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PERSULFATE OXIDIZABLE CARBON 
AS AN ENGINEERING MEASURE 

OF OFGANIC POLLUTANTS IN WATER 

INTRODUCTION 

Sanitary engineering has rs its gou1 the establishnient nd 

¶aintenLnce of a healthful. environment for man. One of the oldest 

nd most foruidab1e problems to be faced In the achievement of 

this goal is the effective aisposal of the myriad of liquid wastes 

created LS try-products of 1i&ns activities in this environment. 

Although the last one hundred years has seen great irnprovertents 

and advancements in the field of waste disposal, population growth 

and incre sed inaustrial copledty in our modern society have 

made necessary the acceleration of reserch and developnent of 

more efficient treatment Drocesses. 

The basic tool of any science is that of measurement. 

Certainly only limited advancement may be made in any scientific 

endeavor where a means of fast and accurate measurement is ù.cing. 
This is particularly true in the field of waste disposal, mhere 

large variability of both the quantity and quality of liquid 

wastes makes accurate methods for their measurement extreue1y 

necessary. Of principal concern in the investigation or deveioment 

of any waste treatment process is the measurement of the organic 

content of the waste to be treated, and the meazurement of the 

crocess efficiency in its removal. These ti.o mesureuents form 

the basis for the sanitary design ana evuluation of' any waste 

treatiient crocess and must be nown accurately. 

Unfortunately, the development of methods of easure:nent has 
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not kept ce with the âeveloprrient and improvecaent of weste treat- 
ment processes. Ex1stin methods for deterninstion of waste strenïth 
and process efficiency are in&dequate in many instances, anú, indeed, 

have been proven nearly useless when applied to nny coutplex inclus- 

trial wastes. Because of inadequate yardsticks of rnesurenent it is 
reasonable to believe that existin treatment units are beine operated 

without the sccur&te knowledge of process efficiency necessary to 

determine if they are solving the disosa1 rob1em they were estab-. 

lished to elini.nate. Finally, the complexity of the ociern waste 

disposal problem has iiiade necessary an increase in <nowledge of the 

biochemical nature of waste treatnent. Hero, the developnent of 
new and better nethods of waste composition ieasureinent are mandatory 

to the progress of needed research since many of the existing methods 
fail to make the fine distinctions necessary in understanaing the 

biochemical relationships. 

It is with the intent of developing and evaluating a new &nd 

promising method of waste strength measureraent that the following 

discussion is presented. It is believed that the knowledge pre- 
sented will contribute to the solution of the mensureiient problem. 

Object and Ecooe of this Thj 
The objectives of this thesis are twofold: namely, (a) the 

1ntinì engineering aoplication of the persulfate oxidation test 
for organtc carbon in waste w&ter, and (b) to further investigate 
the relationship between persulfate oxidizable carbon and bio- 

chemical oxygen demand. It is to be noted that the original 
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adaptation of the test from the literature anä the initi1 develop- 
nent of the persulfate oxidiz&tie carbon-biocheinic1 oxygen demand 

relationship w&s the ork of Mr. LorLis L. Purkeron, rau&te 

student in the Leprtiient of Bcteriolo &t Oregon State College. 

This initial stage of the test's development was conducted as 

Project 2O, "Chemical and Physical Aspects of Leep Trickling 

Filters", of the Engineering Experiment Sttion. The author was 

privileged to wort with Mr. Purkerson throughout the initiai 

cieveloprnent period as a laboratory assistant, and thus became 

familiar with the test prior to main, its initial engineering 

application. Since a graduate thesis is currently in preparation 

by Mr. Puricerson covering his work in the initial development and 

adaptation of the test, this thesis will be limited in scope to 

all work done with the test subsequent to that of Mr. Purkerson. 

heference will be iade to his findings only as is necessary to 

establish the basis and background for the author's work. 

Method of Study 

The initial engineering application of the teat was accomplished 

throu'n ils use as a means of evaluating the organic 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 wor& ws needed to permit a more exact 

cefinition of the persuJJ'te oxidizable carbon-biochemical oxygen 

demand relationship. This woulc permit a more useful interpretation 
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of the Qersu1fte oxii&tion test's res'its. To this end, 1btoratory 

tucies were conducted ith empiiaais piced on the variation with 

tine of the carbon and biochemical oxygen denvind parirneters connon 

to the relationship. 
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THE PERSrJLFATE OXIi)TION TEST 

History ¿nd Previous StuGies 

The earliest reference f3uní in the literature to persalfate 

oxidation of carbon is the worc of Franz and Litze who utilized 
potaßsiwn persulfate in the cuantitative oxidation of ailute 
solutions of certain organic COm)Ounds (3, o. 2659). Their 

iiethod as later nouified by Osburn and Werkaan for the detr:uin&- 

tion of carbon in ferriiented liquorB (6, p. 421-423) . In turn, the 

latter method was further aodified r Katz, for use in the 

radioassay of carbon-lh.-labeled conrnounds ( 5, p 1533-150h.) . It 

was this nethod of Katz that was subsequently adapted by ?urierson 
to the measurenient 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. 

Initial Adaptation for the nalysis of 'waste aters 
Aß determined by Osburn and Werkman, and also by Katz, et 

the persulfate oxidation tt can be used only ror water soluble 
organic copounctß. Since it is generally assumed that the first 
stage biocheiiiical orgn demand of a waste water is due to ecom- 

posable carbonaceous materials in the waste, it logically follows 

that cirect measurenent of the carbonaceois matter canbe used to 

detercaine the first stage demand. More specifically, it ws thought 

that a measure of the carbon content of a waste water throu.h the 

use of the persulfate oxidation test could be Lirect1y related to 



the results of the standard five day, 200 C., Liocheì1ic8l oxygen 

deaianci, or BOD test. This latter test is the ccepted method of 

nesL1renent of the strength of organic pollutants. 

To test the relation presuued above, & series of tests were 

initiated Purkerson in which nown nounts of organic substrates 

common to waste water were analyzed both individually and in mixtures 

b:! the Dersulfate oxiä&tion end stand&rd BOl) methods, The successful 

results of this test series Qrornpted a second series usine; various 
wastes of unknown carbon content, including s8mples of domestic 

sewage, bean canning waste, slaughterhouse waste, and others. 

