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ABSTRACT 

This _dissertation examines the influence of the 

process variables, organic carbon concentration, nitrate 

on the rate of denitrification of dooinant batch cultures 

of PseudomonD. s denitrif icans. The aim of the ·work was to 

deterraine v·rhich of t he fir.st four variables were i mportant 

in controllins the rat e , and uhether sig;nific ant int e!".gct:Lons 

existed between the variables. As ·well, the ability of these 

typical bact erial denitrifiers to operate at lm·r t ·8mperature 

conditions "(,·1as to be ascertained . 

The exp erim~ntal procedure indicated that pH and 

carbon concentration are the major influences on the unit 

denitrific 2tion r at e as vcll a s t h e overriding f actor 

temperature ·which profoundly influences any bacterial proc e~~ s . 

Orc;anic car bon concentration controls the rate up to the point 

~here the stoic hiometric r cquireraents for nitrat e r eduction 

ii 



and · the carbon needs for new cell .e;roirrth are s a tisfied. A 

broad pH optimum within the normal range experienced in 

most ,.;astewater tre .::i.tment conditions was demonstrated. 

The temperature dependancy of the unit denitrific2tion 

rate was sh01·m to follow an Arrhenius relationship between 

3°c and 27°c. As well, for the simplified system investigated 

the unit rate was independent of.' nitrate concentration. 

The dominant culture was related to mixed cultures 

of activated slud.ce to provide an estinr:.te of t:ie denitrifying 

r ate of activated sludce on ·a similar simple batch system. 
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Int1..;oduction. 

Rer:·!oval of nutrient r;;.ateriA-ls ne c essar:' for grm,rth 

from wa stewa t e r is a reco,:nized method of lin itin:= art i ficial 

eutr.ophic8.tion of surface vrat ~:; rs . Eitro c en and phosphorous 

in a ddition to carbon are required in relat ively l arge 

quantities by aqu;::i.tic fauna and flora, and are cited :·:~ost 

frequ·:mtly as the tTd1,rth l imiting parameters . :~~dsti~s 

convent ional a ctivated sludge wast G treatment plants are 

desicned primarily for or r;ani c c arbon r er.10val, and a chieve 

only 30;~ to 50; ~ reduction of the inflowin::; nitro.ser. and. 
p:'.'losphorous. Chemical prec ipitat ion of phosphor,ous l~2s 

been C.eveloped to the sta,Cc ':r.h ere ;::ihospho:rous in \.':ast e-

1.vater effJ.u,?nts c an be practically and econo~nically 

contro lled . H01·rever, the problem of nitro :;en reduction is 

under active investieation as nitrogen has been de t ermined 

to be the controllin3 nutrient in several c as2s , a nd the 

combined effect of nitroe;en a nd phosphoro'...ls is suspected in 

ot hers . 

Biolo5ical nitrification a nd denitrification appears 

to be the most feasible method of n itrogen reduction . 

i.e. th ~ conversion of a~nonia throush nitrite 

to nitrate throu~h t he action 0f two strains of autotrophic 

bacteria Nitro~o~ona s and Nitrobacter has been practised at 

a ctivat e d slud r:; e pl ant s for ma ny years beca t!Se of the adverse 

l 
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effect <Df ammonia on the receiving water. · i: '.11en a.rrt11oni,a' 

is discf arged to a receiving stream these twcr types of 

nitrifyine bacteria thriv~ by aerobically metabaliSing 

a mmonia· usinc; the bicarbonates as a c.arbon source. As a 

result, dissolved oxygen is r.emoved from the stream in 

addit ioJ t o that re.quired to satisfy the residual carbon 

requirement of the effluent. Iilany pollution control agencies 
1 . 

require that nitrification of waste1-rater be practised. · ' _.... 

Consequ1ntly, this pha~e ~f the nitri~ication-denitrification 

sequence ha.s been the subJect of consJ.derable research. · 

However l denitrification~ or th~ ~eductio~ of ni~rate to . I· . . 
elemental nitrogen gas by the activities of certain 

heterotJophic bacteria such as Pseudooonas denitrificans 

. has rec ~ived relatively little attention. 

Host~of the recent work on denitrification has 

concent:irated on mixed cultures of activated sll:d ge opera.ting 
I 

on complex wastes to der:1onstrate the possibility of 


. . f . I . d . t . f . t . Th . t f .
nitri 1I at1on- -eni ri_ica ion. e varie y . o organic 

mat eria ls involved, and the many organisms interfering with 

one anoither obscure the fundamental processes operatin.c and, 

therefot e, create difficulty in the determin~tion of desie;n . 

data. 1aboratOI"IJ reactors opera.tin .'.'.: on sint;le carbon sources 

upon whtch a single micro-organism is grov.m in batch culture 

with alJ other nutrients in excess have been successful in 

elucida1tin~ c.arbon removal kinetics useful in conventional 

• 



1:0.ste tl~at. rn~nt desi c;n. Thi s \·rorlc extends the principle to 

the exa, lnation of factors aff ectinc anaerobic nitrate 

metabol ~srn involved in bacterial nitrogen r emoval from 

· 1,-rc.ste'irater. 

!In cold t eF1per c:i.ture re,:ions , it 1:.rill be necessary for 

tho denitrificati on proce ;::.s to ope r ate at t er1Deratures 
• I • 

approachfng 5°c. Therefore, emphasis is placed on evaluating 

the effe ct of t emper~ture on unit denit rific ation re.te • 

• 



Scop~ of the Work. 
I 

B1tch laboratory investieations of pure cultures of 

PseudomonJ s denitrificans utilizing a defined media were 

undertake1 to study the factors affecting denitrification 

rate. · 

r dititally the reactors were run at 27°c in a 

completely ·anaerobic state since temperature and dissolved 

oxygen we~e considered major variables which would mask the 

effect of pH, carbon to nitrate ratio, nitrate concentratj.on, 

~nd organilsm concentration. A full factorial e~perimental 
design of ~6 experiments was run on these four variables to 

screen thef r relative effects on denitrification rate. Once 

these infll ences were established separate experimental 

series werr undertaken to determine the optimum pH range 

and the variation of denitrification rate with carbon 

concentrat~on. 
The temperature dependency of the specific 

denitrific~tion rate was then established by running 

duplicate r xperiments at 5°c, l0°c, 15°C, zo0 c, and 27°c 

at the opt~mum conditions of pH and carbon concentra.tion 

derived fr~m prior experiments. 

The dominant culture studies were then related to 
I . 

mixed cultures by a series of batch experiments utilizing 

varying prbportions of Pseudomonas denitrificans to activated 

I . 
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sludge metabolizing the same defined media. 

Nitrogen balances were carried out on all the closed 

system batch reactors as a check on the accuracy of the 

analyses. As well, the organism gro~~h during the reaction 

was monitored both by total suspended solids measurements, 

and by organism colony counts. 



Literature Review. 

Justification for Hitrop;en 7{emoval. 

Nitrogen and phosphorous have been implicated 

as the nutrient materials responsible for accelera ting 

artificial eutro1:: hication of natural waters (Tarzv1ell, 1953), 

(Lackey, 1958 ), (Sav-ryer, 1967), (Wuhrman..'1, 1969), (Fruh, 1969). 

Together their presence· stimulates the growth and reproduction 

of aquatic micro-organisms and plants to such an G:xtent that 

originally oligotrophic lake s have chanr,ed to eutrophic water 

qodies within a matter of years. Nitro~en is p~esent in 

domestic wastewater in the range of 15 to 35 mg/l as total 

nitrogen, while phosphorous ranges from 6 to 12 mg/l as total 

phosphorous (Fruh, 1969). I·!lany authors including ~·/uhrmann, 

(1969) have demonstrated that domestic and industrial wastes 

contribute significantly greater quantities of these elements 

as compared to runoff from agricultural areas. In most cases 

phosphorous has been cited as the critical material which if 

removed would control eutrophication. Accordingly, most of' 

the research has been directed towards phosphorous removal. 

Chemical precipitation methods are now available to remove 

phosphorous to levels which will not damage the aquatic 

environment. However, in _other cases nitrogen has been 

determined as the controlling nutrient (Fruh 1969) partially 

becau.se the amount required for cell synthesis is approximately 

15 times the pho_?pho.rous requirement. 
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The discl:1arge of nitrogen as ammonia in waste·water 

effluents creates a vigorous nitrifying flora of Nitrosomonas 

sp and Nitrobacter sp which convert the ammonia to nit r ite 

and nitrate respectively and result in an oxygen demand in 

addition to t hat of any residual carbonaceous material 

(Delwiche, 1956). Many wastewater authorities };laving 

recognized this fact, require that bacterial nitrification~ 

or conversion of NH to N03' be carried out in the treatment
3 

plant to avoid further oxygen depletion due to nitrogen 

compounds. However , it is well documented that nitrate is 

used preferentially to ammonia by many species of algae as 
• 

a nitrogen source, so that the fertilization problem remains 

unless the nitrogen is converted to a form which is not directly 

available to algae. 

It has been argued that nitrogen removal is not a 

sensible method of controlling surface ·water .fertilization 

since many algal species are capable of fixing nitrogen 

from the atmosphere sufficient for their need_~. Hm,rever , 

it is conceivabl e that denitrification occurs at a si:nilar 

rate to fixation under natural conditions and, there.fore, 

problems of rapid lake flertilization occur only when nitrogen 

added from ·wastewater and a gricultural activit:Les upset this 

delicate balance of nitrogen transformations. Delwiche . (1970) 

is particul_arly alarmed at this imbalance and the possible 

consequences ·of a nitrate build-up in the environment. 

Probably the stron~est argument in favour of 



investigating nitrogen removal methods is the fact that 

wastewater authorities have made nitrogen removal mandatory 

in many areas in which nitrogen or the interaction between 

nitrogen and phosphorous are suspected as the major causes 

of surface water eutrophication. 

Nitro~en Chemistrz 

The chemistry of nitrogen is complex because of the 

several valence states.that nitrogen can assume and because 

changes in valence can be brought about by living organis!!ls. 

Nine oxidation states are. knmm with a 10th contested as 

shown in Table 1 (Fewson 196la). The compounds i·rhich can be. . 

formed by biological reactions · are marked with an asterisk. 

The biological transformatiorsoccur under a var~ety of 

conditions, sometimes resulting in a valence change and 

sometimes not •. 

The main biological processes involving nitrogen 

can be summarized as shown in Figure 1. (Painter 1970). 

In some cases such as nitrification, _the object for 

the organism is to gain energy from the transformation, while 

in others, such as assimilation, the purpose-· is to make nitrogen 

available for ·incorporation into cellular material such as 

protein. These processes occur on a world wide scale, and 

are the phenomena responsible for the maintenance of all 

living organisms. Biological transformations carry out most 

of the changes in this so-called nitrogen cycle pictured in 

Figure 2. 
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TABIB l . 

NITIWGEH COl•lPOUNDS I NVOLVED 
BIOLOGICAL. TRA~SF02~~TIONS 

Aft er 

Oxidation State 

.!l+ 6 	 ·+
ii 

+ 5 	 ··'•' 

+ 4 

+ 3 	 '•' 
,•, 

,o,+ 2 	 '•' 

+ 	1 

·'-'' •

.. ,,,, 

-
- 1 


2 


,,, 
3 ' •' 

lf Valene e 

Fe•:.rson ( l 96la l• 

Fori11ula 

NOJ 

NO 
3 

N02 

N02 
NO 

N203 
··

(NOH) 

N20 

N202 = 

N02 :NH

NH (OH) 

Nz 

2 


2 


-HONH NHOH 

NH20H 

·rp•2 NH2I 

NHJ 

St ate Contested. 

IN 

Name 

]\Jitro r:cn 

I~itrate 

Nitro c;an 

Nitrite 

Trioxide 

Dioxide 

Nitric Oxide 

Ni tro"."'Hydroxylama.te 

Nitroxyl 

Nitrous Ox ide 

Hyponitrite 

Nitramide 

_Dihydroxy .Arnmonia 

Nitrogen 

Dihydro:xy Hydre.zine 

Hydroxylamine 

Hydrazine 

Ammonia 

~:: .C0!;1pound Formed by Dioloc;i c a l l1eacti on. 
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FIGURE NO. I 

BIOLOGICAL TRANSFORMATIONS OF NITROGEN 
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FIGURE NO. 2 

. NITROGEN CYCLE - MACROSCALE 


(SAWYER, 1960) 
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The atmosphere acts as a reservoir from ·which 
·' ' 

nitrogen can enter or leave the cycle, and most, of these 

processes achieve some sort of equilibrium. Hovrnver, the 

activities of modern man have considerably disrupted this 

cycle. by the extensive use of fertilizers for agriculture, 

and by the discharge of considerable quantities of domestic 

and industrial waste. Delwiche 1970 has expressed concern 

that the _process of denitrification is not occurring a~ 

rapidly as the input processes and fears an excessive build

up of nitrates in the environment to toxic levels. 

Nitrogen Transformations in Wastewater Treatment.--- . 

Iviost of the nitrogen compounds compounds comprising 

the 15 to 35 mg/l of total nitrogen in domestic wastewater 

are in ~he form of ammonia or are bound up in organic compounds 

such as urea which are readily dec'omposable to ammonia through
fr 

the activities of bacteria. Wuhrmann (1969) estimated that 

nitrogen in settled domestic i·.rastewater is present as follows. 

NH4 - N 55 - 60% 

Organic N 40 45% . 

5r:t.Oxidized Forms ;o0 

In industrial waste·water the total nitrogen concentra

tion can be much greater than domestic wastewater and could 

be mostly composed of nitrate compounds dependin~ upon the 

industrial activity. Present day wastewater treatment plants 

are designed ·primarily for the removal of 90-95% of the 
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.. 
:1nflm-rln,:i; carbona ceous material employing some modification 

of the activated sludce process. Essentially the process 

is a series of physical separations, biolo :::;ical and chemical 

reactions designed to convert soluble organic material into 

biological cells Tlfhich are separated from the liquid phase 

for ultimate disposal. Nitrogen removal is not a specific 

aim of present day waste treatment. Any nitrogen content 

reduction is simply complementary to the removal of organic 

carbon compounds. 

A schematic diagram of the processes involved in· a 

.typical conventional wastewater treatment plant is sho1•m in 

Figure 3. The conversions of nitrogen compounds during 

wastewater treatment can best be traced by follm<lng the flow 

pattern .through each of the units generally used .in activated 

sludge plc;nts .''" 

Primary settling of 1-2 hours removes approximately 

60% of the inflo1l'ling suspended solids containing 30~~ of the 

organic carbon. Solids accumulating in the form of sludge 

with a solids content of 6- 9% are mechanically removed and 

transported to an anaerobic digester for furth;;r treatment. 

Since municipal ·waste water and rriany other industrial organic 

wastes contain dead cellular material and proteins, nitrogen
• 

fro:n 15 to 20)1
, ( Jo!'lnson J,969) of the inflo~·'Ting load will be 

removed in this sludge •. Hm·rnver, a portion 0f t h is nitro gen 

will be returned to the pl ant flo1:r as soluble nitro gen 
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FIGURE NO. . 3 


CONVENTIONAL ACTIVATED SLUDGE 
WASTE TREATMENT SCHEMATIC 

SHOVi/ING -NITROGEN LOSSES 

{ LUDZACK, 1962) 
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. 
compounds in the supernatant discharge from the di gesters, 

i.e. sludge treatment and dewatering. 

In the aeration section, the waste flo•:r is contacted 

w'ith a preconditioned mass of mixed micro-organisms chiefly 

bacterial floes - called activated sludge. These organisms 

utilize the soluble organic carbon compounds as. a source of 

food, oxidizing them for energy and using carbon and amino 

acids as building blocks for new cells. These bacteria form 

floes which further entrap any suspended material in the 

waste flow. The chief reactions occurring are similar to 

those proposed by Ecken.felder and O'Connor (1961) •. 
Cells 

1. 	CxHy02 + 02 co2 + H20 - AH 

Respiration or oxidation of organics 


Cells 
2. CxHy02 + NH + 	 cells + _co2 + H20 -AH3 o2 

Sythesis 	of cells 

Cells 
3. cells 	+ o2 co2 + H20 + NH3 - AH 

Degredation of cellular material 
(endogenous respiration). 

The latter reaction occurs ·when cells die or when 

food becomes scarce and cells oxidiz3 stored cellular material. 

Proteolytic bact8ria such as Pseudomonas S£, Proteus S£, and 

Bacillus so attack organic nitrogen compounds and break these 

do~rr1 to peptides, amino acids, purines and pyrimidines, 

(Del·wiche 1956). 

Some · of the amino acids are available for direct 

incorporation into bacterial cell material while the remainder 
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undergo deamination to ammonia and simpler organic carbon ,,, 

compounds. 


e. g . oxidative deamination of alanine 

Alanine deaminase . 
CH3CHNH COOH + ~ CE COCOOE + NHJ2 02 3

alanine pyruvic acid ammonia 

Sawyer (1960) 

The -amount of nitrogen taken up by the growth of . 
.... 

activated sludge depends upon the relative amounts of carbon 

oxidized for energy and carbon assimilated to cells. For 

many bacter ia the ratio of change ·in carbon concentration• 
to change in organism concentration is app!oximately 0.5 

Hoover and Por[eS (1952) have proposed an approximate formula 

for activated sludge organisms grov:int; on milk wastes of 
. . 

c H NQ indica~inf· that 12 ~:~ of activated sludge consists of5 7 2 
nitrogen. A ratio of carbon to nitrogen to phosphorous in 

sludge orga nisms of 40:5:1 has been substantiated by several 

authors (Eckenfelder, 1961), (Helmers 1951). Nitro8en removal 

froin wa stewater in the aeration tank in the form of sludge 

solids, therefore, can be readily calculated. However, other 

nitr:ogen conversions also occur simultaneously in the 

aeration section. The a_utotrophic bacteria Pitrosomonas sp 

and N~go'q_§ts_!,_e_r__§J)_ respectively convert ammonia to nitrite, 

·and nitrite to nitrate. If - the aer~tion period is suff iciently 

long - 6. 0 hrs, the carbon loadint; sufficiently 101.v 0. 3 to 

0.4 lb BOD/lb :t·;l13S, and the solids residence time - 3 to 4 

• 




days, the nitrifying bacteria population will reach a 

sufficient concentration for all the ammonia in excess of 

cell as s imilation requirements to be converted to nitrate, 

(Balakrishnan, 1969). Since nitrifiers are ralatively slow 

growe~s in comparison to heterotrophic bacteria, the sludge 

wasting necessary for conventional plants to a-cl)ieve 90% 

carbon removal does not allow nitrifying bacteria to reach 

sufficient numbers to effect ammonia conversion. In extended 

aeration plants with detention times of 24 hours conversion 

to N0 is conunon. 
3 

Denitrification of nitrates formed through the action 

of nitrifying bacteria has been hypothesized to occur in the 

aeration section within the bacterial floes where dissolved 

oxygen levels may drop to zero. The extent of this reaction 

along with any nitro gen fixation due to bacterial action is 

probably small. Results from a typical batch experiment on 

domestic wastewater showing the chan8:es in nitrogen com.pounds 

with aeration period are outlined in Figure 4. 

In the final clarifier of a waste treatment plant the 

activated sludge solids are separated from the liquid effluent 

within a 1 to 2 hour det-ention period. Depending upon the 

process modification 25 to 100~6 of the total plant flov..r might 

be recirculated to the aeration section to seed the incoming 

·waste. The remainder of the sludge would be wasted to remove 

carbon from the process and to control the solids in the 

aeration section. Denitrification of nitrates to elemental 
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nitrogen gas can occur in the slud ge solids if they are 

retained too long in the final tank. A typical liquid 

effluent from the final clarifier would contain 8 - 25 
" 

mg/l of total nitrogen of which 80% would be nitrate or 

ammonia nitrogen depending upon the aerator operation. The 

rest of the total nitrogen would be organic n~trogen bound 

up in sludge solids not separated from the process. High 

dissolved nitrogen con9entrations in the effluent are usually 

due to the return of soluble nitrogen in the form of mnmonia 

from digestion of sludge solids. Digestion of primary and 

secondary sludge in anaerobic reactors at 90-95
0 

F reduces 
•

sludge volumes by liquifaction and gasification so that the 

digested sludge is thickened, easily dewatered and non

putrecsible. Supernatant liquor from this process is nonnally 

returned to the aeration section :for further aerobic treat

ment along with 2/3 of the nitrogen in the original sludge 

solids in the form of a17'Jnonia. Some nitrogen is vented to 

the atmosphere as elemental nitrogen gas from the digestion 

process. 

A schematic diagram proposed by Ludzack (1962) 

Fie;ure 3 shm·1s the proc~ss responsible and location of 

nitrogen losses from a conventional activated sludge waste 

treatment plant. 

Alternative I.'Iethods of Nitrogen Removal from 

WasteNater. 


~-~~~~~~~~~-~~~~-~--~-

Nitrogen removal methods can be classified into three 
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categories; biologic al, chemical, and physical processes 

as listed bel01·1 accor dinc to 2llia son (196S). 

1. Biolo~ic al Proce s s es. 

(a) Al gae stripping 

(b) Aerobic nitrif ication followed by 
Anaerobic Denitrification. 

(c) Aerobic proc es s modifications. 

2. Chemic al Proce ss~s. 

(a) Ammonia Stripping . 

(b) Ion exchange. 

(c) Electro dialysis 

(d) Electrochemical treatment. 
• 

3. Phzsical Processes. 

(a) Land applic ation. 

(b) Reverse Osmosis 

(c) Distillation. 

Each of t hese methods could be applicable in particular 

cases, but most are too expensive for general use at municipal 

and industria l waste treatment facilities. 

1 (a) Alg~utrippi~ - Algae cultured in both stabilization 

ponds or activated algae reactors are capable of utilizing 

large quantities of nitro gen in both nitrate and ammonia 

forms. The nitrogen incor porated into t heir bodie s can be 

removed by some harvesting techni que - usually centrifugation 

or froth flot- ation. Johnson (1969) r eports that ) J)~ of 

iri.flm,dn.e; nitrogen is removed in a ~ingle pond and 9 8~0 in a 
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series of ponds when harvesting techniques are employed. 

