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DETERMINATION OF THE RATE OF BIODEGRABDATION IN SOME POLLUTED
TROPICAL WATERS AND [N SOME TYPES OF LIQUID WASTES COMMON

IN PUERTO RICO

introduction

In the fight to control water pollution two things are
of utmost importance: one, the kind and degfee of treatment
that a pollutant must undergo in order to become inocuocus in
natural ecosystems and, two, the fate of a pollutant when
discharged into a natural water body, such as a stream, a
bay or a lake,

In the case of liquid organic wastes, the degree to which
it may be rendered harmless depends on its chemical complexity
and its susceptibility to degradation, which usually is
accomplished by biochemical means for practical and economic
reasons. On the other hand, when a liquid organic waste is
discharged into a natural body of water, its effect upon it,
and its persistence, will depend not only on physical disper-
sive phenomena, but also on its continued natural decomposi-
tinn.(u)

Natural degradation of organic wastes occur at definite
rates and is induced by the action of heterotrophic bacteria.
There is ample information in the scientific and technical
literature with regard to methodology to evaluate biodegrada-~
tion rates of liquid wastewaters as well as the mathematical

approach to apply these rates to a multiplicity of practical
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problems. Nevertheless, most of the available information
refers to organic wastes of domestic origin {(such as,
domestic sewage) and very little with regard to industrial
wastewaters. Because of its nature, domestic sewage 1s
rather easily biodegraded with no acclimation of mierobial
populations needed, while industrial wastewaters, usually
lacking in essential nutrients, pose a more complicated
problem both in their treatment and their disposal.

A careful survey of the literature reveals that the
information with regard to biodegradation rates for specific
wastes is seriously lacking. In the mathematical formulations
available to compute standard Biochemical Oxygen Demand (BCD)
curves no attempt has been made to incorporate a much needed
acclimation factor to take into account acclimation periods
that usually occur in many industrial wastewaters. As a
result, design of treatment processes for industrial waste-
waters are plagued with uncertainty and with an undesirable
degree of empiricism which, in most cases, must be accompanied
by tedious and lengthy pilot plant studies.

It is the opinion of this writer that the availability
of the information related to biodegradation rates of indus-
trial wastewaters can put the solution of this problem on a

more scientific, rational, and sound basis.
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Nature and Scope of this Study

In any water pollution control program, it is necessary
to define certain parameters 1in order to establish conven-
tional critera of paliutinn levels 1n natural water bodies
and to express the pollution potential of a certaln waste.
Biochemical Oxygen Demand (that is, the amount of oxygen
that microorganisms consume 1in the biodegradation of a cer-
tain amount of a particular waste, under specified conditions)
has Eecmme a very important "pollution measure". In practice,
a high BOD accompanied by a low dissolved oxygen concentra-
tion in a body of water is usually conducive to anaerobic
conditions which certaintly result in a change of the natural
biota of the body of water and other undesirable conditions, (1)

In treatment plant design, the "strength" of a waste is
usually measured in terms of its BOD and the efficiency of
the treatment process is computed on the basis of BODremoval,
among other things. A high BOD removal in the treatment
plant results in a lower BOD loading into the receiving water
body, which in turn represents less pollution,

Frankland (2) was the first person tc use the BOD test,
which he did to evaluate the peollution load on the Thames
River. Aderney (3) improved on it by developing the dilution
technic which made it possible to apply the BOD to any waste
regardless of its strength. The dilution technic was incor-
porated into the seventh edition of "Standard Methods" pub-
lished in 1933 after Theriault's work "Oxygen Demand of

Polluted Waters" (5).
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The BOD curve, as presented in any standard textbook
of sanitary engineering, results from plotting values of
oxygen consumed by bacteria, in the process of bicdegrading
a certain waste, against time elapsed from the beginning of
the process. The curve is mathematically approximated by
an exponential function as follows:

=Xt
vy = L (1~ 10 ) (1)

where:
v = total oxygen consumed by bacteria
in t days
L = ultimate BOD, total amount of oxygen
required for the complete aerobic
stabilization of the waste.,
(theoretically vy= L at t = &9 )
k = temperature dependent deoxygenation
(biodegradation) constant
In theory, each organic constituent of a mixed waste
has its own particular value of "K", but due to the complexity
and heterogeneous nature of most wastes practical "K" values
usually represent the average effect of all constituents in
the wastes.
Based on the aforegoing considerations, this project
was undertaken to try to accomplish the following goals:
l- To make an evaluation of the several methods quoted
in the literature for the determination of biodegra-
dation rates in wastewaters and polluted natural

waters, in order to select one method to be applied

further on this study.
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2- To determine de biodegradation rates for certain
selected sanitary and industrial wastewaters.

3. Observe and evaluate the effect, if any, of dilution
with natural fresh and salt water on the biodegrada-
tion coefficient "KW,

4- To apply modern computer technics to an area in which
available methods have not developed beyond the "graph-

and-sliderule” stage.

Evaluation of Availabie Methods fuf the Determination of

K" and "L".

A number of methods have been daeveloped to determine the
values of "K" and "L"™ in the BOD relationship ; but the related
lengthy computations have scared many investigators from this
field, Among those who have madé-significant contributions
are Theriault (5) , Fair (6), and Thomas (7) with his slope
method,

Variations of the older methods have been developed
recently, which reduce appreciably many of the time=-consuming
computations, such as the Method of Moments developed by
Moore, Thomas, and Snow (8), which does not require for its
application a detailed knowledge of its mathematical derivation,
Theriault's method (5) based on certain tables developed by
him, the logarithmic equation derived by Oxford and Ingram
(3), and the arithmetic method by Rhame (10),

Other significant studies have been made with regard to
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the behavior of the "K" and "L" parameters. Ruchhoft et al

(11} found them to vary widely in diluted sewage., Variations
from the traditionally accepted value of 0,1 at 20 °C for the
"K" of domestic sewage were observed by Mukherjee et al (12},
who made the first research work about the effect of pH on
the BOD values of domestic sewage for the climatic conditions
of India. Sawyer (13) demonstrated the discrepancies between
theoretical and actual values of "K" and "L" in mixed wastes
due t¢ the differences in biodegradability of the different
components of the waste,

As previously stated, no significant information is rep-
orted in the literature with regard to similar work accomplished

on industrial wastewaters.