Pesults of this series established the first relationship Letween 

persulfate oxicizable carbon and five day BOD for ornestic sewage, 

At this point, it ws considered that the teat aaaptatio was 

sufficiently ueveloped to warrant an actual research application. 

Test Procedure 

Step ù Place 30 ml of the sa:aple to be analyzed in the 

speci.l oxidation flask (See Figure i). Add, in order, i ml of 

5N H2SO4 and 2 ml of 4% AgNO3. Swirl gently to mix the contents. 

Step 2: Add, r use of a short funnel, i grsm of potassium 

persulfate, K2S0g. Immediately fili a center well vial (see 

Figure 1) with CO2-free 5I Na0}J and place in the center well (see 

Fiwure 
2), 

Step 3: Fit a rubber serum cap ( see Figure 1) to the fisk 

and evacuate (see Figure 3). Swirl ently to aistribute the 
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iure 1. Special glassware for the persulf&te oxidation test. 
Left to right; reaction flask, center well vial, serum cap, 
assethled re&ction flasi, precipitation tlask, sintered glass 
filter. 

persulfate. Place in a 750 C. oven for 2 hours to effect the 

oxidation. 

Step 4: Iìetaove fla from the oven, cool, an reuove the 

center well vial. Wash the contents of the vial quantitatively 

to a 125 ml Erienineyer flask using approximately 43 ml of CO2- 

free distilled water. 

Step 5: Add 5 ml of precipitate mixture (122.2 grams BaCi2 

2H20 plus 53.0 grams NH4C1 in one liter of CO2-free uistilled water), 

and stopper the flask without a:itation. 

Step ô: Filter the fLs contents cuantitative1y through a 



tared, ultra-fine sintered class filter (see Fiiu'es i. nd 4). Lry 

filter t 102° C. for 1 hour, cool, am eigh. 

Step 7: C1culate the weight of carbon per unit volume of the 

original sp1e (see sanp1e c1cu1ation in the appendix). 

Figure 2. Metho. of ineertion and retaov1 of the center weil vial. 
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Figure 3. 4ethod of evacuation of the reaction 
flask, 

Fiure 4. Filtration zoptratus. 
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D.icussion of the Tt Procedure 

The meuretnent of the sie irito th oxithtion fiaa 
la tb.e only critical voluiietrlc iesureent o fte test. This 

step is noia1iy prfored uinL . delivery pipette with ri enlarged 

tir to permit passage of particulate matter. 

The addition of the acic is necessary to destroy any carbonate 

or bicarbonate tlkalinity present which would contribute to the CO2 

production. Neither the acid nor the sliver nitrate neec be measured 

with great accuracy as their rescribeQ volumes re only for the 

purpose of providLng them in excess. 

Meesureiient of the required amount of potassiuu persulfate 
may be accomplished with sufficient accuracy through the use of a 

torsion balance. Since an excess of per5ulfate is reqiired in the 

reaction, the aocurcy of the ieasurement is not critical and 

weihiri may be done quite rapidly. The measured portions of salt 
should be stored in closed vials prior to their use. 

It is tiportant that the 5N NaOH (CO2-free) be stored in a 

container having ¿in efficient air trap to prevent absorption of 

Co2 from the atnosphere. while the amount of NOH placed In the 

center well vials is not critical, sufficient freeboard must be 

rmintained in the vial to prevent creep of the absorbent and allow 

for thernal expansion. 

The evacuation of the flaø provides for the removal of any 

free CO2 reaainin:, in the sampie nd effects a tight seal of the 

flasi. Wettinb of the serum c&p prior to insertion also aids in 
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providi! a tight sJ.. 

The tenerture of the ovr. sìou1d be crefu11y controlled at 

750 
C. Temperture3 in excei of this hv causei trie eruzii caps 

to be b1om fr tìe fik. It ii11 be noted that a the sjìpie- 

reageit mixture wirni in the oven it will turn quite black. This 

is due to the formation of i1ver peLide. Upon ñirther heating 

this deposit dioivcS and tho s1uton becomes c1er, inicating 

the cop1etioa of oxidation. 

hn weshing the coolcd contents of the eentr ie1i vL:1 Into 

the f1as for precipitation, it is .;iportant to tise the utno3t care 

to perform the transfer juxitit&tive1y. Only distI11ec water hich 

ha oeen thoroughly boiled to rcnove CO2 and cooled in air .rapped 

containers thouid be used. 

I Is aIs) Iuportant to add the prec!pitte nixture to e 

vial washins immediately to prevent absorption of atniospheric 

CO2. The precipitntion flasks shoula be stoppered imin&iiately 

without agitation which would promote tdditiona]. gas transfer. 

In a test series where ruiany aarnples are being analysed, it 
has een found very convenient to perforu all weihins of the 

sintered glass filter on an analytical bc1tnce of the single pan 

direct reading type. Since four place accuracy is reçuired to 

accurately deteraine the carbon content of the saniple, the time 

saving by ue of such a uevice is Inificant. 
ben washing the precipitate into tìo filters, quantitative 

care iust be exercised. Normally, three washings, e.ch of ten ri]. 
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of CO2-free iistiUea w&ter, i consiberod sLifficient. hecovery 

tests ¡nade by ?urkerson on nown con»ounc indicate tht loss of 

precipitate through the filters is insignificsnt. 

Every test series should be accompanied s triplicate 

reagent blan isin the same batch of CO2-free distilled water to 

be used in the na1sis. Unusually higkì b1an values (greater 
then 0.02 mg Carbon/mi) should be eliminated. 

Chemistry of' the 1ethod 

The chemistry of the persulfate oxithtion reaction must be 

expressed in çualitative form when the test is applied to waste 

water analysis, because of the variable and com4ex nature of 

such substrates. ihe basic reactions below are exressed in the 

order of the addition of reagents. 