Unless a suitable market can be found for the hi gh protein 

content of sewage gr01m algae to defray the cost of harvesting 

and ultimate disposal this process is usually economically not 

feasible. 

l(b) Aerobic Nitrification followed by AnaeTobic 
Denitri.fication. 

~~~~~~~~~--~-· 

Bacterial nitrification and denitrification is 

recognized as a feasible method for removal of nitrogen 

from wastewater ( Eckenfel~er 1968), (}.'le Carty, 1969), 

(Wu..~rmann 1969), (Johnso~- , 1964). 

Nitrification refers to the conversion bf ammonia to 

nitrite and nitrate through the action of autotrophic 

bacteria .llitrosom~:mas sp and Nitrobacter s:e. Tnese organisms 

gain their energy by oxidizing ammonia and nitrite as shm·m 

in the following reactions proposed by Godelewski (1895), und 

Meyerhof (1957). 

Nitrosomonas SP 

- 84 K cal. 

Nitrobacter ~ 

~TN02~ + 0.5 o2 17 cal.- ll. 

The bacteria utilize bicarbonates as a car-bon source 

.to build cellular material and the reaction is carried out 

under aerobic conditions. In normal wastewater treatment 

practise these organisms grow in the aeration section of a 



conventional activated sludge plant. Usually total 

conversion. of m-r3 to N0 can be achieved if aeration periods
3 

in excess of 6. 0 hrs, dissolved oxygen levels> 3. 0 m,'.;/l 

organic loadings less than 0.35 lb BOD/lb ML.SS and e. c::>ol ids 

residence time of 3 days are maintained. The process is 

very sensitive to dissolved oxygen concentrat:i,o:i, temperature, 

· pH, carbon concentration etc. , but considerable research has 

been carried out and the effects of these parameters well 

documented. Since the autotrophic bacteria grow much more 

slowly than the heterotrophic bacteria responsible for carbon 

removal the two processes are not compatible. In the carbon 

removal process the theory is to convert soluble carbon into 

cellular material, and waste these cells rapidly. Nitrifiers, 

therefore, never achieve great numbers in normal activated 

sludge operation. Several researchers (B.arth 1963), (Mulbarger 

1970), have, therefore, separated carbon removal into separate 

reactors in series with separate sludge separation and re

cycling systems so that both carbon removal and nitrification 

can be carried out as rapidly as possible. 

Den~trification is the bacterial reduction of nitrate 

to gaseous end products.- chiefly elemental nitrogen gas. 

The process is carried out by facultative anaerobes which 

utilize the energy present in an organic carbon substrate by 

successive dehydrogenations. The hydrogen ions and electrons 

removed are ~ransferred by means of a series of enzymes to the 

final acceptor - nitrate, which is reduced. Phosphorylation 
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occurs during electron transfer with two moles of ATP 

formed per mole of nitr2.te (Spangler 1966). These high 

energy phosphate compounds are then ready for use in growth 

and reproduction of the bacteria. A high percentage of 

activated sludge organisms are capable of denitrification 
.. 

if anaerobic cor:.ditions prevail and many workerE! have 

demonstrated this ability in pilot and laboratory scale 

reactors (Johnson 1964)·, (Bringman 1959, 1961, 1960), 

(Wuhrmann, 19511-, 1960a, 1960b, 1962, 1963, 1964, 1969a, 

1969B),(Christianson 1956). Since nitrogen removal :Ls a 

relatively recent consideration, the denitrification stage . 
has received little attention in comparison to nitrification. 

l(c) Aerobic Process Eod.ifications - Sawyer (1969) reports 

that removal of nitrogen compounds is possible by binding 

them into cellular material. He proposes that the carbon: 

nitrog~n:phosphorous ratio be controlled carefully by the 

addition of carbohydrate to the activated sludge reactors 

to convert all of these compounds to cells. No data is 

provided to substantiate the claims· or estimate the cost. 

2(a) Ammonia Strippinp, . Ammonia contained in wastewater 

can be removed as a gas in a strippint; to'!frer by raising the 

pH to approximately 11.0 by addition of lime (Slechta 1967). 

As this hii:;h pH arnn10nia. is insoluble and the gas can be 

liberated from the liquid by forced air (3000 litres/litre
( 

of waste·water).. Approximately 98;& of the ammonia can be 

removed by this method either prior to or following biological 

http:nitr2.te


i n t~:G cffl1_i_ent ~ i t her .':..;; nit::.~ ,::.to or as r:; «-:.monia r 8s u ltin.::.; 

fro ;:1 biolo~)-cal 't."lrc D.1.:.:c~ o1 -.'T: of co·:1r l ex n i tro~~enous o.r .:::;onic s" 

Sco.lin~~ ~)l'Ob l ons in D.•-.; r 2 t i.on t01.re rs h~t ve b 2011 cxpc~rionced 

due" to dei)o s i ti on of c a lc i ll.IiJ. c2rbona t e produe.eel d1:rin3 pE 

:2d j iJ:st:--::cnt . .\s '. .'e ll, t he a:·Jn:.onia. ::· c l ons.ed to the e.t:~: o::;phbrc 

' is r o2d i ly s olubl e in th2 n .:-J, t u r a l ·.' :o.t er vapour cont ent and 

the aquc.1.tic cnvironnent dis :-::.olvod i n 

roin.f ·:..11 . The 

r educed o.t lo~ .' tc: :2p·2r2.t1.i.:r c s . The co l d a ir cont2:eti:r.:-:; the 

is hi&i-ier in cold ~ -.'.::tt2r th a n T-ra :cn, the air r or;_u:ir er::ent s to 

falls to c0 c evaporsti ve coolins freezes the 1.-ras.te ·uate;.~ at 


th2 cdr inle t s r'°-pidl~r ::io.;dn0 the tm:rers inop erable (172.rrell, 


1970). 


2 (b ) Ion :S~:cl•.ari~ 7ater reuse studies indicate th<J.t
T, 

stron:.o: 2.hion cxc:.10.n3e resins removG orzr-mic nitro gen and 

nitr2t e vhile cci.tion :resins effectively reduce· a mmonia in 

aque ous solution . 80-92/~ re:~1oval (Eli assen, 1967). Problems 

vdth this process include 2 hi 2'.h de:::;ree of prGtre2tment to 

remove po.rtic1ila tes and prevent clo,;:::;in~ of the med ium and the 

di s pos a l of re ~cnsration liriuid - approximat ely 6, ~ of tot a l 

inflo·.-;. Tho process also m-.raits the c.~ evelopment of an cxche.n'.3e 

r esin selective t o nitrate. 

2 { c) .Sle ctrocli .?.1'.rsi s I:c:-abr ane.s ';_rl1ich a re selectively 

permeable to cerJ,ain ions arc set paro.llel to ;:ra st.m,;atsr flo11. 

http:cxche.n'.3e
http:dis:-::.ol
http:nit::.~,::.to
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·when a current is induced across the membran-:i ions migrate 

through the membrane. In a sine le pass unit approximately 

50% of the selected ion can be rema~!ed. Problems include 

chemical precipitation of calcium carbonate and clo5ging of 

the membranes l,·rith organics and colloidal matter. 
I 

2(d) Electro-Chemical. Ammonia nitrogen can be effectively... 
removed by the Foyn process (80-85 ;& ). Nitrogen and phosphorous 

are precipitated at a cathode set in a mixture of seawater 

and wastewater. Production of hydro gen gas lifts sludge to 

the surface while chlorine produced at the anode can be used 

for disinfection. Application to fresh water has not bee~ 

attempted but would be possible if sufficient magnesium ion 

is provided. 

3(a) Land Application - Spray and broad irrigation of waste 

water on permeable land with a suitable cover crop results in 

an uptake ·of nitrogen by plants but considerable quantities 

reach ground water and reappear as surface runoff. This 

procedure is limited to regions with a year round warm climate. 

3(b) Reverse Osmosis. - Removal of nitrogen from municipal 

wastewater previously treated by conventional methods by 

reverse osmosis using a cellulose acetate membrane can 

achieve rejection of 60 to 70% of nitrate nitrogen, and 80% 

to 9o;'o of the ammonia nitrogen (Smith 1970b). However, 

fouling of the membranes with organic compounds is a major 

:('actor in reduc i ng membrane life. The cost of nitrogen removal 

by this method will probably preclude this use. 
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3 ( c) Distillation - The cost of distillation of ·wastei'1ater 

effluents usually prohibits this method of nitrogen removal. 

Hmvever, i·mere ;,\rater is scarce it certainly provides a 

reliable removal method. 

Factors Affecting Denitrification. 

Organisms :?.esponsible - Dis$imilatory metabolism of 

nitrate is attributed to a group of facultative, anaerobic, 

chemo-oreanotropn:k:: bacteria, vJhich are relativel'Y ubiquitous. 

Typical denitrifyinz genera are Pseudomonas sp, Hi_c_r_2S..Q.££}1..§__8..2.J 

Denitrobacillus sp, Spirillum sp, Bacillus s p , Achromobacter ~E,, 

(Painter 1970). Under anaerobic conditions these organisms 

will utilize nitrate as their ·hydro gen at::ceptor while 

metabolizing an organic substrate, but when o:xygen is 

introduced into their growth media.they quickly convert to 

normal aerobic ·"oxidation of carbon. \'Juhrmann .and I"Iechsner 

(1963) isolated and studied six strains of denitrifiers from 

activated sludge including Pseudomonas sp, Spirillrun sp, 

Hicrococcus sp, and Xanthomonas SP:• Similarly Smith et al 

(1970a )reported that 15 to 51/b of the organisms scraped from 

a column actively denitrifying municipal ·wastewater were 

species of Pseudomonas sn, Achromobacter sn, and Bacillus s~, 

capable of reducing nitrate to nitrogen gas. 

Biochemistry - Reduction of nitrate by certain chemo

organotrophs occurs through a series of complicated enzyme 

catalyzed reactions which can follm'r either t _h8 assimilator:y 

or dissil7lil2tory route. During assimilation, No3- is reduced 
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and incorporated into cellular nitroeenous material by an 

aerobic process. Ho·wever, in the dissimilatory route nitrate 

serves as the alternative hydrogen acceptor to oxygen. Three 

microbial reactions have been postulated by Alexander (1964). 

(1) 	 Complete reduction to a;mnonium, r,;i th transitory 

appearance of nitrite. 

(2) 	 Incomplete reduction of nitrate a!1d accuJnulation of 

nitrite iri the .mediwn. 

(3) 	 Reduction to nitrite followed by evolution of gaseous 

compounds or denitrification. 

In wastewater treatment we are mainly concerned with 

denitrification to produce N2 , N20 or a mixture of these two 

gases. All micro-organisms using nitrate as a nitrogen source 

can carry out the first reaction ~mereas cultures incapable 

of complete reduction must be supplied with ammonium or other 
-

reduced 	nitrogen compounds for growth to proceed (Doelle 1969) • 

.Fe1,vson (196Ja) proposed the biochemical pathway shov-m 

in Figure 5. 'This pathway assumes a sequence of two electron 

changes from the +5 oxidation state of nitrate to the -3 of 

ammonia, a shift of eight e~ectrons. Isolated enzyme systems 

have been followed to determine the end products of the 

reactions with the responsible enzymes terrral the 11nitratert, 

"nitrite", "hyponitriten, and "hydroxylamine", reductases. 

The complexity of the enzyme systems involved in the alternate 

pathways available for Pseudomonas a eru <'.\ inosa is illustrated 

in Figure 6. 



Note tha t the a erobic pa t hway to oxygen and the nitrate 

reduction pathway differ ·or1ly in the final enzyu9s, i.e. 

cytochrome oxidase versus nitrate r eductase •. :Many other 

path~Hays ha ve been proposed f or other organisms utilizing 

nitrate as a hydro gen acceptor {Doelle , 1969}, but all take 
. ~ 

the ·general form of the above simplif ied diae;r,am. 

Dissolved Oxygen. The sensitivity of denitrification 

to dissolved oxygen leyels in a grm·..rth media is the mos t 

important envirornmmtal factor influencing the a pplication 

of denitrification. It is generally accepted that denitrifica

tion is an anaerobic process occurring in pure cult ures only 

in the complete a bsence of dis$olved oxygen (Deiwiche, 1956). 

Skerman and J.iacRae (1957a, 1957b, 1961) monitored dissolved 

oxygen l evels in pure culture reactors and found that adapted 

cells of Pseudomonas denitrificans, (i.e. already metabolizing 

nitrate anaerobically) converted to normal aerobic oxidation 

of .organics at dissolved oxygen levels as low as 0.2 mg/l. 

Similar results were reported by Sacks and Barker (1949) 

Assimilatory nitrate metabolism by }:Iicrococcus denitri f ic ans 

occurs under both aerobic and anaerobic conditions, but the 

presence of oxygen affects the dissimilatory ac t ivity in three 

ways according to Chang and Morris (19 62 ). 

(1) prevents adaptive formation of necessary enzymes. 

· ( 2) partially represses further dissimilatory enzyme 
syntheses. 

(.3) completely inhibits activit y of preformed enzymes. 



FIGURE NO. 5 · 
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Other workers (M.yers 1955), (Schmi dt, 1962), show 

that denitrification definit ely occurs under aerobic 

conditions in Warburg apparatus experiments. Skerman and 

I-lac Ha e (1957a , 1957b) suggest that denitrification in the 

presence of di ssolved oxygen occurs because of a dissolved 

oxygen gradient ac~ ross bacterial floes with ac~ive denitrific a

·tion occurring due to the activities of bacteria not directly 

expo.s ect to dissolved oxygen. 

In mixed culture batch experiments on sewage, \"lheatland, 

(1959) shovred that nitrate was reduc ed at o:xy gen l~vels of 

approxi mately 2.0 mg/l, but only at ·10% of t he rate obtained 
. .

under strictly anaerobic conditions. In continuous tests as 

little as 0.1 mg/l of dissolved oxygen reduced the denitrif ica

tion rate to 1/3 of the anaerobic rate while at b.8 me/l 

nitrification occurred and denitrification essentially ceased. 

1/ihen dissolved oxygen was present mos t of the nitrate was 

reduc ed only to the nitrite state. Pseudomonas stutzeri 

were isolated from th e experimental reactors. 

~·fuhrmann and Me chsner (1963) reduc ed nitrate to 

nitrite in aerobic reactors at various rates dependant on the 

organism isolated and suggested that denitri f ication rates 

at a pH below 6. 0 are practically inde;?endent of oxygen 

concentration. 

McCarty (1969) denitrified agricultural drainage 

water containing si gnificant quant ities of dissolved oxygen 

by providine suffici ent methanol to satisfy the nitrate 
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Feduction demands and also utilize t he dissolved oxygen 

by the normal aerobic degredation of carbon. Similarly, 

Smith (1970) denitrified municipal wastewat er (12 mc/l 

NO, as N) on columns with approximately ~ hr retention 
./ 

at influent dissolved oxygen levels as hie;h as 6. 0 me/l v:ith 

an effluent containine 1.0 to 1.5 mg/l of diss.o+ved oxygen. 

Temperatur e_ - Any bacterial process operates within 

a defined temperature Pange and the rate of bacterial activity 

is severely curte.iled at both high and low t emperature levels. 

In cold climate regions the ability of denitrifying organisms 

to operature at a useable rate at temperatures approaching 5cC 

will determine the practical application of the dcnitrification 

process for wast ewater treatment. Most of the studies to date 

have been performed at 270 c+, close to the optimum temperature 

for most heterotrophs or at laboratory temperature of 20°c, 

possibly typical of summertime wastewater temperatures. 

Wbeatland (195 9) performed batch tests on domestic 

wastewater with nitrate added up to 40 mg/l at temperatures 

of 5°c, 12°c, 18°c, and 25°c. At 5°c, he determined that the 

rate of denitrification was_l/3 of that occurring at 25 0 
C. 

In a ·s eries of continuous temperature runs at a 

200' 000 gpd pilot plant r·.Jul barger (1970) provided data on 

denitrific ation of nitrified municipal waste-water (37 .m.::/l 

N0 as N) u.sine; anaerobic activated sludge. Denitrification 

rat:es varied from 0.0016 mg No · as N/mg of MLVSS-hr to
3 
. 0 

0.028 mg N0 as . . r/mg of f':J,VSS-hr at 8 C to 12°C and 0.013
3 

·' 

3 
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mg N03 as N/mg I,ff,VSS-h:>:> to 0. 05 ms N0 as N/ rng MLVSS-hr at3 
18° to 23°c. This temperat ure dat a is shov-m more clearly 

in Fi f,Ur e 7. Insuff icient data was pr esented to pr epare a 

relationshi p bet ween unit denitrific at i on r ate and t ·emperature 

which ~·rould be useful for de s i e;n of ·we.ste·wat er tr"?at ment 

plants. 

Hydro gen Ion Conc entrat i on (pH ). The optimum pH for 

denit rification depends- upon type of organi sms, age of culture, 

and the concentration of nitrate (Delwiche 1956). Pure 

cultures of Pseudornonas a er u3inosa denitri fy between pH 5.8 

to 9.2 with an optimum denitrification rate occurring between 

7. 0 and E1 . 2 Denitrifying organisms f avour N20 production at 

alkaline and neutral pH ~nth reabsorption and production of 

above 7. 3 n F jler 1954). Below this pH level reabsorptionN2 

decreases with a simultaneous increase in NO prod~ction. 

Isolated nitrate reducing en~ymes from Pseudomon2s aerur);inos~ 

showed a definite maxirntun activity at pH 7.4 with a reduction 

to 10% of the maximtun rate at pH 6.0 and 50% of the maximum 

at pH 10.0 (Fewson and Nicholas, 1961). Nitrate reductase 

isolated from Spirillum ite~sonii by Gauthier(l970) demonstrated 

maximtun nitrate reducing activity at a pH of 6.4 to 7.4 again 

with a rapid drop in activity on the acid pH. Wuhrmann (1964) 

claimed that the pH of the 'medium is the most important factor 

influencing the inhibiting effect of oxygen on denitrification. 

At pH's near neutrality usually. encountered in activated sludge 

the oxygen inhiQition of denitrification is a maximum. In 
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FIGURE NO. 7 

DENITRIFICATION RATE VERSUS TEMPERATURE 
( MULBARGER, 1970) . 
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contra st denitrif i cation r ates below pH 6.0 are nearly 

independent of oxygen concentration. 

Carbon T;r pe and Concentration Heterotrophs require 

the pr esence of a r eadily useable form of carb.on (La.manna 

and r.~al lette 19 65) . · Research on pure cultures has not been 

conc erned with t he effect of carbon concentration on 

denitrific at i on. The pure cul t ure studies have always 

supplied car bon in the form of peptone, glucose, or glycerol.... 
(Chan.s and norris,1962, Skerman and I'·Ia.cRae, 1957a, 1957b) in 

excess of orzanism requirements for nitrate reduction and 

• .+'organi sm groi·, vn, e. g . lryOOO mg/l. 

In wastei;·;ater treatment the rate of denitrification 

mus t be maxi miz ed to minir.iize reactor sizes in the. plant. 

Denit rification usually will follow carbon removal and 

ni t rification· processes, and therefore, the residual carbon 

concentrati on will vary from 5 to 20 mg/l. This carbon may 

or may not be in a r eadily useable form for furthe r bacterial 

action. 

r:.rul1rmc;.nn (1960b) in anaerobic Uarburg experiments 

sho~·:ed that denitri.:'i cation. is es s ent ia],.ly a linear reaction 

oc c urri n:~ even \.•!i th 1;.rashed activated sludge op 2rating on 

secon::lary ·wast e t r eatme nt efflueat ·with no hydro~ en donor 
• 

other t l1an resi::lual or ,:anic s. Hm·rever, in · l aboratory scal e 

continuous activated sludge nitri f ic ation- denit ri f ication 

experi mi:·;nts ··:uhr 2ann ( 1962, 1954 ) r eported t hat t he addit i on 

of eluc ose 23 a . hyd~o cen donor increased the deni t rif i cation 

http:r:.rul1rmc;.nn
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rate by approximately 30~~ . Host of the pilot plant and 

laboratory studies follm·r.i.ng this work utilized a bypass 

arrangement · of ra·w sewa$e into the denitrification unit 

to provide a hydro8en donor. · Johnson (1964) used a ratio 

of 1: 5 raw se1,rage to mixed liquor ,4, 000 mg/l I,ILSS to achieve 

75 ~~ removal of 20 mg/l N0 as E. in 3 hours at 20°c in his
3 . 

pilot plant and laboratory scale experiments. However, the 

rav,r ·wast e bypass resulted in high concentrations of amnonia 

and organic nitrog en in the final effluent. Slechta and 

Culp(1967) carried out batch denitrification~ studies on 

nitrified domestic waste using activated sludze of 2500 to 

3700 mg/l HLSS and deterrained tha t as the percentage of rmv 

sewage added to their batches was raised from 0 to 40~~ the 

percent nitrate re:71oval increased from 60 to lOO%e Balakrishnan 

(1969) in batch studies of denitrific ation of domestic ·wastes 

(20-70 mg/1- N0 as N) with activated sludge indicated that unit
3 

denitrification rate increased with increasing COD concentration 

up to a maximwn rate at ·wh ich further increase in COD addition 

did not increase the rate. These experiments- were a gain run 

with settled domestic sei:·mge as the hydrogen donor. Rates 

·with equivalent amounts of clucose as the hydrogen donor were 

greater than those achieved vrith domestic se\·;age as the donor. 

To overcome the problem of increased_ a r.m10nia concentrations 

in the effluent several inve~tigators (Christianson 1956), 

(Barth,1968) used methanol as an inexpensive organic carbon 

source to stimulate the denitrification reaction. The latter 

http:follm�r.i.ng
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fou..nd tho.t at a 1rrc i ght ratio of 4 parts of rne t hanol to 1 . .-part 


of nitrate by wei g..h t essentially complete nitrate removal 


could be a ch i ·eved on a nitrif ied effluent containing 12 mc;/l 


no as · N in a 3 hour detention time anaerobic reactor with
. 3 

a 1'-11 :3S of 2,00'J mg/l. He Carty {1969) studied the effect of 

acetone, a cetic a cid, _me thanol, and ethanol as hydro gen donors 

on batch denitrific ation of aP'.ricaltural 1:1astfft·rater and showed 

that c a r bon .type definitely a;fec·ted the raJ.e o.( denitrification 

and the a:nount of riitrite formed as an intermediate (See 

Fi r.:ure 8). Acetic acid and ethanol resulted in faster 

c ctenitrification rates in . batch tests but met hanol was 

considerabl y c heaper, and would probably be used in practice. 

Based on his observation of carbon used and nitrite 

and nitrate utilized he presented equations for the reduction 

of nitrate and ··-cellular synthesis usins- these compounds. For 

exampl·e with methanol a s a hydro gen donor the equations were 

as follov1s: 

Nitrat e ~i. emoval. 

1 CH3 0I-I" + 1 NOj--1 !1J2 + ! co2 + 1 OH 
"6 · 5 ro o 5 

Svnthesis .--..111-·---

Overall Nitrate 2emoval. 

N03 + 1. 08 C ~13 0H + H+_,,_o. 065C 5l-I702N + o.47N2 + o.76C02 

+ 2 . 41~:120 

• 




FIGURE NO. 8 
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3 c\ 
·. 0 

Overall Nitrite Removal. 
+

H ~0.0Ji.C 5 H7o2N + 0.48N2 _+ 
I 

o.47co2 + 1.7 H20 

The carbon requirements for denitrification •P.r:i. th 

each of these compounds was compared using a "consu.mptive 

ratio", i.e the amount of soluble carbon used.per unit weight. 
of nitrate reduced as shovm in Table 2. 

The variation j_n carbon used could be related to the 

difference in metabolic pathway followed by each of the 

compounds and to the amount of solids produced durin.~; the 

nitrate reduction reaction. The amount of carbon us ed for 
•

bact erial synthesis can be calculated by using this 

consu.11pti ve ratio and the theoretical equation for nitrate 

