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ABSTRACT 

The biochemical oxygen demand (B.O.D.) test is one of 

the most widely applied control parameters in waste treat¬ 

ment and water pollution control. The test is dependent on 

determination of the dissolved oxygen utilized in the me¬ 

tabolism of a substrate by a mixed microbial culture. The 

bacterial growth system requires nutrient nitrogen which 

must be in the ammonia form for incorporation into cell 

structure. 

The use of nitrate nitrogen as the nutrient source 

should result in lowered values of B.O.D. due to the re¬ 

quired reduction of the nitrate prior to assimilation. The 

plateau stage of glucose oxidation by mixed cultures has 

been characterized by a stoichiometric equation which allows 

a prediction of the nitrate effect upon the plateau B.O.D. 

Experimental data substantiate the predicted lower 

plateau B.O.D. values when nitrate is substituted for am¬ 

monia nitrogen. The effect is shown to be quantitatively 

equal to that predicted. 

Glutamic acid runs are unaffected by the nitrate substi¬ 

tution since there is no nutrient requirement in such a 

system. 

Nitrogen limiting runs with glucose indicate that both 

the cell mass produced and the nitrogen requirement are less 

when nitrate is the nitrogen source. 
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INTRODUCTION 

The oxidation of carbonaceous organics by biological 

action is an autocatalytic oxidation-reduction reaction 

which may be ultimately characterized by the equation: 

Organics + Oxygen nutrients8*” Cart,on Dioxide + Water ■ 

and which may be represented by any intermediate time by: 

b rl C* "t* £* Y1 *1 rl 
Organics + Oxygen nutrients*"" Carbon dioxide + Bacteria 

4 Water 

Thus, the measurement of the amount of oxygen required in 

the oxidation of a waste is a logical characterization of 

the waste. 

The biochemical oxygen demand test (B.O.D.) is one of 

the most widely applied control parameters in waste treat¬ 

ment and water pollution control. The test attempts to 

determine the pollutional strength, or oxygen equivalent, 

of a substrate by measuring the oxygen utilized by a bio¬ 

logical mass, mainly bacteria, in the oxidation of the 

carbonaceous organics present. The test has evolved over 

many years, replacing such measures as the relative stability 

test and the potassium nitrate oxygen demand test. In 

attempts to simulate natural stream conditions, many studies 

were carried out over the years with regard to the bacterial 
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seed to be used., the mechanics of the test, and the salt 

content of the dilution water. Early in the development 

of the test it was realized that ammonia and nitrite in the 

sample could be oxidized and cause erroneously high values 

for the carbonaceous B.O.D. Methods such as pasteurization 

of the sample, inhibition of nitrifiers, and elimination of 

excess nitrogen from the dilution water have been advocated 

for the prevention of errors resulting from nitrification1. 

Ordinarily the B.O.D. test is run for five days, 

terminated, and ultimate or twenty-day B.O.D. values calcu¬ 

lated. An excess of ammonia nitrogen is usually present 

but the five day period is considered too short for sig- 

o 
nificant nitrification to take place . In the study of 

complex industrial wastes the B.O.D. test is frequently ex¬ 

tended to twenty days and nitrification is definitely a 

problem . 

Gaffney and Ingols have proposed substituting nitrate 

nitrogen for ammonia in the B.O.D. dilution water in order 
•2 

to prevent nitrification . Nitrate is being advocated as 

the nitrogen source for the B.O.D. test in the 12th edition 

of Standard Methods. Already the American Petroleum Insti¬ 

tute specifies ammonium nitrate as the nitrogen source in 
ii 

its version of the B.O.D. test . 

This research was concerned with some of the effects 

on the B.O.D. test when nitrate is substituted for ammonia 

as the nutrient nitrogen source. 
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The study delineates the error in the measurement of 

B.O.D. when nitrates are used as the source of nutrient 

nitrogen, the magnitude of the error, its relationship to 

the substrate and offers an explanation of the magnitude 

of the error. Some suggestions of possible applications 

of the work to environmental engineering are presented in 

the discussion of the results. 
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THEORETICAL CONSIDERATIONS 

Carbohydrates are metabolized through any one of 

several pathways. In the process carbon dioxide is pro¬ 

duced with electrons and hydrogen ions being shunted into 

6 7 
the electron transport system J 1. The metabolism is com¬ 

plete when all of the hydrogen atoms have been passed to 

their ultimate acceptors. The most common acceptor is 

oxygen although a variety of substances will serve. Among 

the more common acceptors are methylene blue, nitrate, 
g 

nitrite, and chlorine0. This process of dehydrogenation 

is commonly called oxidation^-’ The complete oxidation 

of carbohydrates with oxygen as the hydrogen acceptor may 

be characterized by: 

Carbon Organics + Oxygen  Carbon Dioxide + Water 

(1) 
and the biochemical oxidation catalyzed by bacteria may 

be characterized at any intermediate stage by: 

Organics + Oxygen + Nutrients fiac^er^a Bacteria. + Water 

+ Carbon Dioxide 
(2) 

One of the fundamental problems in environmental engi¬ 

neering is the dissolved oxygen depletion in receiving waters 

caused by bacterial oxidation of waste materials. The Bio¬ 

chemical Oxygen Demand test was developed in the attempt 



5 

to characterize the reducing capacity of wastes as the 

first step in the control of polution problems. The 

standard B.O.D. utilizes a five-day incubation period with, 

at most, daily analysis of samples to define the reaction 

rate. 