CO '= 
_______ 

+ H+ COf+ 1120 
1-{COf 

2S2O8 + 1120 2KhSO4 -f- O 

carbon compouncs capable 7 of being oxidized by this + nO ) CO2 + H0 
system 

CO2 + 2NaOH Na2CO3 + 1i20 

NaCO. + bs44 -> baC0 + 2Na 
_, 
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THE STANDARD BIûCHF4ICAL OXYGEN DEkAND TRST 

Standard Method of An1y5i8 

The 'biocheiIcaJ. oxygen deaand, or BOD, test 18 the currently 
accepted nethoa for determining the organic strength of waste. 

The re8ultS of the test are expres$ecl in terms of the weight of 

oxy:en required to meet the aerobic decomposition recuireiztents 

of the weste unger controlled laborbtory conditions. Essentiafly, 
the test consists of diluting a saûple of the waste to 'ce tsted 
with an aerated ai1.ition water, deterninin the io1ved oxygen 

content of the iixture, and after an incbttion eriod (usu11y 

five days at Oo C.) once again deterinin the di8solveu oxygen 

the Fron aiount 

during the incubation period, the BOL) of the weste may be calculated. 
The reagents, pecia1 apparatus, an'i procedure ior this test have 

been standardized (i, p.318-324). Fiure 5 shows typice]. 1aoratory 
apper&tus for BOL) analysis. 

Physical Aspects of the lest 
The bUD of a waste water is customarily divided into stages, 

each stage representing the aerobic aecomposition of s. different 
type of materil. The first stage is largely attributed to tne 

oxidation of carbonaceous matter, while the seconi stage repre8ents 

the decomposition of nitrogenous substances. A typicl curve of BUD 

exerted versus tirae is illustrated in ?lLte 1. 

The first stage of the BOL) has been subject to :uch miitheaatical 
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P1te 1. Typical curve of BOL exerted versus tire. 



Figure 5. typical iabortory ipp&ratus for EOD inalysis. 

fornulation. It is 'isually interpreteiI a a first order chemical 
reaction, although formultione have been proposed assuming a 

8eCOfld order reaction. Following the classical develouent of 
Phelps, th first tre first order equation ai be foruulted 
in the followtig ;anner (9 o. 5): 

_L = -KL dt 

'h1ch, when integrated becomes 

where: 

y L (1 

y = bOD at any time, t 

15 
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'diere: 

L u1tiïntc flr8t stage 1OL 

k = reaction velocity coristnt 

In the *bove equation, the variables y ano. t are readily 

obtained froiii the laboratory data. The paraneters k nd L are 

more difficult to determine since there is tut one ecuation hving 

two unicnowns. Various graphical and tatitical nethods have been 

suggested in the literature for the deterriination of the k inc 

v8.lueS. The grípbical nethod pro oaed by Thomas as used to &nlyze 

the BOD data presented in this thesis, since it is nost suitable for 

cata reoorteu on non-successive days of the iJL in;uhLtion period 

(lo, p. 123-12h.). 

The deterin.ination of the rate constant is extrenely important 

in the evaluation of any bOD data. This rete constant, which ha 

the units 1/days, is a function both of the teiaperature of the 

reaction and the nature of the waste itself. Nuraerous investiga- 

tions have shon that the maGnitude of the rate constant is cuite 
variable, even among wastes of the sne general tye. s noted by 

Fair, trie five uay, 20° C. BOL) vclue IB not in itself a complete 

eaøure of waste strength as is nonnally assuied (2, p. 525). 

Inspection of the bUD formulation shows that the OL at riy thne 

uiay become a variable portion of the ultimate first stage D, 

depending on the rate constant usea. It is therefore very 

inporta.nt when maìdnb corparisons of BOL values of different samplea 

to be sure that the rate constants of the sapies are identical. 
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£dvntage8 ncJ Lisivantgß of the Te8t 

The greatest single advntge to the OL test is it re1tive 

si:aolicity. with a fw si1e pieces of labomtory app&ratu8 arid 

very little nipu1LtiOn, iuch useful data can be obtained as to 

the strength and pollutional chracteristic of . given wste. 

Becau3e of its sLa1icity ncì because of the enoraous quantity of 

rese&rch that has been conducted on it, the test hs received 

widespread utlicity and genere.]. acceptance. The test is n3t 

without sorae r ther serious disadvantages however, particularly 

when application is attempted to situations where & high degree 

of accuracy is necessary. 

A first disadvantade to the standard OLJ test is the titae 

required to obtain the test reaults. An incubation period equal 

in length of the number of days for which the bO is desired must 

be used. In contrsst, the time reuuired for analysis the 

persulfate test is but a few hours. 

is in sny volumetric test, certain errors y accrue in the 

measurement and transfer of liquid. Of a more serious nature is 

any variation which may occur in the teaperature of the incubator. 

Such a varistion may have serious conseouences on the accuracy of 

the results because of the sensittvity of the rate constant to 

temperature. both volumetric and temperture errors can be 

eliminated or lessened tirou.-h careí'ul manipulation. 

Errors basic to the test mechanism itself, ani over which 

little control can be exercised by the analyst, are those of a 
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biochemical nature. Since it is imoossible to achieve equnlity 

among the bacterial populations delivered to the various bottles 

of a test serios, the rate of the xidative re.ction, which is 

deendent on the gnitude of this poulation, nay vary and cause 

an Lnherent error. Associated with this bacterial por:ulation 

rob1ea is the l thne, or tue reculre for the renction to 

proceed at its normal rate. This lag tine is related to the activ.- 

ity of the bio1otical copulation present in the saaiple bottle. n 

error of a different nature is introduced immediate ogen 
de.mana which my be exerted ien the waste ha undergone oartie.l 

decoinoositjon before analysis or contains reduciti; substances. 

Such an irtediate aeeand will obviously produce high result. unless 

separated from the true 130L. 

Another disadvantage is the natter of interpretation of results 

as effected the rate constant. Js iaay be expected, different 

wastes have t1Terent rate constants. Also, vastes of the same 

general type frequently exhibit widely varyln values, even to 

the point where subsainpies of a given sample show rate constant 

variation. Because BOD values obtained fron samples having dif- 

ferent rate constants are not directly conparable, a serious limit- 

ation is placed u.on the usefulness of the BUD determination. Plate 

2 illustrates the effect of a variation in rate constant on the 

observed BOU when all other variables are held constant, 

Althoudh the above disadvantages are quite important with 

regard to the reliability of the BUD test, one remaining factor 
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18 rhip8 the most erioua problem. This Is the effect of nitri- 

fication upon the re5uIts of the first stege, or ceronceous, BOD 

noxnlly uìeasured. Of principal concern is th tine of onset of 

nitrification ¿s compared to the time of the EOL being measured. 

