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PERSULFATE OXIDIZABLE CARBON
AS AN ENGINEERING MEASURE
OF ORGANIC POLLUTANTS IN WATER

INTRODUCTION

Senitary engineering has as its goal the establishment and
maintenance of a healthful environment for man, One of the oldest
and most formidable problems to be faced in the achievement of
this goal is the effoctivi disposal of the myriad of liquid wastes
created as by-products of men's activities in this environment.
Although the last one hundred years has seen great improvements
and advancements in the field of waste disposal, population growth
and increased industrial complexity in our modern society have
made necessary the acceleration of research and development of
more efficient treatment processes,

The basic tool of any science is that of measurement,
Certainly only limited advancement mey be made in any scientifiec
endeavor where a means of fast end accurate measurement is lacking.
This is particularly true in the field of waste disposal, where
large variability of both the quantity and quality of liquid
wastes makes accurate methods for their messurement extremely
necessary. Of principal concern in the investigation or development
of any waste treatment process is the measurement of the organie
content of the waste to be treated, and the measurement of the
process efficlency in its removal, These two measurements form
the basis for the sanitary design and evaluation of any waste
treatment process and must be known accurately.

Unfortunately, the development of methods of measurement has



not kept pace with the development and improvement of weste treat-
ment processes., Existing methods for determination of waste strength
and process efficiency are inadﬁquato in meny instances, and, indeed,
have been proven nearly useless when applied to many complex indus-
; triﬁl westes. DBecause of inadequate yardsticks of measurement it is
reasonable to believe that existing treatment units sre being operated
without the accurate knowledge of process efficiency necessary to
determine if they are solving the disposal problem they were estab-
lished to eliminate. Finally, the complexity of the modern waste
disposal problem has made necessary an increase in knowledge of the
biochemical nature of waste trestment. Here, the development of
new and better methods of waste composition measurement are mandatory
to the progress of needed research since many of the existihg methods
fail to make the fine distinctions necessary in understending the
biochemical relationships,

It is with the intent of developing and evaluating & new and
promising method of waste strength messurement thst the following
discussion is presented. It is believed that the knowledge pre-

sented will contribute to the solution of the measurement problem,

Object and Scope of this Thesis

The objectives of this thesis are twofolds namely, (a) the
initisl engineering application of the persulfate oxidation test
for organic carbon in waste water, and (b) to further investigate
the relationship between persulfate oxidizable earbon and bio-

chemical oxygen demand, It is to be noted that the original



adaptation of the test from the literature and the initisl develop=-
ment of the persulfate oxidizable carbon-biochemicel oxygen demand
relationship was the work of Mr, Lorus L. Purkerson, graduste
student in the Department of Bacteriology at Oregon State College.
This initial stage of the test's development was conducted as
Project 220, "Chemical and Physicel Aspects of Deep Trickling
Filters”, of the Engineering Experiment Station. The asuthor was
privileged to work with Mr. Purkerson throughout the initial
development period as & laboratory assistant, and thus became
familiar Qith the test prior to making its initial engineering
application., Since 2 grsduate thesis is currently in preparation
by Mr. Purkerson covering his work in the initial development and
adaptation of the test, this thesis will be limited in scope to
&ll work done with the test subsequent to that of Mr. Purkerson.
Reference will be made to his findings only as is necessary to
establish the basis and background for the authorts work,

Method of Study
The initisl engineering application of the test was accomplished

through its use as & means of evaluating the orgenic loading and
removal efficiency of an experimental deep trickling filter. Follow-
ing an evaluation of the data obtained from this study, it was
determined that additional work wes needed to permit & more exact
definition of the persulfate oxidizable carbon-biochemical oxygen

demand relationship, This would permit & more useful interpretation
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of the persulfate oxidation test's results. To this end, laboratory
studies were conducted with emphasis placed on the veriation with
time of the carbon and biochemical oxygen demsnd parameters common
to the relationship,



THE PERSULFATE OXIDATION TEST

History and Previous Studies

The earliest reference found in the literature to persulfate
oxidation of carbon is the work of Franz and Lutze who utilized
potassium persulfate in the guantitative oxidation of dilute.
solutions of certain organic compounds (3, p. 2659). Their
method was later modified by Osburn and Werkmen for the determine-
tion of carbon in fermented liguors (6, p. 421-423), In turn, the
latter method was further modified by Katz, et al. for use in the
radioassay of carbon-l4-labeled compounds (5, p. 1503-1504). It
was this method of Katz that was subsequently adapted by Purkerson
to the measurement of organic pollutants in water, Prior to the
work of Purkerson, no previous studies on this particular applica-

tion of the test had been conducted.

