in six days varied between 85 to 93%.

The reduction of COD in control flask has to be
attributed to the phenomena of mechanical floccula-
tion, bioflocculation, bioprecipitation and surface
reacration which are of common occurrence in nature
(Heukelekian, 1941). In the case of the thrée algal
samples the increased percentage re&uation has to be
ascriﬁea to photosynfhetic oxygen furnished to bacteria
as a result of‘algal—bacterial synbiotic?reactions in
the algal growth cultures (Oswald, 1960).

§

Gcn#ersion, of GOD values into equivalent orgahic

mat ter:

"CODY as we kﬁow‘is a msasuré of the quantity of
oxygen required for total bié—oxidation of sewage
organic matter and not of thg qunantity of organie
mattér itself. But we have to know the quantity of
organic matter oxidised by bacteria; and Porges (1960)
hgs furnished a method of estimating the same appro-
ximately from COD values using the conversion factor
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1.2. COD values divided by 1.2 give approximately the
corresponding values of the qnéntity of bio—degra&a?le
organic‘matter in sewage. COD values obtained in our
three experiments have been converted into corres-
ponding organic matter values by using Porge's above

factor. The results are summarised belows -

(The results are expressed in mg/l)

Deten- Wostoc . Anabaena Mixed algae
tion pyriformis  cylindrica
period - - : _
coD Orga~ COD Orga- COD Orga-~
used  nic used nic used nic
matter matter * matter

2 days 225 187.5 172 143.3 162  135.0
4 days 246 205,0 201 167.5 220  183.3
6 days 273 227.5 222 185.0 224  186.7

It is found that the bacteria had removed 187 to

227 mg. of organic matter within six days from sewage.

\ a

The F%gs. 10, 11 and 12 show cﬁearly how the
organic maéter is used up during baéterial oxidation
on the différenﬁ detention periods in Qur three
different experiments; while the coﬁparative values

for organic matter and COD used up and remaining for
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the different detention periods in our three experi-
ments are clearly indicated in Figs. 13, 15 and 17,

ggygeg required and carbon dioxide released during

bacterial oxidation:

Oswald, Hee and Gotaas (1958) found experimen-
tally in high-rate aerobic ponds the oxidation of
sewage to follow the reaction: -
CyqHpgO7 W + H 0y + HY — 11.00, + 13 Hy0 + NH}
Sewage organic matter which is represented by the _
.formula 011H2907N having a molecular weight of 287 gm.
produces 484 gm, of 602 and requires 448 gm, of oxygen.
Therefore 1 gm. of sewage organic matter will produce:
484/2é7 or 1.69 gm., of carbon dioxide and will reguire

1.56 ém, of oxygen for bio-oxidation. The two factors
are uéed in our calculation. So, oxygen required
éecOrdingly for bio;oxidation of organic matter in

our experiments are shown below:

(The results are expressed in mg/1)

' Nostoo Anabaena ‘Mixed
Deten. pyriformis cylindrica ‘algae
—=fiofi-morganic oxygen = Organic oOXygen  Organic oxygen
period matter read. matter read. - matter reqgd.
2 days 187.5 292.5 143.3 223.5 135.0 210.6
"4 days 205.0 319.8 167.5 , 261.3 183.3 285.9

6 days 227.5 354.9° 185,0 | 288.6  186.7 291.2
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It can be concluded from the table that 289 to
355 mg, of oxygen are required to degrade 185 to
227 mg. of organic matter within six days of deten-
tion period.

Next, carbon dioxide released during the total
bio-oxidation of organic pollutants caleuwlated

accordingly in our experiments are shown below: .

(The results are expressed in mg/l)

Deten~ Nostoe : Mixed
tion pyriformis - c}P3RRFIR. Algae
per%od organic carbon Organic carbon ar%iéic car-
: dioxide dioxide ~matle bon
matieh rele- matken rele- atich dioxide
ased ased rele-
ased

2 days 187.5 316.9  143.3 242.2  135.0 228.1

4 days 205.0 346.4 167.5 283.1 183.3 309.8
6 days 227.5 384.5 185,0 312,6 186.7 315.5

’

It can be concluded also from the above table'
that 313 to 384 mg. of carbon dioxide are released
during the degradation of 187 to 227 mg. of organic

matter in six days.