Evidence in the 1iterture indicates that for domestic sew&e the 

onset iay occur as early as th ist day of incubation or as lte 

es the 13th day (7, . &4). That the nitrifiction stage can 

effect the reaults of the decired carnaceou OD is illustrated 

in Plate 3, which shoss various times of onset superimosed on a 

typical fIrst stage dorand curve. It becomes readily apparent 

that high v1ues of first st.ge E'JD ay be recorded because of 

nitrification. 
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THE i'ÄNOi4ETRIC iIOCHEtICAL OXYGEN DXAND TEST 

Methoc of AnE1ysis 

The determination of BOD by a a.nornetric method is not a 

standard method of 8na1ysi for 'waste w&ter. However, a procedure 

is offered in the literature which tias received some use and 

tentative approval by the APRA (1, p. 396-399). The rincip3. 

advantage of the ûethod is that it permits analysis of wstes in 

much greater concentrations than is ossib1e hy the standard OD 

method. This advantage becoLaes iL1portant in the study of oxidation 

rates of strong industrial wastes. 

In essence, the method measures directly the oxygen utiliza- 

tion of a waste sariile placei in a closed environment, under 

carefull: controlled conditions of temperature and agitation. In 

the warburg apparatus, the oxygen uptsce is deterniined by the 

change in pressure occurring under conditions of constant volume. 

Test Procedure 

The test procedure used in this stua is essentially that 

which mppears in the literature, with slidht mouification to meet 

certain conditions encountered. Ths reaction flasis, as pictured 

in Figure were specially made froni 250 ml Erlerimeyer flasks 

with the neck modified to ut the :aanometer connection. The flasks 

were also ecjuipped with a center well cup to contain the CO2 

absorbant, and a side arm for the adoition of reagents. Normal 

procedure was to place 50 to &3 mal of the sample in the reaction 
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fls, dd 7 nl of 13% K3H to the center well, ¿-ttch the fl&sk to 
tie a&nometer ssenbly &na begin testing. because of breakc&ge of 

the in&nometer -rms with the increased weight of the soeci&l rect1on 
flasks, the rate of agitation could not re aintined t the 70 

oscilitions per minute recommended. oever, e rite of 24 ascii- 

1tions per minute was found to be s.tisfactory. 

Lieterminations were ade 1y stop ing the apparatus and reading 

eech manoxneter to determine the pressure. The systern was then 

opened to the atmosphere for five minutes to insure an edecjuate 

supply of oxygen in the flsk at ll times. Following this exosure 

period, the manometers were reset, the system c1ose, and a4tation 

resumed. Calculation of the oen uotae was aceomulished using 
the interval uptake method described in the literature (ii, p. 9). 

Figure 7 shows the 'ar'burg apparatus in operation. 



Figure 6. Special large cnacity 1/arirg flask Fiaure 7. arburg apparatus. 
co!llpared to a converxtionl Warburg flask. 
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TEE PERSIJIJFATE OXILIZiBLE CiJBON- 
BIOCHE4ICJL OJOEGEN DEMAND JLÂTIONS}P 

Purcerson's Initial Ie1ítionships 

Since first stage BOL is largely due to the oxidation of 

carbonaceous matter, ny nethod which will detect that portion 
of the total erbon content of w&ste liquid which is reai1y 
oxidib1e should relate to first stge BOL. On this b.8is, 
PurKeron initiated studies of such & rehitionsrd.p tiSiflç the 

persu1fte oxidation test. Aftr fir3t establishing that the 

recovery efficiency of the test ws satisfactory on both inciviuuel 
compounds and mixtures common to Jormestic sewege, he 2roceeded to 

determine whet relation rniht exist between persulfhte oxidizsble 
carbon and the five day 20o c bOL. kits method consi8ted of test- 
ing solutions of known carbon content, usine a compound or conipounds 

present in comestic sewage, by Lth the persu1fte nd five day BOL 

tests. When the reßults of these investigations were anIyzed, it 
WES snown that line&r re1tionsnip existed between the persulfate 
carbon level and the five day BOL, for any one known solution over 

the range in carbon level tested. The culmination of this ohse of 
testing wa the analysis of a mixture containing fifteen different 
carbohydrates, fitty acids, nd amino acide ll cornnon to domestic 

sewage. Evaluation of the data, which showed a correlation 
coefficient of 0.998, resulted in the eçuation: 

DOD5 at 200 C. = (mg Carbon/l) (l-íJ7.0) 

Following the successful determination of relationships based 
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on known conipounds, attention wiS turned to the an&ly is of unknown 

waste amp1es. Using methocs 8iJni1r to those àecribeQ above, 

s&p1ea of domestic sewage, ctrnery wastes, s1suhterhouse waste, 

and paper mt11 weste were examined. he trenìs for these unknowns 

were found to be non-1iner. However, in the eí.se of otxestic 

sewage, a good aproxirntion of the relationship could be nade 

using the statistic&lly derived iiner eçution 

ßOD5 at 200 C. (ing Carbon/Lïul) (l333.2) 

The data on which this equation was basec also siowed a correlation 

coefficient of 0.998. 

J3plication of the initial helationsiiîp 

Following the apparent success of the formulation of the 

initial persulfate carbon-L3 relationship, it was decided to 
further exainine its inerits by subjecting it to an actual rese5rch 

application. Such an application was conducted in conjunction 

with Engineering Experiment Station Project 0, "Chemical and 

Physical spects of teep Tricklin6 Filters". This work ws under- 

taken the author as a part of kils research proran. Figure 8 

shows the experimental tricAcling filter located at the Corvallis 
Sewage Trethent plant. 