& for the is of Waste Wate
As determined by Osburn and Werkmen, and elso by Katz, et al.,

the persulfate oxidation tsst can be used only for water soluble
organic compounds, Since it is generally sssumed thet the first
stage biochemical oxygen demand of a waste water is due to decome
posable carbonaceous msterisls in the waste, it logically follows
that direct measurement of the carbonaceous matter cen be used to
determine the first stage demand, More specifically, it was thought
that & measure of the carbon content of a waste water through the

use of the persulfate oxidation test could be directly related to



the results of the standard five day, 20° C., blochemical oxygen
demand, or BOD test. This latter test is the accepted method of
measurement of the strength of organic pollutants,

To test the relation presumed above, a series of tests were
initiated by Purkerson in which known smounts of organic substrates
common to waste water were analyzed both individuslly and in mixtures
by the persulfate oxidation and standard BOD methods., The successful
results of this test series prompted a second series using various
wastes of unknown carbon content, including semples of domestie
sewege, bean canning waste, slaughterhouse waste, and others,

HResults of this series established the first relationship between
persulfate oxidizable carbon and five day BOD for domestic sewage,
At this point, it was considered that the test sdaptation was

sufficiently developed to werrant an actusl research spplication,

Test Procedure
Step 1: Place 30 ml of the sample to be analyzed in the

speciel oxidation flesk (see Figure 1), 4dd, in order, 1 ml of
5N HpS80, and 2 ml of 4% AgNO3, Swirl gently to mix the contents,
Step 2¢ Add, by use of a ahorﬁ funnel, 1 gram of potassium
persulfate, KzS0g, Immediately fill a center well vial (see
Figure 1) with COz-free 5§ NaOH and place in the center well (see
Figure 2),
Step 33 Fit a rubber serum cap (see Figure 1) to the flask

and evacuate (see Figure 3). Swirl gently to distribute the



Figure 1. Special gisnauaro for thi persulfate o:idatién test.,
Left to right: reaction flask, center well visl, serum cap,
assembled reaction flask, precipitation flask, sintered glass
filter.

persulfete. Place in a 75° C, oven for 2 hours to effect the
oxidation.

Step 4: [Remove flask from the oven, cool, and remove the
center well vial, Wash the contents of the vial quantitatively
to a 125 ml Erlenmeyer flask using spproximately 40 ml of COz~
free distilled water.

Step 53¢ Add 5 ml of precipitate mixture (122.2 grems BaClp *
2H0 plus 53.0 grams NH,Cl in one liter of COp-free distilled water),
and stopper the flask without agitation.

Step 63 Filter the flask contents quantitatively through a



tered, ultre-fine sintered glass filter (see Figures 1 end 4), Dry
filter at 102° C, for 1 hour, cool, and weigh,

Step 7: Calculate the weight of carbon per unit volume of the
original sample (see sample calculation in the appendix),

Figure 2. Method of insertion and removal of the center well vial.



Figure 3.
flask.

Method of evacuation of the reaction

Figure 4.

Filtration apparatus.
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Dis on of the Tss dur

The messurement of the waste sample into the oxidation flask
is the only criticel volumetric measurement of the test, This
step is normally performed using 2 delivery pipette with an enlarged
tip to permit passage of particulate matter,

The addition of the acid is necessary to destroy sny carbonate
or bicarbonate alkalinity present which would contribute to the €O,
production, Neither the acid nor the silver nitrate need be measured
with great accuracy as their prescribed volumes are only for the
purpose of providing them in excess.

Measurement of the required amount of potassium persulfate
may be accomplished with sufficient accursecy through the use of a
torsion balance. Since an excess of persulfate is reguired in the
reaction, the accuracy of the measurement is not eritieal and
welghing may be done quite rapidly. The measured portions of salt
should be stored in closed vials prior to their use,

It is important that the 5N NaOH (COo~free) be stored in a
container having an efficient air trap to prevent absorption of
CO, from the atmosphere. While the amount of NaOH placed in the
center well vials is not critical, sufficient freeboard must be
maintained in the vial to prevent creep of the absorbent and allow
for thermal expansion,

The evacuation of the flask provides for the removal of any
free COy remeining in the sample and effects a tight sesl of the
flask, Wetting of the serum cap prior to insertion also 2ids in



providing a tight seal,

The tempersture of the oven should be carefully controlled at
75° C. Temperatures in excess of this have csused the serum caps
to be blown from the flasks., It will be noted that as the sample-
reagent mixture warms in the oven it will turn quite black, This
is due to the formation of silver peroxide, Upon further heating
this deposit dissolves and the solution becomes clear, indicating
the completion of oxidation,

When washing the cooled contents of the center well vial into
the flask for precipitation, it is important to use the utmost care
to perform the transfer quantitatively, Only distilled water which

has been thoroughly boiled to remove €O, and cooled in sir trapped

2
containers should be used,

It is also important to add the preecipitate mixture to the
viel washings immediately to prevent absorption of &tmospheric
002. The precipitation flasks should be stoppered immediately
without agitation which would promote additionsl gas transfer,

In a test series where meny samplee are being anelyzed, it
has been found very convenient to perform all welghings of the
sintered glass filters on sn analytical belance of the single pan
direct reading type. Since four place accuracy is regquired to
accurately determine the carbon content of the sample, the time
saving by use of such a device is significant.

When washing the precipitate into the filters, quentitative

care must be exercised. Normelly, three washings, esch of ten ml
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of COz-free distilled water, is comsidered sufficient. Recovery
tests made by Purkerson on known compounds indicate that loss of
precipitate through the filters is insignificant,

Every test series should be accompenied by a triplicate
reagent blenk using the same batch of COg-free distilled water to
be used in the snalysis. Unusuelly high blank velues (greater
than 0,02 mg Carbon/ml) should be eliminsated.