reduction. 

Organism Concentration. I~ biolo~ical reactors the 

overall rate of a particular reaction carried out by the 

organisms usually increases proportionally with population 

in8rease until the or ~anism concentration reaches a saturation 

point. At this level the rate levels out or tends to decrease 

probably due to build up of toxic intermediate compounds. 

In normal waste water tr:eatment reactors this critical level 

is never reac hed as the orzanism concentration .which can be 

handled in the units is limited by the physical separation 

processes and the aeration capacity. However, the influence 

of organism concentration on the denitrification reaction 

has not been investigated thoroughly. 



--

39 

TABLE 2. 

COI1ISUI·11PT I VE RATIOS OF OR GAN IC CARBON CQI,:POUNDS 

USEil I N DENITRIFICATION 


I-le Carty (1969). 


Compound Consun1-c>t i ve Rat io. 

Sugar 1.69C12H22°11 

Acetate CH COOH 1.31
3

Ivlethanol CH 0H 1.3 appro x . 
3

Acetone CH COCH3 1.22
3

Ethanol cv C' 1 OH 1.47'"3 •-'12 



40 


Batch studies of denitri f ication, using t ypical 

activated sludge concentrations, by Eckenfelqer (1968) shm·red 

t hat t he overall denit ri f ic ation rate increased aa the solids 

concentration increased from 3, 700 mg/l to l+, 600 mr::;/l. 

Ni t rate reductions of 83% and 9870 ·were ach i eved in 3 and 2 

hours r espectively at t hese two solids levels .from an 

· original nitrate concentration of 22 mg/l The pe rcentage 

of denitrifying organisms in the activated sludge was not 

estimated during the reactions. Simila r re sults were reported 

by Slechta and Culp (1967). 

The effect of organism concentration on denitrification 
• 

rate has not been investi gated in pure culture. 

All of the studies, both in pure and mixed cult ures, 

have utilized suspended solfds l evels as the measurement of 

organism concentrations. No correlation b etween actual viable 

organism population and suspended solids concentration ha0 

been attempted. T0licros copic identification of organisms 

responsible for denitri f ication has been car ried out in 

relatively few studies Smith (1970) and Wuhrmann (1963). 

Denitrification as a 1,'!aste 1Jater Treatment Process. 

Bacteria isolated from s:e:·m0e treatment plants by Hulme (1914) 

and from natural aquatic environments Harvey (1955} produced 

nitrogen gas vrhen · gro1,m anaerobically on nitrate bearing 

substances. Snell (1943) reported loss of nitrogen by gas 

evolution from nitrate bearine ·sludges. The phenomena of 

rising 0ludge i:i:;i secondary clarifiers was attributed to 



~acterial denitrification occurring in anaerobic sludge 

accumulated on the tank bottom accordine to Sa·wyer and 

Bradney (1945 ) and Brandon and Grindley (1944 ). Analysis 

of gas produced by a sludge utilizing nitrate and sewage 

as a substrate (T·iheatland 1959 ) indic ated a ·nitrogen content 

of ·98;.~ . Based on these observations workers proceeded to 

demonstrate the applicability of bact erial denitrification 

to nitrogen removal f:r:om wastewater by means of l aboratory 

scale and pilot plant studies. In most cases these 

investi gations were concerned with both the nitrification and 

denitrifi cation processes. Wuhrmaim (1962, · 1960 ) carried out 

continuous flm·1 , laboratory scale nitrification-denitrification 

tests with anaerobic activated sludge operating on domestic 

sewat;e to demonstrate that 90~~ of the influent nitro gen 

(20-25 mg/l :N0 as N) could be removed ·with detention times
3 

of 140 to 180 minutes depending upon organism concentration 

and initial nitrate concentrations. In several of his tests 

he demonstrated that the addition of glucose as an organic 

carbon source improved the denitrificntion rate. 

Br i nemann (1961) successfully rem6ved 64% of the 

nitrate content of digester supernatant (58 mg/l was reduced 

to 21 mc:;/l), within 45 minutes usine; a domestic waste as a 

source of carbon. Additions were controlled by the redox 

· potential of the reactor contents. Ludz e.k and Ettint;er 

(1962) utilized a modified activated sludge aerator to carry 

out denit rification and nitrification in the sarne unit. In 



FIGURE NO. 9 
SCHEMATIC DIAGRAMS OF LABORATORY~ 
ACTIVATED SLUDGE UNITS USED FOR 

NITRIFICATION· DENITRIFICATION 
Row Waste Aerotio Solids 

1--..,..--Nitritied EffluentTonk ...____..., Sep. 

Return 
Sludge 

Waste SludQe 

1---__.,_ Denitrified Effluent 

CONTINUOUS NITRIFICATION DENITRIFICATION 
PLANT WITH RAW WASTE USED AS THE 
ORGANIC CARBON SOURCE (JOHNSON, 1964) 

185 US. GPO. (700 L. DAY ) PILOT PLANT 
INCORPORATING NITROGEN Br PHOSPHOROUS 
REMOVAL (BARTH, 19.68) 
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CH OH/N03N 
II 

--_............_ 

6 

return 
sludge 

1 
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2: I 
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NaAl(OH)4 AI: P 1 1:5 

. __ waste air waste sh.1dge
UNIT PROCESSES otr . sludge 

FLOW RATESI Primary Clarification 70 min 
2 High Rate Carbon Removal 120 min Raw 500 ml./min 
3 Secondary Clarification 70 min 

Reforn 300 ml./min
4Nitritication 180 min 
5 Intermediate Clariticotion 70 min 
6Denifrificotion 180 min 
7Flash Aeration 25min 

8 Final Clarification 180 min 
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~ he fir s t me chanically stirred co:-:1po.rtraont of their unit 

recycled n i xeci. liquor suspended solids ·were contact ed 1vi t h 

r m·t domestic s 21,.·rci.g2 2.nd acted as a hydrocen acceptor fo r 

or::;anic carb on. In the s e cond section aeration vrci.s increased 

to the point ·where nitrif i c ation of ar.s.10nia co1~1p ounds to 

nitrc:te could oc cvr . Batch exp eriments on domestic se~·ra ce . 
usin3 anaero bic a ctivated s ludge b:r 3lecht a and Culp (1967 ) 

shm·.reci that the den i t ri f icat i.on r at e \·ms t:r eatly aff0r,ted 

by or.:;a.nis:n conce!1tr2.tion and the 2.:nount of settled s e1,,ra,::e 

used as a hydroce n donor. 

The aut hors of the preceeding ':.raste treatment 

experir.1ents carried out open nitrocen bal ance-s on the ir 

systems and assumed t }:at losses of nitro ,sen ,-rere due to 

evolution of nitro c en gas . Eo·wever, Johnson (1964) in · 

a pilot plant study af the biolo_gi ca l nitrific ation 

denitrification sequen ce, collect ed evolved gases and 

analyzed them utilizin~ a mass spectromet er . Nitrogen 

ba lanc es ·were clos ed within 4;~ and the evolved gas from the 

anaerobic denitrific 2,tion unit (approximat el y 98~j nitro ,:_:en) 

accounted f or the r eduction in nitrc:i.te t hrouch the unit. 

Since r<:P:l 1:-raste containin~ si :~~nifice.nt quantities of a~.:monia 

was used as a hydroc;en donor the overall nitrosen removal 

w-a s onl~r 75~~ . A schematic di cir:;ram of his continuous tests is 

shm·m in Fi cure 9 . Johnson (19611.) utilized a synthet ic ·wa·.>t e 

water co niposed of skim milk so l ids c?.s the c .s.rbor... sourc e and 

. am;-.1oniw:i sulpr..ate to act as t he nitrosen content . The influent 

http:si:~~nifice.nt
http:nitrc:i.te
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. nitrate concentrations to the denitrification reactor were 

18 to 22 mg/land the .reactor solids concentrations were 

maintained at 4000 mG_/l. Detention times were varied from l 

to 5 hours. Raw waste was a dc5 ed in the proportion of 1:5 

ra-w waste to mixed liquor. 
' \'luhrmam(l964? 1962, 1960b, 1954) has wiaely published 

results on his laboratory and pilot plant activated sludge 

studies and has claimed that sufficient carbon is ava ilable 

as residual carbon in secondary treatment plant effluents 

to stimulate anaerobic nitrate reduction. In his an2.erobic 

Warburg experiments on secondary effluent, nitrave reduction 

appeared as a linear reaction with respect to time even with 

no added hydrogen donor. However, addition of carbon increased 

the rate significantly. 

Christianson . et al (1956) compared glucose and nGthanol 

as chemical electron donors to accelerate denitrification in 

both batch and continuous laboratory units operating on 

industrial wastewater. 

Barth et al (1968) conceived a modular type wastewater 

treatment plant combining chemic al precipitation of phosphates, 

with biological removal of carbon, and bacterial nitrif ication 

and denitrification. Jach·of the biological processes was 

equipped vvith separate sludge separation and recycle systems 

to minimize interference betwee~ pro-cesses and achieve e;reater 

stability. As shm-.n in Fie;ure .9, methanol was also added as 
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a hydrog en donor in the r ot io of 3 :1, me t hanol :nitr2.te . As 

a result nitrification and denitrification r ate s were 

incrcG.sed throue;h the st i1~iulation of dominant culture s 

and n:Ltrocen rc:D. oval eff ic.iency was improved f or the 

addition of methanol did not add anuonia as pr e viously 

experienced •:rith r aw wast e injection. In a ,700 l / da:r pilot 

p l ant study apr)roximately 90;: of the 11. 5 mg/l E03 co ne entre.

ti on 1-ms .rem. oved in ~ 3 hour anaerobic detention period v.ihen 

the solids cone ontrati on ~·ras maintained at 2 , 000 m.:::;/l. 

r,Iulbarc;er (1970) has report e d on a 20 0 , 000 US cpd 

demonstration pilot plant utilizing 3 art.h ' s scheme of three . 
separate r e cycled sludse reactors providing biolocic a l and 

chemical nitrogen and ph osphorovs removc:.l in doElestic •:raste

water . Compl ete denitrific ation from a:p:proxi mately 37 mg/l 

N03 as N to l e ss than 2 me/l was achieved with a slud s e 

concentr2.t ion of a pproximately 2 , 000 mr/l in 2 hours 

detention \·!hen 3 to 3. 5 parts of m2thanol ·were added p0r 

pc:..rt of nitrate nitro[:en. Further oper ation is planned 

to obtain more f undauent a l desie;n d ata. 

McCarty (1969) performed laborato~y scale bo.tch 0.nd 

·scmi-coi:tinuous reactor s tudies of the d e n itrification of 

settled do :~1esti c s ei;·me;e . The eff<;; ct of the type of added 

car~on (a cetone , methanol, ethanol , a c etic acid) on the 

denitrific a tion rate vras determined , and the types of 

intcrmedic:ites a nd end p:;_ ·oducts \·rere investi::;at cd . I·:ethanol 

http:nitr2.te
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nitrific a.tion sta:;e receivine secondary effluent fro m a 

conventional e.cti vated sludge domest ic i;·rastewater treatment 

plant. :3ee Fi2;ure 10. Three col·:r.m p.::i.ckin£::s were utilized 

varying in med i a p~1rti cle size fro m 3.li- ::un to 1/i..5 mm r.1ax 

d i amet er. At colu'!lnloo.clin.e; r ntes of 7. 0 US _spd/ft
? 
~ (0 .000051.b 

2K0 a s ~per ft of surfa ce are~per min ). 90% denitrific 2tion 
3 

was a chieved ltlth a methanol:nitrate r atio of 2.5:1. 0 at a 

colw:-:n depth of 2.r :)ro:ri m.:1t c~ly 10 f'Jet and o.n act uci. l coEtact 

time of 5 to 10 :ninut~s. The rapid ren oval r a tes ·were 

attributed to the larze surfa ce area avail able for ors anism 

_sr01.·rth which provided an: or ,'.'.;anis.-:-i ,:::rm-.rth equivalent to a 

stirr2d tan !-c containinr:; 21 , 000 nc/l of solids. Operatins 
• 

temperat ures were maintain·?d ·at 27°c . Eethanol requirements 

equations presented by r.:c Carty (1969 ). 

Kinetics - Little Horl:: has been done to establish the 

kin::; t{ic theory of denitrification. From pu:re cult ur e and 

enzy:11·2 experiments; we knm,.r that denitri f ication must occur 

as a s eries of enzyme catalyzed r eactions in _Hhich nitric 

oxide, nitroxyl, hyponitrite , and nitrous ox i de have been 

proposed a s intermediates ( Fe~·rs on 196la). -rn a s eries of 

reactions hypothesized b~r ~~re ~:mer c-,nd ..Shm·r (195 8 ) nitramicle 

1'·.J' '(l 2LT ·r Q 
i, ,. 3 + Iff02+ £: 2 

' ""t"EN0 0
,:., 

+ 2II :~::o rr2o 
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2HNO E2N202 


H2N202 N20 + H20 


0
H2N202 N2 + H2

N20 + 2H ·N2 + H20 


HN0 + H NO + H20
2 

~ 

Establishin~ a kinetic expression from such a 
. 

. complicated s eries of reactions is difficult and is 

probably not necessary since one of the enzyme catalyzed 

reactions probably control s the whole chain. \'Tith this in 

mind many of the early investigators concentrated on studying 

nitrate reductase isolated from different organisms as the 

rate controlling step (Fewson 196lb), (Nason, 195$). The 

rate was considered to follow a Hichaelis Henton type of 

kinetics in v.;hich the rate per unit weight of enzyme increased 

with increasing nitrate concentration up to a limiting nitrate 

concentration ab ove v-1hich the rate was a constant. Data from 

this ·work was quoted in terms of Hicho.elis constants, i.e. 

the concentrat ion of nitrate at ·which the observed rate is 

one half the maximum rate, e. g . nitrate reductase from 

Pseudomonas aeruqinosa 22 mg/l NO as NG 30°c (Fewson 196lb) . 
~· 3 

For ·whole cells in pure culture most authors have 


quoted the unit denitrification rate in terms of micro

litres of gas produced per mg of ce+ls per unit time . This 


can be easily converted to mg/l of nitrate as N per mg/l of 


cells per hour as shovm in Table Ho·. 3. T:Iost of the 


investigators experimenting ·with activated sludge and other 
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mixed cultures operating on complex ·wastewater have quoted 


unit rates in terms of uo as N disappearing during reaction

3 

per weis ht of cells per hour. It is int erestin~ to note 


that the pure culture rates shovm in Table No. 3 are 


approximately 6 times as great as the activated sludge rate. 


The higher temperature 32°c of the pure cultur,e as opposed 


· to 20°c for the activated sludge doubltess contributes to 

this difference as wel l as the l a rge portion of actfv~ted 

sludge which consists of organisms which cannot denitrify. 

Both Johnson (1964) and Balakrishnan (1969) indicate 


that denitrification rate depends upon both carbon concentra
• 

tion and nitrate concentration. However, : · .~uhrrnann (1960b) 

has shovm in anaerobic •,;arburg respirometer studj.es t!:at 

dsnitrif'ication of nitrified municipal waste is a linear 

reaction with respect to time when.residual carbon compounds 

are used as hydro een donors. A similar phenome.non was recei1tly 

reported by Ilechales (1970) in continuous flovf experiments 

on nitrified municipal wastewater using packed columns and 

no added carbon source. These latter t;,-.ro studies indicate 

that denitrification is prob ably a zero order reaction, i.e. 

indep·endent of nitrate c.oncentration. Zero order kinetics 

i·rith respect to nitrate \·JOuld be compatible with carbon 

removal kinetics v1hich '·:ilson (1967) demonstrated as 

independent of substrate concentration for sin.zle carbon 

compounds. Batch denitrification data reported by tTohnson 

(i964) on anaerobic denitrification . of nitrified artificial 

http:denitrification.of
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TAB L:S J. 

UNIT DENITilIFICATimr RATE DATA 
LITERATURE REVIE\'v 

Source 

Chang & lliorris 
(1962) 

Pichinoty & D1 0rnano 
(1961) 

Eckenfelder & 
Bal akrishnan (1968) 

j ohnson & Schroepner
(1964) 

1iTuhr ma nn & Heschner 
(1963) 

Iv~oore & Schroeder 
(1970) 

T-Iulbarger (1970) 

Barth (1963) 

• 

Orp;anism 

Ivlicrococcus 
denitrificans 

tr 

Activated 
Sludge 

" . ' 

T·1ixture of 6 
Bacterial Species 

11.ctivated 
Slude;e 

,, 

n 

\ 

Temperature 
0

32 c 


32°0 


20°C 


20°0 


25°c 


0 
20 0 

8°c 

11°C

is0 c 

25°c 


20°c 


Unit Denitrification 
Rate 

mg/l NOJ as N/mr/l cells -hr 

0.056 ~' 

0.059 * 

0. 0007 to 0. 011 ;:,;:, 

0.0005 to0.009 

0.120 

0.0355 ' 

0.0013 

0.0008 to 0.014 

0.009 to 0.014 

0.0136 to 0.024 


0.0017 

;:, calculated from gas production \Jl 

;;,;;, c2lculat 2d from cxpcri mcnt etl dat o. . 
~ 
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wast e'r1at2r Hith re..w waste as a hydro gen donor support 

.•. 
rate independence of nitrate concentration. 

Carbon concentration controls the extent of reaction. 

Carbon is required for reduction of the nitrate accordine to 

a definite stoichiometric relationship, e. g. nitrate reduced 

to nitro [!;en gas vrith Elucose as the hydrogen donor. 

5 c6H12o6 + 24 IG·m --!1,.._l2 N + 24 K"'.1C03 + 6C0 +
3 2 2 

18H2o - 6l}5.5 Y:: cal (Encel 1958) 

In a ddition, carbon is required for ce1r;J.1ar .carbon 

synthesis. If sufficient carbon is available to meet these 

t wo requirements all of the nitrate will be converted to 

gaseous nitrocen compounds and a very small amount of cellular 

nitrot:en. Several authors have sh own that carbon concentration 

influences the rate of denitrification, Eckenfelder (1968), 

Smith (1970) • . Smith's data appears to indicate that 

denitrification rate is independent of carbon concentration 

above the theoretical requirements for nitrate reduction and 

organisri growth. Ficure 11 • 

• 

• 



FIGURE NO. 11 
PERCENT NITRATE REDUCTION 

VERSUS 
METHANOL TO NITRATE RATIO 

CONTINUOUS COLUMN DENITRIFICATION 

· (SMITH, 1970) 
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Experimental Description. 
• t. ~ .

Apparatus. 

Batch denitrificstion tests were carried out i9 ' 5.0 

litre three-necked boiling flasks, spherical in shape. The 

flasks were set on a laboratory frame which cou1d accommodate 

4 to 6 simultaneous experiments. Each of the necks was fitted 

with a bored rubber stopper to enable insertion of a combination . 

electrode pH probe, polarographic dissolved oxygen probe, 

sampling tube and/or 1/32" diameter steel gas collection tube. 

During tha experiments the flasks were only partially filled 
>

resultine in a 100 ml to 250 ml gas space above the liquid 

contents. The gas collection tube was fitted with a 1/32 inch 

inside diameter plastic tubing connected to the top of a 500 

ml glass cylinder filled with light mineral oil. This in 

turn was connected to a graduate~ glass cylinder which was 

open to the atmosphere. As gases were evolved in the reactor, 

mineral oil · ~~s displaced from the first cylinder into the 

second. By equalizing the oil to air interface of the two 

cylinders, the amount of gas collected at atmospheric 

pressure could be determined directly from the tube graduations. 

The pressure on the system was allowed to diverge from 

atmospheric pressure by o~ly 1 inch of mineral oil. As no 

loss in pre~sure could be observed over extended periods of 

time (1 - 2 days) any gas losses from the collection system 

were assumed to ·be insignificant. · 

Variable s~eed laboratory magnetic mixers were 

placed benea th each flask with a l/S inch air space 

between the s~irrer and flask to insulate the contents from 
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•
heat s ene r ated by the electric ~otor. Teflo~ coated steel 

. ' . 

mat;n etic stirr ing bars approxi mate1y 3/8 inch by 1 inch 
/ 

long w·ere p l a c ed ins ide t h e f lasks to mi x the contents 

A typical exp erimental set up · is shovm in: Figure 12. 

Procedure 

Prepar ation of Ai~tificial T·.!aste'T'..1rater The artificial 

· wast ewat er or defined · me d:ii.un f or each experiment ·was prepared 

from analyt i cal r:;rade chemicals. In each ca~e pot assium 

nitrate {KI·J0 ) wa s used as the nitre gen sour'ce i-rhile sodium 
3
 

citrate (Na 3c6H o .2H20 ) :onstituted the carbon source or

5 7

hy~rogen donor to drive the rea ction. These· chemic·a1s were 

dissolved in tap ·water along with suitable quantities of 

potassi um hydrogen, ph.osphate (monobasic) UCH2Po11_) ferric 

c hlor ide. (Fec1 • 6H20) and magnes i t1I'.1 sulphate . U-1.~SOl~ . 7H20 ) to3 
provi de essential nutrient materials for organism groi-rth. 

<)

The r a tios of phosphorous, iron, and ma.gncsi u.':1. , to carbon 


were derived f rom a formula developed by KcLean (1968) 


for aerob ic de gradation of carbon by mixed cultures of 


bacteria . It was assumed th at assimilatory utilization of 


nitrate wo ul d occur simultane ou sly i-rith di.ssimilatory 


nitrate metA.'ooli sm to provi ci.e th~ nitrogen for · orz,anism 


groi:1'th . Ot h<'3r trace elements were a s s ume d to be present in 


s ufficient quantity in t hE;? tap ·water. Prior to us e in the 


·experi ment s t h e r,1e d:ium -vra s autoclaved a t atmospheric press ure 
0 

a t 21 2 F for 30 minutes and alloi:.'fed to c ool in cotton plu.r::,eed 

bottles. A t ypica l recipe for experiment No. 12 is sh 01m in 

• 

http:med:ii.un


FIGURE NO. 12 
ASSEMBLED LABORATORY 

BATCH REACTOR 

SERUM CAP FOR GAS 
SAMPLING 

PLASTIC TUBING 

OXYGEN PROBE 

GRADUATED OIL 
RESERVOIR 

5·0 LITRE BOILING 

FLASK 

-+---ADJUSTABLE MAGNETIC 
STIRRER 
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Preparation of Organism Seed. 

Pseudomonas denitrificans in the lyopbilized form 

were obtained from American Type culture collection. These 

were revived by growth at 27°c on nutrient agar slants 

(Bio Cert J-1067-C Fisher Scientific Co. Ltd.). Additional 

slants were inoculated and grown and then stored at ?°C. 

Streak pla tes were then inoculated and organisms harvested 
0 .

from these were then grown aerobically at \27 C on a shaker 

bath for 48 hours in approximately 75 ml of nutrient broth 
·# 

in 125 ml Erlenmeyer fl?sks. The full contents of these 

flasks were introduced into medium "A" described in Table 4, 

and grown anaerobically at 27°c until approximately 175 ml 

of gas were collected. The above quantity of gas was 

indicative of mid rea9tion since a total of 350 ml of gas 

was produced from a ·5 litre reactor after all the nitrates 
tr 

were exhausted. A portion of this growth after settling 

and decantation, was used as the organism seed for individual 

experiments, since the concentration of Pseudomonas §.£• had 

by this time reached approxima tel"y 250 mg/l. It was assumed 

that the organisms were in an active growth condition for use 

in the experiments. At each stage standard microbiological 

laboratory procedures were followed to insure that no 

contaminating organisms reached the growth mediu.~. 

· After addition of the orgi nism seed to the autoclaved 

reactors, the contents were scrubb Ad with pure nitr~gAn 

gas for approximately 



Artj_fi cio l "'2.sto~..~nt er 2nd. r:;rmrth I:cdia Used 
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5 minut es until all of the dissolv 1.:::d oxygen was forced from 
. r 

solution and the dissolved nitrogen content was at saturation~ 

At the start of an experimental run the gas space in t~e re

actor contained air. At the same time the pH, was adjusted to 

the experimental condition by addition of 40~ sodium hydroxide 

or concentrated sulphuric acid. Subsequent pH corrections 

were made whenever the pg as monitored by the pH probe in the 

reactor deviated from the experimental pH by more than -0.1 units. 

Sampling. Following mixing bf organism seed and 