The persulfate carbon test was applied both to the mesurement 

of filter loading retes n&i the determination of the efficiency of 
the treatnent process. 3efore criticel evaluation could be nade 

of these applicition&, it was necess_iy to check the initial 
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FILUIe 3. ixperiinental deep trickling filter unit, 

relationship using data obtaIrd froni the filter. ttiti cal 

analysIs of the EOi and persulfate oxidizable carbon v&lues gave 

the rel tionskiip: 

i30D5 at 200 C. z (iig Carbon/i) (0.335) - 2 

This relationship i significantly different from that of Purerson 

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

also showed a correlation coefficient of 3.91o an a standard error 
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f '7.25 ndliter, A plot of the tht appears in ?latc 4, which &lso 

indicts the 90% confideflce lirnit5. 

Since twenty day BOD values were determirnd to pernit cicuJ.- 

tion f rete constant and ultimate BOD VaIUCS for the vriou fIlter 

teat series, stttìcal analy1s wa alßo adc on the data to 

deter2iine if ¿ny ccrret1on with the olub1e c.rbon vle exl3ted, 

The relation8hi obttine was: 

BOD2Q at 200 C. = Carbon/i) (2124) + 79 

'Ihe data showed a correlation coefficient f 0.9 and a standard 

error of 26 Jliter. The low value of the correlation coefficient 

is to be expectea as the twenty day 130D neasurea other oxygen 

dexiiands in adition to that 3f carbonaceous initerii. :)lot of 

the data for the above relationship epears in Plate 5. 

In addition to the above direct coiparison8 of soluble carbon 

and 1301), a study was iiade on the pos&ide deternnation of tre'tient 

process efficiency using soluble carbon values. Using BOL5 and 

soluble carbon values for the filter Influent and effluent st 
varIous ratee of hydraulic organic 1oadin,, the statistical 

arialy is yielded the eçuation; 

Y 1.23X - 2.7 

where Y is the percent reioval through the filter haced on [3OD, 

X the percent removal based on soluble carbon, anc 2.7 a bias 

factc.r. The efficiency data yielded a correlation coefficient of 

0.935 and a standard error of 5.8% based on the BUD values, i 

plot of the data appeirs in Plate 6. 
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Discussion_of the Results Df the Initid Jp1iction 
Signiricant differences exist between the 8oluble crbon-BOD5 

relationships obtained r Purcerson nd the field application to 

the filter d&t which reçuire adtional invtiation arid exp1na- 

tion, Further analysis of the filter tt Droceiures and data 
revealed two irnportt fctor5 which at that tine had n3t been 

considered in the persulfate oxidizable carbon-BUD relationship. 
The first of the fctors is that Df sample pretreatnient 

3rtor to laboratory analysis. All previous worc with doaattc aid 

industrial vaste3 was done on sanples that had been filtered throu,h 

coarse filter 3per. The intention vas to :i&.e th sap1e iore 

homogeneous and reduce the error inherent in taking aliquot portiona 
of a non-homogeneous solution. B&sed on the 1iteratur, it waa 

believed at thit time that the persulfate test would measure only 

carbon in aqueous solution, and thus such s..iple pretreatnent would 

huye no effect on the final relationship obtained. 

It wìs found during the field apoliestion f the test that 

filtration of the large sample volumes ws too time onsuining. 

Further, a search of the lIterature revealed that such sample 

oretreataent could have a serious effect on the BUD valuee (8, 
p. 779-736). For these reasons, pretreatment of the samples was 

eliminated from the filter test prograiii. It was concluded that 
further study was necessary on the effect of sample pretreatment 

on the soluble carbon-Wi reltionship. 

The second new fctor considered to have an effect on the 
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re1tionEkdp ws that of the vtiriation th the BOl) rate constant 

values of the s&nples. Calculation froxu the filter data. showed 

that for riy given rate of hydraulic and organic loading, there 

was a siniCicant change with depth in the rate constant of the 

waste passiílg through the filter. Plate 7 shciws this vrit1on 
for foir selected loading rates. Since B® values bsed on samplee 

having different rate conatant ¿ire not directly comparable, the 

change of rata constant with depth in the filter uakos aeteriin&tion 

of the true efficiency very difficult. It was concluded that more 

information was necessary as to the variation with time of soluble 

carbon levels during the BOD incubation period. 
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FUTHEh INVESTIG.TIJN OF THE PERSULFTE OXILIZABLE CAhBON- 
iiIOEICAL OXiUEN LEM&NL RELATIONSHIP 

Effect of Sinpie Pretre&truent 

In oraer to determine the effect of sample pretrethent upon 

the values oLtairied by the persu1fte oxidation test, the followin 

test series was conaucted. Using rìw domestic seae in tue 

analysis, a sample was separated into fr&ction using the basic 

separation scheme of Sorrels and Zeller (8, p. 73O). A minor 

modification of the scheie was the use of one hour sett1in time 

in the Irnhoff cone, as is standard procedure in the settieb1e 

solids test, rather than the ¿5 minutes used ty the authors. Plate 

shows a. diagram of the 8eparation procedure used. 

The entire separation procedure w&s carried out as rapidly as 

possible to prevent significant smple decomposition. A the 

vErious licuid fractions were obtained, they were placed in a 40 C. 

refrigerator until needed. Immediately upon completion of the 

separations, ouplicate values of the FOC level were determined as 

were trilicate values of the five day hOD. Ehe results of these 

analyses appear in Table 1. 

ietting the values obtained for the oriinal sanp1e repreaent 100 

percent, Table i also shows the percent of the origina]. sample value 

remaining after ezch successive separation. It is apoarent from 

the data that such separations have about equal effect on either 

test. Further evicence of this fact m&y be seen in Plate 9, which 

show8 a plot of the values obtained. The definite linear trend 
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shown the data i11ustrtes the equ&.L effect of the separations on 

each test, arid further demonstrates the existence of v&lid re1tion- 
shio tetween o1ub1e carbon and five day B®. 

It rry also he observed froi the data tt the ?ersuifste 
oxidation test measures carbon initially in forms other than that 

of true aqueous solution. The data shows that s more of the non- 

soluble fractions of the original sample were removed, the soluble 

carbon level dropped accordingly. Thus, particulate, suspended, 

and colloidal compounus of carbon must therefore be oxidized in 

whole or in part by the persulfate reaction. 