Chemistry of the Method
The chemistry of the persulfate oxidation resction must be

expressed in qualitative form when the test is applied to waste
water snalysis, because of the variable and complex nature of
such substrates. The basic reactions below are expressed in the

order of the addition of reagents,

Kz803 + H0 —> 2KHS0, + 0

carbon compounds capable /
of being oxidized by this 4 n0 —> co, -+ H0
system

—
C0p + 2NaOH ——NaxC03 + Hy

Neg00, + Be'"— Ba603l + e’
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THE STANDARD BIOCHEMICAL OXYGEN DEMAND TEST

Stenderd Method of Analysis

The biochemical oxygen demand, or BOD, test is the currently
accepted method for determining the organic strength of a waste,
The results of the test are expressed in terms of the weight of
oxygen required to meet the aerobic decomposition requirements
of the weste under controlled laboratory conditions, Essentially,
the test consists of diluting a sample of the waste to be tested
with an aerated dilution water, determining the dissolved oxygen
content of the mixture, and after an imcubation period (ususlly
five days at 20° C.) once agein determining the dissolved oxygen
remaining in the mixture. From the amount of oxygen utilized
during the incubation period, the BOD of the waste mey be calculated,
The reagents, special apparatus, and procedure for this test have
been standardized (1, p.318-324). Figure 5 shows typical laboratory

apparatus for BOD analysis.

Physical Aspects of the Test

The BOD of a waste water is customarily divided into stages,
each stage representing the aerobic decomposition of & different
type of material. The first stage is largely attributed to the
oxidation of carbonaceous matter, while the second stage represents
the decomposition of nitrogenous substances. A typicel curve of BOD
exerted versus time is illustrated in Plate 1.

The first stage of the BOD has been subject to much mathemstiecal
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Plate 1. Typlcal curve of BOD exerted versus time,
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Figure 5. Typical laboratory apparatus for BOD enalysis,

formulation., It is usually interpreted as a first order chemical
reaction, although formuilstions have been proposed assuming &
second order resction, Following the classical development of
Phelps, the first stage first order equation may be formlated

in the following manmer (9, p. 5):

L o -
dt -

Which, when integrated becomes
y =L (1 - 107k
Wheres

¥y = BOD at any time, t

15
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Where:

L = ultimate first stage BOD
k = reaction velocity constant

In the above equation, the variables y and t are readily
obtained from the laboratory data, The parameters k snd L are
more difficult to determine since there is btut one equation having
two unknowns, Various graphical and statiestical methods have been
suggested in the literature for the determination of the k and L
velues. The graphical method proposed by Thomas was used to analyze
the BOD date presented in this thesis, since it is most suitable for
data reported on non-successive dayes of the BOD incubation period
(10, p. 123-124).

The determination of the rate constant is extremely important
in the evaluation of any BOD data. This rete constant, which has
the units 1/days, is a function both of the temperature of the
reaction and the nature of the waste itself. Numerous investiga-
tions have shown that the magnitude of the rate constant is quite
variable, even among wastes of the same general type. As noted by
Feir, the five day, 20° C. BOD value is not in itself a complete
measure of waste strength as is normally assumed (2, p. 525).
Inspection of the BOD formulation shows that the BOD at any time
may become & variable portion of the ultimate first stage BOD,
depending on the rate constant used. It is therefore very
importent when making comparisons of BOD values of different samples

to be sure that the rate constente of the semples are identicsal.



17

Adventeges and Disadventeges of the Test
The grestest single advantage to the BOD test is its relative

simplicity. With a few simple pleces of laborastory apparatus and
very little menipulation, much useful dates can be obtained as to
the strength and pollutional cheracteristics of a given waste,
Because of its simplicity asnd because §f the enormous quantity of
research that has been conducted on it, the test has received
widespread publicity and generel acceptance. The test is not
without some rather serious disadvantages however, particularly
when application is attempted to situations where & high degree
of accurecy is necessary,

A first disadventage to the stendard BOD test is the time
required to obtain the test results. An incubation period equal
in length of the number of days for which the BOD is desired must
be used. In contrast, the time reguired for snaslysis by the
persulfate test is but a few hours.

A8 in eny volumetric test, certain errors masy accrue in the
measurement eand transfer of liquid, Of & more serious nature is
any variation which may occur in the temperature of the incubator,
Such a variation may have serious conseguences on the acéuraqy of
the results because of the sensitivity of the rate constsnt to
temperature, Both volumetric and tempersture errors can be
eliminated or lessened through careful manipulation.

Errors basic to the test mechanism itself, and over which
little control can be exercised by the analyst, are those of &
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biochemical nature., Since it is impossible to achieve equality
among the bacterial populations delivered to the various bottles

of a test series, the rate of the oxidative reaction, which is
dependent on the magnitude of this population, may vary and cause
an inherent error, Associated with this becterizl population
prébllm is the lag time, or time regquired for the reaction to
proceed at its normsl rate. This lag time is related to the active
ity of the biological population present in the sample bottle, An
error of a different nature is introduced by immediste oxygen
demand which may be exerted when the waste has undergone partiel
decomposition before analysis or contains reducing substances.

Such an immediate demand will obviously produce high results unless
separated from the true BOD,

Another disadvantage is the matter of interpretetion of results
ag effected by the rate constant. As may be expected, different
westes have different raete constants, Also, wastes of the same
general type freguently exhibit widely varying values, even to
the point where subsamples of & given sample show & rate constant
varietion. Because BOD vslues obtained from samples having dif-
ferent rate constants are not directly comparable, & serious limit-
ation is placed upon the usefulness of the BOD determination, Plate
2 1llustrates the effect of & variation in rate constant on the
observed BOD when all other variables are held constant.