Selection of a Method to be Applied in thig Study for the

Evaluation of "XK" and "“LY%,

The first part of this study was devoted to make an
evaluation of the methods quoted in the literature for the
determination of deoxynation (biodegradation) rates in
polluted waters and in wastewaters. The following methods
were preliminarily selected for further study and evaluation:

1- The Method of Moments by Moore et al (8).

2- The Arithmetic Method by Rhame (10).

3- The Graphical Method by Thomas (1k),

After careful consideration, Moore's method was discarded

because the evaluation of "K" and "L" depended in this method
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on a series of graphs developed by the authors based on certain
wastes, and we could not be certain of their undiscriminate
application to other wastes.

The method by Rhame was considered too simplistic and did
not lend well to sophisticated computer technics. The method
iacks in accuracy and, therefore, was also eliminated.

Thomas method was selected because, although graphical
in nature, it lends itself to computerized mathematical treat-
ment, thus increasing its already acceptable precision, This
method is based on the standard BOD formulation

-kt
Yy = L (21-~-10 }

The author of the method discovered the similarity

between the following two functions:

=kt - . -3
a) (1 =10 ) b) (2.3 kt) {1 + (2.3 ),

6 J

Wwhen both functions are expanded through the proper seiection

'I-_,

of known series, they become identical for the first three

terms of the series, as follows:

1
L

e |
b) 2.3 Kkt [;1+ (E&iﬁkt‘ ~4 = 2.3kt { 1- 1/2 (2.3 kt) + 1/6
. - -

(2-3 kt)ziln '

.

After the third term of the series, the rest of the terms
diverge, but they are too small in magnitude to have any

significant influence in the total value of both functions,
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Therefore, Thomas substituted function (b) for its equivalent

in the BOD equation:

' -3
Y =L (2.3 kt ) [1 % (gﬁi)kt]

Rearranging terms and extracting the cube root to both gides

of the expression he obtained a lineal equation in (t; 3173

y
and t as follows:
1 2/3
(ot - 4+ (2.3K) £ (2)
(2.3 KL »1/3 6 L 1/3
This is an equation of the form:
Y= A=BX
Where
A = vertical axis intercept = N S (3)
(2.3 KL)1/3
B = slope of the straight line = LZ‘EKLE{B (%)
6L/

Thomas graphical method consists then in plﬁtting the
above straight-line equation 1in rectangular-coordinate paper
by using values of ( t!y)lfa for the vertical axis versus
values of t for the horizontal axis. The values of "t" and
"y" are obtained experimentally by running a set of BOD tests
on the sample to be analyzed, from which gequential values
of "y" are obtained for a cronclogical sequence of days.

The best fitting straight line is drawn and the values of
vertical-axis intercept and slope of the curve are measured

graphically, from which equations (3) and (4) above may be
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solved simultaneously for "K" and "L",

in order to increase the precision of Thomas method,
the process of curve-fitting to the experimental values was
improved by applying statistical analysis to the data. Values
of A and B (equations 3 and 4) were obtained mathematically
rather than graphically. The entire process was programmed
to be solved by means of a computer, as shown in the appendix

of this report,.

Selection of Wastes to be Studied

It was deemed necessary to have both domestic and indus-
trial wastes for this study. Since most work done in this
area has been on domestlc sewage, it would serve as control
for the study; but in addition, this would afford a good
oportunity to study domestic wastewater from Puerto Rico and to
see if there was any difference between sewage from different
size communities. The following wastewaters were selected:

@) From India Brewery, which contains high residuals
of yeast and a very high BOD,

b) From Caribe Feed Mills; this industry ellaborates
cattlefeed based on certain raw material obtained
from India brewery, containing high malt concentra-
tions.

¢) From Integrated Industries, which produces animal
feed from stickwater residues of nearby tuna-fish

industries. This industry uses in its process
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sulfuric acid to prevent the decomposition of the

stickwater; veast and molasses are added as nutri-
tive supplement. All these materials are present

in the wastewater effluent from this industry.

d) From IBEC Packing Co., a tuna-fish industry. Unfor-
tunately, this last cone had to be eliminated because,
out of unsound fears, the administrators did not
want their wastes to be studied. We tried to get
permission from neighbor plants, Del Monte and Starkist,
with similar results. This was rather unfortunate
because the tuna-fish waste was of particular interest
to us since these are among the largest tuna plants in
the world, suppling most of the tuna consumed in the
U.S.A,

e) Sanitary sewage from Hormigueros, a town of 9,900
citizens.

f) Sanitary sewage from the city of Mayaguez, & community

of 93,000 inhabitants.

Experimental Methods and Technics

Sampling points were carefully selected so that the samples
would be representative of the waste, and sampling was done as

prescribed in Standard Methods (16). Dissolved oxygen and tem-

perature measurements were performed in situ. All tests for the

study were performed following Standapd Methods.(16).
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The experimental part of this study was divided in three
phases. The first phase consisted in working with the waste
as it came from the particular source to determine its value
of "K" in its original state. The second and third phases of
the study consisted in diluting the waste with natural river
and sea water to simulate the condition of the waste when
discharged into a natural body of water.

In order to exclude any extranecus effect from other conta-
minants that might be present in the waters used for dilution,
these were taken from places known to be free from pollutiocn.,
The river water was obtained from the Cain Altc River, at a
point way upstream from any source of poellution. The sea
water was taken at a point about five miles off the coast of
Mayaguez which, through previous analyses, was known to be
clean.