artificial wastewater for 5 minutes, a 25 \ml sample w~s · taken 
' ..... 

in a 10 ml syringe by inserting the needle through a serum cap 

fitted to a glass tube on one of the side arms. The flask was 

tilted so that the magnetic mixer . created a definite flow past 

the sample point~ A sample from the gas space was also taken 

in order to provide a complete initial nitrog~n balance. This 

procedure was repeated throughout the course of the batch re

action v:henev.er 30 to 50 ml of gas had collected in the oil 

reservoir. A 20 ml portion of this sample was immediately 

filtered through a 0.47 micron Sartorius membrane filter to 

renove bacteria from the filtrate and for solids determinations. 

The filtrate was immediately analyzed for its nitrogen and 

soluble carbon content, fro.zen, or kept at 5°c for later 

analysis. The remaining 5 ml was .used for total organic 

nitrogen analysis including cellular organic nitrogen. Samples 

for dissolved nitrogen ~as analysis (0.5 ml) were periodically 

withdrawn in the same manner and immedi~tely injected into the 

gas liquid chromatograph. 

Gas . analysis samples (0.5 ml) were withdrgwn by 

means of a gas tight syringe through the serum cap in the 

.. 

http:v:henev.er
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top of the ,3as col lecti on r e servoir. 
,. 

Analvse s_. All of the nitrocen anRlyse~ on the liciuid 

sa~ples ~ith the exc c2tion of the dissolved x2 analysis 

1,.,rcre c 2rri e ::l out by \"rot chenical mG thods adaptable to 

s. ~ 0ct ~o-p~otoa2tric t e chn i ci ues ada~table to the Technicon 
~ ~ . 

i':..utoan:J.l~rzer. T:·lis unit consists of a rot e.tint:; s ampline 

de vie e 1·r!'li c:1 al t srnativcl:r dips · a ·sanpling ne-edle into a 

s an?l e or distilled wat Gr for a specified period; 2 . 

.... 
peristaltic pump which accurately pu~11ps reas ent s a.t a 

specific r ate in s~all batches separated by ~ ir bubbles 

throu~h mixing coils; heat in ::; baths to allm,r retention of 

the l:L~uid rea ctant s for colour development at a specific 

ter:r;)e r .::;.ture; a sp0ctrophotoE1eter ~·.rh icl:. c..evelops an 

electronic s i gna l r e corded on a strip chart as a peak 

enclosins an area proportional to the s~mple concentration 

of a particular comp onent. The equi::x1ent required for 

simult a neous ni tritG and nitrate an2lysi s is sh01·n1 in the 

p:1oto3;raph in Figure 13. 

Eitrite. This auto :-:!ated procedure f or the determin::i. tion 

of nitrit e is en adaptation of t he diazoli~ation m3thod of 

11 St2n:le.rd l~ethods } 1 (1965) proposed by Ye.mphakr:? (1967). ITitrite 

ion und,::; r 3.C i ci ic co~Ji tion3 r'2acts '.·.ri th sulfanilir:lide to 

yi e lC. 2 d i a zo co :-::~ound ·which couples vdth a n-1 naphthalsthy 

l enecii2.:,1ine d i:i.1ydrochlo:--i de to form a soluble dye which is 

meas ·'._n·ed colouri m2trice.D_:r. The schematic flmr chart for 

t~is a na l :rsis as outlined by '.::' ecl1nicon Co:··pora tion Industrial 

http:St2n:le.rd


.6 

FIGURE NO. 13 
AUTOMATED ANALYSES 

TOTAL KJELOAHL 


NITRATE FOREGROUND 

NITRITE BACKGROUND 
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Hethod 35-69 ~I is shm·m in Figure 2 in Appen~ix C Sa~ilple9. 
taken from the reactor ·were diluted 1/100 with distilled 

·' 

water prior to analysis to brin.:::; their cont entrat ion within 

the 0 to 1.3 mg/l analysis range. 

Nitrate. Nitrate contained in the sar.iples is r educed 

to nitrite by an alkaline solution of hydrazine sulphate 

· containing a copper catalyst. The remainder of the procedure 

is identicql to the automated nitrite analysis above. The 

schematic fl01v chart for this reaction is shown_...in Figure 6 

in Appendix C. The nitrite concentration previously determined 

must be subtracted from the results of this tes~, since it 

measured both nitrite and nitrate. The samples were diluted 
. 

1/50 with distilled water to brin;S them within the range of 

the test. A range of potassiQm nitrate standards (0-3 mg/l) 

was run alon5 ·with each group of analyses to establish a 

calibration curve. 

Ammonia. Arru11onia was determined using the Berthelot 

Reaction in ·which the formation of a blue coloured co:npound 

believed to be closely related to indop.henol occurs when the 

solution of am:Tionium salt is added to sodiwn phenoxide .fnllowed 

by the addition of sodium hypochlorite. A solution of 

potassium sodium tartrate (Rochelle Salts) is added to the 

samp!'e stream to eliminate the precipitation of the -hydroxides 

of heavy metals. Filtered samples were tested undiluted, and 

were within the 0-10 me.;/l analysis range, and each set of 

samples l,\1'as compared to a serfes of calibration standards. 
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The flow sheet recommended by Technicon Corporation industrial 

method 18-69W was used as shown in Fi&rure 8 Appendix .c 

Total Kj eldahl Nitrogen . The measurements of nitrogen 

contained in organic carbon .compounds such as cellular material 

requires the breakdown of these compounds and r elease of the 

nitrogen content as ammonia. In the automateq analysis, this 

is achi~ved by digestion of samples in a mixture of concentrated 

sulphuric ~cid and perchloric acid with selenium dioxide as a 

c at alyst in a co ntinuous rotating di gester operated at 

approximately 400°c, according to the method developed by 

Ferrari (19 60 ). The quantity of ammonia produced is measured 
• 

by the 3erthelot reaction. The ScheCTatic flow diagram for 

total Kj e ldahl analysis within the range 0-40 mg/l is outlined 

in Technicon Corporation industrial method 30-69A as shovm in 

].,, . 4 , ('f' ~ • ... J.. gure · o-'- ;,ppenaix u • Total Kjeldahl tests were done on 

both filtered and unfiltered samples as a measure of cellular 

organic nitro gen and dissolved organic nitrogen respective l y . 

The dissolved nitro gen was found to be mo stly ammonia. 

Soluble Carbon. The 2 ml liquid samples vrh ich had 

been through the 0.47 micron membrane filter:~ were mixed 

with 1 or 2 drops of concentrated hydrochloric acid to obtain 

a pH of 2.0. The carbon dioxide released from bicarbonates 

out of solution was then scrubbed from the samples by bubbling 

nitrogen gas throu.e;h the sample for thre e !Uinutes, thereby 

eliminatinc; inorganic c arbon. ·After acidifics.t.ion and co2 

scrubbin •~ , the samples could then be preserved for up to 30 
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days 3t 5 C without any deterioration of ·organic carbon 

compounds. Samples of 20 micro-litres were then withdrawn 
' 

with· a syringe and injected into a Beckman infrared carbon 

analyzer~ The resulting peaks were compared to peaks produced 

from carbon standards prepared from sodium oxalate. A typical 

calioratibn curve within the range of samples analyzed is 

shown in Figure 1 of Appendix·c. 

Suspended Solids. The suspended solids determination 

was used as a measure of organism growth. A 10 or 20. ml 

portion of reactor contents was drawn through-"a 0.47 micron 

Sartorius membrane filter which had previously been washed 

with 100 ml of distilled water, dried at lOJ°C for . l hour, 

and weighed~ The same drying procedure was followed with the 

filters plus collected solids and the 1ncrease in weight 

assumed to be micro-organism solids. Igniting the filters 

plus sample at 6oo0 c indicated that the . organism solids were 

95%volatile ,for cultures employing Pseudomonas §.£.· The 

volatile fraction of the activated sludge was approximately 60{ . 

Filtration was accomplished by placing the filters on a 

scintered glass support and . then applying a vacuum of 

approximately 10 psi. 

Gas Analysis. A gas chromatograph was used to separate 

the mixture of collected gases. The fisher gas partitioner 

Model 25V utilizes ·a two column, two detector system to 

separate and analyse gaseous mixtures. Using a helium 

carrier ~~s at 50 millilitres per minute the gas mixture in 

a 0.5 ml sample W3S swept through a 42" silica gel column. 

Carbon dioxide and nitrous oxid~ is reversibly adsorbed on 



the particles of the eel, while oxygen and nitrogen pass 

through ·without beine; absorbed so that the first t!'lermal 

conductivity cell produces a composite peak of N and 02,
2 

and a carbon dioxide peak on the recorder chart. The sample 

then passes throuch the second column consisting of 13 feet 

of molecular sieve 13 X v.;h ich reversibly absorbs. nitroe; en and 

oxygen at different r ates, and permanently abs orbs carbon 

dioxide a t room t e:nperature. The second ther mal conduct ivity 

detector, therefore, produc es separate peaks for nitro gen and 

oxygen. At the helium flow rate of 50 ml per minute excellent 

separation of composite, oxygen, carbon dioxi de, nitrous . 
oxide, and nitros;en peaks was obtained. Knovm mixtures of 

air, nitro gen, carbon dioxide, and nitrous oxi de were used 

to provide calibration of the instrument. As shown in Figure 12 

Appendix C the response of the thermal conductivity cell was 

linear with respect to increasing gas concentrations. Hachine 

calibration was checked several times throu6h the course of 

the experiments \·.ri th 0. 5 ml air samples inj ect ed durin.c each 

run as control samples. 

The absorption columns wer e maintained at room 

tempe :·ature, and the bridr;e current operated at 6 volts. A 

reco~der setting of 100 mv full scale, with a chart speed of 

an inch per minute was found suitable for [ as e.nalysis. · \1hen 

the contr'.)l samples indicated that the machine was not properly 

calibrated, the molecula.r si eve columns were re generated by 

heatinc overnight at 400°c to drive· off absorbed co2 and 
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i·mter vapour. 

Dis solved 0~8..9...11• Polaroe;raphic oxy gen probes ·were 

used to measure t h e dis solved o:~r gen conc entration in the 

reactor. A Yellowsprinc s Instrurnent Co. Lt d . polaro i::::raphic 

probe. v.ras used with a Eod el 54 oxy gen :neter as ·well as 

severa l Precision Scientific Corp . Ltd. galvani? cell oxygen 

orobes conne cted to micro-ammet ers. 



E~erimental Design. 

As stated previously , the aim of thi s investig3tion 

was to establish which are the ma jor variables aff 2ctins the 

denitrification rate in pure batch culture , and then relate 

.this to mixed culture data . A search of the literature 

revealed tha t the variables influencine denitrification Rre 

(1) Dis solved oxyr.;en concentration , 

( 2) 'T'e:-<iDe,...at·u r e 
~ -- -.. - c - ' 

(3) Carbon concentration (or eo·an i c) 
- C .> - ' 

Ui-) Organic carton (type), 

(6) Organism conc entr~tion , 

(7) Nitrate concentration. 

1'-'iost of the literature confirms that de;iitrification 

is an anaerobic bact erial process completely inhibited by 

the presence of dissolved oxyc;en in concentrati on as low as 

0.2 mg/l. Several mixed culture studies clai~inc denitrifica

tion occ1~u-·s 1·rhen dissolved oxy.:.:;en is present have been 

attributed to ana8robic conditions in t:ie interior of the floe. 

In this study, several preliminary experiments at dissolved 

oxygen concentration· as lm'1 as 0.5 mg/l indicated that presence 

of dissolved oxygen completely inhibits denitrification. 

Therefore , t~is variable 1-;as ommitted from further experimental 

designs, and all t ests were carried out under completely 

anaerobic conditions. 



Temperature is a ma jor variable influencing the 

reaction rate in any biological process with a definite 

optimurn teinperature range f or· gro•1.rth of each bacterial 

species. f,Iost bacteria exhibit an optimum temperature range 

Of 20°~_ to J0°c. r a . 1 of t' b , drop in t·· emperat u reits ru. e num a . 

of 10°C below this optimum results in a r ate reduction of 
. 

50%. The r a te r eduction has been attributed to physical 

change s of the cell protoplasm suc h as viscosit y which, 

thereby, reduc es diffusion rates of enzymes and su~J strates . 

In a ddition, low temperatures may cause accumulation of toxic 

metabolic intermed i ates. Temper a t ure is, therefore , · a major 

varic~'.:>le affectine; denitrification rat e which viould mask the 

effect of other variables. Ther•:;fore, the effect of t emperature 

variation vras evalu2. ted separately from the other variab les, 

and its influence given particular. emphasis since any applica

tion ·Ji denitrification to waste treatment would require · 
0 

successful operat ion at t eni_pe ratures as lo·w as 5 C in cold 

climate re.'.Sions. See Table No . 5. To evaluate the remainder 
0 .' 

of th-2 variables, a tempe rature of 27 C was chosen since this 

was the temperature recommended for grm.,rth of the supplied 

culture of Pseudo~~ denitrificans by American Type Culture 

Collection. 

Althout;h or c;anic carbon type has certainly been 

demonstrated to affect the rate of denitri f ication a nd the 

amount and t:,~pe of metabolic inte:rmediates produced, it was 

decided that evaluation of the various or ganic c ar~on source s 



JABLE 5. 

TYPICAL WASTE~:.!AT3R RSACTOR T.Sr.TPZRATURES I N COLD 
CLii'..iATE REGIONS {AERAT I ON TANK TEMP .) 

Preston, Ont_ario. Elmir a , Ontario. Chic a ;:i;o, Ill. 
North Si de S TP. 

1970 1970 1967 

Avg. J\Iax . Min. Avg. r.J:ax. Viin. Avg. Eax . Hi n . 

January 6.7 10.0 3.3 6.9 11.0 4.0 8.9 10.0 6.6 

February 5.9 9.5 3.3 6.9 9.0 4.0 9. Li. 10.0 8.9 
.. 

!'larch 6.6 8.9 LH4 8.6 10.0 7.0 10.0 11.1 6.6 

April 10.3 13.9 7.8 9.6 . 12.0 7.0 11.1 13.3 9.4 . 

nay 13 .1 15.5 10.5 l~.• o 16.0 13.0 14.4 16 .. 7 13.3 

June 16.o 17.8 11.7 17.9 22.0 15.0 16.7 19.4 13.3 

July 18.1 20.1 16.1 19.9 23.0 17.0 20.0 22.8 17.8 

Au0ust lS.9 21.2 16.7 19.7 23.c 18.o 22.8 23 .9 21.6 
. 

September 17.7 20.1 15.0 17.2 21.0 ll~ . 0 . 21.6 23.4 20.c 

October 15 .. 3 16~7 12.8 lli- . L~ 18.o 12. 0 17.2 21.1 16.1 

November 12.6 15.0 7.8 12.1 11+ .0 8.0 15.0 16.7 12. 8 

December 10.3 13 .9 7.8 7.6 12.0 6.,o 13.J 13. 9 11.7 

°' '° 
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NOuld be beyond the scope of this wod::. Sodiu.--n citrat e vras,. 
chos eri as ~n orcanic carbon, since it is an intermediate 

·' 

in 

the Krebs cycle of a erobic oxidation of carbo~ydrates, and 

also because it i·ras reco;:11:1ended by American Type Culture 
. . 

Collection for r e vival of the supplied or ~anism. 

The rema ining four variables, 

p:r, c a r b on to nitrate ratio, nitrate concentration, and 

organism concentration were then put through a screening _ 

procedure to deter ;-:1ine wheth er any of. these had ·"'a si gnificant 

effect on denitrification rat e . A full factori a l experiment 

was then drawn up to evaluate the effect of the four·variables 

at t':V'O levels of each variable. The levels of each of the 

va riables trere as foll01·.rs 

Factor Level of Factor 
+ 1 -1 

pl-I '~ s.5 6.5 

N0 Concentration 120 mg/l ·40 ne/l
3 

Carbon to Nitrate YLatio 5:1 1:1 

Organism Concentration 100 mg/l 50 mg/l 
.. 

The pH levels are 1·!ithin the normal hydrogen ion 

concentrat ions usually experi enced in wastevrat~r treatm'.:mt. 

The nitrate concentration of 4.0 me;/l is a r easonable level 

for concentrc:.tions often contained in nitrified effluents 

f ror.1 municipal wast evrat er pl ants , vrhile the upper level ·is 

t yp ic2.1 of an i ndpstrial waste ·wat er. The t vro c e r bon 

concentra tion lii::its were c hosen so that the U~')per level 

i; Oul d be a j o \e the t~ eoretical r equirements for both nitrate 

http:foll01�.rs
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reduct ion a::-id or;:;anism grov.rth, while the lov.rer level vmuld 

fall well belovr t hese requirements p In ether words, it ~·rc:.s 

expected that coi;1plet e conversion o f all the nitrat e 1-.rould 

occur at t he higher carbon level ~·rith or.ly part :i.. al conversion 

at the lower level. The organism con~er~rations chosen were 

1/10 to 1/100 of those normally util i. zed at e)·:i·sting a ctivated 

sll.~dge Naste 1·;ater treat ment p l ants. I-IoTJever , the pure culture 

levels were rou.:,hly esti rna ted to contain close to the equivalent 

Pseudornone.s so content of actual activa ted sl~1d,:;e plants. As 

well , th e loi:re r or E;anism level s 1ver~ cons id 2red. more suit able 

for colony c01.mt deter1:1inations, since floc cul2. ·~ion should be 

l ess at these lower bacterial populations . The experimental 

desi ;_~n follovrn (Tctble q). 
As indicated by Javies (1967) all of the effects of 

the major factors and their interactions on the denitrification 
/, 

rate can be ·8valuat ed for a 2...,.. factoria l desi e;n of this type. 

It should be noted th 2.t both the N0 cone entrati on and the pH 
3 

could be set exactly accordin3 to th e experimental prescription, 

However , the initia l or t;anism cone entrat ion ·could not be · 

...., 1 . ' d 1 1es~ao~isnc as c ose y. The ~e ason f or t his - was that the 

extent of rca6tion in prepar ation of the seed organisms could 

not be gauged a. ccm· ate1y , and both the added carbon and added 

ori:;anisrn mi E:ht va ry 10'.'.; from the specified level. The 

exneriments were initially randomiz ed. but t h i s ,,.ras some,·1hat 
• I 

qualified b~ performinL t~o or t h ree reactions simultaneously 
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TABLE 6. 

EXP 3RHENTAL D:SS I GI'·J OF SCREEl'lIIJG EXP3RIMEN TS. 

,, ..:.:.ixperiment f'·Jo • N03 C: NOJ Pl! Ort:anisms 

1 


2 + 


3 + 


4 + + 


5 + • 
6 + + 

I7 + .
..l-

I8 + + 

0 + 

10 + ·+ 

11 + + 

12 + + + 

13 + + 

14 + + + 

l ;'i + + + 

16 + + + + 

/ 
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Results 

Discussion of Individual Experiments. Typical;hanges 

in nitrogen form and content, soluble carbon, ,suspended 

solids, gas volums collected etc., as a function of time are 

shown in Figure 14 through 21. The results of analyses for 

all of the 16 screening exper~ments are shown in Appendix A. 

In general, the batch experiments were characterized by a 

lag period in which the nitrate concentration decreased 

between 5 and 20% and a rapid linear nitrate removal with 

respect to time. As shown in Figure 14 and 15, the lag 

period could be identified in the carbon removal, nitrate 

and gas volume collected curves. No dissolved oxygen could 

be.detected in the reactors during this phase. It was 

unfortunate that the closed system allowed sampling only 

after collection of from 25 to 50 ml of gas to avoid back 

flow of oil from the reservoir, therefore, the actual extent 

of the lag period could not be evaluated. The slow denitrifi

cation period is assumed to be an acclim~tion period similar 

to that experienced in McCarty's (1969) batch experiments, 

with methanol as_ the hydrogen donor. , During the lag period 

an ac:umulation of nitrite as an intermediate compound was 

experienced. The nitrite increased to a maximum conc€ntration 

and then decreased at ~ rapid rate along with the nitrate. 

In the experiments where the carbon to nitrate ratio 

was 5:1, the nitrate removal was essentially complete, i.e. 

120 mg/l to <1.0 mg/l or 40 mg/l to 0.5 mg/l, while the 

carbon re~oval occurred until all of the nitrate and nitrite 
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had been reduced and t he n essentj_e.11.y ceased. Simil c::.rly, 

organism t:;rowth co:n.nenc ed f ollowing the la e; period and 

reac hed a maximwn level at the same time as denitrification 

stopped and either level l ed off or the popul ation started 

to decrease. 

As shown in Fi[;ure 16 and Fi ture 17 for an experiment 

where thG carbon to nitrate ratio was 1:1, the nitrate removal 

is incompl ete. Carbon r em oval occurs to a lovr l evel (10 mg/l) 

where t he organisms appear unabl e to utilize i t further. In 

many of the experiments (Experiment No. 5, Figure 20 ) it was 

difficult to determine whether a lag period· occur red or not 

from t he nitroeen and soluble carbon dnta , but 0 the gas produc

tion fi gures were useful to ostablish its existence. 

As th e plots of carbon and nitrate conc.entration were 

linear vrith respect to time after the acclimation period, it 

could be concluded that carbon removal and nitrate removal 

are independent of their r espective concentrat ions, i.e. the 

reactions were zero order vri th respect to carbon and nitrate 

concentration. 

The other forms of nitro~en nonitbred were dissolved 

anm1onia concentration, dissolved nitro gen concentration, 

easeous nitroeen con centration, and Total Kjeldahl (orcanic 

nitrocen concentro.t ion). Ori 13inally , the am:11onia concentra

. tiorn~ ·were fairly 101·::-, usually in the ranee of 5 to 10 me/l, 

e.nci reflected the i:IH content of the or ,.,.anism s eed solution.3 ~ 

The ammonia rapidly disappe a.red durinc; the reaction as it was 

l 
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assimilated into cellular nitroc,en compounds . This 1·ras 

conf irn1ed by the f t1 ct tho.t althour.;h the a;-:imonia concentration 

dro _p)e cl th-:::? total ;: j s ldahl concentr2.tion in the u!1filtered 

samples usually increased or remaine d relatively con:>tant 

throuj1 out tho reaction. Tho a .. .noni.J. cone entra.Jcions and 

filt e:ccd tot al I~j clda!1l analyses a.:::reed closely. The 

differenc G b ct>.roon th ::.; un:'ilt•2r ed o.nd fil tered total I~ jeldahl 

Fas a:3~3u:ned to be a measure of cellular orcanic carbon,, 

Since t h e::e [ j ::ldo.hl results ran:::;cdfrom L~ to 6~'j of the 

suspended solids cone entrations the ce llu. lar nitro ·-:-en levels . ~ 

1:1ere loT,"Tor than the S t .o 12;.-~ predicted as a nitroc:en content 
. .. 

by the equations for orcanisr:is of r:oovcr (J.952), and Helmer·::; 

(1951). 

The dissolved nitroz;en concentrations at the ber;inning 

of thG batcl1 experiments ·were usually clo3e to the nit::u cen 

saturation levels at 27°c , i.e. 16~9 rng/l since the reactor 

contents had been scrubbed of oxy .::;en vrith nitrocen e;a3 prior 

to each run. During the course of the re action, thl:; liquid 

"",,ras supGrsaturat ed Hi tn dissolved nitroc;on as the r'....ttG of J'T"2 

productj_ on exceeded the diffusion rate out of solution into 

the dissolvecl carbon c3.:Lo7:ide levels 

c radu:-· lly increo.'.3ed t h rou::hout the renction , uhile o.t p~ 8 . 5 

CO,,, did not e.ppear ns o. dissolved sas co mponunt. Presumably 
!.,., 

at t LG hi::::h p '. [ the co produced i r:L1cdiat0ly cnt c;red .into thr.;
2 

c arbonate bu:ffer eqvJ.librirnn~ 



Chroraatos raphic analysis of the collected pro duc t 

sascs sho1,red a sradual increCtse in the nitroc;en concentra

tion from 8.:[)proximate l y 79;~ at ths be,cinning of t he exp?riments 

for t he r oactions a t pH 8 . 5. :"t t he .sar:1e tirnG a decrease in 

O):yr;en concer:c tr2.t,ion uas noted from 21~~ to iess t ho.n l~-~ . For 

thr~ reactions 3.t p:i 6 .5 ooth nit r o c;en an d carbon dioxide 