Although the above disadvantages are guite important with
regard to the reliability of the BOD test, one remaining factor
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is perhape the most serious problem. This is the effect of nitri-
fication upon the results of the first stege, or carbonaceous, BOD
normelly measured, Of principal concern is the time of onset of
nitrification &s compared to the time of the EOD being messured.
Evidence in the literaéurétindicates that for domestic sewage the
‘onset may occur as esrly as the lst day of incubation or &s late
&8 the 10th day (7, p. 834). That the nitrificstion stage can
effect the results of the desired carbonaceous BOD is illustrated
in Plate 3, which shows verious times of onset superinmposed on a
typlcal first stege demand curve. It becomes readily apparent
thet high values of first stage BOD may be recorded because of
nitrification.
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THE MANOMETRIC BIOCHEMICAL OXYGEN DEMAND TEST

Method of Analysis

The determination of BOD by & manometric method is not a
standerd method of analysis for waste weter. However, a procedure
is offered in the literature which has received some use and
te#tative approval by the APHA (1, p. 396-399). The principel
adventage of the method is that it permits analysis of wastes in
much greater concentrations then is possible by the standard BOD
method, This advantage becomes importent in the study of oxidation
rates of strong industrial wastes.

In essence, the method measures directly the oxygen utiliza-
tion of & waste sample placed in & closed environment, under
carefully controlled conditions of temperature and agitation, In
the Warburg apparatus, the oxygen upteke is determined by the

change in pressure occurring under conditions of constent volume,

Test Procedure

The test procedure used in this study is essentially that
which eppears in the litereture, with slight modificetion to meet
certain conditions encountered. The reaction flesks, as pictured
in Figure G, were specially mede from 250 ml Erlenmeyer flasks
with the neck modified to fit the manometer connection. The flasks
were elso equipped with & center well cup to contain the CO,
absorbant, and & side arm for the addition of reagents. Normsl

procedure was to place 50 to 60 ml of the sample in the reaction
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flask, add 7 ml of 10% KOH to the center well, attach the flask to
the menometer assembly and begin testing. Because of breakage of
the menometer arms with the increased weight of the special reaction
flasks, the rate of agitation could not be msinteined at the 70
oscillations per minute recommended, However, & rate of 24 osecil-
lations per minute was found to be satisfactory,

Determinations were made by stopping the apparatus and reading
esch manometer to determine the pressure. The system was then
opened to the atmosphere for five minutes to insure an adequate
supply of oxygen in the flask st all times. Following this exposure
period, the manometers were reset, the system closed, and agitation
resumed, Calculation of the oxygen uptake was accomplished using
the interval uptake method described in the literature (11, p. 9).

Figure 7 shows the Warburg apparatus in operation.



Figure 6. Special large capacity Warburg flask Figure 7. Warburg apparstus,
compared to a conventional Warburg flask,
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THE PERSULFATE OXIDIZABLE CAKRBON-
BIOCHEMICAL OXYGEN DEMAND RELATIONSHIP

Purkerson's Initiel Relationships

Since first stage BOD is largely due to the oxidation of
carbonaceous matter, any method which will detect that portion
of the total carbon content of & waste liquid which is readily
oxidizable should relate to first stage BOD. On this basis,
Purkerson initiated studies of such a relationship using the
persulfate oxidation test., After first establishing that the
recovery efficiency of the test was satisfactory on both individusl
compounds end mixtures common to domestic sewage, he proceeded to
determine what relation might exist between persulfate oxidizable
carbon and the five day 20° C. BOD, His method consisted of test-
ing solutions of known carbon content, using a compound or compounds
present in domestic sewage, by both the persulfate and five day BOD
tests. When the results of these investigations were analyzed, it
was shown that a linear reletionship existed between the persulfate
carbon level and the five day BOD, for sny one known solution over
the range in carbon level tested. The culmination of this phase of
testing was the analysis of & mixture containing fifteen different
carbohydrates, fatty acids, and amino acids all common to domestic
sewage, Evaluation of the data, which showed & correlstion
coefficient of 0,998, resulted in the equations

BODg at 20° C. = (mg Carbon/ml) (1207.0)
Following the successful determination of relationships based
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on known compounds, attention was turned to the analysis of unknown
waste samples. Using methods similar to those described above,
samples of domestic sewage, cannery wastes, slaughterhouse waste,
and peper mill waste were examined. The trends for these unknowns
were found to be non-linear. However, in the case of domestic
sewage, & good approximation of the relationship could be made
using the statistically derived linear equations

B0Dg at 20° C. = (mg Carbon/ml) (1383.2)
The data on which this equation was based also showed & correlation

coefficient of 0,998,

A ion of the Initial Relation

Following the apparent success of the formulation of the
initial persulfate carbon-BOD relationship, it was decided to
further examine its merits Ly subjecting it to &an actusl resesrch
epplication. Such an application was conducted in conjunction
with Engineering Experiment Station Project 220, "Chemical and
Physical Aspects of Deep Trickling Filters®. This work was under-
taken by the suthor as a part of his research program, Figure 8
shows the experimentel trickling filter located at the Corvellis
Sewage Treatment plant,

The persulfste carbon test was applied both to the me&ssurement
of filter loading rates and the determination of the efficiency of
the treatment process. Before eriticel evaluation could be made

of these epplications, it was necessary to check the initiel
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Figure 8, Experimental deep trickling filter unit.

relationship using data obtained from the filter, Statisticsl

analysis of the B0D5 and persulfate oxidizable carbon values gave

the relationship:
BODg at 20° C. = (mg Carbon/1) (0.835) - 2

This relationship is significantly different from that of Purkerson

and shows a definite biss factor in favor of the carbon. The data

also showed a correlation coefficient of 0.946 and & standard error
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of 7.25 mg/liter. A plot of the data appears in Plate 4, which also
indicates the 90% confidence limits.