In order to observe any effect due to different degrees
of dilution on the value of "K" of the waste, IwoO dilution

factors were used: 2 and 10.

Mathematical Treatment of the Data

Following Thomas method, as explained elsewhere in this
report, all data was analyzed and plotted in rectangular-
coordinates paper.

It was immediately observed that the wastewater of
domestic origin produced BOD curves of normal appearance.
in the case of the industrial wastewaters, irreal negative

values were obtained for both "K" and nint_ This was found
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to be due to the ﬁcclimatinn period required by the bacteria
to develop their enzymatic systems in order to degrade the
more difficult industrial wastes. The standard BOD formula-
tion does not take this phenomenon into acceunt.

Since there is no report in the literature with regard
to the existence of any mathematical model to deal with this
situation, it was necessary to develop our own methodology.
It was found that if a standard BOD curve was drawn approxi-

mately through the experimental points it would be shifted
to the right along the horizontal axis by an interval of time
"a" pepresenting the acclimation period. The factor "a" was
named "acclimation factor" and was iniroduced into the
standard BOD function as folliows:
~k{t=-a)
v = L (1« 10 )

With this modification it was then possible to use
Thomas methdd, as modified for this project, to determine
#K" and "L" values for the industrial wastewaters under the
conditions of the study. Nevertheless, this technic intro-
duced a trial-and-error element in the methodology, which
must be dealt with in future research projects, this being

outside of the scope of this study.

Results

The following table and graphs are used to present the
results of this study. Because of the trial-and-error method
used to apply the acclimation factor "a" as previously stated,
the graphs for the industrial wastewaters do not always f1t

precisely over the experimental points.
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~—ip—— Computed values

Symbaols:
i O Meagsured valuas

K = 0.144
L = 17
Ph &t 7.0
Temp. 20%C

130
3
o
100 «
£
o
el
50 f
o ! 2 3 & s

TIME IN DAY S

Fig -1 B80.D curves City of Mayagiiez, Raw Seweage
Undiluted.
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wuip— Computed values

Symbols: O Measurad values
K = 0.145
L = 123
Ph = 7.6
Temp, 20°C
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- 3
a F —iz
a: £
o
o
&
50

TIME IN DAYS

figi-2 B.0D. curves City of Moyagliez, Raw Seweage
Undiluted.
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—@— Computed values

Sy O Maasured valuas
K = 0.042
i x 263
Ph = T.l
Temp. 20°C
-
a
o
00 o
@
— Q
[ 4
50
O j Z 3 & 5

TIME IN DAYS
Fig 1-3 B.0.D. Curves. City of Mayaguez, Raw Seweage

Undiwted.
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—i-— Compuisd voiues
i
Symbols O Measured volugs

B = 0.247
L x 45

Temp. 20°C
F.O = 2

40

800 P.RM

30

20

t0

4 3
? I 2_ TIME Iahl DAYS

Fig. 2-1 B.0.D. Curves. Clty of Mayaogiez. Row Sewage,
Dlluted With Sweet Water by a Factor of 2
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Srmboll=+ Computed valuss
Mesasured voluss

K = 0.278

Ph = 7.1
Temp. 20°C

F.D= 2
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. ‘/
=
=
i

30

20

10
Q | 2 3 4 L.

TIME IN DAYS

Fig 2«2 8.0.0 Curves. Clity of Mayogiiez. Raw Sewage,
Diluted With Sweet Water by a Factor of 2



o,

—@— Computed vaives
Meosured values

Symbols:

K t 0.2886

L s |7
Ph = T.5
20 Tamp. 20°C
F.D = {0
+_ -
1S o -
o
i [
a -~
a 7
&
10
|
0 ! 2 3 4 | 5

TIME IN DAYS
Fig 3-1 B.0.D. Curves. City of Mayagiiez. Raw Sewage,

Diluted With Sweet Water by a Factor of 10
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- —@—— Computed values
O Measured values

K : 0.278
L 5 (2
Ph = 7.8
Temp. 20°C
F.D = 1D
I8
Iq. -
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10 a
&3 -
L
i 3
S
3] : 2 9 i 8

TIME IN DAYS
Fig 3-2 B.0.D. Cwves. Clity of Mayagiiez. Raw Sewage,

Diuted With Sweet Water by a Faetor of 10
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-@— Computed valuss
Symbols:

QO Measwed values

K # 0.312

L 2 88
Ph = T.6
Temp. 20PC
F.D = 2
80
o i 2 3 8 | 8

TIME IN DAYS

Filg 4~-1 B.0.D. Curves. City of Mayoglex. Raw Sewage,

Diluted In Sea Wdter by a Factor of 2
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—@— Computed values

Symbols:
TN O Medsured volues

K s 0,332
L r 48
P h = T.3
Temp 20%¢
F.D = 2
80
®
Q
a i
40 8- "
3 -
= 3
[ A
20
0 | 2 3 & 5

TIME IN DAYS

Fig 4~2 B.0.D. Curves. City of Mayagllez. Row Sewage
Diluted in Sea Water by a Factor of 2
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w——@— Computed valuss
Symbols:

O Msosured values

K t 0 39

Ph r 7.6
Temp. 20°(

{2
It- =
[
o
® 8
&
4
¥ } 2 3 & S

TIME |IN DAYS

Flg 8—-! 8.0.D. Curves. City of Mayagliiex. Row Sewage
Diluted n Seo Water by a Factor of 10
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—&8-- Computed valuss
Symbols. QC Msaosured values

K = 0.329

L s |2
Fh E T-E ’
Temp. 20°C
F.O = |10
i2 ”
. e
b- .
Q. %
" A
ﬂ . o
n ;
=
" /
4
O 1 2 3 % 5

TIME IN DAYS
Fig 5-2 B8.0.0. Curves. City of Mayagiiez. Raw Sewage

Diluted in Sea Water by a Factor of |0



s o Coﬁpui ad valuss

Symbols:
O Weosured values
K = 0082
L = 183
Ph = T.3
120
Temp. 20°C
Z )
90
80
30 '
0 [ 2 3 4 -]

TIME IN DAYS

Fig 6~-I B.O.D. Curves. Town of Hormiguercs,

Raw Sewage UndHuted.
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Symhnli+ Computed values
!