Iin Shorf, during bacterial oxidation phase 187

to 227 mg, of sewage organic matter were oxidised by

bacteria in algae~treated samples in six days and this
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was effected by 289 to 355 mg of oxygen and .as a
result 213 to 384 mg. of carbon dioxide were released
for the use by algae for algal photosynthesis.

In brief, in the three algal treated samples:

187 to 227 mg of + 289 to 355 mg of 6 days
organic matter oxygen . -

313 to 384 mg. of carbon, dioxide.’

Carbon dioxide released and oxygen ¥equired during
total bio-oxidation of organic matter for different
detention periods in our three experiments are

schematically represented in Figs. 14, 16 and 18,

LN

B. Algal Photosynthesis

Photosynthesis is the biological starting point
for synthesizing living substance out of non-living
carbon dioxide, wéter and other inorganic mutrients.
In this process radiant energy is absorbed from the
sun b& the algae and free molecular oxygen is released
into the gnvironment 28 long as sﬁfficient light 1is
gvailable i,e, during the day time only. The end pro-
duet is a basic organic material, a simple sugar or

carbohydrate, a monosaccharide of which glucose is an
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example, Photosynthetic oxygenation is respdnsiﬁle
for the overall stabilization process in oxidation
ponds.

i
Algae may release 20 times as mich oxygen in

photosynthesis as they utilise in metabolism (Palmer,
1956)., The significance of this in the biélqgical
aerobic purification of organic wastes is obvious,
gince rapid decomposition of waste depends primarily
on aeroble bacteria, So intensive eultijation of
algae in aﬁfrebh sewage is a highly effective means
both for supplying oxygen for aerobic deéomposition
of organic matter and for reclaiming nutrients from

the wastes in the form of new algal cells,

During the first stage of oxidation of organic
matter heterotrophic bacteria produece carbon dioxide .
and ammonia, Green algese utilising energy from the
sun produce carbohydrates from carbon dioxide and
water and assimilate the same together with the
liverated ammonia and other inorganic products of
biological significance for synﬁhiéising fresh algal
cells each of which is capable of fixing solar energy.

One gram of algae produced is usually accom-

panied by 1.6D gm. of nascent oxygen. The heat
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combustion of the algal cell is estimated at 5.5 to
6 K.,cal, per gram, so that about 3,68 K.cal. of solar
" energy is fixed in the production of ohe gram of..
nascent oxygen. Since the amount of oxygen required )
by bacteria to oxidise the waste can be readily
determined (i.e. BOD), the weight of the algae that
mist be grown and the quantity of solar energy that
mist be fixed in order $o produce the requireq quan-
tity of oxygen by Pﬁbtos&nthesis may also be detere
. mined. The efficiency of ﬁgght conversion energy by
algae seldom exceeds 10% (Oswald, 1960).

@arbon dioxide used up-and oxygen released
during photosynthesis and photosynthetic energy
conversion efficiency in our three experiments will

be discussed below:

Garbon dioxide used up during algal synthesis:

Myers (1962) has found that 1.8 mg., of carbon
dioxide are used up during the formation of 1.0 mg.
of algal dry matter., This factor is used in calcula~
ting the carbon dloxide used up during algal photoa ‘

synthesis in our three experiments; The resulis are

ghown below:



. 76

(The results are expressed in mg/l).

Deten- Nostoo Amabaena . | Mixed algae
tion  DPyriformis cylindrica

peried algae carbon algae carbon algaé carbon
form- dlioxide form- dioxide form- dioxide

ed used up ed used up ed 7 used up
2 days 206 370.8 199 358.,2 208 374.4
4 days 212 381.6.° 201 361.8 210 378.0
6 days 218 392.4 205 369.0 214  385,2

3569 to 392 mg. of carbon dioxide are used up by
algae in photosynthesis during 6 days for the forms-
tion of 205 to 218 mg, of algal biomass,

Production of photosynthetic oxygen:

The production of nascent photosynthetic oxygen
was calculated according to Oswald and Gotaas (1957).
They have found thé% 1.6 gm, of ozygennwill be released
© during thelformation of 1.0 gm, of algal biomass., This
faotor 1s~uséd in caleulating the amount of oxygen
released during algal photosynthesis in our three

experiments, .