It has been shown that further refinement of the B.O.D. 

test is possible if more frequent data are taken in the 

early portion of the test, that is, the first thirty 

hours'1'1. For the substrates studied a plateau in the B.O.D. 

progression is attained during this period. This plateau 

12 1^ 
corresponds to the plateau in the bacterial growth curve ■* 

The result is that this temporary stage represents com¬ 

pletion of a reproducible first stage reaction consisting 

of incorporation of available dissolved substrate into cell 

14 material . The maximum cell mass is present at the plateau 

in growth and in B.O.D. At any later time the cell mass 

will be in a state of endogenous respiration and the cell 

mass in the system will be decreasing. The plateau, then, 

is a logical point upon which to base any quantitative 

discussion of the reactions in the B.O.D. test. 

This more modern view of the B.O.D. test as a system 

containing first an actively growing population and then 

a respiring population suggests that growth nutrients are 

required in the system. One of the more important nutrients 

from a quantitative viewpoint is nitrogen. 
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Nitrogen occurs in nature in all valences from the +V 

(nitrate) to -III (ammonia). The interconversion of these 

various forms by biological oxidation-reduction reactions 

is termed inorganic nitrogen metabolism"^. 

Nitrogen metabolism may be classed as either nitrifi- 

"L 6 
cation or denitrification . 

Nitrification is defined as the oxidation of some more 

17 reduced form of nitrogen to the nitrate or nitrite valence 

The oxidation of the nitrogen furnishes energy while carbon 

dioxide supplies the structural carbon. The energy yield 

from such oxidation is slight and the growth rate for nitri- 
“I O 

fying organisms is therefore comparatively low^ . The 

mechanism of nitrification is not well defined due, in part, 

to the inability of workers to acquire a mass of nitrifiers 

19 large enough to allow thorough study . The environmental 

engineer is familiar with examples of nitrification in the 

nitrogenous oxygen demand in receiving waters and in the 

nitrification problem in the B.O.D. bottle. 

Denitrification may be divided into dissimilatory and 

assimilatory reduction. The term "denitrification" as used 

in the literature usually refers to dissimilatory reduction. 

Dissimilatory reduction is defined as any reaction by which 

nitrate or nitrite is utilized as the terminal hydrogen 

acceptor in an oxidative reaction with nitrogen gas or 

nitrous oxide being the common products. The term applies 
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to the reduction of any nitrogen form., and the product may 

be any form from nitrite to ammonia^. 

Only nitrogen of the ammonia valence may be incorpo:- 

rated into cell structure^-’ ^ However, it has 

been shown that nitrogen of several valences may be used 
16 22 23 

as a source of nutrient nitrogen ’ 3 The reduction 

of various forms of nitrogen to the ammonia valence for as¬ 

similation is designated assimilatory reduction1^. 

The mechanism of reduction is assumed to be the same 

for dissimilatory and assimilatory reductionthe dis¬ 

tinction being that assimilatory reduction produces only 

the ammonia form and only in the amount required for cell 

synthesis. It is probable that all of the steps in the 

reduction of nitrate to ammonia involve the normal respira¬ 

tory enzymes and that these steps differ from the reduction 

of oxygen only in the terminal stage of the cytochrome 

system^ 15- 16 ’ 22. 

As was indicated in Equation (l), the oxidation of 

glucose with oxygen as the hydrogen acceptor may be written 

as follows: 

C
6
H
12°6 + 

6
 °2  6 CO2 + 6 H20 (3) 

The analogous equation using nitrate as the hydrogen acceptor 

and requiring ammonia as the product of reduction is: 

2 C6H1206 + 3 N2O5 6 NH, * 12 C02 + 3 HgO (4) 



8 

Long-term B.O.D. studies demonstrate the importance of 

an understanding of both types of inorganic nitrogen metabo¬ 

lism. It is widely recognized that B.O.D. runs performed in 

accordance with Standard Methods may be subject to error 

due to nitrification of the reduced extracellular nitrogen 

1 5 24 25 
in the system 3 ->3 3 Earlier work in the field demon- 

25 strating that nitrate is available as a nutrient source J 

led to a proposal that substitution of nitrates for ammonia 

nutrient in the B.O.D. test would avoid the difficulty of 

nitrification . The implication is that since the nitrate 

is already at the most oxidized form, no further oxidation 

of the nitrogen can occur. However, the requirement for 

assimilatory denitrification before incorporation of the 

nitrogen is possible indicates that the substitution of 

nitrate is not the solution to the problem of nitrification 

in the B.O.D. test. 