Q Meosured vaglues

Temp. 20°C

&0
'’
40 - -
0
f////’F’f
| 2 s 4 s

TIME IN DAYS

Fig 6-2 B8.0.D. Curves. Town of I-lurmigu.rnl.

Row Sswage Undiiuted.
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P Computed valuyss

Symbols:
gl QO Meosured vaiues

9 = 0.195
L x 50
Ph = 7.4
Temp. 20°C

60

"
* / -

L. 20

0 ; e £
TIME IN DAYS

Fig -3 B.0.D Curves. Town of Hormligusros.

Raw Sewage Undiluted.
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T I+ Computed volues
YMBOI®* 0  Measured values

K = 0.1583
L = U8

Ph = 7.1
Tamp. 20°C
F.0 = 2

60
F )
45
-
Q.
(1 I
30 o
o
7 v
15
0 : 2 3 4 5

TIME {N DAYS

PFig 7-1 B.0.D. Curves. Town of Hormiguros. Raw Sewage

Diluted In Sweet Water by o Factor of 2
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~@— Computed values
Symbolis-

Maasured values

K : 0.208%8
L = 19
Ph = 7.5
Temp 20°C
£FD = 2
15
O ! 4 3 4

TIME IN  DAYS

Fig 7-2 B.0.D Curves. Town of Hormiguercs. Raw Sewage

pllmd in Sweet Water by Factor of 2



Ph t 7.6

Tamp. 20°C
F.D = 0

15
o

- |
&

10 a
o
o
o

5
0 | 2 3 4 3

TIME IN DAYS
Fig8—1 B.0.D. Curves. Town of Hormigueros. Raw Sewage

Dituted in Sweet Water by a Factor of 10
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~@— Computed vglues
Symbois:
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0 J 2 3 4 5
TIME iN _ DAYS

Fig 8—2 B.O.D. Curves. Town of Hormigueros. Raw S swage

Diluted 1n Sweet Water by @ Factor of 10
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—@— Computed values

Symbols O  Meosured valuees
K = D.222
L = 5t
Ph = 7.6
Temp, 20°8
F.D = 2

60

r h“

45

30

{3

0 i 2 . & 5
TIME tN DAYS

Flg®~! B8.0.D Curves. Town of Hormlguercs. Raw Se wags

Diluted n Sea Water by o Faotor of ‘2
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we-—iP——Computed values
Symbols:

O Meosured values

K = 0.i66

Temp 20°C
F.O = 2

20
o)
15 =
[«
a
a
o
&
&
10
L]
%

TIME IN DAYS

FIG 9-2 B.O.D. Curves. Town of Hormigueros. Raw Sewage

Diluted in Sea Water by a Factor of 2
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- =~ Compuied valuas
Symbois: |
O Measured values

K x 0.27%
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F.O = 10
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! 2 3 4 S
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Fig 10—t 8.0.D Curves. Town of Hormigueros. Raw 8Sewage

Diluted in 8ea Water by a Factor- of 10



. Sumbit - Computad volues
YOOI O  Measured values

% t 0.042
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Filg 10~2 B.0O.D Curves. Towm of Hormiguercs. Raw Sewage

Diluted In Sea Water by a Faetor of 10
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formulg

Symbols: @ — Compuled vaiues by comventignal wunimolecular

~—-@--— Computed volues considering an agclimation facter

O Me asurad values

K : 0.i853
L 2 05970

Ph : 7.6
Temp, 20°C
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| 20000 .
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3 45 %
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| F g 4 TIME IN DAYS

Fig Il—1| B.0.D. Curves. lﬂiiwahd industries
Raw Waste, Undliuted.
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Symbols: —@P——Computed values by coaventional unimolscular formula
weenw i -—C omputed volues considering an occlimation factor
O MWeosured values
K s 0. 260
L. = 104938
Ph = 6.8
Temp. 20°C
F.a z 1.6
100000
_ -5
Y,
[ -"/
4
80000 ‘/
e
= ﬁf
o I'd
o /
80000 .
a J/
2 /
y .!
/
40000 : /f/
20000 g /:/
; j/
ﬂ i 2 3 & 5
st F.g > TIME IN DAYS
Flg Hi—-2 8.0.0, Curves. Jntegroted Industries.
Raw wWoste, Undiluted




Symbois:
— - @-—Computed values
O Meosured vaolues
K =
60000 L =
Ph =
Temp.
F.a. :
50000
40000
-
a
a
Q
O
30000
i
QGO0
10000

/

aidy Jos

congidering

0. 447
40218

6.6
20°C

b =

/
N O ———

0 ! 2

TIM

3

an ageclimation

4

E IN DAYS

Fig -3 B.0.D. Curves. Infegroted
Raw Waste, Undiluted

industries

——@-— Computed voiues by conventional unimolecular formula

factor




2=

—@— Computed volues by conventiongal wunimolecuior formula
——-@-—Computed values considering an acclimation factor

Symbols
C  Meosured values
K : 0.4979
L t |4T73
Ph = 6.4
Temp, 20°¢C
20000 F.D. = 2
F.a = .6
I6000
-".'.A
-
I} o
| a
rIEDDﬂ a
| =
[44]
BOO0
4000
0 Fg | " 2 3 4 5
r‘- TIME IN DAYS
Fig 12=1 B.O.D. Curves. Integrated Industries. Raw Waoste