Besed ori an&lysis of these dmt, it appears that while sample 

pretreatment effects the magnituce of the exact values, it has 

little effect upon the persulfate oxidizable carbon-BOD reùtion- 
ship provicIn that sinllar treatcient is given to samoles for 

either fortt of arìa.lysis. Since minuinizing prtreathent reduces 
the time spent in leboratory analysis, use of untreated samples 

would b the best and sirnplet rocehire. Such . procedure would 

dso ive vdues rnore truly representative of the concitions being 

ne sureci. 

Since the persuifate test measures fors of carbon in addition 
to those in solution forni, the tern sluble carbon may lead to :ds- 

understanding when applied to waste water analysis. In its place, 
the term persulfate oxidizable carbon, abbreviated FOC, will be 

used. 
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Tizne Re1tionships of OL xid Foc 

Prior to this phase of the testing program, 11 atternots to 

establish a FOC-130D re1tionship hd been baaed on the rnesurenent 

of the init11 FOC level f waste sample followed by comparison 

of this value with the five day 130L deteriìined for the same sap1e. 

Because BOL is a time function dependent to e reat extent uon the 

reaction rate constant, it vas necessary to determine how the FOC 

level niiht vary with time during the course of the bOL retction. 

A major Obstacle is presented in determining the tirue variation 

of FOC level by the c3ilution of 50 to 303 fold of theaple to 

permit aerobic conditions to obtain in the BOL test at all timea 

durinhT the incubation period.. Thus, sample reìoved frote a BOD 

bottle for purposes of determination of P3C level would contain 

1/50 to 1/300 of the POC level of the undiluted original aspie. 

This reduction is iue only to the effects of dilution and is 

further reduced by utilization of carbon in the BOL rection. LS 

a result, the amount of FOC remaining in the BOL dilution is 

small to be measured accurately by the persulfate test. 

Since sensitivity of the test did not permit neasurement of 

the FOC level in a BOL dilution directly, an attempt was made to 

concentrate a waste dilution to the volume required for the per- 

sulfate test by using a low te:mperature vacuum conerser of Ihe 

rotary type I t was found that t 500 C . , two hours was required 

to concentrate the sample volume from 300 ini to approximately 30 nil. 

Comparison of the iuiown amount of carbon in a control sample 
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to the recovered amount of ?3C determined by the concentration 

method ßbowed a recovery of approxiiìately 145 percent. This high 

value, in addition to the cumbersome nature of the condensation 

procedure, save cause for rejection of the metho. It va further 

concluded that exeesive iecoposition of the sample during testing 

was prooted - the 530 C. tetiiperature required to attain concentra- 

tian wIthin a prctical tine 1i.dt. 
Determination of BO]) by a ranornetric nothod WF.S next Investi- 

geted. It wa found that use of the special large caacity flasKs 
vlth the Varburg apparatus permitted obtaining an undiluted sample 

at any time 3urin tha BO]) re.ction. While the literature states 
that an exact corr1ation does not exiet between the resu1t of the 

arburg and standard BO]) tests, the mechanisms of o.idaticn are 

sLiilar in both inothods (, p. 1276) . This fact perriit. the formula- 

tion of eneral conclusions as to the rate of FOC uptake during 

aerobic oxidation. 

Based on experimental trials, the following iceere waa 

determined to ì satisfactory. tJsing raw domestic sewage as the 

test substrate, a 50 ml sauiple was placed in each of a numLer of 
special Warburg ulasics eu.i to the nuiìber of days of the BO]) 

rect.ion to be investigated. Each flask was designated with a day 

for analysis in the reaction prIod. Starting all flska in the 
Warburg apparatus at the same time, tìe reactions proceeed until 
the first 24 hour period had passed. At this point, the flask 
designated for the first day was rernoved froa the aparatus nd a 
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sap1e from it na1yzed for P3C. The ianometer rodtns for thiß 

f1s determined the one day arhirg BUD. An 1enticai procedure 

wa followed Por flasks eipated for the remaining daya of tk 

teat pariod. 

Upon coçletio of the desired test period, data would then 

be viible n the W&rthrg BUD nd correspondth FOC for any 

or the period. By assuni that the reactions taking place in the 

various fls:s were essentially identical, a ctrve ouid thei be 

plotted of iJrburg BUD and FOC versia tine. Sch a curve peri! ba 

qualitative .ìowlede of PUG variition with tiuie during the flOD 

rezetion. Deterciinition of the stnd&rd BUD of the suple for the 

s&ae increiaent3 f the test 2eriod would permit a plot of tnd&rd 

DOD versus ti_iie .o be idded to the FOC and Warburg )D plot. 
Because of the aiilur1ty between the rur and stan&rd 130D 

crve, it could then b 1npled that sii5.l' trend in Foc 

existed in the BUD bot Lie ts in the Warburg fl&a. I L should be 

noted that the reliability of this approach is at et uestinahle 

and severely lLo.ited by prohles of cxperiental raeasu"eent. 

br the Initial test aerie, a five dar test period was chosen. 

Table 2 shows the resilts obt aed using the cescribed procedure. 

It will be note. that the FOC is reported both s carton remainIng 

ancì utilized. The FOC reiinIn is the value obtained ìy the 

irect ralysis of the Warburg flaak contents, while ±e FOC 

utUizd is a caiculted value obtained by subtracting the FOC 

remaining at any time fron the tnitiel Foc level. Since the OL 



42 

curves represent o-en utilized, it s felt that a more signiflcent 

comparison to theni could be nde by plotting FOC utilized. 

A plot of the DOD and FOC values appears in Pl5te 13. Similar 

trends of the curves il1ustrte rel&tionship exists between the 

amounts of oxygen and FOC utilized at any stage of the reaction. 

Plate 11 showE the plot of bOD vdues versus ?OC utilizecì. The8e 

curves exhibit & strong biss in favor of the BOL' vilues. Tht the 

two BOL curves shown re not i:ìore nearly identical is exclained by 

the difference cxistin between the two types of DOD values at any 

tine. This latter fact is presented graphically in Plate 12, which 

shows a plot of standard BOL' versus arburg DOD. 