When growth occurs in the presence of two possible 

hydrogen acceptors, (Og + NO^K the two are placed in compe¬ 

tition and the demand for each is affected by the presence 

of the other. The effect on the B.O.D. test in which 

assimilatory denitrification is occurring is to decrease the 

depletion of dissolved oxygen. Insofar as the standard B.O.D. 

test is concerned, lower 5-bay B.O.D. values are measured, 

but quantification of the expected error is impossible if 

only daily observations are used. 
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The plateau in B.O.D. progression affords the chance 

for a quantitative determination of the effects of the 

nitrate substitution as the nutrient. At the plateau the 

cell mass is at a maximum and the nutrient requirements have 

been fully expressed. The quantitative effects can be de¬ 

fined if a substrate of known composition is used. The 

B.O.D. progression with glucose and ammonia nutrient has 

26 
been studied extensively, and a stoichiometric equation 

for the situation at plateau has been formulated: 

24 CgH1206+ 59 02+ 17 NH3  ^ 17 C5H7N02+ 59 C02+ 110 HgO 

(5) 
The equation indicates the nitrogen and oxygen require¬ 

ments for a given amount of glucose when oxygen is the 

only hydrogen acceptor. However, when nitrate is furnished 

as the nutrient, glucose is oxidized with nitrate as the 

hydrogen acceptor according to Equation (4). Solving Equa¬ 

tions (4) and (5) simultaneously yields: 

29.7 C6H12O6+ 59 o2+ 8.5 NgO,- —17 C5H7NO2+ 93 co2 

+ 118.5 H20 (6) 

or 

24 C6H12O6+ 27.6 02+ 6.87 N205 —*-13.7 C5H7NO2+ 75.2 C02 

96 H20 (7) 
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Comparison of Equations (5) and (7) shows that for a given 

amount of glucose the plateau B.O.D. with nitrate nutrient 

is only 47.6/59 =0.806 of the B.O.D. at plateau when ammonia 

is available. The cell mass produced with nitrate bears 

this same ratio to the mass produced with ammonia. These 

predictions are readily susceptible to experimental verifi¬ 

cation . 

Since less cell mass is present at plateau it would be 

expected that, according to the plateau B.O.D. theory, the 

post plateau uptake, which is due to predation and endoge¬ 

nous respiration^, would maintain the effect of the nitrate 

substitution. 
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VALENCE EXAMPLE 

FIG. 2-VALENCE STATES OF NITROGEN - 

SCHEMATIC REPRESENTATION OF 

INORGANIC NITROGEN METABOLISM 
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EXPERIMENTAL PROCEDURE 

All of the data were collected from sets of parallel 

plateau B.O.D. runs. The experimental procedure using 

ammonium chloride and potassium nitrate as the nutrients 

is presented in detail.' 

Figure 3 is a schema of the set-up; the main components 

of which are the dilution water, the substrate feed solution, 

and the ammonia and nitrate feed solutions. 

The distilled and deionized dilution water was aerated 

to near saturation before reagents and seed were added. 

Nutrients were added as prescribed by Standard Methods 

with the exception that the buffer solution contained no 
<5 

nitrogen-^. 

Seed was collected from the influent of the Bellaire 

sewage treatment plant prior to zero hour. The seed was 

settled at 20°C until ready for use. The settled seed was 

filtered through two thicknesses of Whatman. #2 filter paper 

and five ml of seed were added per liter of dilution water. 

The completed dilution water was aerated for thirty minutes 

and then allowed to stand for thirty minutes to permit the 

escape of minute bubbles from the water. 

A plateau B.O.D. between 2.0 and 6.0 mg/l was chosen 

as a basis of calculation for both nitrogen sources. The 

substrate concentration calculated was prepared so that 
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FIG. 3 SCHEMA OF SET UP 
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10.0 ml of the stock substrate would yield the correct 

substrate concentration in the filled B.O.D. bottle. 

The nitrogen concentration was determined in the same 

manner as the substrate so that 1 ml of the stock placed 

in a B.O.D. bottle would give the: nitrogen concentration 

indicated by Equation (5 )• An excess of nitrogen was 

insured through the addition of 1.5 nil amounts. 

For a parallel run four sets of bottles were prepared 

samples with each of the. nitrogen sources, and blanks (no 

substrate) for each of the nitrogen sources. All of the 

samples were pipetted from the same substrate flask, and 

the nitrogen for each set of sample and blank was pipetted 

from the same nitrogen preparation. 

The bottles were filled and incubated in a dark room 

at 20°C. 

Samples were taken from each of the four types of 

bottles at zero time and at two hour intervals during the 

period required to define the log phase and the plateau. 

The Winkler dissolved oxygen was determined as set 

forth in Standard Methods^. The depletion in dissolved 

oxygen for each system was determined and the uptake for 

the blank subtracted from the appropriate sample to de¬ 

termine the B.O.D. 

The plots of the B.O.D. versus the lapsed time since 

zero time is termed the B.O.D. progression curve. 
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Sets of B.O.D. progression runs performed in the above 

manner offset the effects of any variable except the nitrogen 

source. 

For the nitrogen limited runs, the nitrogen was made 

up in the substrate solution in order to obtain closer 

control of the nitrogen concentration. 

Each parallel run required approximately one hundred 

B.O.D. bottles which had been cleaned with chromic acid and 

rinsed with distilled water. 
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EXPERIMENTAL RESULTS 

A. General 

In order to verify the prediction that the substitution 

of nitrate for ammonia as the nutrient would lead to lower 

5-day B.O.D. values, several runs were carried as far as 

5 days. Figure 4 shows the progressions for the two nitro¬ 

gen forms, the higher curve representing the ammonia data. 