Diluted in Sweet Water by o Faotor of 2
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& Computed volues by conv entional unimolecuior formula.
Symbols; — @~ Computed values considering on acclimation factor
O Meqasured values
80000
K t 0.329
L = 41327
Ph = 6.8
66 Tamp. 20°C
200 F.D. = 2
F.a = |.§
F
40000 =
o ‘e
o
L&
a
30000
20000
10000

3 4 5
TIME | N DAYS

EL F.a ; _l
Flg 12-2 B.0.D. Curves. Integrotad Industries. Raw Waste
Diluted in Sweet Weter by o Factor of 2
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~—@P—— Computed vclues by conventionsl unimolecuior formuia

Symbois: —-@-—— ¢ ampyted values considering on oacclimation factor
O Maasured values
K 5 0420
L = 3i36
Fh = B.6
5000 Temp. 2Q°C
F.D T 1O
F.a = {.5
000
=
a’
o
000 _.

BOD

2000

1000

\
h-

2 3 4 9

0 :
|-—_F.u. S— TIME (N DAYS

Fig 13—=1 B8.0.D. Curves. Integrated Industries. Raw Waste

Dliuted in Sweat Water by a Factor of 10
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& Computed values by convantional
Syrtls: —-@--— Computed voiues considering an
o Magsured values
K = 0.653
L = 8022
Ph = T
Temp. 20%°C
F.O. =2 10
F.o = ©0.95
8000
&000
.

N

%

80D

4000

2000

: 2 3 4

0
o F.0. —4 T1 ME IN DAYS

Fig I3-2 B,0.D. Curves. Integrated indusiries.

Diluted

enmolecular

occlimation factor

formula

Raoaw Waste

in Sweet Woter by a Factor of 10
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o Computed values by conventional unimelesulor formulg
Symbola: ——~-4--— Computed values considering dn gcclimation foctor
60000 0 Maasured volues
K = 0 339
L = 409013
Ph = 6.4
Temp. 20°C
50000
FD. = 2
F.a = .5
[ &
40000
e
b 3
= /,."’
” %
30000
O
@
20000
1ICQ00
0 I 2 3 4 5

le—Fa. o] TIME IN DAYS

Fig 14~} B.0O.D Curves. Integrated Industries. Row Waste

Diluted in Sea Water by a Foctor of 2
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— Compuyied values by conventional umnimolscular formulo
Symbois: -——-@--— Computed values considering on occlimation factor
8 Meosured values

K :t 0.33)

= 39760

Ph = 6.8

Temp 20°C
S0000 F.D. = 2

F.a, = 1.7

40000
- .
F
A
-ll"".'l..lll.-llI
=
30000 o
(v
n *
[
5 4
20000
10000

,u Fg. | 4 2 3 4 5

TIME IN DAYS

Flgi4—2 B.,0.D. Curves. Integrated I[ndustries Raw Waste

Dliuted in Sea Water by a F agotor 2
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ol Computed voluss by conventional unimolecular formulo
w—-—@~-— Computed voiuess considering on gcclimotion foctor
Symbols: »] Medsured voluss

K z 1. 1O}
L z 9193

LRO00 PR = 7.2
Temp 20°C
F.D. 3 O
F.a. = 0.9
0000
“—-__,.h-l' I — = - *
-
r-"
8000 '/
a.
: /
o / :
@ / 0
6000 /
I/
rf *
4000 f’:,
/

2000 f
J

o j 2 3 4 5
£ TIME 1IN DAYS

FligiS—=1! B.0.D. Curves. Integrated Iindustries. Raw Wasts

Diluted iIn Sea Woter by @ Fagotor of 10



~49-

-5 Computad wvolues by conventionsl unimolecular formula

Symbols: —-@--—. Computed voluas cunll'dlrhq an acclimation factor
12000 O Msosured voluss
K = 0.064
L = 29280
Ph . = 6.6
Temp 20°¢C ;
|
0000 F.D. = 10 / l
F.a. = 2 |
8O0CO |
=
o
a
6000 |
O
@
4000
2000
|
._-—-r-""-.-l"-r.

) ) 2 3 4 5
L—- -2 ’-' TIME IN DAYS

Flg I1IS- 2 B8.0.D. Curves. Infegrated Industries. Raw Wasts

Diluted in

Sso Water by @ Factorof 10




& Computed voluass

Symbols; ——@-~-—Computed

Undliuted.

50~

by convetional unimoiscular formula

volues considering an oeclimation factor

O Measursd volues
20000
K s 0. 273
L =z |9409
Ph = 7.2
Temp. 20°¢C /e
6000 F.a. = |1
&
I4000 l
-
a
[ 4y
[
o
12000 @
8000
4000
0 | 2 3 4 5
I" F.o "'I TIME IN DAYS
Fig 16-1 B.0.D. Curves. Caribs Feed, Raw Waste,



& Computed voiues

Symbols: . .. @ _-— computed values

-51-

Bt
30000 O easured volues
¥ z 0.428
L % 20016
Ph = 7.3 |
Temp. 20°C
23000 F.a. = 1.2
200
00 =
A
a
o
O
&
{5000
000D
3000

F.o ; TIME

» )

Fig 16— 2 B.0.D. Curves.
Undiiuted.

3
IN DAYS
Carlbe

by conventional

considering an

Feed.

unimolecuiar

acclimation

Tormula

factor

Waste,




—— Computed valuas by conventional unimoiscular
——-@--—— Computed values tonsidering an acclimetion
Symbols:
O Measured vaiuas
K = 0.4l
L = I8
Ph : 7.0
Temp. 20°C
F.a. = 1.7
16000
_ A
12000 = &
a
a
Fa
O
@
8000
4000

-.-[ TIME

Fig 1I6—3 8.0.D. Curves.