Before any sound conclusions could be drawn from the data 

obtained, it ws deeied necessary to atteaipt a duplication of the 

results of the initial tebt series and to extend the test period 

to ten days in an ef±ort to show the variation in POC level under 

conditions of nitrification in the BOL reaction. Utilizing an 

analytical procedure similar to that of trie first series, the 

warburg and standard BOD's and POC utilized 'were aeternined for 

selected intervals of the ten day test period. Table 3 contains 

ttie results obtained. A draphical presentation of the data is 

given in Plate 13, which shows a trenci very simi1r to that of the 

initial series. The upward trend in the DOD curves after the 

eighth aay is caused by the onset of nitrification. 

The upward trend shown by the FOC utilized curve after the 

eighth day was totally unexpected. A basic assumption in the 
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p1ication of tue persulfate test to waste water nL1ysis is that 

it me6ure5 only nuteri1 which contri&t.es to the c,irbonaceous or 

first stage bOL. The upvar trend of the FOC curve ts in :1rect 

eontraøt to this assumotion as it implies that the test :!Lesures 

materi1 beine utilized in the nitrfiction 8t&ge of the bOfl. 

When the data was replotted in Plate 14 to show the OD-?OC relation- 

ship, the sarae aenerJ. trenós were noted s those of the initial 

series. similar bies tow6rd OD was also noted, though of lesser 

intensity. As before, the lackc of sirailrity in the BOD curves was 

attributed, to inherent differences in the methods of analysis. 

Pl&te 15 shows this lack of exact correletion. 

Two interpretetions of tie situation with regard to nitriftc&- 

tion &re possible. If the situation is as the data from the second 

test Jrie5 would indicate, then it would. appear thit FOC utilized 

bears e relation to iOL, regardless of the presence of nitrification 

in the D reaction. On the other hand., if it were assumed tha.t the 

Poc utilized v1ue for the tenth dy shown in Plate 13 ws in error, 

an entirely differert situation would exist. If the amount of POC 

utilized actuL uy remained unchanged during the nitrification stage 

of the dOl) reaction, then a valid BO-POC relationship would not 

be possible during that sta,e. It would then become irnposib1e to 

oredict a k3OD in a sitution cnown to be affected ty nitrification 

from a POC ieasureaient on the original sample, as the two v&lue 

would have no constant relation to one another. This latter fact 

is further eviuenced by the variable time of onset of nitrification 
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in the 30D reaction, That the tiíue of onseL i verih1e implies 

in(ependence between rxe nitroerou3 nd carbon&ceuu.s stages of 

the 130D re.ction. Since it has been shown that the POC utilized 

and the carboncous BOD are CiOS6i related, the illiDlìcation 

ollowø that Foc utilized and r.itroeneous BOL are independent. 
In order to investigate further th6e effects of nitrifiation 

ct the FOC level, thii nd final test series ws or&nizeä. 
Since, ir'. tbe second test serie8, th effects of nitrification hd 
just teun to appesr at the end of the test period, a loner test 

period of twelve days w& Lelected in order that nitrificatiori 

effects could fully develo?. In addition to the i)arburg and 

atancurd BOD tests ¿tnd the PUG test, several adctitionai anilyse 
vere 9erfor1ed. In order to Jeaontrbte that nitrification was 
taking place, t'sts for nitrate and nitrite nitrogen were conducted 

on samples frau the warburg flaska. iurther, to naice sure that trie 

1Pswiflt in the 30D curvos wa not due to a sadden population 

increa3e in the organi3ms responsible for decuaposition, total 
hacteril counts 370 C. were deteriaiied on the Warburg flask 
contents et selected time interw.ls. 

The results of thì test erie are given ii Table i.. when 

the BOD and FOC utilized values were plotted versus tliite in Plate 
16, an iportrt fact noted in that the FOC utilized curve 

gives good reecient with the Warburg BUD curve only up to the 

beginning of the nitrific&tion phLse. Jt this point, at about 

tìe seventh day, the BOL curve swings upward while the FOC utilized 
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curve levelE off. Tbi latter trend supports the suposition that 

POC utilized nd nitrobenous BUD are independent, an in effect 

answers trie question posed by the results of the second test series. 

Plate 17 &hows a plot with tLe of the nitroen an total count 

data. The increase in nitrte and nitrite concentrations with tthe 

prove that the indicated rise in the BUD curves is cue to nitrifica- 

tian. This fact is further supported y the rapid decreise in the 

bacterial population at the time of upsw±ng of the BUD curves. 

Since the oraniarns responsible for the nitrificìtion phase grow 

poorly, if t all, on the nutrient asr used n the total count 

determination, the decrease in Lacterial popuintion shown inoictes 
the change from orgriisnas deco.:aposing carbonaceous nteri1 to 

those decomposing nitrogenous mLterial. 

Further evidence of the independence of FOC nd nitrogenous 

3t; is shown in Plate l, where a plot of the respective BOL values 

versus the FOC utilized is iven. The ebrupt rise in the curves st 
the seventh dj onset of nitrification gives cualitative evicence 
that FOC and bOL are r 1oner closely correlated in this redion. 

Because of the above qualitative evidence showing independence 

of POC and nitrogenous bOL, revious attempts to relate all FOC and 

BOL values obtained from tne oxperiìental trickling filter ¿must be 

regarded with susicion. Effluent from a trickling filter is ¿nwn 

to exhibit a greater cegree of nitrogenous BOL activity than the 

untreated influent, and thus the POC-i3OD relationships for the 

influent and effluent would not be coaparable. In addition, efforts 
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to estah13h valid comparison betwe9n DOL' and FOC revaJ. efficien- 
cies wou1 a1s fail becue of the effect oî nitrification on both 

the BOD-POC relationshi2 nd the OD reaction rate constanti. 