The disappearance of nitrate from the nitrate system confirms 

that all. nutrient requirement is exerted in the period prior 

to plateau. No nitrate was detected in the ammonia system 

during this run. Although an effect of nitrate substitution 

is apparent at five days, the effect is only qualitative and 

there is no basis upon which to more fully characterize the 

system. Both of the progressions demonstrate the classical 

plateau as expected. The remainder of the experimental data 

were collected solely in the region between zero hour and 

plateau. 

Table IV contains data obtained from parallel plateau 

B. O.D. progression runs with the nitrate and ammonia nutrients. 

Although the runs were performed in sets, the data are dis¬ 

cussed separately for ease of presentation. 

As has been stated,the B.O.D. progression curve should 

resemble the normal sigmoid bacterial growth curve. Thus, 
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the B.O.D. progression curve should demonstrate lag time, 

a logarithmic uptake portion with a characteristic rate, 

and a plateau characteristic of the substrate concentration 

Ammonium chloride is the nutrient source for standard 

plateau B.O.D. progressions. The runs on the glucose sub¬ 

strate with the ammonia nutrient are discussed first in 

order to give a base for comparison with the nitrate system 



TABLE I - 5-DAY B.O.D. RUNS ON GLUCOSE SUBSTRATE 
WITH TWO NITROGEN SOURCES 

DATE CONC. N-SOURCE B.O.D. at TIME (DAYS) 
mg/1 12 3 4 5 

12Jul62 8.00 NH^Cl 

12Jul62 8.00 KNO3 

23Jul62 8.00 NH^Cl 

23Jul62 8.00 KNO3 

8Aug 62 8.00 NH^Cl 

8Aug 62 8.00 KNO3 

IMar 63 8.00 NG4CI 

IMar 63 8.00 KN03 

2.99 

2.01 

3.39 

.2.87 

4.64 

3.81 

5.31 

3.92 

5.53 

4.51 

3.03 

2.74 — — 

— 5.79 

5.30 

3.23 

2.67 

— — — 5.91 

5.03 

3.20 

2.70 

—     — 5.64 

4.62 
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TABLE IV - COMPARISON OP PLATEAU VALUES USING 

NITRATE AND AMMONIA NUTRIENT 

GLUCOSE SUBSTRATE 

23 

GLUCOSE 
CONCEN¬ 
TRATION 
mg/l 

PLATEAU B.O.D. 
mg/l 

N03/NH3 

x 100 
AVE. DATE NH^-N AVE. N03N AVE. 

4.84 20Jun63 1.92 1.54 80 80 

7.26 19Jun63 3.00 2.50 83 83 

8.00 12Jul62 3.30 
3.25 

2.85 
2.78 

86.5 
86 

8.00 lMar63 3.20 2.70 84.5 

8.06 12Jun63 3.35 2.80 83.5 83.5 

9.67 19Jun63 4.00 3.25 81.5 

9.67 20Jun63 3.75 3.95 3.20 3.32 86.5 84 

9.67 21Jun63 4.10 3.50 86.5 

12.1 27May63 4.95 3.90 79 

12.1 3Jun63 4.95 3.92 79.2 

12.1 HJun63 5.03 4.96 3.87 3.91 77.5 79 

12.1 12Jun63 4.99 3.95 79 

12.1 13Jun63 4.90 3.90 79.6 

14.5 19Jun63 6.05 4.75 78.1 
6.11 4.92 80.5 

14.5 21JU163 6.18 5.10 82.5 

16.9 20Jun63 6.74 5.28 78.5 78.5 
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FIG-5 - FARALLEL B.O.D. PROGRESSIONS 
FOR TWO NITROGEN SOURCES 
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B. Glucose Data 

Figure 5 is a representation of the data obtained on a 

set of progression runs performed June 19* 19^3^ using a 

substrate concentration of 14.5 mg/l glucose. The: nitrogen 

was added in excess of the concentration required by Equa¬ 

tion (5)• The upper curve is the progression of the ammonia 

system. First noted is that the NH^Cl data of Figure 5 

produce the expected sigmoid growth curve. There is an 

increasing uptake in the initial portion of the curve, an 

inflection point at about 20 hours, a decreasing uptake, 

and a plateau portion. The plateau value for this run is 

6.05 mg/l B.O.D. for the glucose concentration 14.5 mg/l. 

The plateau values of runs at various glucose concen¬ 

trations with ammonium chloride as the nutrient source are 

presented in Table IV and the results (B.O.D.) are plotted 

versus glucose concentration in Figure 6. The higher line 

presents the data associated with the ammonia system. The 

values agree well at the repeated concentrations and the 

plot of plateau B.O.D. values versus substrate produces a 

straight line. These data alone serve only to verify the 

laboratory technique and the reproducibility of the plateau 

method. 

Table IV also presents data obtained from glucose runs 

using potassium nitrate as the nutrient source. These 

experiments were performed in parallel with the ammonia 
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runs discussed above but deserve separate scrutiny before 

the data are compared. The lower curve of the run of 

June 19, 1963 with a glucose concentration of 14.5 mg/l is 

presented in Figure 5 as an example of the results obtained. 