Undulited.

57w

3 4
IN DAYS

Carive Feesd Raw

formuia

factor

Wasts
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— P Computed values by conventional unimolacular formulp

Symbols: —-~@-— Computed values considering an dcclimation factor
O Msosured values
K z 3. 28i
2 8400
Ph -+ 5.5
0000 Tomp. 20°C
F.D, = 2
F.ao, = 1.8
8000
>
f« I
6000 .
&
O
o
4000
2000

0 g | z 3 4 5
I = | TIME iN DAYS

Fig 17 -1 B.0.D. Curves. Caribe Feed. Raw Waste
Diluted In Sweset Water by a Factor of 2
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—®— Computed values by conventional unimolecular formuid

Symbols: —--@-— Computed vdlues considering an oacclimotion factor
Q Maasured values

K = 0.48%4
L = £933
Ph = 7.2
Tamp. 20°C

1000

2 FOD.= 2

F.a.= .7

8000

éooc

BOD p

4000

2000

0 | 2 3 4 5
e F a . TIME IN DAYS

Flg i7- 2 B.0.D. Curves. Caribe Feed. Raw Woste

Diluted 1n Sweet Water by a Faotor of 2
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@— Computed valuss by coaventional unimolacular formulo
Symbols: —-—@~ - Computed volues considering on acclimotion factor
Q Measured volues
K=z Q.067
L= $707
Ph= 6.5
Teamp. 209 C
F.D.= (D
F.ao.= 1.8
2000
1500
b-
a
o
S
o
a
{000
500
pumpA

2 3 4 S

0 j
i"_Eu. )‘i TIME IN DAYS

Fig i8—1 B.0.D. Curves. Caribe Feed Co. Wastawater
diluted in Sweet Water by @ Factor of (0.
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; ;
—®——— Computed values by conventionali wunimoleculer formuig

S,Mhﬂll: ——-8—— Computed vglues congidering an occlimation focter
O Msosured valuss
Kz 0.138
2300
L= 2434
Ph=7.0
Temp 20° C
2000 FD.ze 0
Fa 1|2
E ™
E [
500
a
O
@
1000
500

0 2 3 9 =

TIME IN DAYS
I'Q—F.u—-hl

Fig 18-2 B.0.D. Curves Caribe Feed Co. Wastewater
diluted in Swest Water by a Faotor of 10
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. - Computed valuss by cawentional unimoiscular formula

-....__.._...,......,._
Symbols- G_nrnpuud valuss considering an occlimation factor

O Measured valyes

K 2 0.294
L = |TTI
Ph = 7.8
Teamp. 20° ¢
F.a = 2
F.D. =18

4000

3000

0D PPrM

2000 G

1000

0 ; 2 3 4 3

e——F.a =]  TIME N DaAvs

Fig 19-1 8.0.D. Curves. Caribe Feed Co. Wastewatsr
diiuted iIn Seg Water by a Faotor of 2
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—&—— Computed volues by conventional unimolecular formulg

Brmhull:__-...___ Computed valuss considering an acclimation tactor

O Measured values

Ke 0.213
Lz 4742
Ph=7.4
Temp 20° C
FD. 2

F.o L8

5000

4000

P.PM.

3000

B.0.D.

2000

1000

0

Fig 19—~2 B O0.D. Curves. Caribe Feed Co. Wastewater
diiuted in Sea Water by a Factor of 2




Symbols:

1500

P.PM.

{000

B.0.D.

500

-5~

& Computed volues

—alp - e Computed values

by conventional unimolscular formulg

considering an acolimation factor

O Meosured vyalues

K= 0.140
Ph = 7.5
L 2725

Temp.z 20° C

F.D.= 1D
Fe. = )82

bk

Fig 20— 1|

—{ TIME

IN DAYS

B.0.D. Curves. Caribe Feed Co. Wastewater
diluted In Sea Water by a Factor of 10
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gnimolgcular formula

5 Compuied values by convantional
Symbols: —--@--—— Computed volues considering on ccclimation factor
O Measured values
K =0.353
L = J0SI
Ph = T
—_— h = T8
Tamp=20°C
F.D = 1D
F.a = 1.8
{200
a c
a P
g00 @ .
o
=
[+ 2]
600
300
/
d 5
TIME iN DAYS
l"—F.u. ’-’
Fig 20-2 B.0.D. Curves. Caribs Feed Co. Wastewacter

diluted

in Sea Water by a Foactor of |10
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i Computed values

Symbols:
C  Megsured voluas

K= 0.005
L= 36 3754

Phz 7.}
Temp 20° C

20000

13000

PPEM.

Q000

8.0.0

3000 ¢

0 I 2 3 d -
T IME iIN DAYS

Flg 21-1 8.0.D. curves. Indie Brewery. Undiluted

row waslewater.



~62-

- Computed vaolues by conventional urimotecular formuio

Symbols: —-@-— Computed values considering an acolimation factor
O Maasurad voluas

K=0.034
L=45078
Ph= T.2
25000 Teamp 20°C
Fa=20.7

20000
=
5000 & T
u. -
=
O
[+ 4]
10 000
/
rd
/
5000 f/
- Tf
..‘
2 3 4 5

L e
F.a
TIME IN DAYS

Flg 2i1-2 B.0.D Curves. Indig Brewery. tndlioted

raw wastewataer.



- 3=

—@—— Compuied values
S ymbots:
O Meosured vaiues
K =0.080
L =89840
Ph=T7 3
(=]
50000 Temp 20° ¢
40000 o
1
a,
30000 a
o
d o
[+ u]
[ ]
20000
{ 0Q00
&
! V——
o | 2 3
TIME IN DAYS
Fig 21-3 B.0.D. Curves. india Brawery.

raw wastewaotar,.