The results are shown in a tabular statement

on the next page.
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(The results are expressed in mg/1)

" Deten~ Nosﬁoo Anabaena Mixzed algae
tion pyriformis Cylindrica

period algae oOXygen . algae oOXygen  algae oXygen
formed rele- . formed rele~ formed rele-
_ ' aged aged : aged
2 days 206 329.6 199  318.4 208 332,8
4 doys 212  33%9,2 201  321.6 210  336.0

6 days 218 348.8 205 328.0 214 342.4

In short, during algal photosynthesis in our .
three experimentsl 369I to 392 mg. of carbon dioxide
wag fixed ﬁp in the formation of 205 to 218 mg. of
algae releasing 328 to 349 mg. of nascent photosynthetie
oOXygen. '

Algal biomass produced, carbon dioxide required
and oxygen produced in aiur three experiments are shown
dlagramatically in Pigs. 20, 22 and 24.

Overall photosynthetic energy conversion efficiency:
(input-output energy balance).

Gotaas and Oswald (1955) and Oswald and Gotaas
{1957) have developed an input-output energy balance
system for estimating the overall photosynthetic
energy conversion efficiency, in which a basic assump-

tion is made that the system under study is con'binnou‘“slfy‘
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stirred reactor with completé homogenity of the algal
cells in suspension (Beck et al. 1969). "As in any
continuous stirred tank reactor, there is a finite
volume V in litres and flow rate F, in 1it;es per day.

The mean hydraulic residence time Q is then defined as

Q'é VIF res s n oq; ss cos (1)

i

For given mean‘residehce time Q, in days, the total
solar energy input per litre of pond volume is

equal to

Ein = s.A.Qi “o o 'R s e s (2)

Where Eyn is the total energy input in calories per
litre; S, the daily solar emergy input in calories per
square'cm. per da&; A; the surface area of one litre

2 per day and

of pond volume recelving sunlight in cm
Q is the mean hydrauliec residence time., For one litre
of pond volume A = 1000 / & where 4 is the determined
depth in cm,- |

1000 % 5 % Q
a

Therefore Ein = *se Dies sés (3)

The energy oéutput in the form-of synthetised

algae is defined as:

o
@
¥
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'

Where Eqgy4 is the total energy tied up in synthetised
algae in calories per litres h, is the heat of
combustion of algae in calories per milligram and Ce,
is the concentration of algae in mg/l,., Bauations (2)
and (4) can be equated by assuming that only a portion
of the energy input is converted to algal biomass,

go that

Eine =E0u.'b Xy cae "o s (5)

Where e is an efficiency factor. The equation (5) can

be expanded thus :

1

1000, S. Q. 1

- o - o " - - h cc
*

d =

and therefore,
' h.Cc. d

Photosynthetic efficiency, e = ?666:&1&,
Myers (1964) recommends a value of 5.5 calories per

mg. as the heat of combustion h of algae.

The above equation is used in Calculating the
overall photosynthetic energy convérsién'efficiency

of the three algae used in our experiments.

Volume of the culture fluid i.e.
raw sewage in culture flask = 1.5 litres.
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Depth of the liquid volume (d) = 3,5 em,
Average light energy available in the lighted

room = 375 lux,
10,5 lux-= 1 gram calorie,

+%s 375 lux (S) = 35,7 gram - calories
1 mg. of algae contains (h) = 5,5 calories
(heat of combustion).
Mean hydraulic’ residence bine (Q) 6 days
Co = maximum quantity of algal biomass produced in
6 days in 1,5 litres of sewsge.,
e = Gc X 505 X 305 / 3507 X 1500 X 6
= 6,4 x 5,99 x 10“5; Percentage efficieéncy = e x 100

Percenxage photosynthetic energy counversion effici-
enciles in our three eaperiments are shown below in a

tabular statement:

' Name of the Aigae formed in

Algae 4500 ml in 6 days % efficiency
. (mg). |
Hostos 327.0 - 4,96
pyriformis «
gylindrica |

Mixed algae 321,00 1.92
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From the above table. it will be séen that the
photosynthetic energy conversion efficiency in our
three experiments varied between 1,85 to 1,96% with

an average of 1.91% .