' 

concentrati on c onerall y i nc r eas ed as the r en ctions proerossed 

cor:cespondin.= r;radual decre t:tse of oxygen to 

a c ~1aracteristic denitrif i c ation r e.to 1·ras established. Los t 

en::::ineerinc desi :J1 vrork for 'oioloc:ical l,-Jast c tre atment 

processes is based on the unit reac~ion r ate or in this case 

unit cioni <-ri f icD.ti on rate. This can b e defined as the 

conce :.'"1tration chan:;e of substrate pr:: r concentration . c'.1ange 

of O:'g;:mi sms per unit time , i. e . for denitrification.6. mg/l 

'·IO a l.\J / >-- ,.,.,·r~ l,l· J .S ., ,.::.._~ " -c::I .L o~... :;ani sms - h:':" . This charact eristic unit 

rate was colculuted fron th e exp 2ri menta l data by fitting 

the nitrate v ersus time data for t he linear r emoval period 

with a l east s~1arcs strai~ht line; dote~1inins the slope of 

this strai~ht line , and then dividing the slope by the oreani sm 

cone entr:i. t i on a t 'nij reaction time , (deterndned from least 

s qu2 r e s strai[')"1t line fit of the solicls data ). The least 

squa res strai ~_:,ht lines vrero cal c-:..i.lat ed u.sinc; Prosram l in 

and t.ht~ t yp ic al results are sh m·m in Figure 22 
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The unit d.enitrification rates detcr1::ined for these 

16 exp eriments are shown in Table No. 7. 

l<"'._f'!-',_ ect O.i...(' ··· · J 1 ' r 1,~r..1.:.2.£ ' 1 on ~onitrific_ ,.:..xperinen ca · es Unit ation 

~2te . The calculat ion of the avera:e effect of each of the . 

factors and interactions between the factors is sho1·m in 

Appendix c, and the results are shovm in TablG J:To. 8 . 

The unit denitrifico.tion r ate v:as, therefore, 

independent of 01.,::anis:;;1 co!1c entrat .ion , 1.·,rhile all of the other 

factors vrcre si .c;nificant including the nitrate conce:1tration. 

An analys i s of va ria nco on these screenin~ experiments 

'l'able no. B--2 AppGndix B - also shO\.,red that carbon to nitrate 

r ~ - 1·0 j .. '-<-Vv co ·_,_1CP1'1~r~.+v i·v~n,• pH allc:c\. '11"trJ • 
0 + 0 

- -v and ,,.mre si f-~ni.ficant 

effects a t the 95~:; confi dence l 1svel . The si ,s;nificant effect 

of nitrate co~tradicts the evidence of zero order reaction 

with respect to rtitrate concentraiion deiermined from the 

individual plot :'3 of nitrogen cone entration VC:'rsus time. The 

reasor~ for this was that the exp ·2rimental Cl.8sign does not 

really unlock the intera ction effect of carbon and nitrate, 

since carbon and nitrate varied as a ratio, Therefore, the 

average effect of carbon and nitrate concentration on the 

unit denitrification rate \·;a.s evaluated separately in a 

full factorial des i gn at the conditions civen in Table No . 9 .. 

The averae;e effects were + 0.00055 :.ig/l rm3 as .N / 

m~/l orc;anisms - hour for a chane;e of nitrate concentration 

from l~O m~/l· to 120 mg/l e. nd + 0. 0321+ mg/l no as J'.J / mg/l3 
organisms - hour for a change in carbon concentration from 



.Dxpt . No. N0
3 

scn::sxI NC EXPSRI E:HTS 
UH I T D~~E IT?. Iii'IC !\TIOH TI.\.'::,:!:i:S . 

pH Or ,can i sriJ s Unit 
Rate 

Denitrific ation 
mr~/l I' ~O 
~ orAanisms hr 

1 

2 

3 

4 

5 

6 

7 

g
'

9 

]~ () 

11 

12 

13 

14 

15 

16 

+ 

+ 

+ 

+ 

+ 

+ 

-{

T' 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
I 

T 

+ 

+ 

+ 

+ 

+ 

0.0307 

0 . 0550 

0.0678 

0 .. 1270 

. 0.0150 

0 o·r l'• t+.._) O 

0.0424 

0. 0613 

0.0246 

0. 0565 

0. 0600 

0.11:30 

0.0198 

0 . 0290 

0.0508 

0 . 0710 

. 



'T'·t ~ I· T<' c}- .i.~ . J~.-.-£ · 

AV::!:~AGE EFFSCT OF F:\CTORS ON UNIT DBITI'I'RI?IC.t·.TIO!'J 

Factor Change in Level 

Carbon to 
rU tre.te Ratio 

1:1 to 5:1 

Eitra.te 
Concentration 

pl-I 

Organisms 
Concentra tion 

40 to 120 

6.5 to 8.5 

50 to 100 

Effect on 
Denitrification 
R.ate o 

r.,/ I Q '~~ /1 i~() "' S F+ 0 ~~ ' -f'+ Cl :-...:,!.~-.~~3-

m8/l organisms-hr. 

ff 

n- 0.0203 

+ 0.00107 II 
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TABLE 9 

2
2 FACTOF?.IAL DESir~N TO EVALUATE THE :SF~~~CT 
OF C:\RBOH ~'3D NI TRATE ON UNIT D3HITRIFIC !tT IDr~ 
-~~----- 1?.P.T ~ . _________.__-...;..__;;;_...:_._ 

Expt . Np_. trn c pH Or,c;an i sms Unit Denit . Rate .
3 


18 + + 0.0960 


10 + + + 0.0565 


17 + + 0.1290
~ 

9 + 0.0246 

Desi[;n L~vel +l -1 

Carbon Concentration 120 40 

Nitrate Cone entra.ti on 120 40 

pT..-T 6.5 

Ore;anism Concentratior, 100 

http:entra.ti
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40 m: /l to 120 m3/l of carbon . Nitrate ~oncentration from 

these exp eriments appears to have littlP- effect on the 

denitrific ation rate. 

This i.·wrk ·was then expanded to a ful-1 f a ctorial · 

desi~n to investi~ate the effect of . nitrate concentration, 

carbon conce ntration and pH at the s ame time .. The exp erimental 

desi c;n, alone; ~'.rith the resultine; unit denitrification rates 

a re sho·:.rn in Table Po .. lOo Note that four of the exp2riments 

i'vere dravm from the orir;inal 16 screonin;_:; experim·2nts. 

The aver.s.c;e effects of carbon and pl-: v.rere a p:;ro:x:imately 

5 times the effect of nitrate on the denitrification rate , 

and the analysis of variance of these eight experiments 

sho-vm in Table B- 3 of Appendix B der;ionstrated that carbon 

and pH and the interaction effect betw·een c arbon and nitrate 

were si gnificant at the 95 ~~ confi.dence level. 

Jetermi11ation of Optimum pH Since hydrocen ion 

concentra tion v.ras deter;:1ined as a significant factor , a 

series of experim·2nts was run to find an optimum pH range 

for denitrification. Some of the experimental data from 

the .:;:.creening exp t3rim ,:mts 1·ras included in thi s investigat ion. 

~xp~rioants were performed within a pH ranGe of 6 . 0 to 9.0 

the extremes of hydrocen ion con-:!entr.:::..tion ·which might be 

expectGd a t a wastewater treatment plant. The experimental 

temperature was 27°c 'lt.!i. th a c a rbon to nitrat e ratio of 

approxh1atsly 2~5 :1 to 5 :1. The unit den.itrification rate 

http:sho�:.rn


T.'U3LE 10. 

2
3 

FAC'I'OIUAL ~)2SICN 'l'O :SV/\.LTJJ1_TE TI:~ Ii:11'FECT OF 
CARDOU pH Al~J l'TITI'cNr:::: c01~c=1'.JTRATION m.; TH:S UN IT 

~:~ ITil IFICAT IO~ RAT~ . 

Expt No. Ni t r at e 
Cone. 

. Car bon 
Cone. 

pH Unit Dem it nate 
1"'1,.,. /1 l,To
..i(,f ! .; ~ . 

!llf/l:_ Or , :ani sms - hr 

9 0.021.i-6' 

13 + 0: 0198 

17 + 0.1290 

18 + + 0. 0880 

10 + o< 0960 . 

6 ' T + 0~ 0 565 

20 + + + O.OL:-06 . 

+ + 0 . 03 21 
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.. 
of 7 . 0 -d_t:·: a correspond.in:: un i t denitrific a tion r a t e 

of 

~...ras csta'olisi1ec!. . The experitl<::nt 0. l data sho~..:m in thi s ; r aph 

1are s11..~:• 1 ':t riz2d in Tabl e ~: o . 1.1. This bro2d optL:1tu~1 for 

Jet ern ir:.::1- tio;i of tlv~ .::ffcct of Car1Jon on the · 

Th0 amount of c arbon r cc:_u ired for 

co;J)l·2to r:;dnction 0£' nit r ate i s de t e r r:lined b:r the 

s toic hiometry of th e~ p arall e l reactions of nitra te r eduction 

and carbon de ~radation . The overall r eaction propos~d for 

nitr2te reducti on Nith citra t e as the hydro Een or electron 

G.onor •:rhich f ollo';;s , i nd. ic atcs a c 2.r bo n requirem·~nt of l . 7 

of c a rbon p~r M: of nitra t e a s K. 
,,_ 

The or~unt of c arbon utilized in the b atch rea ct i ons 

also included the soluble c c:.r b on convert ed to cellul.:::i.r organic 

r::;:'. t ori ?. l cb.r'in:::: bact e riA.l :;rm·.'th . In. Tabl e No. 12 the ove r all 

n i tr at e r eduction and so lub l e c a r bon utilized during the 

. . l 1 ( . t .:::i.bul atcd . 'I'o det ernineor1 .;::; in:c:.. ) s creenin.s 

>T • ! 
~- 2 ·r · i· 

to or rc:mic c :>.r'o on in the f or::1 0£' cells a cc o::'d in :=:- to tJ.:e 

ap:-' ro:dn::ttc forr1ula for c e l ls of ·Hoo ve r and Po:.~,scs (1·) 52) 

i . e . 

http:correspond.in
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6.o 

6.0 

6.5 

6.5 

7.,0 

7.0 

7.5 

$.O 

8.5 

8.5 

8.8 

Expt 

No , 


23 


24. 


12 


Li

25 


-26 

~-1 

21 


16 


8A 

22 


Initial 
I-Titrate 
Cone . 
mz/l 

62 . 90 


62. 00 

105.25 

11.3. 00 

101. 20 


101.JO 

121.50 

87.60 

106.S 

01, . 5
,,, ('~ 

E~O . 2 · 

Initia l Initia l Unit 
Carbon Ore;nnism Denitrifie c.t ion 
Cone . Cone . ?.ate 

tTf' H 
~r.i :::;/l ms/l me: l ·~ L ' ") as l'l 

- ,/ . . rn r · 1
.. ·, 1 or ~0.n1sr.1s -nr~ 

26L,. l+O O.l.350 

•250 .30 0 .. 1070 


585 80 C.14.J O 


;' 21. -·I '•' 
0<> 70 0. 1270 


270 90 0 .1600 


272 85 0.1800 


.310 60 0.1610 


21:-5 25 0 .1200 


l:-85 140 0 .0710 


675 80 0.061.3 

'•'210 60 
, ,, 

0 .11~3 


..,.,. 
Init~al solids not a ctually
determined . · 
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Zxpt. No. 

1 


2 


~ 
; • 

L,. 

5 


6 


7 


8 


9 


10 


11 


12 


1 ....c_,) 

lli

15 


16 


CAff10N UTILIZATION Ir-! . 

Observed Observed 
cz,rbon ~Iitrate 
mC'" /l m,:/l
~----

52 21.0 

106 42.0 

98 31.8 

,)"9 )~ 112.0 
/ 

4L~ ".20 0 I.) 

126 Li-8 . 9 


711- 3<:L2 


335 93.5 


35 10.5 


90 59.5 


110 29.5 


290 105.2 


li-8 36.5 


85 21-0 .0 


120 37.1 


255 106~5 


T ,, D I R 1\T O , 2 
_:.!;'~~---~..:~1" 

TlE OT?.ICDJAL 16 


Observed 
Cells 
.~ 
• 

L~5 

Li-5 

75 


180 


50 


115 


125 


170 


35 


85 


55 


130 


35 


60 


125 


105 


SCR3E~-.rI~!G EXP-~RII'1::":;NTS. 

Predicted 
C<:trbon in 
Cells 

23.s 

23 . 8 


39.7 

95 .3 


26.5 

61.0 

66.2 

90.0 

18.5 

h5.0 

29 .1 


6$ . 8 


18·. 5 


31.8 

66 .3 

r::; i; 7
_, ./ I/I 

Carbon for 
Nitrate 
Reduction 

28 .2 


.82.2 


58.3 

299.7 

17.5 

65.0 

7. 8 


2Li-5. 0 

16.5 

L:-5. 0 

FSO . 9 


221.2 

29.5 

53.2 

53.7 

199.3 

Ratio Carbon 
to Nitrate for 
Reduction. 

1. 3l1

1. 96 


1 .. 8,+ 


2.67 

o. 85 


1.33 

0.21 

2.63 

1.57 

0.76 
? 71... 
·-- • L.f 

2.10 

O. '.:n 

1.33 

l .l!- 5 ' 

1. 87 '=g 
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This car bon concentre.tion was then subtr?ct~d from the , 

observed soluble carbon constuned dti..ring each e~periment, and 

the di f ference assumed to be carbon used for nitrate reduction. 

As s hovm in Table No. 12, the average ratio of soluble carbon 

used f or r eduction to nitr2.te as :"J reduced was 1. 83 : 1. 0. 

Thi s i s within 7~S of th e carbon to nitrate ratio predicted 

by the proposed equation. 

The t wo series of scr2enins experiments showed· tl~at 
_.... 

the amount of carbon was the ma jor factor affectint; 

denitrification rate with a laree interaction effect between 

carbon and nitrate concentration. The unit denitrification 

rates for all of the e::>..""Periments at pH 8. 5 were, therefore, 

plotted as a function of carbon to nitrate ratio. Data at 

a pH of 8.5 we~eused since the greatest amount of data ·was 

e.vailable at this pH level from preliminary experiments. The 

rat es are tabulated in Table Eo.13. As sho'T/m .on Figure 11~0. 25 

the unit denitrific at ion rate increased ·with increasine ce.rbon 

to nitrate ratio up to a ratio in the interval between that 

ratio predicted for nitrate reduction about 1.8, and the 

average ratio for both nitrate reduction and orr,anism growth 

(2. 7). Above the latte.r c: r.:o3 ratio the unit denitrific2,tion 

r ate was independent of carbon concentration. This craph 

a grees with the concentration independence predicted from 

the individtw.l experimental plots of carbon concentration 

versus time .. 

,,,. 

http:nitr2.te
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']'_ '· '"'I""' I·.TO • ..1:..l..) J::.,; • · 13 

mnT ;)£r1!I TRI FIC ..'·.Timr ~"?.ATE VARIAT ron r._rITH 
CJ~Rsor\~ 110 TT I~'~1/~T 1~ I~ .i'\T IO. 

d.c.t io of Expt. No . Ori gina l Orisinal Unit 
3olublc Carbon ~,'itrC?.te Carbon Denitrifica.tion 
to lritr2te a s Cone . Cone. R.:tte 
1'; • r.i,::: /l mg/l mr~ 
'I f u .;o as N 

rrl'" 1 c-8T1s -Jx:> • 
-----~--~ -~-----~--

0.25 48 65.0 16 0. 0038 

0.70 47. 67. 8 14 0. 0019 

0 .97 lh.. 103.0 100 0.029 

1.22 6 110. 4 136 0 . 01+06 

1.1;.2 5 38.0 54 0.015 

1. 1,.1 13 l:J~ . 0 62 0. 0198 

2. 31+ I+!.:- 39.9 93 0.0/:- 7 

2.50 45 28.5 72 0.0365 

2.95 46 29 . 8 88 0. 01+9 

l+ .7li- 7 38.9 '181+ 0.0424 

1+ • 57 16 106.8 L~8 5 0.0710 

5. 05 SB 114.0 575 0 . 0700 

5. !1.0 15B 36.h 196 O. OhS5 

5.55 15 P. 37. 7 208 0. 0508 

7.15 SA 94. 5 675 0. 0613 

http:itrC?.te
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In '1:a s t e·wat er treat ment, the aim is to reduce th~ 

nitra~e conc entra tion to zero. Th erefore, any ~enitrific ation 

proces s must suppl y sufficient carbon to ins1ITe that both 

t he nitrG.te r educt ion and organism f_:ro1rrt h requirements would be 

s a t i sfied . In othe r ·words, a 1·rast e treat ment process vrould 

oper a te under the concentrat ion inde~endent conditions. ·rhe 

exact kinet ic expr ession a t the lo'li.fe r c 2r b on to nitrate 

r at ios is, t h er efore , not a critica l requirement of this 

s t ud:r. 

A compari s on of the t heoretical c a rbon requirements 

of this st1J.dy with data from the literature i:'' difficult 

b e cause mo s t ctr.er stud ies have b e en made '.-dth mixed 

popul ations , anc.~ v.ri th different carbon sources. For exa 1:1?le, 

i.lcCerty 's (1969 ) work i:vith methanol as t he electron donor 

sho~,red a ca rbon to nitrate r a tio of O.66 · for theo1-etical 

r eduction of nitra t e t o nitro«:; en gas. The difference 1,-.rith 

t he present 1·m r k is rela ted to the metabolic pathway follo1· 1ed 

by the carbon, and the ener[ y derived from each rea ction. 

Si mila rly, the overall ratio of c a rbon us ed to nitrate 

r educ ed Nas 0 .93 for LcCarty' s ·wor~ 1ifith nethanol as opposed 

to 2 .5 for t hese ba tch ~tudies in pure c ultu r e ~~th citrate ns 

the ca r bon sourc e . 

The 7~1~erature Variation of Unit Denitrifica 1 ion 

Rate - ;,s t he pre vious experi ment. s have establish e d a n optimllm 

pH range a nd t he concen tration ind ependence of denitri f ica tion . 

http:nitrG.te
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rate ;1i th c c,rbon and. nitra t e cor.c entration an invest i.c:;ation 

of t he dependence of unit r a t e on temperature coul d proceed. 

Duplicate batch experiments 1·rere r un with initial nitrate 

concentration a t 120 m: /l; carbon to nitrate_ r a tio of J:l; 

pH of 7.0; and initial or .•·anism concentration of ci.~J _::iroximat ely 

0 0·; 0 0 01 00 E1C 1; at tentl)erat 1.,;.res of 5 C, 10 C, 15 C, 20 c, and 27 C. 
'0 . 

A sinzle experh1ent Ha s performed l a ter a t 3 C, as a n 

extension of t h e trork . The expe rimental plot s 0£' cc:u~bon and 

nity2te Versus tin e i.·re re all s i :11i lar in form to the pTc vious 

screenin::i; oxperin.Ent, i * e . a l a g p ::Ti od foll01,:e d by a linear 

re:aoval ~1i t:-1 r e spect t o time . 

The results for 5°c reactions 8nd l0°c ~eact ions are 

.:::d ~'1 01 "1 J- · l1<"'] r1ire 26 to - ' ,, '-'-,re ')9 - co· .', !):'r~. -i -~0}1- of' t}10- ~. n ' Ti'i .,...., ,.., for .. - _, : . l ar:. ; , • . ' ' -·· _ ~ 

p eriod , a nd to deDonstrate the linear removal c~aracteristic ~ 

I t s~1ould be noted that co mplete deni trif·ic c.. tion of the 5°c 

r eactor contents from 80 . 0 mg/l rw a s I': to 1.0 r,1[ /l F0 ·was3 3 
achieved within 1+8 hours at t he lov or~anisr.1 c oncent ration of 

?CO n- CT'/ll \..oo to ...._. J •u. u -- • A sinultaneous decrease in carbon concentra

ti on from 250 to 75 lllg/l followed a si:-nilar pat tern . These 

batch exPori~ents indic a t e that if a s i enificant psrc entage 

2 5~-~ ) \·re re to p::rform at 

the san:.e rat ::; a s the Fscmdomonads used in these experiments 

,.,,.. 5°c '" 1·,,=---, ·'0 1~ - -1 ,..,~-p - a',...,n it ......;ri·c ...,_,_ion of ' · T'.:l'""' t"'1· rate1~ ~O l1ld bec;.;. V VJ. . ........ r.... <.; t ••J)-~v .... \;!. _ ""·-- · av__ i..1 0.0 r.::: ·•.. _ _ _ 


accompli shed 1.".'L th in 10 hours i f slud~c levels we:ce maintained 

,_ ~ ..... ·e·~~ 2 0"0 a- ·'1 r::..., 000 -,·,1--/l ml. 11'"'8 res·ult'=' ::.i1 "'0 "" '•..l'·' .·...~·...r:-~<~ {- t'r1at V'Cvof·t ·'-=' H ' Vd_ ' Li '·· •. , - ~:, ' .i _, ,_, \..-c.J...'-' ~ -~ -~v . 
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~enitrification would bs si s nificant in the deep 

. 1 , ' 40 ,,...,rater re :=;ions of akes i..·me re ten~)eratnre,s arop to C , tne 

te;11peratu:~e of r.iaximum 1·rater density . 

The l enc;th o.f thA las period increased '·6th decreasing 
0 

temperati .1re from about f ive hours for ·the 27 C to eight days 

for the 5
0 

C reactors. The unit denitrification rates at the 

various te:-:lperat ures are listed in Tn1Jl e ~.:o . 14, and a re 

plotted as 2, func tion of ten pa:'."ature in Fi cu:'e Fe• . JO . 

T'-Iany enz:rme reactions followan Arrhenius tcnperat11..re 

relationship of the form : 

- Ej
rr 
E. •RT 

where K is the reaction rate constant in hr-1 

I~ o is the frequency factor, 

E is the activation energy in cal/gm mole , 

OyIl is the universal gas constant in calI gm mole \.' 
. 0

and T is the temperature in K. 

The data wa3 then loc; transformed and fitted with a 

squares t raign _ o_+'1eas t s · ' t i ine.· Thi" s li·n·"..., . best fi" t i' s. sho·.. ·..·m 

as the dashed line on Figure 30, alone; vdth the 95% confidence 

limits established from an· analysis of variance. The activa

tion ene:::-gy calcula ted from the slope of the least squares 

line was 16. 8 K cal/mole, 1:.fhich is well v·rit hin the 2 to 21+ 

cal/grn. mole v2Tiation of ,many enzyme syste:ns (Doelle, 1969). 

Relation of Pseudomonas Denitrificans Pure Culture-- . ' ---------.--·-
!Joi'k to Jen i tri r ic a tion 1·1ith a i·:Iixcd Culture . In wastewater 
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TABLE VO.J I; . • 

UNIT D.::::;r.; IT~IFICAT ION RAT..: VARIATION HITH 
T~r.·~P:'.:RATU1~ .-------------,------· 


Temp . Expt. I n itia l Initia l Init inl , Unit 
oc No. 	 Nitra te Carbon Organism Detlitrification 


Cone. Cone. Cone. Rate 

m.s/l mdl m['.:/l me~ /J~J~03 as i:I 


rvi "r7'1 o-"ga·ni·s,.,, - ,,., ..,.
.1 ~~- ....~ .,1.. l ll iV-.ll.J.. •1 

---·-- -- -·-- ----· 

270 90 	 0.1827° 25 

85 	 0.1627° 26 
• 

20° 27 60 	 0~0716 

20° 28 111.9 268 60 	 0 . 0656 

15° . 29 106. 8 268 80 	 0 . 03 5Lr 

15° 30 98 . 8 268 60 0.031+8 

-·10° 31 113 . 5 315 115 '•' 0. 0285 
"'0 	 115 ,,.10 32 113.0 300 0 .0284 

50 

50 

31+ 99.0 JOO 85 0.0135 

'•'
"' 

35 117.9 310 60 0 . 0175 


30 
 36 117 . 8 328 135 	 0.0063 

..,,,. 
Initi a l solids not a ctuo. l ly 
determine d . 
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t; r e a. t ment ma intenance of a pi.ffe cu lture of · denitrifyine... · 

or .c:anisms i:roul d be a l most i n1possible . It w·ould be necessary 

to ope r a te a continuo'J.S recycle system in which an enriched 

c ulture of denit rif.i.:::::-c. v.roul d thrive. In orde r to relate the 

pure culture work of dilut e dominant cu ltures of Pseudornonas 

denityificans to 1vaste t r eatment, batch experiments 1·rith 

activ a ted sludge ·we:.'e carried out. A series of experi.!!lents 

wit h varyin[ ratios .of Pseudo:11on.as s p to adti vat ed s ludge 

making U~'.) a total -or3anism population of 100 m.z/l vtere run 

to deter1:1ine an approxin§lte estL:iate of the percentae;e of 

denitrify in2 organisms in a ctivat ed sludge . Ratios of zero, 

0.25:1. 0 , ·0 .5:1. 0 ; ·1.0:l. _O . and oo were used in th2 experiments. 
0 

A constant tempe r a t ure of 27 C was used to i--rovide o ;:-itimum 

growth . . The initia l nitrate cone entratic· 1 was 120 me:;/l as N. 

The initial c2.rbon to nitrate ratio ·was varied between 3 :1 
·"- . 

and 5:1 to insure no limitation of rate due to lack of carbon 

and t he pE ·was r e.e;ul a t ed at 7.5. 

Fie;ure No. 31 s h ows the results of nitro2en concentra

tions as a function of time for . t he 1 :1 vreieht r a tio of 

Pseudor;1ona.s sp to activated s ludge or e;anisms. A familiar 

pattern of la_g peri od follo vred b:' t~1e linear r emoval of 

nitrate with respect to time is demonstrated. The c arbon and 

solids data a l so f 01101.,.rs ·a similar pattern in Fi:::~ure :·:o. 32. 

As _,, ,...evi· ; ,1s l v th,3 unit denitri fic a tion rat es ·were dete!" ::lim~d.t·' - "'-'.. --.; ' 

by fitting the n itrate data with a least squar e s line, and 

dividinu the .slope of this line by the rea ction mid-time solids 

• 

http:01101.,.rs
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9oncentrations. The experimental data for this series of 

runs is suf1marized in Table No.15, and the individual 

experiments are presented in tabulG.r form in Appendix A. 

In Figure No. 33, the unit denitrification rates 

are plotted as a function of the ratio Pseudomonas sp to 

activated sludge . Since the rates appe2red to.be increasing 

at a decreasine rate from the purely activated sludge 

condition to an as.ympt'ote at the pure culture rate, the data 

was fitted with a modified geometric function .of the form 

Y = A + BCx . In this case Y represents the unit denitrifica 

tion rate and x the vrei c;ht ratio of Pseudo~1onas sn t o 

activated sludge. The constant A represents the value of 

unit denitrification r at e to which the curve is an asymptote• 

The data 1·.ras loe; transformed, values of A arbitrarily chosen, 

and a l east squares straight line fitted to the semi-log plot 

Ln. (Y - A)versus X. This process was r(=peated· until the 

residual sum of squares was a mini.mum and the corresponding 

value of A was chosen as the asymptote. 

As shoitm in Fir;ure Ko.33 j the value of A of 0.158 

·which produced the m:i.nimurn sum of squares v.ras very close to 

the pure culture unit denitrif ication rate of 0.163 mg N03 
as -Vmg organisms-hr . The unit denitr·ification rate at pure 

.::i.ctivated sludr.;e predicted by this curve was approximately 

l?~s of the unit denitrification r ate of the pure culture at 

similar conditions. The ratio of rates determined from the 

indivi.dual experiments was approxim:atelf 25~:. In other words, 



lJ_J 

,.,, · "I -~ r·o· 15l 1-~ l:) J ~ ·~ • . - • . 

tWIT =r=~:ITJ.I FIC :\T ION ~u.T=s FO:t 3:'.TC:r 
~~ - ( r;3-:rr~ . : :~~r-~11 3 T - :r~r rI YV/iRY i r\rn :r.~\Tros C1F· 
'?33U:Jot .;or..~1:.s SP TO ,;\CT I VA'l'~~D SLUJG3. 

Ratio Expt. Initi a l Initi a l Initi .::t l Unit 
Pseud . .r:o• .rutrate Carbon Or .c;ani,sm Denitri fie 2.t i o::-i 
Act. s . Cone. Cone. Cone. I.' Rate ..... 

mg/l nG/l P-1£:/l ma- 11 FO e c ' ~..T 

~-· · ~...;..;.-3....., \!'' ~ ll Cl -h~ 
0 

1 0~ ,_,<",,,,n lS....:> u 

- -

o.o 40 134. 8 1+20 170 0.042 

0 . 25 38 132.0 350 .135 0.062 

0 .50 39 129.7 335 145 0.102 

o.6 43 92.5 500 95 
·'·.,. 

0.122 

1. 0 37 .:. 120.0 330 130 0.136 

1.0 42 96. j 455 110 
....,, 0.11+0 

w 41 121.5 310 60 0.163 

Initia l · solids not actue.lly det erm ine d . 
# Organism c oncen t r o tiori measured as total 

· suspended solids. 
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an activated s lude;e batch experiment vdth an or,::anism 