31nce the BO remov&1 efficiencIes for the experimental filter 
are &lso doubtful because of the nown variUon in the influent e:.d 

eff'luent. rate constante, the question rein&ina as to what is the 

correct ieasure of filter performance. Because of the errors 

inherent in BOl) reuoval ef"icienc,' deteruination, the FOC re:ova1 

efficiency seeis to be iore correct evaluation of the existin 
conditions. The fact that the Initial FOC level is a valid repre- 
erttion of tkie carbon&ceous O1, a e.tblished by ?urerson end 

supported ' det& in this thcsis, certainly permits its se a a 

measure of the carbonaceoas bOD removal. It cannot be stated with 

absolute certaInty, however, that inesuremnent of the carbonceoas 

BOD reaov1 I the only correct ean& to evaluate rcoval ef'icemcy 

because of the exitin controversy over the necd to include th 
effects of nitrficaticn. 

One final point should be noted. In u situ&tion where 

valid application of a POC-130D relationship caì be ised, there 

exist two alternatives as to an evaluation procedure. If it is 

felt to be absolutely necessary to express the results in termas 

of a iOD calculated from the initial POC level, then a calibrLtion 
of the POC-BOJJ relationship applicable to the particular situation 
must be made in a maanner similar to tht of Purcer3on, Such a 

calibration is always necessary because the resulting relationship 
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i:3 of ling.&r farn derjve by st.ti8tieai :iet1ods fron u3-Iinear 

datz. On the other h:trL, if it is &CO3pted tIit f'or z given 

ituati euch a a1ibì'ation cu1d be ic)e, but need not e, the 

POC v1ues alone can be ue to evaiute the po1Lt;ioni ituatí3:1. 

Th! latter ap3roach is ertain1y to be rcrniiended, a it liniinateø 

the lengthy an1ytical and tatLstie&1 IJroc&ure3 in]ved in est&b- 

lishiug the reui.ed POC-BOD rel.tionsh1p. 
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CONCLUSIONS 

1. ihe term "persulfate oxidizatle carbon", abbreviLted Foc, 

is preferable wrien referring to the results of the persulfate 

oxidation test applied to waste water analysis. 

2. Sample pretreat:ìent effects the magnitude of the values 

but has little effect upon a B0L-?OC relationship, proviaing similar 

pretreatment is given to sainplea for either forn of analysis. 

3. In raw ûomestic sewage, crhon in forms other than true 

solution is measured by the persulfate oxidation test. 

4. Direct measurement of the POC level in a standard BOD 

dilution is impossible due to sensitivity limits of the persulfate 

oxidation test. 

5. Limited general conclusions as to th rate of FOC uptace 

during a standard BOD rection :nay be mace from the POC uptake 

durin. Warburg OD reaction because of similarity of oxidative 

mechanisms, 

6, Graphs of arburg and standard BOD versus POC utilized 

for raw domestic sewage show a definite bias in favor of BOL. 

7. BUD and FOC utilized values for raw domeetic sewage show 

sLuilar trends with time during the carbonaceous stage of the EUD 

rea ction, 

8. BOD and FOC utilized values for raw aomestic sewage become 

independent during the nitrification stage of the BOL reaction. 

9. hOD data used to establish a valid relationship between 



BOD and. the initial FOC level of raw domestic sewae .nust he limited 

to values from the carbonaceous stage of the BOL reaction, 

10. A vallo coiparison of BOL arid Foc removal efficieocies for 

the experimental tricklin. filter cannot be mide because of tke 

effects of nitrification, 

11. In a Dollutional situation where & valid BOL-POC relation- 
ship is riown to exist, FOC values alone may .e used to evaluate the 

sitution. 
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SA1PLE CALCULATION FOR TJ PERSJ1FATE OXIDATION TFST 

Weight of filter plus precipitate .............. 14.2733 g 

Tareweightoffilter ............... .......ì4.15I.3g 

Lifference . . . . . . ........ . . . ......... . . . . . . . . . 0.1190 g 

Difference ..................................... 119.0 mg 

Blank Correction (aver.tge weight of 
preci.pitate from triplicate deter1nation) ..... 5.9 mg 

Corrected difference ........................... 113.1 mg 

mg BeCO3 per mg of carbon 
in the BaCO3 moi. vt, BaCO3 

mol. wt. Carbon 

s n - - 197.370 
12 310 

n n - - 16.432 

Total ing of Carbon in the sample Corr. Difference 
16.432 

n n - 113.1 
- 16.432 

n n 6.9mg 

mg Carbon per unit voiwne - 6,9 ìng_ 
of the ori4nal sample 30.0 ml 

n n 0.23 mg Carbon/rn]. 

n 230,0 ing Carbon/i 
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TLLE i 

RAW SEWAGE SEPARATION LATA 

B®5 Soluble c&.rbon % of oriinai % of original 
Sample mill mg/i B® soluble carbon 

Original 
257 13 100% 100% snp1e 

Lithoff cone 
133 119 71% 73% supernatant 

Supernataat 
after 133 94 52% 58% 
centrifuging 

Gooch 
crucible 130 1 51% 50% 
filtrate 
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TABLE 2 

TEST SERIES NO. i - IA DATA 

Warburg BOD Standard BOD POC remaining POC utilized 
iay rngjl aigu inj1 

O --- --- 230 - 
3. 138 148 200 30 

2 291 199 i0 70 

3 358 242 140 90 

4 407 277 140* 90* 

5 427 308 120 110 

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

TLE 3 

TEST SERIES NO. 2 - RAW DATh 

Warburg BUD Standard BOO FOC raining POC utilized 
Day mg/i iiig/1 /1 mg/i 

O -- - 224 - 
1 70 9 160 64 

3 155 133 100 124 

5 198 178 85 139 

8 220 230 80 144 

10 292 300 45 179 



TABLE 4 

ThST SEFLIFS NO. 3 - RAW DATA 

Warburg BOD Stindard BOD Foc rein&ining Foc utilized NO2 - N NO. - N Tothi cDunt, 370C. ay 
mg/i rng/i mg/i ng/1 mg/i mg/i co1onie/m1 

3 --- * 110 -- 0.09 1.48 2.9 x 10 

3 128 91 70 40 3.11 0.95 3.0 x i3 

5 lhh 133 66 '4 0.21 3.50 2.5 x 10 

7 161 160 53 57 --- 0.80 5..) x lO 

12 259 250 50 bO 1.35 2.10 2.0 x 

C 