Undiluted
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. am Computed valuas by conventional unrimolscular formule
Symbols; ——-@--— Computed volues considaring an ccclimation factor
O Meosyred values
K=0.782
Lz 8168
Ph=7I
Temp. 20° €
F.D .z 2
fFa. = 1.9
8000 _o—— —® |
rf'
o

6000 ¥ /
- i
) /
o
o
(= 4|

4000

2000

| 2 3 4 5
F.a. *I TIME IN DAYS

Fig 22~1 B.0.D. Curves. indiac Brewsry. Wostewater
diluted In Sweet Woter by a Factor of 2




-——P-—Computed values by conventionol

-fh5-

vimoleculor formula

Symbols: — .. @ .._Computed valuss considering an acclimation factor

10000

8 000

o Mesosured values

B.0.D. Curves. India Brewery.

in Sweet

K =0.240
L=88672
Phz 6.5
Temp 20°
F.D = 2
F.a. .2

3 ¢
TIME IN DAYS

Water by a Factor of

Waostewater

dilute d
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—P— Computed vaiues

Symbols:
. Measured voluss
Kz 0.002
L=>84483
Phz 6.9
2500 Temp 20° C
FD.z }D
=»
2000
p-
o
IS00 &
o
Q
B
1000
7B
500
[ ]
]
Q | 2 3 4 o

TIME IN DAYS
Fig 23-1 8.0.D. Curves. Indig Brewery. Wastewoter dliuted

in Sweet Water by a4 Factor of 10,



=@ — Computed voluas by conventional unrimolecuigr fermula
S ymbols: ——--#-— Computed volues considenng an acclimation factor

@) Maasured vaoluas

K =0.148

Lt 3368
Ph=8.7
Temp. 20°C
F.D.= |0
F.g.= 2

/4

2
4.| TIME IN DAYS

Fig 23-2 B.O.D Curves. india Brewery. Wastewater diluted
In Sweet Water by @ Factor of 10
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g_
Symbols:

O

K= 0.187

L= 2594
Ph = 6.1

Temp. 20° ¢
FD = 2

4000

3000

PP M

2000

BOD

SO T T
Q g 2 3

TIME IN DAYS

Fig 24-1 B8.0.D0. Curves. India Brewery.
in Sea Water by a Factor

Computed

Mecsured

valuas

vaiuegs

Wastewater

of

diluted
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5 Computed values

Symbols:
G Megsursd values

K =0 054

L= 11876

Ph =69

Temg 20° ¢

F.D, = 2
8000

»

6000
4000
2000

TIME IN DAYS

Flg 24-2 8.0D. Curves. india Brewery. Wastewater diluted
in Sea Water by a Factor of 2
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~@=— Computed values

Symbols:
Q Meosured values
K =0.069
L=3338
Ph= 69
Temp = 20° C
F.D. = 10
2%00
[
2000
b-
a
1500 &
a
Q
@
1000
]
500

TIME I N DAY S
Fig 25-1 B.0.D. Curves. India Brewsry. Wastswater

diluted In Sesa Water by a Feactor of |0
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~@—Computed volues

Symbols:
O Magosursd vluas
K =z 0.249
L = 714
Ph= 7 |
Temp 20°¢
1000 F.D.= 10
800D
-
(2
(o
600 -
o
o &
»
400
200
[
0 | 2 3 L o>

T I ME IN DAYS
Flg 285-2 B.0.D. Curves. Indic Brewery. Wastewater

diluted In Seo Water by a Faetor of IO
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mixed with natural waters than in their original concentrated

state, regardless of the dilution factor; the degree of dilu-
tion does not seem to have any significant effect though,

On the other hand, when the dilution water is sea water the
value of "K" tends to be higher than when the waste is diluted
in fresh water. Since all dilutions were made with waters at
the same temperature (20°C), the observed effect can not be
explained on the basis of temperature dependent factors.

This finding is a very significant one because it indicates
that the effect of an organic pellutant on a natural body of
water, from the standpoint of oxygen depletion, is greater
than what can be predicted from standard mathematical models
in which the "K" value of the undiluted waste is used in
certain operations. In sea water, in which available dis-
solved oxygen is less because of the high chloride content,
the situation is still worse, with higher "K" values, which
indicate accelerated biodegradation with the accompanying
higher oxygen uptake rates.

With regard to the sanitary sewage, both domestic¢ waste-
waters studied showed "K" values somewhat higher than the
standard accepted value of 0,1, the median value being of the

order of 0.l%, with no significant difference between both

communities studied.
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Both Caribe Feed Mills and Integrated Industries, being
animal feed industries, had very similar wastes, although
the raw material used in each case have different origins,
as previously stated. The median "K" value for both industries
is about 0.29.

Highly variable and uncertain results were obtained from
India Brewery liquid wastes and, therefore, no conclusion can
be derived from these.

The introduction of acclimation factor "a® when analyzing
the industrial wastewaters was, certaintly, another important
accomplishment of this study. With the use of this factor,
industrial wastewaters may be analyzed without the use of
lengthy and costly pilot plant studies. For all industrial
wastes studied the value of "a" varied between 1 and 3 days,

80 that a total sfudy period of 8 to 10 days seems adequate
for this type of wastes.

Values of "L" were highly variable for most wastes
aﬁalyzed probably due to varying degrees of dilution of the
organics in the source. This is to be expected and is not
deemed important for the purpose of this study, as this did
not have any noticeable effect on the "K" values. Ultimate
BOD for the raw domestic sewage varied from 50 to 263 mg/l with
a median value of around 1490 mg/l. |

In general, Thomas method proved adequate for the

evaluation of "K" and "L" values for all types of wastes and
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could be successfully programmed for computer solution, the
only limitation being the need for a preliminary trial-and-
error estimate of the acclimation factor "a® introduced in

~this study to make the method applicable to certain industrial

wastewaters.