This run also shows the sigmoid uptake curve which is ex¬ 

pected in a non nutrient-limited autocatalytic reaction. A 

good plateau was produced at 4.75 mg/l B.O.D. 

The lower line of Figure 6 is a plot of plateau B.O.D. 

produced versus glucose concentration with the nitrate 

nutrient using data presented in Table IV. Although the 

glucose runs with the potassium nitrate demonstrate well 

defined plateaus, the data are somewhat less reproducible 

than with ammonia. The small variations can be explained 

by differences in the amount of amine nitrogen available in 

the bacterial seed. The more amine present,the less is the 

requirement for external nitrogen, and in the case of nitrate 

nutrient, the plateau is affected. This implies that ammonia 

nitrogen is assimilated preferentially. Still, the nitrate 

plateaus are reproducible with only about three points off 

the straight line of Figure 6. 

The ammonium chloride and potassium nitrate runs are 

now considered as sets in which they were run. Each nitrate 

run must be matched with its corresponding ammonia run in 

order to derive the maximum information from the data. 

Figure 5 is a B.O.D. progression plot of the run of June 19, 

1963 using a substrate concentration of 14.5 mg/l glucose. 
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As noted previously, both the ammonia and nitrate forms 

yield standard uptake curves with well-defined plateau 

formation. The most important point in all the data is the 

obvious difference in the plateau values obtained with the 

two nitrogen forms. The ammonia form yielded a plateau of 

6.05 mg/l B.O.D. while the nitrate run yielded a plateau Of 

only 4.75 mg/l B.O.D. with the same amount of substrate 

glucose. This shows that the nitrate value is 79% of the 

ammonia value. Figure 6. shows that the plateau values 

with nitrate nutrient were lower for all of the glucose j 
concentrations tested and that the nitrate effect on the 

plateau was proportional to the glucose concentration. 

The quantitative prediction of nitrate effect is sub¬ 

stantiated by the ratio of nitrate plateau values to ammonia 

values. In all of the cases tested the nitrate plateau was 

about 80$ of the ammonia value compared to the 80.6$ pre¬ 

diction of Equation (7)- 

The data presented show that the use of nitrate nutrient 

does cause some error in the plateau B.O.D. with the substrate 

glucose. It is apparent that nitrates are not a suitable 

substitute for ammonia in the B.O.D. plateau test. The ■ ■ 

error induced is related to the overall nitrogen requirement 

by the dependence of the nitrate effect upon the glucose 

concentration. Thus, more glucose means more synthesis and 

a corresponding increase in the nitrogen requirement. The 
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reduction of more nitrate requires the oxidation of larger 

portions of the substrate and therefore induces larger errors 

in the oxygen demand. 

C. Glutamic Acid Data 

Glutamic acid runs were performed under conditions 

analogous to the glucose experiments using both ammonium 

chloride and potassium nitrate as the nutrient. Table V 

presents the results of the runs with ammonia, nitrate, and 

no nitrogen. The plateau value is not affected by the nitro¬ 

gen form. The plateau value is about 5*50 for 13*9 mg/l 

glutamic acid for all three nitrogen situations. 

Figure J..; is a progression plot of parallel runs with 

glutamic acid using ammonia and nitrate as nitrogen sources. 

There is some difference in the B.O.D. values during the 

active uptake stage but the plateau values coincide. The 

different values during the uptake portion are probably due 

to the difference in filling times as it generally took on 

the order of an hour to set an experiment. This shows the 

sensitivity of the progression. 

The glutamic acid runs demonstrate that the form of 

nitrogen has no effect on the plateau value with glutamic 

acid; neither is the uptake rate affected. In fact, the 

absence of nutrient nitrogen has no effect on the system. 

The data show that nitrogen is not needed for the utilization 
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FIG. 7 -PARALLEL B.O.D. PROGRESSIONS 
FOR TWO NITROG EN SOURCES 
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of glutamic acid. The equation for‘glutamic acid?-: 

24 C5H9N04 + 43 02  13 C5H?N02 + 55 C02+ 46 H20+ 11 NH3 

indicates that this should be expected. In fact, the 

glutamic acid provides an excess of nitrogen over that re¬ 

quired for full synthesis. One important aspect of these 

runs is that nitrate does not inhibit the utilization of 

glutamic acid. When there is no nitrogen requirement there 

is no effect on the plateau due to the nitrate substitution. 

Glutamic acid is thus a substrate that would belie the 

general B.O.D.:N ratio of 20:1 that is sworn by in the 

hinterlands of environmental engineering. 

D. Uptake Rates 

Figure 8. is an example of the curves obtained when 

sets of B.O.D. data are plotted on semi-logarithmic coordi¬ 

nates. Both of the runs demonstrate exponential phases 

over the initial period of the progression curve followed 

by the plateau. These curves are of the type that would be 

expected if the measured parameter had been cell mass or 

population. The consistency with which such runs yielded 

exponential plots is gratifying considering that the allowa¬ 

ble titration error in the early log phase must be held on 

the order of one drop of titer for each titration if 
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meaningful log plots are to be obtained. Since the B.O.D. 

progression is related to the growth curve, and, since the 

rate of change of all parameters is related during exponen¬ 

tial phase, the rate of B.O.D. exertion has been character¬ 

ized by a parameter called doubling time. This is the time 

required to double the B.O.D. exerted. This parameter is 

easily determined graphically and is easily visualized. 