Waseink et al. (1953) have reported 12 to 20%
efficiency in both smwall and large scale cultures of
Chlorella. gioyna (1971) has stated that the usual
efficiencies range from 2 to 9% with 5% a common
figure. Gemapati end Sreenivasan (1970) ‘have reported
a maximum effi-/c‘:i.ency“of 104 in a sewage polluted fish
pond in Madras. Pasche (1960) has reported 7% and
Talling {1961) 6%"Myérs (1955) has stated that 20%
is taken as a reasonable maximum value of efficiency
for use of vwhite light. Oswald and Gotaas {(1957) ‘

l found that the overall efficiency under a wide variety
of envirommental conditions seldom exceeds 10 or 12%
of the available light energy. Oswald et al. (1957)
found the effieieﬁcies of outdoor ponds to range
between 1 to 10% with most values in the marrow range
of 3 to 7%, Efficiencies of 5 t0 84 may be attained
with algal ‘oell concentrations dense to utilize te
nutrients. éx;d permit harvesting of cells (Gotaas and
Oswald, 1955). Miss Heffert (Rabinowitch, 1955)
obtained /an average of 8% utilization of total incident
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1ight for several months in algal ponds fertiliged
with sewage: Ganapati (1971) has reported values
ranging from 6.6 to 13.8% in oxidation ponds in India,

 Compared to above éfficiency values, the values
we have obtained in our three experiments are low,

on account of our using low intensity of illumination.

C. MAlegal-bacterial Symbiosis"

The mode of mutrition of algae is autotrophic
and that of bacteria is heterotrophic and the two
can work together, one helping the other in commensal
relationship. In other wor&s, bacteria metabolise
the organic éomponents of the waste water and release
some substances like carbon dioxide utilisable by
Valgae. During synthgsis of fresh algal cells, algae
release oxygen, which is utilisaflé by the bacteria
for stabilization of organic matter.

Stéphiometry of "algal-bacterial symbicsis":

The basic principles of the %"symbiotic system"
in oxidation pond are: (i) the production of organie
matter (algae) is accompanied by the absorption of
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radient energy'from the sun and the concomltant
release of nascent oxygen, (ii) the destruction of'
0ld organic matter involves the utilization of an
)equivalent amount of oxygen and release of energy.
The final degradation o&f products of aerobic mecterial
oxidation of organic matter are carbon dioxide
ammonia and water which are identical to é:Pe chief
needs of algal photosynthesis plus radiéit energy.

A schematic representation of the metabolic processes
taking place during " algalfbacterial gymbiosis "

is shown in Fig. 19 (modified after.stumm, 1968).

An attempt is made to compare the quantity of
carbon dioxide released during total bacterial
oxidation of organic matter with that reguired for
a;gal biomass production of the three algal types
auring“élgal-bacterial symbibsisf, Comparison of
the quantities of oxygen produced during algal photo-
synthesis with that required for total bacterial
oxidation of sewage organic matter duringqglgal
bacterial symbiosisxzf the three types of algae
investigated is algo made,.
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The quantity of oxygen released during aigal
vhotosynthesis 1s compared below with the quantity
of oxygen required for bacterial oxidation of organie

matter in our three experimentss

(The results are expressed in mg/l)

Deten~ Oxygen Oxygen :
tion released required Difference
period during for bac- (BExcess %)
algal photo- terial
synthesis oxidation

(a) Nostoc pyriformis:

2 days  329.6 292.5 37.1 (12.7%)
4 days  339.2 319.8 19.4 ( 6.1%)
6 days  7348.8 354.9 -6.1 (?2)

(b) Anabaena cylindrica:

2 days  318.4 223.5 94.9 (42.5%)
4 days  321.6 261.3 60.3 (23.1%)
6 days 328.0 288.6 39.4 (13.7%)
(¢) Mixed algae:

2 days  332.8 210.6 122.2 (58.0%)
4 days  336.0 285.9 50.1 (17.5%)
6 days 342.4 291.2 51.2 (17.6%)