Recommendations for Further Study

After the completion of this study, considering the
problems that developed with it, we feel that it is necessary
to make certain recommendations to those who may want to enter
into this interesting, but partially explored, field.

l- In any future study of this nature, it is convenient
to conduct the three phases simultaneously. That is,
to run the tests on the same sample for the raw waste
and for the natural fresh and salt water dilutions,
rather than to do it on samples from the same source
taken at different dates. This will avoid the problem
of sample variations and will permit more accurate
comparisons of the results obtained from each test.

2+~ Greater precision may be obtained in this type of
study, with regard to the industrial wastewaters, if
a way may be devised to eliminate the trial-and-error
estimation of the acclimation factor "a" by means of
a new formulation that may permit its direct evaluation
or developing a new BOD equation to be applied to

wastes which require acclimation of the bacterial seed.
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APPENDIX

Computer Program
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G LEVEL 1, MOD 3 MAIN DATE = 70033 15748700
C DETERMINACION DE £A CCASTANTE DE ESTABILIZACICN BI0QUIMICA
c TIEMESII< DONDE Z1<#l,M #TIEMPO DE INCUSAC ION
C BCOMED XI< DONDE RI<#Ll,®  #BOD MEDIDO EN P.P.M
c CONSTANTE DE ESTABILIZACION K#CONES KE
C OXIGENO TOTAL ULTIMO G #L
c CXY#COVARIAC ION
C SX+SYNDESVIACIONES ESTANDAR
c R¥COEFICIENTE DE CORRELACION
C BNPENDIENTE DE LA LINEA DE MEJOR ACEPTACION OBTENIDA POR MINIMOS
C 1CUADRACOS
C A#INTERCEPTO DE LA LINEA CON EL EJE VERTICAL
C X+ Y#PROMEDIOS ARITMETICOS
C WY#BOO CALCULADO POR LA FORMULA ESTANDAR

INTEGER T
DIMENSION TIEMES{10),B0DMED{10),RA{10)«STI(10),0X(10},DY {10}

LePROD{1C) + VARITLIOQ) o WYL EO)

READ (1+41) M

DO 7C I=1.M

READ (1,3) TIEHESII!

0G 80 I=I:H

READ {1,2) BODMED(I)
FORMAT(]12)

FORMATIF15.8)

FORMAT(F10.5)

FORMAT [ LHG 50X+ F20.134274717177)

SUM=0.0

DO 4 I=1+M
ALILBﬂthDGIIIEHESIIiI*ALOG‘BUDHED{111113-
RALI)}=EXPLALTLE)
SUM=RA{I )+5UM |
WRITE (3,10} SUM
Y=3SUM/M

WRITE (3,10}Y

BO 5 I=]1.M
STILLI)=TIEMESIL)
SUMACA=STI{1)+SUMACA
X=JSUMACA /M

WRITE (3,10} X
SUM=(,0

SUMA=0,0

SUMON=0.0

DO 6 i=1lsM
OX(I})=STR(I)~X
DYIL1)=RA(I}-Y
PROT{TI¥=DXLTI)=DY L)
SUM=PRD( [} +SUNM

wRITE (3,10) SuM
SUMA=0X(])**2+35UMA
WRITE (3,10} SUMA
SUMON=DY (] } *% 2+ SUMON
WRITE (3,10} SUMON
CXY=SUM/M

WRITE (3,10) CXY
SX=JUMA/M

WRITE (3,10) SX
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G LEVEL 1, MUD 3 MAIN DATE = 70033 15748700

SY=SUMON/M
WRITE (3,10) SY
SXI=SQRT(SX)
WRITE {(3,10) sx1
SYL=S5QRT (SY)
WRITE (3,10} svi
R=CXY/{SX1%SY1}
WRITE {3,10) R
B=R*SYLl/S$X1
KRITE (3,10} B
BxY-B%X.
WRITE [3,10) A
Efja-ﬁl*ﬂjfﬁ |
G=l/(2.,3%E*A%%x})
00 8 I=] M
VARIA = {IE * TIEMES (1I) } ¢ ALDG (10.))
VAR{L}=EXP{VARIA)
8 WY(L)=G%{1-(1/VAR{I)))
WRITE (3,20)
20 FﬂRHﬁTIlleﬁﬁXiZZHﬂhTUS DE ESTE PROBLEMA, /777
RRITE 13,30)
30 FURHﬁTIIHDtI5I-2ﬁHTIEHFﬁ DE INCUBACION,30X,20HBOD MEDIDO EN P.P.M,
177)
DO T I=1l.M
T WRITE (3,40) TIEMESU1)BOOMED(I)
40 FURHAT[1H01ZBI-F3-91§ZKuF15-EI
WRITE (3,50) E
50 FURMATIIHIrIIIpﬁHHRlZﬂh A LA CUAL SE CONSUME EL CXIGEND POR DIA E#
leS5XeFlS.8,7727)
RRITE {3,€0) G
60 FURH&TI1H01361123HU¥IGEN0 YOTAL ULTIMO GHSXeFLlSB,//77)
WRITE {3,90)
90 FURMAT(1HO,5%,76HB0D POUR DIA CALCULADG SEGUN LA FORMULA ESTANOCAR E
IN P.P.M. DURANTE 10 DIAS wY, /7/)
00 9 I=]1sM
9 WRITE(I,100) wY(])
100 FQRHATilHﬂiﬁﬂxtFlﬁqﬂiffff,
hRITE{3,15)
15 FﬂHHﬁTI'Ua3ﬁKr'VﬁLERE5 DE RA PARA TRAZAR LA GRAFICA SEGUN THOMASa,
\/7/47)
DO 25 1 = 1 .M
25 WRITE(3,35) RA(I)
35 FﬂRHAll'O'SDX.Flﬁ.afffI/l
STOop
END
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