population of 500 m3/l to 1000 mg/l would have reduced the 

the nitrate concentration of the m·2dium in the same time 

period as a pure culture population of Pseudomonads . 

Or;;anisrn Grov-rth. The ability to predict the amount 

of cellular groi.,rth whi ch ·would occur during a 9iological 

waste treatment reaction is a necessary requirement for 

design and ope r ntion. · In order to produce a maximw11 unit 

denitrification rate c a rbon must be provided in sufficient 

quantity to mGet the nitrate r eduction re quirements plus the 

needs for organ j_sm growth. .2:xamination of I•IcCarty rs {1969) 

equations for methanol r equirements for nitrate reduction 

and or ,::ani~m t,rowth sh01..-.red that approximately 0 .28 gm of 

carbon are required for cell grm-.rth per gm of nitrate 

nitrogen as N reduc e d to nitrogen gas. In other words , 

approximately 0.53 gm of solids vrould be produced for each 

gm of nitrate .e.s N reduced considering an equation for 

sludge solids of c
5
n

7
No2 (Hoover and Port;es, 1952). 

In Table No. 12, the averaee carbon requirement 

for organism r,rowth can be. calculated a s • 93 gm of c a rbon 

p ~~r e;in of nitrate as N reduced. This would mean that 

cJ.pproxi nwt e ly 1. 71.i. c'.:Jil of cells l"rere pro due ed per on of 

nitrate reduced, · which is rouGhly ·triple the cell c;rm·rth 

predicted by ~cCarty ' s experiments with methanol. The 

volatile solids portion of the suspended solids was a pproximately 

95% indicating.that most of the solids were organisms . The 
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ove r a ll- c 2rhon uti l i zation for the~ 16 ex:) ·:riments p?rformed 

a t 27
0 

C v-ras 2 . 71~ .cm solnble c 2rbon per .'Yl of nitra.te r educed . 

This 2.;:2,in i s a l n:ost doub l e th e l . !1- consnr:1pti vs r o_t io f o und 

by : £Carty us in~ ~ethanol as a h;drosen donor . lT n'•"-''V·-, r 
~- ··· "-'~ ~ 

Jo:-;.n~•on (1 964 ) in his continuous denitrj_fic::<t ion experimonts 

(c 8.lcul a.tecl fro m his ::'.2.ta ), 1,r:i.ic h is r.iuc~! clos ,2 r to the c 1.1Y-r ent 

exp .::r ir::.ent s . ?o:::-; sibl e · ex_pl o.nations for this discrepanc:r are 

that organis~s us inc cit r a t e utilize a ~reat~r portion of the 

"'Cl11bl"' c · 
. 
1 ~bo n +·o-~ o.,.....- ......)~1; ·...... rn r"'r o,.•·_.'......'-' -~ -.• • Or s:;anisn s t 1_si.nf_- neth2.nol ·' " • __ _ , , < • .!. · , . J. .!. .1. :_:,cd -'~''" ~ 

i n c ontr2~ st use a .zr e2tr2r pro ;_Jo rtion of the c c:rbon to r ednce. 
nitrate and t hen de ~radc nct!~ci,nol to tI-~e poi:rit 1·r':1e r e it can 

be i ncor por ated into c ell mc. t c ri 0.l ~ As v:cl l , tl?e ~lenit rif:r in;3 

or[<:i.nisms i n a ctiv a t ed sludce used i n ==c carty ' s ,,ror k ::i.nd other 

stndies probabl y grm.-r l e ss e;.'fic ientl:.r due to c or::.pc;ti ti on •·Tith 

other .orsanisms in the s l udce mass . 

·For dc si ~n of a pl ant scale denit rifi cation unit th ? 

r e t e dc:.t a should be obtained from l aborGtory _studie s using 

the actual carbon source to be applied in practice . As well , 

. t h l' bexp~~i~on,s s_ou a . e run at a range of te~peratures 

·which i s to be experi enced . 

do ~1 i _snecl so th2,t t he s~,rste ;1. T-12s co rr.~ l etcly cl o.ssd to the 

at :;1os?l1ere in or der th.st the trc->.nsfofi12.t:Lon s of nitror '2n 

cornpouncis c ould ~~ e -=>tvd ied t~1ro u.;:::h the r e::i.cti on :-::-2 riod . 

. 1 , . t . ,._. t . . t h -'-h t . ~Previou~~ ' .'O J".' <:ers on o.eni -ri - ic e:. ion ui "' u e exc ep ion 01 

http:nitra.te
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for nitro:en lost 3S case ous products to the atmosphere . 

;..t sc;ver2 J_ tines t}rrou::hout ·?.'.J.ch re ac tion , t!1e n it ro .::;en 

cont =·nt of V1e s:.r ster.1 in al l fo:'.:"~ns i:·r,9s :.no.lysed , and the 

tot~1 l 1:-'2 i :ht measnr eci re l ated to thR oricinal nitroeen 

cont ·mt. T.-:.ble :ro . 16 illustr<7.t es a typical be.lane e s:ieet 
' 

for ·z.xreri'·1ent Ho. JiJ- carried out at 5
0 

C. Thi? transfornations 

:--_,ho•·._. . ' 1 '1' 1' ·"'"'.J.""' 0 '°' 1 I, .H~ , ?(~ •rith· -- rn- i ·1 ·- ~.} '- ' "" ' .. , 16, 
, _ ·'' 31 , ci. nitroc:en 

bnl a nce indi c ~te~ at the top of the sraphs . I~st of the 

'trO.r:-:P<n 1')al'·1 D " P e< r l o '"'0r1 t.rit·l-,1' ·,-. ? ' 1 ~-0 0/,..., "·nt'.-· t_1-:_p 0'1 r1nl -- ' - c.1 \.·....-0 ._,_ , .. >._..U ·• - •,,J. 11 - ,J v J .· · ...L. . .\. --~ J-.. 
1 

rf:action cJ.e viatin.z; as much as l o~·:,.. most 'Tha important 

sources of error in the nitro~~en b2.l3nc es 1·•er2 the or ,::;anic 

nitroc:cn . Tote:'-1 r jeldahl Lmal:rses 1·.rhich wer-2 at most ti !:~es 

l+ '"',· .t to 6-~. of +h··"'· so li·ds + , · 101,rer than the)··' , - v - - - concenur8c.1on: expected 

to cont ents 

of t'1.- .=as sp a ce above the reaction liquic1. ·vere not 2. l 1·rr..l.ys 

~t the sane concentrati on as t~e sas rcs 3rvoir concentration. 

r:as anc:i.l; rs is o:f' Sa ;;ples tc? ~en direct l:r f:!:'OO th.J C2.S space 

':!.rd from the res --: rvoir c1.i.ffe:i.~ec1 h:r one or ti:ro percent :i.n 

nitrosen h :::i.l ance_, e . [ • U? to 25'. '.i of t 11e nitro::en contc-nt in 

cent nitro::::en for the ._:.<. s sp2i;: 0 i-::c.0.0 l l:? .-::.. consi d ·2rahle portion 

o .f the tot.::.l nitro:;: cm in the r .:::3ctor s . 



TABLE N0.16. 

TYPICAL NITROGEN BALANCE ON AN EXPERIMENTAL 
-REACTOR. ElPERIMENT IJ.34. 

Date 

Dec.11 

19 

20 

21 

22 

22 

23 

Time 

4.15 

ll.05 

ll.50 

9.50 

12.30 

9.1,5 

10.15 

N02 &. N03mg/l 

100 

90 

81, 

51, 

1,6 

33 

2 

T.K.Solids 
Nitefien 

m 1 

i..o 

2.6 

5.1, 

i,.6 

5.5 

6.1 

7.6 

NHJ mg 1 

8.0 

7.8 

6.9 

7.0 

3.8 

2.6 

1.1, 

Dissolved 
N 

mg/12 

16.0 

16.o 

16.2 

16.1, 

16.3 

Total 
Liquid 
N2 
!!!W-__ 

128.o 

116.1, 

81.8 

58.1 

27.3 

Liquid
Volume 
ml 

--
5130 

5105 

5080 

5055 

5030 

5005 

4980 

Gas 
Evolved 

ml 

--
0 

60.o 

110.0 

175.0 

235.0 

285.0 

370.0 

% 
Nitro.gen. 

0 

80.0 

92.0 

91,.8 

95.6 

96.5 

\'It. N2Evolved 
mg 

--

59.0 

201,.0 

276.0 

1,39.p 

Wt. of 
Liquid &. 
Solid N2 mg 

·656 

595 

1,13 

136 

Wt.of N2in 
Original
Space 

SE: 

186 

186 

186 

186 

Wt.of N2in 
Samples 

mg 

o.o 

2.9 

5.6 

7.6 

9.1, 

10.9 

11.6 

\'lt.N2 in
%Change
in Gas 
Space 
_Jl!8. 

31,.6 

38.6 

Total Wt• 
of N 

mg 

. 
81,2.0 

81,0.0 

81,~.2 

811.2 

Balance 
':!ithin 

% 

- 0.2 

+ o.i. 

- 3.1, 

1--' 
I-' 
0)
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i~crobiolo~ical Aspects of the 1 ·~rk. MicrobioloBical 

colony counts on p l ate a,;ar aft e r incubation at 20°c for l1.8 

hours wer~ c arried out to ch~ck on the purity of the batch 

cultures . Sa;ripl es 't;J'ere obt a ine d upon reactiqn initiation 

after or .:_::anism s eed i ns , · and upon t e r mination of the reaction. 

In most cases l ess t lm n 5% of the colonies c ounted at t he end 

of the re2.ction differed _frorr: the v.sua l circula r or sliphtlv
~..... -1 

elliptic a l pearly whit.e colony t :rpic a l of Pseudomonas 

denitrificans found at renction initiation. This indicated 

that t he bac t erial cultures were dom i na.ted by Pseud omoncics 

and little contamin2.ti on entered t he s:rstem du rin3 sarnpling o 

The colony counts were also utilized to confir1n the or3ani sm 

e;ro1::th evalua t ed by suspende<;)_ solids measurements. I n Tab l e 

No . 17, the microb iological colony counts are t abulated alone 

with the suspended solids data at ·t he correspondinr; ti:rn~s . 

0 
Al l of the d&ta obtained at 27 C vvas used t o c ::mstrtu~t Fi eure 

No. 34, a 2;:t~aph relating colony count.s to s u spr.::mded so lids 

concentratj_on. The v e r y lar.se spread of the dato. bet ween 

the 9::.;;'; confi dence l evels around the least s quares straizht 

line fit of the experimental points is t ypical of bacterial 

count susnen ded solids correlations. However, the graph does 

confirm t ho trend that increased suspended solids indicate 

or; anism .:;rowth . Cons i der ab l o err or exists in both the 

sus pended solids measurements (:'.:2Q)°j ), and the b a cterial colony 

counts. Flo~culati on of oq:;ani sms whic h i:ras vi sibly apparant 

in the reactors tonded to reduce t he colon:r co un :: s, since many 



TADLE NO.l?_. 


COLONY CO UNTS AND SU§PEND~ll SOLIDS CONGE~Tn~TIONS •
• 27 C R'~/,CTIONS 

St art . Hiddle End • 

Expt. Plate Count s .s .mc/l Pla te Count S.S.mG/l Plate Cou.nt i . S .m.ci; /l 
· rro. Million/ml. 

,~, 

Million/ml. Million/m!..:__ 

15 179 145 425 270 

l!+ 160 110 363 170 

15B 215 11.;.0 280 280 

16 120 140 350 21+5 


8 • 58 80 395 250 

9 118 100 150 135 

6 69 65 


f •5 66 75 
3 57 65 68 130 

l 38 80 

l+ 20 70 29 250 


15 80 90 200
7 
10 125 130 229 215 

11 62 80 75 135 


8B 30 75 li-25 315 

2 30 · 55 65 100 


l OB 60 eo 125 135 

13 E~O 90 'r 100 ' 125 

Nay 28 (1) l ?.2 120 .202 . 170 375 210 


( 2 ). 16 125 197 150 21 2 175 

(3) 33 175 373 210 300 21.;.0 
(4) 12 '}0 62 96 110 110 

May 19 (1) hO 25 188 120 
(2) 17 5 60 l+O· 

1--'('') 33 15 ;\.)_, 
~oJune 5 (1) 69 75 13 8 105 

( 2) 138 165 26R 190 
(3) 220 215 332 170 



FIGURE NO. 34 


COLONY CO·UNT VS . SUSPENDED SOLIDS 
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flocculated organisms initiated a colony a s opposed to the 

assumption that each colony derived from a singl e oreanisrn~ 

The data in Table ~·!o . 17 c0uld be utili7'ed a l ong 

vrith co:crespondine; d2nitrific c:i. tion rate data· to establish 

unit r ate3 of nitrate reduction per cell rather t lran on a 

'trei ,sht basis. It should be point ed out , ho·wev?r , that the 

rat e data based on colony C·Junts would probably V3.ry e ven 

more widely than th e rate data based on i::reicht measurements 

of cells and would not be as applicable t o process design • 

• 



COXCLUS Im.JS 

(1) 	 The experi:nents de:nonstrated that closed nitroscm 

balances could be pGrformed on batch denitrific <J.tion 

reacto rs to ac cow1t for the bacterial conyersion of 

nitrate to nitrosen eas . 

( 2) Denitrification r ate is ind ependent of nitrate 

concentration a t the levels investigated , i.o. 

(3) 	 The rate of denitrification is also independent of 

or~anic carbon concentration provideJ sufficient carbon 

is available to meet the stoichiometric requireme nts 

of nitrate reduc tion , and the requirements for organi sm 

ero~vt.h. 

(4) 	 The optimum p I: for denitrificati on by pure cultures of 

Pseudomonas .enitrificans appears to be between 7.5 

and 7.0 - well within the ran~e usuall~ associated with 

wastewat2r treat ment$ 

( 5) The rela tionships betv.reon temperature and unit denitrific a 

tions rato for pUl"e cultures of Psoudomonas denit::-·ificans 

can be predicted by an Arrhenius type curve between 5°c 
0 

and 	27 C. 

(6) 	 The unit denitrific ation r ate of Pseudomonas 

denitrificans at 5°c is approximately 20% of the rate 

at 20°c but is still sic;nifi cant at this l evel for 
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(a) 	 wastewater treatment.purposes, 

,. 
(b) 	 denitrification in deep · water cold temperature 

regions of natural water bodies. 

(7) 	 A significant percentage ·of activated sludge organisms 

normally aerobically metabolising orgarii~ carbon c~n 

denitrify wastewater utilizing nitrate as the terminal 

electron acceptor if anaerobic conditions prevail. No 

persistent significant build-up of ni~rite was observed • 

• 
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approx. 

av:, . 

BOD. 

cal. 

cone. 

dia. 

DO. 

ft. 

ft 2 • 

gal. 

gm 

gpd 

gpm 

Hg 

hr 

K cal 

lb 

ln 

max 

min 

mg 

mg/l 

ml 

ABJREVIATior;s &, SYEBOLS 

approximately 


average 


. biochemical oxygen demand 

calories 

concentration 

dia.meter 

dissolved OXYuC'"en 
~ 

feet 

square feet 

gallons - i mperial 

erams 

gallons psr day 

eallons per minute 

mercury 

hour 

Eilo calories 

liters 

.pound 

natural lo::;arithm. 

maximum 

minimum 

milligram 

milligrams/liter 

r.iilli liter 
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1..rr,33 mixed liquor suspended solids 

mm ·millimeter 

No number 

ppm parts pe r million 

psig pounds per square inch ~auge 

.SP .,.. specie·S 

SS suspended solids 

'STP sewage tree.tment plant. 

TKN total Kjeldahl ·nitrosen . . 

SYI.mOLS 

i] at 

oF.· deerees Fahrenheit 

pH 	 loc::arithra of h~rdro cen ion 
ccn~ent~~tion r9~ip~0cal 

o1,o 	 percent ,.. ·greater than 

< less than 

A increment 

~ sum of 

p .. micron 

rfl}J .·. milli micron 

eg for example 

ie that is 
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EXPERIMENT NO. 1 

Experimental Conditions. 

Date: Aueust 3/70 
0 

Initial Nitrate Concentration 40 mg/l Temperature 27 C 
Initial Carbon Concentration 40 mg/l Dissolved Oxygen o.o. mg/l 
pH .6. 5 Initial Organism Concentration 50 mg/l 

T:i.me 
hrs. 

NOi 
mg71 . 

NO 
mg}l 

NH 
mgll 

Solids 
Total 
Kjeldahl
mg/l 

. Dissolved Liquid 
Nitrogen Volume 

mg/l ml. 

Gas 
Collected 

ml 

% Soluble 
Nitrogen Carbon 

Gas mg/l 

Suspended 
Solids 
mg/l 

0.00· 42.5 0.30 2.2 2.4 11.8 5300 0,.0 79.0 62 35 

6.oo 38.o 0.20 5290 10.0 57 55 

8.67 27.0 0.18 1.4 5.8 11.6 5265 35 ., 0 87.0 38 55 

9.70 23.5 0.10 5240 45.0 28 

12. 21-0 21.5 0.05 1.0 7.8 11.8 5205 75.0 96.0 10 80 

Gas Space: 100 ml. 

f-J 
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EXPERIMENT N0.2., 

Experimental Condi.tions. 

Date: August 15/70 

Initial Nitrate Concentration 120 mg/l Temperature 27°c · 
Initial Carbon Concentration 120 mg/l Dissolved Oxyg~n O.O mg/l
pH 6.5 Initial Organism Concentration 50 mg/l 

' 

Time ~J03 N02 rrn1 Solids Dissolved Liquid Gas % Soluble Suspended 
hrs.· mgJl mg71 mg7l Total Nitrogen Volume Collected Nitrogen Carbon Sol ids 

Kjeldahl mg/l ml. ml Gas . mg/l mg/l
mg/l 

'o.oo 94.0 0.003 5.0 5.0 11.8 5380 o.o 79.0 120 55 

5.00 $3.0 0.003 0.5 5.6 18.3 5355 40.0 76.5 104 75 

7.33 67.0 0.003 0~4 6.o 22.;0 5330 so.a 78.0 54 70 

9.25 53.0 0.006 o.6 6.8 21.5 5305 145.0 78.0 28 80 

!. 11. 75 52.0 0.003 0.45 7.5 5280 190.0 12 100 

16.70 52.,0 0.00.3 o.6 8.5 18.3 5255 210.0 78.5 14 100 

Gas Space: 100 ml. 

r-' 
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EXPiillIMEr~T NC .3. 

Expe~~mental Conq~t}ons. 

Date: July 21/70 

Initial Nitrate Concentration 40 mg/l Temperature 27°c 
Initial Carbon ' Concentration 200 mg/l Dissolved Oxygen O.O mg/l
pH 6.5 Initial Organism Concentration 50 mg/l 

Time N03 Solids Dissolved Liquid Gas Soluble SuspendedNOf NHJ % 
hrs.• · mg71 mg 1 mg l Total Nitrogen Volume Collected Nitrogen Carbon Solids 

Kjel<lahl mg/l ml. ml Gas . mg/l . mg/l
mg/l 

o.oo 33.o 4.7 0.7 1.8 16.o 5350 o.o 79.0 172 55 

5.43 24.6 9.0 1.2 5325 30. 0 89.5 163 65 

s.70 9.0 9.0 1.0 2.9 5300 80.0 112 75 

9. 50 4.5 . 7.8 1.65 3.0 17.2 5275 120.0 86.o 96 

10.50 3.6 3.4 1.10 l+.8 5250 154.0 85 
' 

11.82 1.2 0.4 1.10 3.0 16.4 5225 180.0 84.5 74 85 

14.00 . 130 
• . 

Gas Space:l25 ml. 

!--' 
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EXPERII•!Er~T NO. 4. 

Experimental ponditions. 

Date: August 3/70 

Initial Nitrate Concentration 120 rng/l Temperature 27°0 
Initial Carbon Concentration 600 rng/l Dissolved OA.7gen o.o mg/l
pH 6.5 Initial Organism Concentration 50 mg/l 

Time 
hrs. 

N03 
mg71 

NO 
mgtl 

NH3mg7l 
Solids 
Total 
Kjel<lahl 
rng/l 

Dissolved Liquid
Nitrogen Volume 

mg/l ml. 

Gas 
Collected 

ml 

% Soluble 
Nitrogen Carbon 

Gas mg/l 

Suspended 
Soli ds 
mg/l 

o.oo 113.0 0.20 14.4 14.4 14.5 5290 o.o 79.0 625 

5.42 102.0 0.20 14·0 14.0 5265 32.5 87.7 625 70 

8.67 66.5 0.10 6.2 . . 15.4 25o0 5240 110.0 . 86.7 590 110 

9.92 . 52.5 0.10 7.9 12.1 5215 150.0 88.5 395 105 

10.97 34.0 0.50 5.8 32.4 5190 215.0 350 115 

12.00 16.0 0.40 3.8 14.• 2 5165 290.0 270 125 

13.08 1.0 0.05 2.0 13.8 31.2 5140 395.0 . 99.0 . 230 . 250 

Gas Space: 225 ml • 

• 
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Experimental Conditions. 

Date: July 21/70 

Initial Nitrate Concentration 
Initial Carbon Concentration 
i:>Ii 

40 mg/l 
1+0 mg/l
8.5 

Temperature 27°c 
Dissolved OX'/gen o.O mg/l 
Initial Organism Concentration 50 mg/l 

Time 
hrs.· 

N03 
mgJl 

NO., 
mg71 

IIB1mg7l 
Solids 
Total 
Kjeld.ahl 
mg/l 

Dissolved Liquid 
Nitrogen Volume 

mg/l ml. 

Gas 
Collected 

ml 

% Soluble 
Nitrogen Carbon 

Gas mg/l 

Suspended
Soli ds 
mg/l 

o.oo 
8.68 

11.00 

13.70 

23.90 

38.0 

27.5 

24.8 

19.8 

17.4 

5.0 

8.5 

8.8 

9.2 

8.6 

2.3 

2.0 

1.0 

0.4 

o.6 

0.9 

5.7 

6.o 

7.2 

5.8 

13.5 

14.5 

14.0 

5260 

5235 

5210 

. 5185 

5160 

o.o 
30.0 

42.0 

60 .. 0 

88.o 

79.0 

80.0 

84.4 

80.0 

82.0 

54 

34 

28 

14 

10 

75 

85 

95 

125 
(15. 6) hrs 

• · Gas Space 100 ml • 

}-' 
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~X,Eerimental Condit.ions. 

Date: July 21/70 

Initial Nitrate Concentration 120 mg/l Tempera.ture 27°c 
Initial Carbon Concentration 120 mg/l Dissolved OA-ygen o.o mg/l 
pH 8.5 Initial Organism Concentration 50 mg/l. 

Time N03 NO;a Solids Dissolved Liauid Gas / 0 Soluble SuspendedNHJ 
(ff 

hrs. mg71 mg/l mg l Total Nitrogen Voiume Collected Nitrogen Carbon 3oi:id s 
Kjeltlahl mg/l ml .. ml Gas mg/l r~/l
me;/l 

. \ o.oo 110.4 5.6 l.o 2.7 13.0 ·532? o.o 79.0 139 65 

8.68 102.2 11.8 0.85 2.4 14.5 5300 30.0 79.5 110 85 

12.42 71.6 22.4 2.9 5275 75.0 43 95 

13.92 68.6 25.4 0!90 4.0 14·2 5250 112.5 91.5 36 195 

16,,75 57.8 26.2 0.70 4.2 5225 150.0 34 180 

22.80 61.5 18.5 0.40 14.0 5200 180.0 96.5 104.0 

· Gas Space: 100 ml • . 

l-' 
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Experiment.al Conditi~ 

Date: August 3/70 
0

Initial Nitrate Concentration 40 mg/1 Temperature 27 C 
Initial Carbon Concentration 200 mg/l Dissolved Oxygen O.O mg/1 . 
t:>!i 8.5 Initial Organism Concentration 50 mg/1 

Time N03 MQ NH Solids Dissolved Liquid Gas % Soluble Suspended
hrs. mg71 ~g?l mg11 Total Nitrogen Volume Collected Nitrogen Carbon Solids 

Kjeldahl mg/l ml. ml Gas mg/l mg/l 
mg/l . 

o.oo 38.95 1.05 7.3 11.5 10.6 5270 o.o 79.0 184 75 

6.oo 28.00 10.80 3.4 12.2 15.5 5245 2.5 96.0 150 BO 

9.92 10.20 9.30 1.6 8.4 5220 30.0 105 

122 12012.00 1.70 1.75 1.0 8.4 33.0 5195 55.0 99.4 

13.50 0.70 0.20 1.7 9.1 5170 77.5 110 200 

-Gas Space: 21)0 ml • 
• 

1--' 
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EY..PERil-1t;l-.:T NO :f)A 

Experimental C~mditions. 

Date: August 26/70 

Initial Nitrate Concentration 120 mg/l Temperature 27°e 
Initial Carbon Concentration Dissolved Oxygen o.o m~/1600 mg/l
pH 8.5 Initial Organ5.s:n Concentra't:ion 50 mg/l 

Time N03 NO? NH Solids Dissolved Liquid Gas 
. 

% Soluble Suspended
hrs. mg7l mg 1 mgtl Total Nitrogen Volume Collected Nitrogen Carbon Solids 

Kjeldahl mg/1 ml. ml Gas mg/l me/l
mg/l 

o.oo 94.5 o.o 0.54 8.7 18.o 5300 o.o 79.0 675 80 

1.76 88.75 0.2 0.46 11.9 5275 50.0 92.0 650 105 

3.80 67.40 4.5 0.38 10.8 . 5250 105.0 98.6 500 

6.64. 32.50 5.0 0.15 12.6 5225 225.0 465 160 

7.60 16.05 li-.O 0.12 12.6 29.0 5200 285.0 98.0 435 220 

8.60 1.00 2.0 0.10 12.6 25.4. 5175 340.0 99.0 340 250 

• · Gas Space: 120 ml. 

"f-' 
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Experimental j!s>nditions .. 

Date: August 15/70 

Initial Nitrate Concentration 120 mg/l Temperature 27°c 
Initial Carbon Concentration 600 mg/l Dissolved Oxygen O.O mg/l 
pH 8.5 . Initial Organism Concentration 50 .mg/l 

'r;T('Time N03 NH~ Solids Dissolved Liquid Gas % Soluble Suspended 
hrs. mg71 :~1·1 mg7l Tot al Nitrogen Volume Collected Nlt:r-ogen Carbon Solids 

Kjeldahl mg/l ml. ml Gas mg/l mg/l
me/l 

o.oo 114.0 0.50 1.05 6.5 10 . 6 5300 o.o 79.0 575 . 75 

7.00 112.0 2.00 7.0 	 5275 17.5 

9.25 . 91.4 4.60 0.,35 . 8.5 18.. 9 5250 32.5 76.0 560 110 

11.50 61.0 5.30 0.25 9.1 5225 72.5 	 490 

14.00 49.0 3.50 0.20 10.5 	 5200 . 127.5 . ' 

190 .. 0 87 .. 6 295 26516.67 	 9.. 40 2.60 0.15 11.0 5175 

295 290·17.67 3.90 0.10 0.. 15 12.5 28.9 5150 225.0 

29.0 5125 250.0 87.3 295 31519~33 0.50 0.05 0.10 12.5 

Gas Space: 120 ml. 
(Gas leak suspected) 

}-..J,..._ ..... 
\,...) 



EXPERII~rsr~ T ~JO. 9. 

ExEerimental Condit~ons. 

Date: August 26/70 

Initial Nitrate Concentration 40 rng/l Temperature 27°c 
Initial Carbon Concentration 40 rng/l Dissolved Oxygen o.o rng/l . 
pH 6.5 Initial Organism Concentration 100 mg/l 

(ff "']']Time N03 NO NH Solids Dissolved Liquid Gas 1o So .uo _e Suspended 
hr.s. mg71 mgtl ·mg11 Total Nitrogen Volume Collected Nitrogen· Carbon Solids 

Kjeldahl mg/l ml .. ml Gas mg/l mgil
mg/l 

o.oo 30.4 1.55 0.7 4.6 16.6 5120 o.o 79.0 65 100 

1.78 23.3 1.70 0.4 6.9 5095 42.0 85.0 45 120 

3.77 ' 19.7 0.25 o.a 7.4 lJ.O 5970 47.0 90.3 125 35 

6.57 19,9 0.06 0.75 6.7 12.6 5045 70.0 89.0 30 : ·135 

Gas Space: 180 ml. 

I-' 

.,f:. 



FV""";to p:f'.: \ T•. ,~r .....:Jl "'. . · ......... 'i'J r' Jf' ~ • ·• ....., u.:_... 

Expertme:nta.l Conditi ons. 
-~-----·----------- ··-

Date: Septerilier 2/70 

Initial Nitrate Concentration' 120 mg/J. Tempera.ture 27°C 
Initial Carbon Concentration o.. oo mg/l1.20 mg/J_ Dissolved Oxygen 
pH 6.5 Initial Organism Concentration 100 mg/l 

Time 
hrs. 

"O~\~ 3 
mg71 . I,!O;,t·mg .J.. 

NH_:;, 
mg1 l 

Solids 
Total 
Kjel<lahl
m,.-/,
l ~ ..L. 

Dissolved Liquid 
Nitregen Volume 

mg/1 ml. 

Gas 
Collected 

ml 

o1
/<; 

Nitrogen 
Gas 

Solut~le 
Car~on 
mg/l . 

Susp0nded 
Solids 

10-: P' /1
"'_.yJ -

o.. oo 

3.33 

4. 50 

5.08 

7.00 

9.50 

120.0 

lOOoO 

84.0 

78.5 

62.0 

60.5 

0.08 

0.13 

0.. 10 

0 .. 10 

0.10 . 

0.10 

1.70 

2.05 

0.45 

1.30 

0.40 

1 .. 35 

6.2 

607 

7 .Li

7.7 

8..3 

7.0 

11 •. 0 

18.,0 

16 .. ;i 

., 3 I"J... , • .) 

5339 

5305 

5280 

5?55 

5230 

5205 

. 
o.o 

45.0 

105.0 

135.0 

240.0 

285.0 

79.0 

80 .. 0 

91.4 

83.0 

83 .. 5 

102 

95 

40 

28 

111

12 

130 

170 

130 

150 

150 

215 

· Gas Space: 90 ml. 

t-',._.,_. 
Vl 



EXF'::ERIYil:t:~~ NO .. lOB . -
Exper:i.ment?-1 C~indi.ti ons .. 

Date: August :~5/70 

Initial Nitra.te Concentration 
Initial Carbon Concentration 
pH 

120 mg/l 
120 mg/l 
6.5 

Tempera.t ".lre 27°c · 
Dissolved Oxygen o.o mg/l . 
Initial Organism Concentration 100 mg/l 

Time 
hrso·· 

N03 
mg71 

NO? 
mg/l 

rm ... 
mgtl 

Solids 
Total 
Kjel<lahl
me/l 

Dissoli~ed Liquid 
Nitro(;~m Volume 

mg/l ml. 

G.ra.S 
Collected 

ml 

"" Q 1 ' .,"jlJ v0-1..U:u.e 
Nitrogen Carbon 

Gas mg/l . 

Suspended 
Sol:Lds 
m,s/l · 

o.oo . 
. 2.87 

5.QO : 

7.33 ! 

9.25 ; 

17.67 1 

112.8 . 

90.8 

67.8 

61.9 

56.4 

0.2 

0.2 

0.2 

0.1 

0.1 ' 

3.10 

O•.+O 

0.25 

0.40 

1.10 

0.65 

4.0 

5.0 

4.4 

6~6 

7.0 

10.6 

19.:.1 

24.i~ 

5120 

5095 

5070 

5045 

5020 

Li-995 
• 

o.o 
40.0 

100.0 

160.0 

175.0 

185.0 

79.0 

84.0 

.71.0 

79.0 

79.0 

83.0 

130 

84 

74 

68 

26 

19 

. . 
80 

l '"'1't::,_, 

1 00 

llj-0 

135 

Gas Space 180 ml. 

.S: 
CJ' 



T,'y-r.:· ·~;·o I ''.'l':."' >.: r' 1\T O 11 
~~~~~:...:.'-~ 