There is always an excess of photosynthetic oxygen
produced over that required for total bacterlal oxida-
tion of sewage organic matter excepting on one occasion,
so that the eco-system is always kept under aerobic

conditions,
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Purther, the: quantity of carbon dioxide released
during bacterial oxidation of organic pollutants is
compared below with the amount of'carbOn dioxide
required for algal photosynthesis in our three
experimeénts:

" (The results are expressed in mg/l)

Carbon Carbon

giggé" dioxide . dioxide felased Difference
used in - during (Excess %)

perio§ algal pho-  bacterial

tosynthesis oxidation

(2) Nostoc pyriformis:

2 days  370.8 316.9 53.9 (17.0%)
& days  381.6 346.4 - 35.2 (10.2%)

6 days  392.4 384.5 7.9 { 2.1%)

(b) Anabaena cylindricas

2 days  3%58.2 242,2 116.0 (48.0%)
4 days 361.8 283%.1 78.7 (27.8%)
6 days  369.0 312.6 56.4 (18.0%)

(c) Mized algae:

2 days  3T4.4 228, 1 146.3 (64.1%)
4 days  378.0 309.8 68.2 (22.0%)

6 days  385.2 315.5 - 69:7 (22.1%)

It will be seen from the above three tabular
statements that the gquantities of carbon dioxide
required for algal photosynthesis in respect of all
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the three types of algae investigated are greater
than the corresponding amounts released during bace
terial oxidétion of sewage organic matter, The
inerease varies from 2 to 64‘percent over that
released during bacterial oxidation or the deficiency
ranges from 2 to 64 percent of the quantity released
‘during total bacterizl oxidation, and the excess
réquired for thé algal bioﬁass formed should have
come from two‘sowrees:(a) from the atmosphere and the
bicarbonate - carbonate equilibrium system. The avai-
lability of the bicarbonate ion per se for photosyn-
thesis is an important factor, The im#ortance"of the
re;ationShip between free carbon dioxide and alkali-
nity‘with respect to pH has been described by King
(5970)§,(b) from the extra-cellular product glycolate
released by algae in the systém. According to Fogg
(1970): "Possibly glycolate may be reabsorbed, so
that it might be 1ooked on as an extra-cellular
reserve prodﬁot,.but as yet there is no evidence for
this and it is more likely that the glycolate released
is utilized by bacteria "‘(for carbon dioxide’

production).

Carbon dioxide used and oxygen released during

algal photosynthesis and oxygen used and carbon
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dioxide released during bacterial oxidation in our
laboratory model high-rate oxidation ponds are shown

diagramatically in Figs: 21, 235 and 25,

Regression analysis of nutrient strength expressed

a8 00D and algal biomass and ¢orrelation coefficlents

betweeﬁ»the twos

The mutrient strength of a waste is ordinarily
. expressed iﬁ terms 6f biochemical oxygen demand or
BOD, which is a measure of the quantity of oxygen
. reguired to carry out the aerobic bio-oxidation of
the biologically available organic material in waste
water under specific conditions ofétime and‘tempera-
ture (Stanaard Methoeds, 1971). Oswald and Golueke
(1960, p. 229) have found that in steady state conti~
nuous cultures under specific conditions of light
ihtenéity, temperature and.other factdrs, there is an
optimum BOD for algal‘grcwth and that upto this
optimum; algal growth increases almost linearly with
increased BOD. They have 2lso added that a decrease
in concentration of algae occurs at BOD concentra-
tions in excess of this optimum, probably because
st;ong wastes contain excéss colloidal material and

bacteria vwhich remains in suspension and thus decrease
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the energy available for algal growth.

Regression analysis relating algal growths in
each case with the corresponding "used-up COD" have
been worked out for the individual alga.(sténdard
Methods, 1971). The correlation coefficients "r" in |
each case are also calculated (Fischer, 1970) and are
indicated in the tabular statement below, along with
the cérresponding-values of the two constants "m" and

‘"b" of the regression equation:

*
3

, .Regression analysis : Correla~
A1 a e . cons?gnts ) tion
- 8 T ¢ coeffici~-
H : : ent "pv

Nostoe pyriformis + 0.249 + 150.3 + 0.997
Anabaena cylindriea + 0:117 + 178.5 + 0,96