Bince twenty day BOD values were determined to permit cslcula-
tion of rate constant and ultimate BOD velues for the verious filter
test series, a statisticel anelysis was alsc made on the data to
determine if any correlation with the soluble carbon values existed.
The relestionship obtained was:

BOD,, at 20° C. = (mg Carbon/1) (2.124) + 79
The date showed & correlation coefficient of 0.89 and 2 standard
error of 26 mg/liter. The low value of the correlation coefficient
is to be expected as the twenty day BOD measures other oxygen
demands in addition to that of carbonaceous material. A4 plot of
the data for the above relationship appears in Plate 5.

In addition to the above direct comparisons of soluble carbon
and BOD, a study was made on the possible determination of treatment
process efficlency using soluble carbon values. Using BOD5 and
soluble carbon values for the filter influent and effluent at
vaerious rates of hydraulic and orgenic loading, the statistical
analysis yielded the eguetion:

Y =1.,28X - 2.7
where Y is the percent removal through the filter based on BODg,
X the percent removal based on soluble carbon, and 2.7 a bias
fector., The efficiency data ylelded & correlation coefficient of
0.905 and a standard error of 5.8%7 based on the BOD values, A

plot of the data appears in Plete 6,
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D ssion of Results of the I el Avpliceti

Significant differences exist between the soluble carboanOD5
relationships obtained by Purkerson and the field application to
the filter date which require additionsl investigation and explana-
tion. Further analysis of the filter test procedures and data
revealed two important factors which at that time had not been
considered in the persulfate oxidizable carbon-BOD reletionship,

The first of these factors is that of sample pretreatment
prior to laboratory snslysis. All previous work with domestic and
industrial wastes was done on semples that had been filtered through
coarse filter paper, The intention was to make the sample more
homogeneous and reduce the error inherent in taking aligquot portions
of & non-homogeneous solution. Based on the literature, it was
believed at that time that the persulfate test would measure only
carbon in aqueous solution, and thus such semple pretrestment would
have no effect on the final relationship obtained,

It was found during the fleld applicstion of the test that

filtration of the large ssmple volumes was too time consuming,
Further, a search of the literature revesled that such sample
pretreatment could have a serious effect on the BOD values (8,
P 779-786). For these ressons, pretreatment of the samples was
eliminated from the filter test program. It was concluded that
further study was necessary on the effect of sample pretresatment
on the soluble carbon-BOD relationship,

The second new factor considered to have an effect on the
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relationship was that of the variation in the BOD rate constant
values of the samples. Calculation from the filter date showed
that for any given rate of hydraulic and organic loading, there
was & significant change with depth in the rate constant of the
waste passing through the filter, Plate 7 shows this variation
for four selected loading rates, Since BOD walues based on samples
heving different rate constants are not directly comparable, the
change of rate constant with depth in the filter makes determinstion
of the true efficiency very difficult., It was concluded thst more
information wes necessary as to the variation with time of soluble
carbon levels during the BOD incubstion period.
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FURTHER INVESTIGATION OF THE PERSULFATE OXIDIZABLE CARBON~
BIOCHEMICAL OXYGEN DEMAND RELATIONSHIP
£ mple P atment

In order to determine the effect of sample pretreatment upon
the values obtained by the persulfate oxidation test, the following
test series was conducted. Using rew domestic sewage in the
analysis, & sample was seperated into fractions using the basic
separation scheme of Sorrels and Zeller (8, p. 780). A minor
modification of the scheme was the use of a one hour settling time
in the Imhoff cone, 28 is standard procedure in the settlezble
solids test, rather than the 45 minutes used by the authors. Plate
8 shows & diagram of the separation procedure used,

The entire separation procedure was carried out as repidly as
possible to prevent significant sample decomposition. As the
various liguid fractions were obtained, they were placed in a 4° C.
refrigerator until needed. Immediately upon completion of the
separations, duplicate values of the POC level were determined as
were triplicate values of the five dsy BOD. The results of these
analyses appear in Table 1.

Letting the values obteined for the originel sample represent 100
percent, Table 1 also shows the percent of the original semple value
remaining after each successive separation. It is apparent from
the date that such separations have about equal effect on either
test. Further evidence of this fact may be seen in Plate 9, which
shows & plot of the values obtained, The definite linear trend
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shown by the data illustrates the equal effect of the separations on
each test, and further demonstrates the existence of a valid relstion-
ship between soluble earbon end five day EOD,

It may also be obeerved from the data that the persulfate
oxidation test measures carbon initielly in forms other than thst
of true aqueous solution. The dats shows thet &8 more of the non-
soluble fractions of the original sample were removed, the soluble
carbon level dropped accordingly. Thus, particulate, suspended,
and colloidal compounds of carbon must therefore be oxidized in
whole or in part by the persulfete reaction,