Figure '8 shows that the rate of B.O.D. exertion for 

the two systems is markedly different with the ammonia 

system having the higher rate.,:. The rate difference is evi¬ 

dent in all runs and the ammonia systems always exerted the 

higher uptake rate. 

A doubling time of about 2 hours is indicated for the 

ammonia system shown in Figure . Table I contains the 

doubling times for all ammonia systems and shows that the 

values generally lie between 2.0 and 2.2 hours. 

The determination of the doubling time for the nitrate 

system of Figure S ', yields a value of about 3.0 hours. 

Values presented in Table II range from about 2.7 to about 

3.3 hours. 

The degree of reproducibility of the doubling time 

within each system indicates that the same factor was con¬ 

trolling in each run. The fact that exponential portions 

are observed confirms that neither system was nutrient . 

limitedi 
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The argument that predicted the lower plateau accompa¬ 

nying the substitution of nitrate did not clearly predict 

a lower uptake rate. For instance, if the limiting step 

in the oxygen uptake were the activation of oxygen, the 

rates of B.O.D. exertion would be expected to be the same 

in the two systems with the nitrate system removing glucose 

at a higher rate than the ammonia system. The lower rate 

resulting after the substitution might indicate a rate 

limitation in the early phase of metabolism, for instance, 

glucose diffusion or glucose dehydrogenase. Thus for a 

given amount of substrate brought into the system, a smaller 

quantity of cell material is produced than in the ammonia 

system. The rates are in the same ratio as the cell materi¬ 

al ratio predicted earlier. The fact that the nitrate :• 

system exerted B.O.D.'.at a rate only 80$ of that in the 

ammonia system tends to confirm the predictions of cell 

production and the idea of early metabolic rate limitation. 

E. Lag Periods 

In microbiology the semilog plot is used to determine 

the lag time as well as the growth rate of a system. It 

is tempting to attempt to determine the lag time for a 

B.O.D. run in the same manner. However, a determination 

of the lag time in a B.O.D. test is impossible by standard 

definition since the initial value of the measured parame¬ 

ter: is zero. The semilog plots of B.O.D. data do, however, 



36 

indicate qualitatively that the lag time difference between 

the nitrate and ammonia systems is not significant. 

F. Nitrogen Requirements 

Equation (5) for the oxidation of glucose was used 

as the basis for calculating the nitrogen requirement in a 

series of nitrogen limited runs. Parallel runs were pre¬ 

pared with equal concentrations of glucose but with different 

fractions of the theoretical nitrogen requirement present. 

Table VI presents the data for these experiments. As shown 

by Figures 9 and 10, the uptake curves for both ammonia and 

nitrate show the effects of nitrogen limitation evidenced 

by the lowered plateaus in the case of the ammonia nutrient 

and the higher plateaus in the case of nitrate nitrogen. 

The nitrate plateaus are not uniformly higher as the nitrogen 

is decreased, but in each case the nitrate value is closer 

to the ammonia value as the available nitrogen is decreased. 

Plateaus may not be formed when the system is nitrogen limit¬ 

ing, and the more the system is limited, the less distinct 

is the plateau. It is difficult to gain any quantitative 

information from the graphs. 

The system containing the theoretical ammonia nitrogen 

requirement yielded plateau values equal to those attained 

in the presence of excess nitrogen. The semilog plots of 

Figure 9 show that the ammonia runs were significantly 
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affected at 2/3 N and at 1/3 N. The 2/3 N deviated from 

the full N at about 60$ of plateau. The nitrate runs of 

Figure 10 show little difference between the full N and the 

2/3 N while the 1/3 N deviates at about 50$ of the plateau 

B.O.D. The 2/3 N does demonstrate a slightly higher plateau 

than the full N. Again the ammonia systems exerted a higher 

uptake rate than the nitrate systems. 

It is observed that the nitrate effect in the "plateau 

area" is at least dependent upon the nitrogen present, up 

to the required amount. After sufficient nitrogen has been 

furnished the effect is independent of the nitrogen concen¬ 

tration . 
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DISCUSSION 

The experimental results support the contention that 

the plateau B.O.D. value using the nitrate nutrient would 

be only 80$ of the value obtained with the ammonia nutrient. 

The results confirm both the validity of the plateau B.O.D. 

progression and the stoichiometric equation formulated by 

26 
Busch . By confirming the plateau approach to B.O.D. studies, 

this work has added evidence that the application of the 

basic principles of microbiology is valid in the field of 

environmental engineering. The fact that the balanced equa¬ 

tion has been verified emphasizes the importance and the 

value of the plateau B.O.D. progression in attempts to con¬ 

duct quantitative studies with the B.O.D. test. 

The plateau B.O.D. progression curve has been shown to 

yield information other than the value of the B.O.D. at some 

particular time. The semilogarithmic plot of the progression 

yields information on the growth characteristics of the 

bacterial culture, demonstrating that the culture is either 

in exponential growth and therefore not nutrient-limited, 

or vice versa. Such information is not available from the 

standard 5-day test. 