Mixed algae s 0.070 + 196.,6 + 0,79

Our studies confirm the observations of Oswa}d
and Golueke (1960). Under our laboratory batch cul%ure
experimental conditions of light intensity, temperature
and other factors and using Baroda, settled and strained
sewage we find a high degree of direct correlation
between algal growthsand theirkoorresponding " used-up

COD values®,
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D. Removal of Biogtimulatory Nutrients

Two groups of nmutrients are involved in algal-
bacterial symbiésisi ma jor and micronufrientsg The
former consist of carbon, nitrogen and phosphorus and
the latter of trace elements like copper, manganese, .
zinc, iren etc. The major mutrients carbon, nitrogen
and phosphorus are used up by heterotrophic bacteria
and autotrophic algae, the two main partners involved

1
in‘algal—bacterial symbiosis", -~ . .

Stumm (1968) has shown that the main constitu-
tional elements in both bacteria and algae are the
same (carbon, nitrogen and phosphorus) and that they
are present in the same constant proportions of
106: 16: 1 atoms. Therefore iﬁ the high rate aerobic
oxidation pond method of waste water treatment the
ratios of C:N and C:P aré very importént in view of
their utilization in algal aﬁd bacteria synthesis,

The carbon value is usually expressed in terms
of BODg by Public Health Engineers, as the biologieal
oxygen demand is a measure of the carbon oxldised and

as one moleculé of carbon combines with one molecule

of oxygen,
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Nitrogen enters synthesis reactions of bacteria
and algae at the oxidation level of ammonia. Therefore,
if eny othér nitrogen source except ammenia is to be
utilised, it mﬁst first be convéerted into ammonia
before it becomes available. Nitrate nitrogen and
nitrite nitrogen are available for use in the produc-

tion of bacterial protoplasm (Symons and McKinney,1958).

Futrients in raw settled sewage: -

The proportions in vwhich the major nutrients
present in the sewage samples used for our three

experiments are shown below in a tabular form:

Raw séwage by using

Nostoe  Anabaena Mixed
PyTL formis oylindrica "'"A'I"ggg

Actual Reduced Actusl Reduced Actusl Reduced
(me/ny” ———— Tme/n) {mg/1)

0N 197:%64  5.431 153:34 4,531 160336  4.4:1
{(An-X) ;

CtP  197:19.5 10.1:1 153:16 9.6:1 160:16.8 9.5:1

100D 121155 12526.5 121240 12:20: 12:264 12322
* 5 197 :16.4; £ 153 :12.8 160 $113.3

NP 36.4:19.5 1.9:1 343116 2,131 36:16.8 2.1:1




. a1

Porges (1960) has found the 0:00D:BODy ratio as

12:32:21.9, Our corresponding values are lower,

Sawyer (1971) has recently recorded the N:P

" ratios of waste waters. ﬁq has stated that predetexr-
éent domestic sewage was slightly rich in phosphorus
with a W:P ratio of 10 and that the modern domestic
éewage having a N:P ratio of 3, is. excessively rich in

phosphorus, In our case we get the N:P ratio as 2,

Stumm (1968) has observed that carbon is deficient
in domesti¢ sewage for utilizing all nitrogen and
phosphorus into bacterial solids in the above pro-

portions.

" Nutrients in algal bacterial symbiosis:

Sawyer (1971) has stateds carbon, nitrogen aﬁd
‘phosphorus form the three important cpnstituents of
algal tissﬁeé, vihere cérbon alone accounts for 35 to .
50 percent. Kuentzel (1969, 1970, 1971) ﬁher§fo£e
considers that the complete removal Ef organic matter.
from waste wafers’is necessary for preventing eutro-
phication in receiving waters. So algal growth can
'ﬁevgr be controlled solely by the Temoval of phos-

phorus alone. Nitrogen and phosphorus containing
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substances are furniched by domestic waste waters.
A

Amounts of organic carbon, ammoniz nitrogen and
phosphate phosphorus utilized in "algal-bacterial
symbiosis" and C:N, C:P and N:P ratios in view of

their utilization are discussed below,

(1) Organic carbon utilised in " algal-bacterial
symbiosis".

Photosynthetic oxygen values in turn are used
for calculating the organic carbon used up according
to Vollenweider (1969). "Assuming that the gas
exchanges are the results of photosynthetic production

of the oonvenfional hexose, the photosynthetic

guotient, ‘ .