Besed on anslysis of these deta, it appears that while sample
pretreatment effects the megnitude of the exact velues, it has
little effect upon the persulfate oxidizeble carbon-BOD relstion-
ship providing that similar treatment is given to samples for
elther form of enalysis. Since minimizing pretrestment reduces
the time spent in laboratory enalysis, use of untreated samples
would be the best and simplest procedure. Such & procedure would
elso give values more truly representative of the conditions being
messured,

Since the persulfate test noagurua forms of cerbon in sddition
to those in solution form, the term soluble earbon may lead to mis-
understending when applied to waste water enalysis, In its place,
the term persulfate oxidizable carbon, abbrevisted POC, will be
used,



Time Relstionships of BOD and POC
Prior to this phase of the testing program, all attempte to

establish a POC-BOD relationship had been based on the mezsurement
of the initial POC level of a waste sample fbliowed by & comparison
of this value with the five day BOD determined for the same sample,
Because BOD is 2 time function dependent to & grest extent upon tﬁo
reaction rate constant, it was necessary to determine how the POC
level might vary with time during the course of the BOD roactién.

4 major obstacle is presented in determining the time variation
of POC level by the dilution of 50 to 300 fold of the sample to
permit abrobic conditions to obtain in the BOD test at all times
during the incubation period. Thus, a sample removed from a BOD
bottle for purposes of determination of POC level would contain
1/50 to 1/300 of the POC level of the undiluted original sample.
This reduction is due only to the effects of dilution and is
further reduced by utilization of carbon in the BOD reaction., As
& result, the amount of'POC remaining in the BOD dilution is too
smell to be measured accurately by the persulfate test,

Since sensitivity of the test did not permit measurement of
the POC level in a BOD dilution directly, an sttempt wes made to
concentrate & waste dilution to the volume required for thp per-
sulfate test by using & low temperature vacuum condenser of the
rotery type, It was found that &t 50° C., two hours was required
to concentrate the sample volume from 300 ml to approximately 30 ml,

Comparison of the known smount of carbon in & control sample



to the recovered amount of POC determined by the concentration
method showed a recovery of epproximetely 145 percent. This high
value, in addition to the cumbersome nature of the condensation
procedure, gave cause for rejection of the method, It was further
concluded that excessive decomposition of the sample during testing
was promoted by the 50° C. temperature required to attain concentre-
tion within & practical time limit,

Determination of BOD by a menometric method was next investi-
gated, It was found that use of the special large capecity flasks
with the Warburg spparatus permitted obtaining an undiluted ssmple
&t any time during the BOD reaction., While the literature states
that an exact correlation does not exist between the results of the
Warburg and standerd BOD tests, the mechenisms of oxidatiocn are
similar in both methods (4, p. 1276). Thie fact permite the formulae
tion of general conclusions as to the rete of POC upteke during
aerobic oxidation,

Based on experimental trials, the following procedure was
determined to be satisfactory, Using raw domestic sewege as the
test substrate, & 50 ml sample was placed in esch of & number of
specisl Werburg flasks equal to the number of days of the BOD
reaction to be investigated, Each flask was designated with a day
for anslysis in the reazction period, Starting 211 flasks in the
Warburg apparatus at the same time, the reactions proceeded until
the first 24 hour period had passed, At this point, the flask
designated for the first day wes removed from the apparatus and a
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sample from it enalyzed for POC, The manometer readings for this
flask determined the one day Warburg BOD. An identical procedure
was followed for flasks designated for the remeining days of the
test period,

Upon completion of the desired test period, data would then
be svailable on the Warburg BOD and corresponding POC for any day
of the period., By assuming that the reactions taking place in the
various flasks were essentially identical, a curve could then be
plotted of Warburg BOD and POC versus time, Such a curve permits
& qualitative knowledge of POC variation with time during the BOD
reaction. Determination of the standard BOD of the sample for the
same lncrements of the test period would permit e plot of stendard
BOD versus time to be added to the POC and Warburg BOD plot,
Because of the similarity between the Warburg end standerd BOD
curves, it could then be implied that s similaer trend in POC
existed in the BOD bottle as in the Warburg flask, It should be
noted that the relisbility of this approach is at best questicneble
and severely limited bj problems of cxperimental measurement.

For the initisl test series, a five day test period wes chosen,
Table 2 shows the results obtained using the described procedure,
It will be noted that the POC is reported both as carbon remeining

and utilized, The POC remaining is the value obtained by the
direct analysis of the Warburg flask contents, while the POC
utilized is a celculated velue obtained by subtracting the POC
remaining &t any time from the initial POC level, Since the BOD
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curves represent oxygen utilized, it was felt that a more significent
comparison to them could be made by plotting POC utilized,

A plot of the BOD and POC values appears in Plste 10, Similar
trends of the curves illustraete a relationship exists between the
amounts of oxygen and POC utilized at any stage of the reaction,
Plate 11 shows the plot of BOD velues versus POC utilized. These
curves exhibit & strong bias in favor of the BOD velues., That the
tﬁo BOD curves shown are not more nearly identical is explained by
the difference existing between the two types of BOD values at any
time., This latter fact is presented grephically in Plate 12, which
shows a plot of standard BOD versus Warburg BOD,

Before any sound conclusions could be drawn from the data
obteined, it wes deemed necessary to attempt a duplication of the
results of the initial test series and to extend the test period
to ten days in an effort to show the variation in POC level under
conditions of nitrification in the BOD reaction. Utilizing an
analytical procedure similar to that of the first series, the
Werburg end standard BOD's and POC utilized were determined for
selected intervals of the ten day test period. Table 3 contains
the results obteined. A grephical presentation of the data is
given in Plate 13, which shows & trend very similer to that of the
initial series. The upward trend in the BOD curves after the
eighth day is caused by the onset of nitrification.