The term "lag time" has been used in environmental 

engineering in a confusing manner. For instance when 

previous work utilizing nitrate as a nitrogen source 
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demonstrated lower values of B.O.D. than an equivalent system 

with ammonia as nutrient, the difference was attributed to 

a variation in lag time . An attempt has been made to form 

a qualitative definition of lag time for the B.O.D. test 

24 29 using the B.O.D. progression plot 3 . The determination 

consists of approximating the exponential phase of uptake 

with a straight line and extending the straight line to 

intersect the time axis. The time span represented by the 

distance between the intersection on the time axis and the 
oil 2Q 

zero hour is dubbed the "lag time" 3 y. 

Lag time has been defined in microbiology as the differ¬ 

ence in time for a culture to reach a certain value of the 

measured parameter within the exponential phase and the time 

that the value would have been reached if the exponential 

growth rate had been held from the start. The definition 

requires a finite value for the measured parameter at zero 

time and a defined exponential phase. The comparison of lag 

time is significant only when the cultures under comparison 

have the same exponential growth rate . In the case of the 

B.O.D. test the zero time value is zero and there can be no 

valid lag time determination. The lower B.O.D. values in 

the nitrate system reported by other workers were due to 

differences in uptake rate or to lower oxygen demand and 

were not due to a difference in lag time. 
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There has been a tendency to refer to nitrates as a 

suitable source of "chemical oxygen" in the absence of 

available dissolved oxygen"*"'’ ~>’ The term 

"chemical oxygen" is inaccurate and misleading. The oxygen 

associated with nitrate is reduced and therefore cannot 

serve as an electron acceptor for any oxidative reaction. 

The oxidation of substrate with nitrates instead of dis¬ 

solved oxygen proceeds through the mechanism of denitrifi¬ 

cation which may yield any form more reduced than nitrate 

as the product. If it is assumed that denitrification al¬ 

ways yields nitrogen gas, the assumption that 2.5 oxygen 
^1 

atoms are donated per molecule of nitrate is analogous to 

the correct reaction, i.e., the acceptance of five electrons 

by the nitrogen., although the theory is incorrect. The 

assumption of three oxygen atoms per nitrate molecule"1"® is 

both quantitatively inaccurate and theoretically incorrect. 

The most serious errors in assuming that chemical oxygen is 

donated arise when hydroxylamine or ammonia are the products 

of denitrification. The concept of chemical oxygen disre¬ 

gards the theory of denitrification. The nitrogen must be 

reduced before the reduced oxygen is available to the 

15 system . 

In the biodegradation of substrates (waste treatment) 

it is important to supply sufficient nutrient nitrogen 

without providing an excess. Insufficient nitrogen will 
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cause limited growth while excess nitrogen is costly and 

may cause a pollutional load downstream of the treatment 

facility. The most common method of determining the nutrient 

nitrogen requirement for a substrate has been to provide a 

B.O.D. to nitrogen ratio around 20:1. The ratio has been 

determined on such substrates as glucose^ and acetate^ 

and is designed to provide an excess of nitrogen in all 

cases. The value is arbitrary and is not flexible enough 

to adjust to the demands of the particular substrate. For 

instance the nitrogen requirement for a substrate consist¬ 

ing of a mixture of glucose and glutamic acid will vary 

from zero when the glucose fraction is low to a maximum when 

the glutamic acid fraction is minimal. 

The B.O.D. to nitrogen ratio has been applied without 

regard to the nitrogen form used, the function of the 

nitrogen in the system, or the requirements of the waste. 

The data from the nitrogen limited runs also demon¬ 

strate a difference in uptake rates for the two nitrogen 

sources and an effect upon plateau values. These data are 

important in several respects for the support of Equation (5) 

and in the consideration of the theory for the quantitative 

effect produced by the substitution of nitrate for ammonia 

nitrogen. The effect of limited nitrogen is not evident 

until late in the uptake curve and the point at which the 

curve deviates is dependent upon the degree of nitrogen 

limitation. All of the runs with ammonia nitrogen 
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demonstrated a marked effect upon the plateau when nitrogen 

was limiting. In previous runs, it was shown that excess 

nitrogen did not cause deviation from expected plateau 

values. Thus it is indicated that the postulated values 

for the nitrogen requirement are accurate for glucose as 

substrate and ammonia as nutrient. 

With the nitrate source., the nitrogen concentration was 

not so criticalj showing very little error even when the 

nitrogen was only half of the predicted requirement. This 

indicates that the nitrogen requirement for nitrate nutrient 

systems is markedly less than for similar systems using 

ammonia nutrient. The nitrate data indicate that the nitrate 

system requires only about 60-70$ of the nitrogen required 

for an ammonia system. 

The lower nitrogen requirement in the nitrate system 

implies less cell production and supports the theory that 

less glucose is utilized for cell production. 