( PQ = oxygen output/carbon dioxide uptake by volume)

should be unity and hence :

' 29
g. carbon = g. oxygen x 0,375

Carbon values calculated from photosynthetic
oxygen are compared below with the values for organic

matter calculated according to Porges (1960):
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Detention Organic matter Organic carbon used
period used up from COD up from photosyn-
values(Porges) thetic oxygen values
(mg/1) (mg/1

(a) ﬁostoc‘px;iformis

2 days 187.5 . 123.6
4 days 205.0 . o 127.2
6 - days 227.5 130.8

(b) Anabaena cylindrica

2 days 143.3 . | 119.4
4 days 167.5 120.6
6 days 185.0 123.0
(e¢) Miked algae

2 days 135.0 124.8 -
4 days 18%.3 126.0
6 days 186.7 128.4

From the above table, it will be seen that the
values for organic carbon, calculated from photosynr
thetic oxygen are less thag the organic matter calcu-

lated from COD values according to Porges.

(ii) Nitrogen utilisged in "algal-bacterial symbiosis"

Nitrogenjassimilatiqn is calculated on the basis
of the amdunt of ammonia nitrogen used up from the

eco-system as a result of algal growth., This an over-
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simplification of the real system found in the growth
cultures where decomposition of organic matte?, .
bacterial cellular synthesis, endogenous xesPiration

and algal growth afe taking place almost simmltaneously :
and therefore a constant flux of nitrogen forms takes '

place.

Thé Hotal ammonia nitrogén utilised in all the
three algal cultures as a ﬁhole is calculated as well
as the ammonia nitrogen used up by the algae -alone for
their cellular synthesis has been calculated according
to the actually determined nitrogen. content of the |
algae, which are not pure but are admixed with a
small amount of organic matter. The actually determined
nitrogen content in the algae is reported below on '

the basis of thelr .algal dry weight:

T,78%

Nostoc pyriformis =
Anabaena c¢ylindrica = 8.20%
Mixed algae = 8.,40%

Next, the results of total nitrogen utilization
and nitrogen utilization by the three algal specimens
are shown in a tabular ﬂ%ﬂ@ below:



-

Detention rotal utilization Utilization in alggl

eriod synthesis
%in days) Am-N % of Am-N Algal W % of
used dry used Am-N
Wt. unsed
(mg/1) (mg/1) (mg/1) over
influent
Nostoc pyriformis
0 36.4 - - - -
4 5.4 85.2 212 16.5 45,3
6 3.0 91.8 218 17.0 46,7
Anabaena gylinérica
0 34,0 - - - -
2 8.2 75.9 199 16.3 47.9
4 6.4 81.2 201  16.5  48.5
6 2.7 92.0 205 16.8 49.4
Mixed algae
O 36.0 Lo - - ‘ -
2 8.0 77.8 208 17.5 48.6
4 5.9 83,6 210 17.6 48.9
6 2.2 935.9 214 18.0 50.0

From the table, it will be seen that nearly 92
to 94% of ammonia nitrogen have been utilised within
six days in the three algal cultures, But only about
45 to 50% of the influent nitrogen have been utilised
wifhiﬁ six days by algae for their growth. The difference
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in the ammonia nitrogen content must have been
utilised for other biochemical reactions and/or lost

to the atmosphere.

Algae seem to prefer ammonia nitrogen when both
ammohia nitrogen and nitrate nitrogen are present.
It is also reported that nitrate assimilation results
in the production of OF  ions which couses & rise in
PH while ammonia nitrogen assimilation lowers the pH '
by the formation of H' ions. |

(111) Phosphorus used in "algal-bacterial symbiosis".

| Phosphorus is used as orthophosphate in "algal-

- bacterial symbiosis". So, phosphorus assimilation is
célculatedAon the ﬁasis of the:amount of phosphgrusihaed
up in the ecosystem and as a result of‘a}gal growth,