The upward trend shown by the POC utilized curve after the
eighth day was totally unexpected. A basiec assumption in the
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application of the persulfate test to waste water anslysis is that
it measures only material which contributes to the carbonaceous or
first stage BOD., The upward trend of the POC curve is in direct
contragt to this assumption as it implies that the test measures
meterizl being utilized in the nitrification stage of the BOD,

When the data was replotted in Plate 14 to show the BOD-POC relation-
ship, the same general trends were noted as thdae of the initial
series. A similer bias toward BOD was also noted, though of lesser
intensity. As before, the lack of aimilafity in the BOD curves was
attributed to inherent differences in the methods of analysis,
Plate 15 shows this lack of exsect correlation,

Two interpretations of the situation with regard to nitrifica-
tion are possible, If the situation is &8s the data from the second
test series would indicate, then it would appear that POC utilized
bears a relation to BOD, regardless of the presence of nitrification
in the BOD reaction. On the other hand, if it were assumed that the
POC utilized value for the tenth day shown in Plate 13 was in error,
an entirely different situstion would exist. If the amount of POC
utilized actually remained unchanged during the nitrification stage
of the BOD reaction, then a valid BOD-POC relationship would not
be possible during thst stage. It would then become impossible to
predict a BOD in a situation known to be affected by nitrification
from a POC measurement on the original semple, as the two values
would have no constent relation to one another. This latter fact

is further evidenced by the variable time of onset of nitrification
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in the BOD reaction., That the time of onset is variable implies
independence between the nitrogenous and carbonaceous stages of
-the BOD reaction. Since it has been shown that the FOC utilized
end the carbonaceous BOD are closely related, the implication
follows that POC utilized and nitrogeneous BOD are independent.

In order to investigate further these effects of nitrification
@ the POC level, & third end final test series was organized,
Since, in the second test series, the effects of nitrification had
Just begun to appesr at the end of the test period, a longer test
period of twelve days wes selected in order that nitrification
effects could fully develop. In addition to the Warburg and
standard BOD tests and the POC test, several sdditional analyses
were performed. In order to demonstrate that nitrification was
taking place, tests for nitrate and nitrite nitrogen were conducted
on samples from the Warburg flasks, Further, to make sure that the
upswing in the BOD curves was not due to & sudden population
increase in the organisms responsible for decomposition, total
bacterial counts at 37° C. were determined on the Warburg flask
contents at selected time intervals,

The resulte of this test eceries are given in Table 4., When
the BOD and POC utilized values were plotted versus time in Plate
16, an importent fact ie noted in that the POC utilized curve
glves good sgreement with the Werburg BOD curve only up to the
beginning of the nitrification phase. At this peint, &t about
the seventh day, the BOD curve swings upwerd while the POC utilized



300+
BOD and POC UTILIZED
VT Warburg BOD

- TIME Standard BOD
8 TEST SERIES No.3
2 i
o 2004
w
N
=
[
o }
(&)
o
a
o |°°"
c
=]
(@]
8 —0© POC Utilized

0 2 4 6 8 10 12 14
TIME, DAYS

Plate 16. BOD and POC utilized versus time - Test Series No. 3.

%



52

curve levels off, This latter trend supports the supposition that
POC utilized and nitrogenous BOD are independent, and in effect
answers the question posed by the results of the second test series.

Plate 17 shows a plot with time of the nitrogen and total count
data, The increase in nitrate and nitrite concentrations with time
prove that the indicated rise in the BOD curves is due to nitrifice-
tion. This fact is further supported by the rapid decrease in the
bacterial population &t the time of upswing of the BOD curves.
Since the organisms responsible for the nitrificetion phase grow
poorly, if et all, on the nutrient ager used in the total count
determination, the decrease in becterisl population shown indicates
the change from orgenisms decomposing carbonaceous msterisl to
those decomposing nitrogenous material,

Further evidence of the independence of POC end nitrogenous
BOD is shown in Plate 18, where a plot of the respective BOD values
versus the POC utilized is given, The abrupt rise in the curves at
the seventh day onset of nitrification gives gquelitative evidence
that POC and BOD are no longer closely correlated in this region.

Because of the above gqualitative evidence showing independence
of POC and nitrogenous BOD, previous attempts to relate all POC and
BOD values obtained from the experimentel trickling filter must be
regarded with suspicion. Effluent from a trickling filter is known
to exhibit a greater degree of nitrogencus BOD activity than the
untreated influent, and thus the POC-BOD relationships for the

influent and effluent would not be comparable. In addition, efforts
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to establish & valid comparison between BOD and POC removal efficien=
cies would also fall because of the effect of nitrification on both
the BOD-POC relationship end the BOD reaction rate constants.