It has also been shown that the uptake rate difference 

between the two nitrogen systems holds even with limited 

nitrogen. This shows that the nitrogen requirement is 

definitely exerted in an exponential manner and that the 

entire requirement is exerted prior to plateau. This is 

not surprising to a supporter of the plateau B.O.D. theory 

but might be uncomfortable to an advocate of the 5-day B.O.D. 

test. 
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The standard 5-day B.O.D. test has normally been con¬ 

sidered to yield data on the strength of a waste and its 

rate of exertion. However, since it has been shown that 

the principles of microbiology and biochemistry may be 

applied to the plateau test, the results obtained in the 

test may be extrapolated to any other microbiological system. 

For instance, the cell yield obtained in the B.O.D. test at 

plateau may be extrapolated to define the maximum cell pro- 

j. duction for any system. 

^ It was observed that the effect of nitrate substitution 

was greater at five days than at plateau. Since fewer cells 

are produced at plateau in the nitrate system there is less 

cell material available for endogenous respiration. Thus, 

the larger 5-day effect helps to substantiate the theory 

that the post plateau oxygen uptake is due to predation and 

endogenous respiration. 

The work has practical significance to environmental 

engineering in that it demonstrates the logical approach 

that may be taken to inorganic nitrogen metabolism. In the 

past much work has been concerned with the effects of nitri¬ 

fication and denitrification, but little concern has been 

shown for the understanding of the systems per se. For 

instance, it has been noticed that nitrates will keep a 

pond in a condition analogous to an aerobic environment 

even when the dissolved oxygen is depleted, but there has 
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been no logical approach to the question of what quantity 

of nitrogen is needed. It has been shown that nitrate and 

nitrite would allow cell growth in B.O.D. runs, but no 

attention was given to the mechanism of incorporation of 

the nitrogen. The basic approach presented herein will 

allow more intelligent and efficient use of nitrogen in all 

applications - in an utopian world free of rules of thumb. 

In some cases the same author advocates nitrate as the 

source of nutrient nitrogen in the B.O.D. test and in another 

paper states that nitrogen served as a source of chemical 

7 2^ nitrogen in an anaerobic environment-^ . Such statements 

indicate lack of understanding of either the B.O.D. test or 

of the mechanics of denitrification, or both. 

It is hoped that the concepts presented in this work 

will lead to the revision of such statements as:."Sodium 

nitrate should be added to the ponds as needed for odor 

control at a rate of not less than one pound of sodium nitrate 

per 20 pounds of 5-day B.O.D. in the ponds..(the nitrate).. 
OQ 

furnishing oxygen to the ponds". 
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FUTURE WORK 

This study suggests that much work remains to be done 

in the area of inorganic nitrogen metabolism as it applies 

to mixed microbial cultures. 

The accuracy of the equation for glucose metabolism 

and its accurate predictions when modified for the nitrate 

nutrient indicate that attempts should be made to refine 

the equations for other pure substrates. 

The reproducibility of the effect of nitrate on the 

plateau B.O.D. and the relationship of the effect to the 

nitrogen requirement suggest that parallel plateau B.O.D. 

runs using ammonia and nitrate nutrients might be used to 

determine the nitrogen requirement for unknown wastes 

quickly and accurately. 

Much more sophisticated work using ammonium chloride 

and potassium nitrate tagged with N1^ would be useful in 

the determination of the exact relationship of dissimilatory 

and assimilatory denitrification in mixed microbial cultures 

The end products of dissimilatory denitrification could be 

identified in this manner. 
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CONCLUSIONS 

1. This study has demonstrated that the nitrate form 

of nitrogen is not a suitable nutrient source in the Bio¬ 

chemical Oxygen Demand Test. Any nitrogen form not of the 

ammonia valence will cause lower values of B.O.D. when there 

is a requirement for nutrient nitrogen. 

2. Nitrates are a suitable source of nutrient nitrogen 

in a.bacterial growth system if the only requirement is that 

growth not be nutrient limited. 

3. The plateau B.O.D. progression allows the formur-:, 

lation of stoichiometric descriptions of the biochemical 

reactions in the B.O.D. test. The biochemical equations 

allow a quantitative determination of the effects of nitrate 

on the plateau B.O.D. 

4. The nitrogen requirement for the metabolism of 

glucose is less when the nitrogen is provided in the nitrate 

form. 

5. The use of B.O.D:N ratios is inaccurateuneco¬ 

nomical j and misleading. There is a need for a simpler 

method for the determination of the correct nitrogen require¬ 

ment for a given wastej considering the particular nitrogen 

form to be provided. 

6. The term "chemical oxygen" is inaccurate and mis¬ 

leading when applied to dissimilatory denitrification. The 
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nitrogen is the oxidant and the degree of reduction of the 

nitrate determines the concentration of nitrate needed for 

the oxidation of a given amount of substrate. 

7. The term "lag time" has been misused in the liter¬ 

ature of environmental engineering. If a lag time is to be 

determined in the B.O.D. test, some parameter, such as cell 

mass, which has a finite value at.zero time must be measured. 

8. The data from a plateau B.O.D. progression, along 

with normal and semilogarithmic plots, yield much information 

that is not available from the 5-day B.O.D. 

9. This work presents some indication that either 

glucose diffusion or the rate of glucose dehydrogenase 

activity is the rate limiting factor in the exponential 

phase of the B.O.D. run. 
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