In the ecosystem the folldwing:reaetions aie taking

place almost  simultaneously:

a) decomposition of arga#ie matter
b) bacterial cellular synthesis,
¢) endogenous respiration and

d) algal growth

The organic matter from ﬁhe ecosystem is removed
as bacterial solids, while the inorganic nutrients are

removed as algal bio-mass,.
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The total phosphorus utilized in all the three
algal cultures has been caleulated, and that used by )
the algae alone for thelr cellular synthesis haSxiee
also been calculated according to the estimated phos-
phorus content 0f the algae. The actually determined
phosphorus content of the algal cells-is‘réported
below in terms of % of algal dry weight:

Nostoc pyriformis = 0,98
Anabacna cylindrica = 1.14
Mixed algae = 0,99

The results of total vhosphorus utilization and
phosphorus utilization in algal synthesis are shown

in a tabular form belows

Detemn- Total utilization -~ Uvilization in algal

tion syntheeis
period PO P % of P Algal ushd % of P
in days (mg/1) used used dry used
817 (mg/1) wt. (mg/l) -over in
o (mg/1) ~fluent
u (mg/1)
Nostoc pyriformis
G 19.5 6'5 - - - -
2 Tdd 2,5 61.5 206 2.02 31.1
4 6.0 2.0 69.2 212 2,08 32,0
6 5.7 1.9 70.8 218 2.14 32.9
Anabaens cylindrica
0 16.0 5.3 - - - -
2 5.3 1.8 66.0 199 2.27 42.8
4 T4 0.5 90.6 201 2,29 43.2
Mixed algae
2 5.7 1.9 66,1 208 2,06 36.8
4 3.6 1.2 78.6 210 2,08, 371
6 2.7 0.9 83.9 214 2.12 37.9
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It will be seen that nearly 71 to 94% of the
phosphate phosphopus have been used up within six
days in the three algal cultures but only about 33
to 44% of phosphorus has been utilized with six.days
by the algae alone for their gpowth; The rest of the
pnoéphate mist have been:precipitateanon account of ‘

higher pH reached msix days detention period.

v

| (iv) The ratios of C:N and C3P:

Various studies on ﬁaste ﬁater‘purification show
the optimum rates of carbon to nitrogen used up in
stabilization. Iﬁ terms of COD, the COD to nitrogen
ratio is found to be 25:1 (Porges, 1960) . Sawyer
(1956) has reported a wide BOD to N ratio of 32:1,
equal to carbon to nitrogen ratio of 17.5:1 with

longer periods of detention.‘

It has been stated that the eritical }evels are
mach lower than pitrogen yiﬁh the '.BOD5 to phosphorus
varying from 90: 1 upto 15031 indicating one unit of‘
phosphorus is required for 49 to 82 units of carbon
(Porges, 1960).

In the case.of the three algal growth cultures
studied, the following ratios have been found in '

respect of BOD. used up to ammonia nitrogen used up
. 5 ) . ' ’
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BQD5 used up to phosphorus used up, COD used up to
ammonia nitrogen used up, COD used up to phosphorus
used up and organic carbon used up to ammonia
nitrogen used up, organic carbon used up to phosphorus

used up during‘@lgal bacterial symbiosism":

From the sub~joined table, it will be seen that
the ratios of C:N and C:P are found to be lower in
o »
theﬁélgal bacterial symbiosis taking place in the

high-rate aserobic ponds than the reported ones,

The uptake of_phosphorus is influenced by light
(Gest and Keman, 1948) and its availability is
influenced by the pH of the medium.

[{'¢ 22
(v) The ratio of N:P in algal bacterial symbiosis:

Sawyer (1971) has recently recorded that the
primary producers use nitrogen and phosphorus in
a ratio of 15 ¢ 1 and that natural bicarbonate
activity serves as an adequate source of carbon
&;pxide for algal blooms in all wastes excepting

acidic wastes.

The N:P ratio in the algae studied has been

calenlated as follows:
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The ratio of ¥ : P (utilised) in 6 days

Alzae L ideicnai) - ‘
Total utilisation Algal synthesis
utilisation
Actual Reduced Actual Reduced

Nostoe 33042406 Te321 17.0:2.14 7T7.9:1 -
pyriformis

Anabaena 31.3:5.0 6,311  16.8:2.34 7.2:1
cylindrica

Mixed 33.88 4.7 T.231 18.0:2.12 8.5:1
algae

Tt will be seen from the above table that ouf
values under Indian conditions are nearly one half

of the values stated by Sawyer (1971).
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