Experj_rn~ntal J~~d:i~i ems,. 

Date: September 2/70 

Initial Nitrate Conce:r..tration 40 mg/l 'l'emperaturo 27
0 

C . 
Initial Carbon Concenti--ation 200 mg/l Dissolved Oxygen 0.0 mg/l . 
pH 6 .. 5 • Initial O:cganism Concentration lOOmg/l 

Timo 
11?.. Sw 

N03 
mg71 

NO? 
mg/l HHlmC" l0 

Solids 
Total 
Kj eldahl 
mg/l · 

Dis solired Liquid 
NitrogHn Volu.me . 

mg/l · ml. 

Gas 
Collected 

ml 

% 
Nitrogen

Gas 

Soluble 
Car~on 
mg/l. 

Suspended 
Solids 

zr..g/l 

o.. oo 32 .. 5 0.35 l .. 00 4.,2 14.0 5275 o.o 79.0 183 80 

3 .. 00 26;5 0 .. 20 0.45 3.4 5250 15 .. 0 82.4 155 110 

4.25 11.0 0.10 0.25 
. 

3.9 15~1 5225 42.0 87.2 125 

6,,17 3.5 .0.23 0.20 5.7 5200 107.0 83.2 90 120 

8.67 3.0 . 0 .. 60 0.35 6.2 13 .. 2 5175 120.0 ·a9.o 73 135 

Gas Space: 125 ml. 

f-'
+
-....) 



------EXF' It:RII1121 ~i r i'!O .12 


Experimental 12;:mdi:ti 01~ 


D.s.t0 :Novembe:,:- 26/70 


Initial Nitrate Concentration 120 mg/l 
Initial Carbon Concentre;.tion 600 mg/l
pH 6.5 

Time NO-:i NO Solids Dissol·rndNHf 
rr 1
hrs.;· i:ig71 mgtl m0 .... Total Nitrois·3n 

Kjoldahl mg/1 
mg;'l . . 

o.oo 105.25 0.75 11.0 7.0 11.i 


. 5.08 64.20 27.80 s.o 9.8 12.) 


6.oo 43.20 28.80 4.7 .14.3 13.1 


6.50 18030 25.70 

7.00 L.,,. 70 10 .. 30 3.0 18.6 


1. 50 1.25 0.75 . 2.0 20.0 lSr;l 

8.33 0.05 . 0.45 1.3 28.5 12.5 

Temperature 270c · 

Dissolved O:~ygen O.O mg/l . 

Initial Organism Concentration 100 mg/l 


Liquid Gc-,s 0 co11i1-1le/0 .... , -· .••. - Susp'~l'..ded
Volume Collected Nitrogen Carbon Sol:Lds 
ml. 1-r..U. Gas r.lg/l . Il' ··G--/1.._ 

5130 o.o 79.0 5S5 80 


5105 120.0 85.0 450 110 


5oeo 175.0 95.4 385 200 


5055 225.0 345 210 


5030 280.0 335 215 


5005 385 .. 0 94.5 . 310 210 


.4980 445.0 . 90.0 295 210 


Gas Space: 170 ml. 

f-' 
.r::
(x;. 



EXP:ERIMr::u NO .13._ 

E~perimental J~)nditl_O!~ 

Date :Novembe:'." 4/70 

Initial Nitrate Concentration 40 mg/l 	 Temperature 27°c 
Initial Carbon Concentration 40 mg/l 	 Dissolved Oxygen o.o mg/l · 
pH 	 $.,5 Initial Organism Concentration 100 mg/l 

' 

Time N03 	 NO?. NH~ Solids Dissolved Liquid Gas. ~0 Soluble Suspei1d.ed 
mr:-"11hrs.· mg71 o/- mg?l Tota.l Nitro.?;::m Volume Collected Nitrogen Carbon Sol:Lds 

K . "'d • 1 11 1• 	J0.J.. · an mg ·- m • ml Gas . mg/1. lli8/l
nir,./l. Q 

o.oo 44.0· 2.0 3.0 5.1 11.15 5300 o.o 79.0 62.0 90 

l2.00 15.9 17.6 2.0 5.3 5275 17.5 86.o 3s.o 120 

17.20 8.1 17.9 . . 1.5 7.0 . 18.J 5250 65.0 84.,5 14.0 125 

19.75 9.4 11.0 .. 1.0 s.o 	 522$ 90.0 14.0 

26.25 7.5 9.5 0.3 5.4 16.) 5200 105 ~ 0 91.0 ll-1- .o 125 

• 	
Gas Space: 140 ·ml • 

:-' 
~ 
'-0 

http:Suspei1d.ed


EXPERIMENT N0.111-. 

Experimental Cond~tions. 

Date:September 9/70 
. 0 

Initial Nitrate Concentration 120 mg/l Temperature 27 C 
Initial Carbon Concentration 120 mg/l Dissolved Oxygen O.O mg/l
pH '8.5 Initial Organism ConcentrationlOO mg/l 

Time N03 NO NH Solids Dissolved Liquid Gas % Soluble Suspended 
his. mg71 . mg?l mg'l Total Nitrogen Volume Collected Nitrogen Carbon Solids 

Kjeldahl mg/l ml. ml Gas mg/l mg/l. 
mg/l 

o.oo 103.0 
' 
2.0 4.5 5.5 12.6 5385 o.o 79.0 100 110 

3.50 . 92.0 5.0 . 5360 10.0 68 

6.oo 77.8 6.7 6.4 6.7 17.2 5335 56.0 96.2 41 170 
{5,7 · hr)

7.10 69.8 7.2 3.0 7.0 23.2 5310 85.0 93.0 22 165 
(6. ?'hr)

7.70 65.0 6.9 0.3 7.4 5285 100.0 16 

11.00 63.0 7.0 0.4 6.6 13.5 5260 150.0 94.1 15 170 

Gas Space: 120 ml. 

f--' . 
\.J"'; 
C) 



EXPERI~N'L NOJ.5 A 


ExEerimental Condi~ions. 


Date: September 9/70 


L'litial Nitrate Concentration 40 mg/l Temperature 27°c 
Initial Carbon Concentration 200 mg/l Dissolved Oxygen o.o mg/l
pH 8.5 Initial Organism Concentration 100 mg/l 

Tir;ne (ffN03 NO Solids Dissolved Liquid Gas 7o Soluble Suspended
hrs. mg7l mg?l NH'1 Total Nitrogen Volume Collected Nitrogen Carbon Solidsmg 

Kjeldahl mg/l ml. ml Gas mg/l mg/l
mg/l . 

o.oo 37.75 1.25 3.8 5.9 10.5 5315 o.o 79.0 208 ll.i-5 

2.00 37.75 0.75 5290 o.o 

3.50 24.60 0.40 4.0 6.o 18.9 5265 17.0 8L1-.0 

4.50 12.00 .. 0.50 4.0 7.5 521+0 32.0 

5.70 2.25 0.75 5.8 7.9 5215 50.0 106 250 

6.60 2.60 0.40 5.2 7.0 23 .~. 5190 85.0 99.0 235 

8.20 3.20 a.so ; 4.5 5.2 5165 90.0 95.0 95 250 

11.00 0.70 0.,30 3.8 8.2 20.8 
• 

5140 110.0 
. 

96.2 88 270 

Gas Space: 70 ml. 

r 
\ Ji 
r 



EXPERIMENT N0.15B 

Experimental Conditions. 

Date: September 15/70 

Initial Nitrate Concentration 4.0 mg/l Temperature 270 C 
Initial Carbon Concentration 200 mg/l Dissolved Ox-1gen o.o mg/l 
pH 8,5 Initial Organism Concentration 100 mg/l 

Time NO~ \\'O NH... Solids Dissolved Liquid Gas Soluble SuspendedN ? % 
hrs. mg71 mg/l mgfl Total Nitrogen Vol'tune Collected Nitrogen Carbon Solids 

Kjeldahl mg/l ml. ml Gas mg/l mg/l 
mg/l 

o.oo 36.4 2.60 4.0 6.3 14.6 5495 o.o 79.0 196 140 

3.20 ·33.0 5.00 21.6 5470 15.0 

4.50 21.2 6.80 3.5 8.9 541+5 25.0 87.5 150 144 
5.20 17.0 4.30 5420 45.0 

5.67 7,5 3.50 2.7 6.9 5395 57.5 91.5 126 

6.93 3.5 0.50 2.0 7.0 5370 85.0 120 205. 
.8.05 3.0 0.50 1.6 6.9 

. 
534.5 100.0 89.5 112 260 

8.67 2.1 0.45 1.4 6.3 18.1 5320 105 .o 87.5 

10.90 112 280 

f-' 
\Jl 

Gas Space: 140 ml :\.) 

(Gas leak detected). 



EXPERIMENT N0.16 

ExEerimental Conditions. 

Date: Septemb er 15/70 

Initial Nitrate Concentration 120 mg/l Temperature 27°C 
Initial Carbon Concentration 600 mg/l Dissolved Oxygen o.o mg/l
pH 8.5 Initial Organism Concentration 100 mg/l 

Tizrie 
hrs. 

N03 
mg71 N~m 1 

NH~ 
mg 1 

Solids 
Total 
Kjeldahl
mg/l 

Dissolved Liquid 
Nitrogen Volume 

mg/l ml. 

Gas 
Collected 

ml 

% Soluble 
Nitrogen Carbon 

Gas mg/l 

Suspended 
Sol ids 
mg/l 

.. 

o.oo 
4.50 

6.17 

6.90 

8.03 

9.08 

10.10 

10.70 

10608 

86.2 

70.5 

58.4 

~. 8,,9 

-~31.8 

7.5 

0~25 

1.20 

7.00 

6.65 

6.65 

7.30 

7.15 

5.00 

0.25 

2.5 

l ·.o 

0.75 

0.15 

0.10 

0.10 

8.8 

8.2 

10.5 

10.15 

10.85 

10.7 

10.8 

10.6 

15.0 

15 .1 

15.2 

16.5 

21.5 

• 

5140 

5115 

5090 

5065 

5040 

5015 

4990 

4965 

o.o 
Lt2 .5 

100.0 

137.5 

195.0 

245.0 

302.0 

327.0 

. 

79.0 

83 o5 

83. 5 

88.o 

95 ., 0 

99.5 

. 485 

395 

365 

330 

310 

270 

260 

230 

1.40 

200 

155 

235 

195 

200 

245 

Gas Space: 125 ml. ~ 
\.J1 
\.;.) 