Since the BOD removel efficiencies for the experimental filter
are also doubtful becsuse of the known veriation in the influent end
effluent rate constznts, the question remains as to what is the
correct measure of filter performance, Because of the errors
inherent in BOD removal efficiency determination, the POC removal
efficiency seems to be a more correct evaluation of the existing
conditions, The fact that the initial POC level is & valid repre-
sentation of the carbonaceous BOD, as established by Purkerson and
supported by date in this thesis, certainly permits its use ag a
measure of the carbonaceous BOD removal, It cannot be stated with
absolute certeinty, however, that measurement of the carbonaceous
BOD removal is the only correct means tc evaluste removal efficliency
beceuse of the existing controversy over the need to include the
etfocts of nitrification,

One final point should be noted. In any situation where &
valid application of a POC-BOD relationship can be used, there
exist two alternatives as to an evaluation procedure, If it is
felt to be absolutely necessary to express the results in terms
of a BOD calculated from the initisl POC level, then a calibration
of the POC-BOD relationship applicable to the particular gituation
must be mede in a manner similar to that of Purkerson, Such a

calibration is always necessary because the resulting relationship
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is of linear form derived by statistical methods from non~linear
data, On the other hand, if it is accepted that for a given
situation such a calibration could be mede, but need not be, the

POC values alone can be used to eveluate the pollutional situation,
This latter approach is certainly to be recomasnded, ag it eliminaies
the lengthy anslytical and statistical procedures involved in estab-
lishing the required POC-BOD relationship,
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CORCLUSIONS

1. The term "persulfate oxidizable carbon", abbreviated POC,
is preferable when referring to the results of the persulfate
oxidation test applied to waste water analysis,

2, Semple pretreatment effects the magnitude of the values
but hes little effect upon a BOD-POC relationshlip, providing similar
pretreatment is given to samples for either form of snalysis,

3+ In raw domestic sewage, carbon in forms other than true
solution is measured by the persulfate oxidation test.

4e Direct measurement of the POC level in & standard BOD
dilution is impossible due to sensitivity limits of the persulfate
oxidation test.

5 Limited general conclusions as to the rate of POC uptake
during a standard BOD reaction may be made from the POC uptake
during & Warburg BOD reaction because of similarity of oxidative
mechanisns,

6. Graphs of Warburg and standard BOD versus POC utilized
for raw domestic sewage show & definite bias in favor of BOD,

7. BOD and POC utilized values for raw domestic sewage show
similer trends with time during the carbonaceous stage of the BOD
reaction.

8. BOD and POC utilized values for raw domestic sewage become
independent during the nitrifieation stage of the BOD reaction.

9. BOD data used to establish a valid relationship between
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BOD and the initial POC level of raw domestic sewage must be limited
to values from the carbonaceous stage of the BOD reaction.

10; A valid comparison of BOD and POC removal efficiencies fo:
the experimental trickling filter cannot be mede because of the
effects of nitrification,

11. In a pollutional situetion where & valid BOD-POC relation-
ship is known to exist, POC values alone may be used to eveluate the
situation. |
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SAMPLE CALCULATION FOR THE PERSULFATE OXIDATION TEST

Welght of filter plus precipitate .esscesscessss 1442733 g
Tare weight of filter cessscessssessscsesesesees 1441543 g
DIfference scssssssssssssssssssssnsssvsnsnesosss 0s1190 g
Difference suieescssssssosssssssnessssassnenssses 119.,0 mg

Blank Correction (average weight of
precipitate from triplicate determination) s.... 5.9 mg

Corrected difference PeNRINIIIIENIIRIRNOSELIERNRRRAS 11301 ng

mg BaC0q per mg of carbon
: mol, wt. Carbon

" q = 197.370
12,010

n " = 16 0432
orr, Diff c
Total mg of Carbon in the sample . 16,432

" " 113.1
16.432

" " = 6.9 mng

mg Carbon per unit volume 6,9 mg
of the original sample 30,0 ml

i

" " 0.23 mg Carbon/ml

=  230,0 mg Carbon/l



TABELE 1

RAW SEWAGE SEPARATION DATA

BODs  Soluble carbon % of originel ¢ of original
Sample mg/1 mg/1 BOD soluble carbon
A, 257 163 100% 100%
sample
Inhoff cone
supernatant 183 119 1% 73%
Supernatant
after 133 9% 52% 58%
centrifuging
Gooch
crucible 130 81 51% 50%

filtrate
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TAELE 2
TEST SERIES NO. 1 - RAW DATA

Warburg BOD Standard BOD POC remaining POC utilized

Day mg/1 mg/1 mg/1 mg/1
0 — - 230 -
1 138 148 200 30
2 291 199 160 70
3 358 242 140 90
4 407 277 140% 0%
“ L27 308 120 110

# Value in error - reaction flask left in the oven for 22 hours.

TABLE 3
TEST SERIES NO. 2 - RAW DATA

Werburg BOD Standard BOD POC remaining POC utilized

Day mng/1 ng/1 mg/1 ng/1
0 —— — 224, Lo
1 70 9 160 64
3 155 133 100 124
5 198 178 85 139
8 220 200 80 14

10 292 300 45 179




TEST SERIES NO. 3 - HAW DATA

TAELE 4

Da Werburg BOD Standard BOD POC remaining POC utilized NOp - N NO; - N Total count, 37°C.
mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 colonies/ml
0 — — 110 S 0.09 1.48 2.9 x 107
- 128 91 70 40 0.11 0.95 3.0 x 10°
5 144 133 66 idy 0.21 050 2.5 x 107
7 161 160 53 57 — 0.80 5.0 x 10%
12 259 250 50 60 1.05 2.10 2.0 x 10°