EXPERIMENT N0.17 

Experimental Cond~tions. 

Date: Janurary 5/71 
0

Initial Nitrate Concentration 120 mc/l Temperature 27 C 
Initial Carbon Concentration 40 mg/l Dissolved Oxygen O.O mg/l 
pH 6.5 Initial Organism Concentration 100 me/l 

Tiµi~ N03 N02 NH Solids Dissolved Liquid Gas % Soluble Susr:>ended 
hrs. mg71 mg/l mgtl Total Nitrogen Volume Collected Nitrogen Ca.rbon Solids 

Kjeldahl mg/l ml. ml Gas mg/l mg/l 
mg/l . 

o.oo 116.9 3.1 3.2 3.2 11.7 5385 o.o 79.0 50 65 

1.00 112.3 5.7 2.5 4.0 5360 7.5 76.5 46 

4.00 87.5 20.5 2.0 4.4 16.3 5335 30.0 80.0 12 80 

5.00 85.0 21.0 1.5 4.5 5310 35 .. 0 


8.oo 83.5 24.5 2.2 4.2 12.5 5285 45.0 87.0 9 88 


13.25 81.8 22.2 3.. 4 3.0 11.5 5260 60.0 96.0 7 55 

. Gas Sµi. ce: 75 ml. 

1-' 
V1 



EXPERIMENT NOJ.8 

Experimental Conditions. 

Date: Janurary 5/71 

Initial Nitrate Concentration 40 mg/l Temperature 27
0 

C 
Initial Carbon Concentration 120 mg/l Dissolved Oxygen O.O mg/l 
pH 6.5 Initial Organism Concentration 100 mg/l 

Ti.II1!3 
hr·s. 

o.oo 
2.00 

5.00 

5.70 

9.25 

10.25 

13.25 

N03 
m.gJl 

54.0 

·43.0 

13.3 

6.o 

~--4 

2.9 

2.9 

NOz 
mg;l 

2.0 

s.o 
25.7 

28.0 

1.6 

1.1 I 

1.1. 

NH 
mg/l 

3.4 

7.6 

.5.4 

Solids Dissolved Liquid 
Total Nitrogen Volume 
Kjeldahl mg/l ml. 
mg/l 

2.8 12.3 5310 

52$5 

5260 

5235 

18.2 5210 

1.6 5185 

2.4 17.7 • 5160 

Gas 
Collected 

ml 

Gas 

Leak 

. 

% Soluble 
Nitrogen Carbon 

Gas rng/l 

79.0 . 126 

89.0 74 

96.0 53 

95.0 30 

,Gas Space: 100 ml. 

Suspended 
Solids 
mg/l . 

75 

65 

100 

(8hr) 


125 

1--' 
\..fl 
\Ji 



EXPERI1'1ENT NOJ.9 

Experimental Conditions. 

Date: January 5th, 1971 

Initial Nitrate Concentration 120 mg//l Temperature 27
0 

C 
Initial Carbon Concentration 40 me 1 Dissolved Oxygen 0.0 mg/l 
pH 8.5 Initial Organism Concentration 100 mg/l 

Tipie
hrs. N01 

mg71 
NOz 
mg;l 

.NH3
mg7l 

Solids 
Total 
Kjeldahl 

Dissolved Liquid 
Nitrogen Volume 

mg/l mlo 

Gas 
Collected 

ml 

% Soluble 
Nitrogen Carbon 

Gas mg/l 

Suspended 
So.lids 
mg/l 

mg/l 

o.oo 117.6 2.4 3.9 5o4 12.2 
' 

5220 o.o 79.0 42 122 

3.00 105.0 16.o 2.5 5.2 5195 2.5 118 

5.50 l02o0 12.0 2.0 5.8 . 5170 12.5 86.3 35 

s.oo 81~.8 21.2 1.8 6.0 18.o 5145 25.0 93o0 30 136 

. 13 .25 84.2 19.8 2.2 5.6 17.5 5120 32.5 S7.5 9 -, l,. 
_, 
r:, 

• 
·cas Space: 120 ml • 

~ 
\ Jl 

a~ 
(> 

• 



EXPERIMENT N0.20 


Experimental Conditions. 

Date: Janurary 5/71 
0Initial Nitrate Concentration 4.0 mg/l Temperature 27 C 

Initial Carbon Concentration 120 mg/l Dissolved Oxygen o.o mg/l
pH 8.5 Initial Organism Goncentration100 mg/l 

Tirne 
hrs. 

N03 
mg71 

NO 
mg71 

NH1
mg7 l 

Solids 
Total 
Kjeldahl
mg/l 

Dissolved Liquid 
Nitrogen Volume 

mg/l ml. 

Gas 
Collected 

ml 

% Soluble 
Nitrogen Car.bon 

Gas . mg/l 

Suspended 
Solids 
mg/l 

o.oo 47.7 2.3 5.3 2.1 11.5 5290 o.o 79.0 126 85 

2.00 42.5 3.5 5265 7.5 120 

4.40 23.0 18.o J.O 5.0 12.3 5240 17.5 97.6 . 115 

5.00 16.8 18.2 2.9 4.7 ' 5215 37.5 68 

6.30 5.5 15.5 5190 107,.,5 50 

s.oo 4.5 0.5 2.0 6.4 12.5 . 5165 145.0 
. 
. 98.6 30 95 

13.25 1.7 0.3 1.8 5.6 51Li.O 190.0 97o5 24 120 

Gas Space: 60 ml. 
~-' 
\.Tl 
- .J 



EXPERIMENT N0.21 


Experimental Conditions~ 


Date: May 19 1970 


Initial Nitrate Concentration 120 mg/l Temperature 27°c 
Initial Carbon Concentration 200 mg/l Dissolved Oxygen O.O. mg/l
pH $.O I nitial Organism Concentration 50 mg/l 

Time N03 NOz NHJ Solids Dissolved Liquid Gas % Soluble Suspended
hrs. mg71 mg/l m.g l Total Nitrogen Volume Collected Nitrogen Carbon Solids 

Kjeldahl mg/l ml. ml Gas · mg/l mg/l
mg/l 

o.oo 87.6 0.4 2.4 3.6 15.2 5340 ·o.o 79.0 245 25 

6.30 82.J 2.7 1.2 5315 25.0 220 

9.20 . 68.7 2.3 0.9 4.0 22.2 5290 75.0 96.o 175 

10.80 61.0 4.0 0.4 4.4 5265 110.0 125 

13.10 34.6 9.4 o.o 6.2 25.7 5240 185.0 98.5 65 70 

15.10 10.7 12.3 o.o 5215 250.0 - 98.5 25 120 

~ 9 c:. 016.40 0.4 9.6 o.o 7.1 25 . 5 5190 t::. /. 95.3 18 85 
. 

• 

Gas Space: 180 ml. 

I-' 
\.rt 
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EXPERIMENT N022 

Experimental Q£nditi ons. 

Date: June 5/70 

Initial Nitrate Concentration· 100 mg/l Temperature 27°c 
Initial Carbon Concentration 200 mg/l Dissolved Oxygen o.o mg/l 
pH 888 Initial Organism ConcentrationlOO mg/l 

Ti!{le
hrs. 

N03 
mg71 

NOz 
mg;l 

NH 
mgJl 

Solids 
Total 
Kjeldahl 

Dissolved Liquid
Nitrogen Volume 

mg/l ml • . 

Gas 
Collected 

ml 

(ff
70 Soluble 

Nitrogen Carbon 
Gas mg/l 

Suspended 
Solids 
mg/l 

mg/l . 

o.oo 80.2 5.34 4.5 5.4 13.5 5410 o.o 79.0 210 
•.. 

0.85 77.1 6.44 4.0 5.9 5385 10.0 86.5 150 60 
2.18 72.2 5.28 3.6 6.o 5360 20.0 155 50 
3 .. 18 69.3 4.23 3.3 7.8 22.7 5335 35.0 95.0 147 65 

4.85 64.7 2.84 3.5 7.6 5310 ·55.0 144 90 

8.33 62.8 0.15 3.0 9.0 17 .. 5 5285 65.0 ' 99.0 138 105 

• G?-·s Space:125 ml 

~ 
\J1 
\:j 



EXPERIMENT N023 

Experimental Conditions. 

Date: June 19/70 

Initial Nitrate Concentration 120 mg/l Temperature 27°c 
Initial Carbon Concentration 300 mg/l Dissolved Oxygen o.o m[/l
pH 6.0 Initial Organism Concentration 50 mg/l 

Time N03 NOz NH?. Solids Dissolved Liquid Gas % Soluble Suspended 
hrs. mgJl mg;l mg7 l Total Nitrogen Volume Collected Nitrogen Carbon Solids 

Kjeldahl mg/l ml. ml Gas mg/l mg/l 
mg/l 

OaOO 62.9 0.1 0.2 3.7 13.6 5360 ~ ' 0 .~'0 79.0 264 40 

6.60 51.8 . 5. 2 O.l 6.o 5335 30.0 81.5 164 50 

9.00 45.8 4.7 0.1 J.7 14.1 5310 50.0 85.0 140 90 

10.00 31.5 I+. 5 0.1 5285 120.0 89.5 96. 

12.20 2.2 o.8 0.1 5260 155.0 ; 94.0 84 100 

12.60 o.6 0.4 0.1 7.0 5~35 170~0 70 
.26.60 o.o 0.2 0.2 7.3 l~.2 • 5210 220.0 . 99.5 62 

Gas Space: 145 ml. 

}--J 

0 ' · 
0 



EXPERIMENT N0.24 

Experimental Condi.tious. 

Date: June 19/70 

J..nitial Nitrate ConcentrationlOO mg/l Temperature 27°C 
Initial Carbon Concentration 300 mg/l Dissolved Oxygen O. O mg/l 
pH 6.0 Initial Organism Concentration 

Time N03 Solids Dissolved Liquid Gas % SolubleN~ NHlhr·s. mgJl m l mg 1 Total Nitrogen Volume Collected Nitrogen Carbon 
Kjeldahl mg/l ml. ml Gas mg/l
mg/l 

o.oo 62.0 0.5 0.1 3.0 12.3 5320 ·o.o 79 .• 0 250 


6.60 53.0 4.,5 0.2 3.3 5295 20.0 180 


9.00 . 45.5 5.0 0.1 5.3 12.9 5270 45.0 82.5 145 


12.20 25.8 4.7 0.1 7.2 5245 122.5 90.0 100 


12.60 10.5 3.5 0.1 5220 127.5 95 


26.60 1.8 0.2 2.1 5.3 14.0 5195 195.0 99.,0 c; l)
"' -· 

G~s Space: 170 ml. 

50 mg/l 

Suspended 
Solids 
mg/l . 

30 


50 


60 


70 


60 


40 


1--' 
a' 
i--' 



EXPERIMENT N0.25 

Experimental Conditions. 

Date: November 4/70 

Initial Nitrate Concent.ration·120 mg/l Temperature 27°c 
Initial Carbon Concentration 300 mg/l Dissolved Oxygen O.O mg/l 
pH 7.0 Initial Organism Concentration 100 mg/l 

Time 
hrs. 

N03 
mgJl 

NO 
mg?l NH'mg 1 

Solids 
Total 
Kjeldahl
mg/l 

Dissolved Liquid 
Nitrogen Volume 

mg/l ml. 

Gas 
Collected 

ml. 

% Soluble 
Nitrogen Carbon 

Gas mg/l 

Suspended 
Solids 
mg/l 

' . 
o.oo 101.2 5.3 4.4 6.6 11 f/5 5125 o.o 79.0 270 90 

3.00 88.4 19.6 J.O 5. 0 . u .o 5100 65.0 86.5 170 165 

4.92 72.5 20.0 4.7 7.9 5075 195.0 110 195 

5.59 21.1 14.9 3.0 10,,0 19.0 5050 250.0 89.0 63 180 

6.09 7.8 5.7 3.2 ).8 5025 315.0 48 

7.01 0.9 o.6 L,?_ 6()35 22.4 5000 395~0 94.5 42 

Gas Space: 225 ml. 

f-' 
c·\ 
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EXPERIMENT N0.26 

Experimental Conditions. 

Date: November Li-/70 
0 

Initial Nitrate Concentration 120 mg/l Temperature 27 C 
Inj_tial Carbon Concentration 300 mg/l Dissolved Oxygen o.o mg/l 
pH 	 7.0 Initial Organism Concentration 100 mg/l 

Time 
hrs. 

o.oo 
3.00 

4.92 

5.59 

6 .. 09 

7.01 

N03 
mgJl 

101.3 

77.3 

36.2 

4.5 

0.95 

0.45 

NO 
mgJl 

5.1 

19.6 

19.4 

3.5 

0.55 

0.3 

NH 
mgJl 

3.3 

1.8 

3;8 

3.2 

. 2.6 

1.6 

Solids 
Total 
K.jeldahl
mg/l 

7.7 

6 .. 2 

10.6 

9.8 

6.1 

13.2 

Dissolved Liquid
Nitrogen Volume 

mg/l ml. 

11.5 	 5245 

11.6 	 .5220 

5195 

20.0 	 5170 

5145 

27.2 	 5120 

Gas 
Collected 

ml 

o.o 
55 .. 0 

190.0 

255.0 

310.0 

375.c 

% Soluble 
Nitrogen Carbon 

Gas mg/l 

79.0 	 272 

93.0 	 157 

85 

96.5 	 42 

42 

97~5 42 

Gas Space: 	125 ml. 

Suspended 
Solids 
mg/l 

110 


175 


200 


190 


~ 
O'
\~) 

85 



EXPERIMENT N0.27 

Experimental Conditions. 

Date: October 20/70 

Initial Nitrate Concentration 120 rng/l Temperature 20
0 

C 
Initial Carbon Concentration 300 mg/l Dissolved Oxygen o.o mg/l
pH 7.0 Initial Organism Concentration 50 mg/l 

Time N03 NO? .NHJ Solids Dissolved Liquid Gas ~; Soluble Suspended.
hrs. mgJl mg 1 filO' l Total Nitrogen Volume Collected Nitrogen Carbon Solids0 

Kjeldahl mg/1 ml. ml Gas mg/l mg/l
mg/l 

1 ' 

o.oo 107.80 0.20 5.8 3.0 12.0 5280 o.o 79.0 274 60 

12.92 82.25 0.25 4.1 3.3 5255 50.0 172 75 
1$.08 50.65 0.35 1.3 4.5 20.2 5230 155.0 9l!-·o 94 105 

20.84, 29.70 0.30 1.0 4.2 5205 255.0 66 105 
')') 

~, 

58,.... ~. 12.SO 0.20 o.6 6.2 31.0 5180 305.0 98.0 38 110 
0 ' J24.75 1.35 0.15 : ..... s.o 5155 365.0 32, 120. 

• .26.33 0.40 0.10 o.8 7.0 28.l 5130 385.0 99.0 30 

Gas Space: 120 ml. 

i.-1 

-~ 



EXPERIMENT N0.28 


Ex2erimental Conditions. 

Date:October 20/70 

Initial Nitrate Concentration 120 mg/l Tempera.ture 200 
C 

. 

Initial Carbon Concentration 300 mg/l Dissolved Ox-1gen 0.0 mg/l
pH 7.0 Initial Organism Concentration 50 mg/l 

Time N03 Solids Dissolved Liquid Gas % Soluble SuspendedN~hr·s. mgJl m 1 mgNH'l Total Nitrogen Volume Collected Nitrogen Carbon Solids 
Kjeldahl mg/l ml. ml Gas mg/l mg/l
mg/l 

o.oo 111.9 0.10 4.8 3.0 11.8 5245 o.o 79.0 268 60 

9.42 94.7 0.30 3.0 3.2 5220 30.0 .20L:- 50 

12.92 81.25 0.25 2.0 3.4 16.5 5195 40.0 91.0 178 65 

18".08· 50.60 0 .. 40 1.2 3.6 5170 175~0 98 95 

20. 84 27.05 0.45 1.0 3.2 31.3 5.145 265.0 97.0 62 115 

22.70 15.00 0.50 0.5 4.7 5120 315.0 42 

24.75 7.80 0.22 o.6 6.2 5095 370.,0 . 30 120 . . 
26.33 o.o 0.25 o.6 6.o 27.8 5070 395.0 99.0 24 

Gas Space:l25 ml. 
I-' 
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EXPERIMENT N029 

Experimental .Conditions. 

Date: October 22/70 

Initial Nitrate Concentration 120 me;/l Temperature 15°C 
Initial Carbon Concentration 300 rng/l Dissolved Oxygen 0. 0 mg/l 
pH 7 .,0 Initial Organism Concentration 100 mg/l 

'ri.me 
hr·s. 

N03 
mgJl 

NO 
mg?l NH'mg 1 

Solids 
Total 
Kjeldahl
mg/l 

Dissolved Liquid 
Nitrogen Volume 

rng/l mle 

Gas 
Collected 

ml 

% Soluble 
Nitrogen Carbon 

Gas mg/l 

Suspended 
Solids 
mg/1 

o.oo 106.75 0.75 7.3 7.6 12.8 5235 o.o 79.0 268 80 

21.33 84.25 8.75 7.4 6.4 5210 45.0 200 150 

26.00 78.75 9.75 7.3 5.4 16.7 ·5185 75.0 84.0 172 130 

31.83 71.35 10.65 5.2 5.2 5160 140.0 130 135 

. 36.08 59.25 10.75 3.9 7.1 5135 322.0 86 125 

45.50 2.4.0 0.. 10 1.1 9.2 25.4 5110 315.0 98.5 18 155 
. 

• . 
Gas Space: 225 ml 

I-' 

O'
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EXPERIMENT NO. 30 


Ex£erimental Condi~ions. 

Date: October 22/70 

Initial Nitrate Concentration 120 me;/l Temperature 15°C 
Initial Carbon Concentration 300 me/l Dissolved Oxygen 0.0 mg/l 
pH 7~0 Initial Organism Concentration 100 mg/l 

Time 
hrs. 

N03 
mgJl 

N07mg l 
NH 
mgJl 

Solids 
Total 
Kjeldahl
mg/l 

Dissolved Liquid 
Nitrogen Volume 
. mg/l ml. 

Gas 
Collected 

ml 

% Soluble 
Nitrogen Carbon 

Gas mg/l 

Susoended 
Soiids 
mg/l 

.. 
' o.oo 98.75 0.25 6.6 4.4 14.2 

. 
5205 o.o 79.0 268 60 

21.33 8.50 6.6 6.6 5180 35o0 200 140 

26.00 71.40 9.60 6.7 6.o 5155 110.0 167 120 . 

31.$3 61.60 10.l+O li-oB 7.0 5130 195.0 132 125 

36.08 50.35 10.65 3.8 5.8 14.3 5105 245.0 ' 82 .. 0 88 195 

45,.50 0.85 1.65 1.7 9.0 14.5 5080 395.0 97.4 24 145 
. 

• . 
Gas Space: i35 ml. 

f-J 
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EXPERI~lENT N0.31 


Experimental Condit,;!._~ 


Date:October 27/70 


Initial Nj_trate Concentration 120 mt;/l Temperature lo0c 
Initial Carbon Concentration JOO mt:;/l Dissolved Oxygen o.o mg/l
pH 7.0 Initial Organism Concentration 100 mg/l 

~T;i.me NO'l N0 NH Solids Dissolved Liquid Gas /0 Soluble Suspended......,
hrs. mg;l mg11 mgfl Total Nitrogen Volume Collected Nitrogen Carbon Solids ..,

K.i eldahl mg/l ml. m..1. Gas mg/l mg/1
mg/l 

o.oo 113.5 1.5 8.0 6.2 14.3 5260 o.o 79.0 315 
43.15 86.4 . 20.6 7.8 6.3 5235 27.5 ·210 115 

49.15 82.0 20.0 7.5 6.5 5210 80.0 185 125 
51+ .. 52 6$.6 19.4 7.8 9.6 5185 125.0 145 125 

60. 21.,. 4.3. 8 17.2 4.,3 8.3 23.5 5160 190.0 94.0 115 125 

67.16 14.2 11.8 . 2.5 12.5 . 5135 310.0 70 ·145 
. 

70.1~1 1.2 o.s 1.0 lJuO 26.0 • 5110 370.0 97.0 50 155 

Gas Space: 160 ml. 

1---' 
()'\ 
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EXPERIMENT NO ~2 

Ex£erimental Conditions. 

Date: October 27/70 

Initial Nitrate Concentration 120 rng/l Temperature 10°6 
Initial Carbon Concentration 300 rng/l Dissolved Oxygen . O.O mg/l
pH 7.0 Initial Organism Concentration 100 rnc;/1 

'l'ime 
his. 

NO ...).
mgJl 

NO? 
mg l 

NH 
mgll 

Solids 
Total 
Kjeldahl 
mg/l 

Dissolved Liquid 
Nitrogen Volume 

mg/l ml. 

Gas 
Collected 

ml 

" ~o Soluble 
Nitrogen Carbon 

Gas m.g/l 

Suspended.
Solids 
mg/l 

o.oo 113.0 ~.o 10.7 5.6 14.4 5150 ·o.o 79.0 300 

43.15 83 .8 21.2 7.3 6.o 5125 40.0 170 115 

49.15 76.7 20.8 7.0 7.4 15.2 5100 115.0 93 .o ·155 125 

54.52 55.0 19.0 5075 170.0 115 125 
60.24 30.5 17.0 5.1 9.6 22.5 5050 245.0 92.0 85 120 

67.16 1.8 1.2 5o0 10.0 5025 365.0 50 150 
70.41 0.7 0.3 2.3 10.3 25.0 5000 3s5.,o 94.5 45 145 

Gas Space: 250 ml . 

~ 
(}', 
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EXPERIMENT N033 

Experimental Conditions. 

Date: November 24/70 

Init.ia.l Nitrate Concentration 120 mg/l Temperature 50 
C 

Initial Carbon Concentration 300 mg/l Dissolved Oxygen O.O mg/l 
pH 7.0 Initial Organism Concentration 100 mg/l 

Time 
his. 

48.00 

55.00 

62.10 

72.10 

78.80 

84.70 

98.10 

N03 
mg71 

91.1 

68.1 

55.6 

39.2 

23.2 

7.0 

NOmgfl 

13.9 

27.9 

27.4 

26.8 

26.8 

3.0 

NH 
mgll 

Solids 
Total 
Kjeldahl
mg/l 

Dissolved Liquid 
Nitrogen Volume 

mg/l ml • . 

Gas 
Collected 

ml 

% Soluble 
Nitrogen Carbon 

Gas mg/l 

Suspended
Solids 
mg/l 

7.2 4.4 16.4 5250 20.0 95.6 236 80 
7.7 6.6 5225 65.0 200 135 
6.1 4.3 18.2 5200 100.0 93.0 180 120 

5.2 9.8 5175 160.0 174 

4.9 12.7 19.l 5150 205 .. 0 93.0 124 160 

3.6 11.4 5125 245.0 106 155 

4.9 11.9 28.3 • 5100 330.0 . 96.o 54 

Gas Space: 110 ml. 

I--' 
--.:i 
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EXPERI.MENT NOJlt_ 

ExEerimental Conditions. 

Date: December 11/70 

Initial Nitrate Concentration 120 Tli.g/l Temperature 5°c 
Initial Carbon Concentration 300 mg/l Dissolved Oxygen O. O mg/l 
pH 7.0 In:.tial Organism Concentration 100 mg/l 

Ti.me N03 NO .NH} Solids Dissolved Liquid Gas % Soluble Suspended 
hr·s. mgJl mgtl mg,l Total Nitrogen Volume Collected Nitrogen Carbon Solids 

Kjeldahl mg/l ml. ml Gas mg/l mg/1 
mg/l . 

' ' 

o.oo 99.0 1.0 8.0 4.0 16.o 5130 o.o 79.0 300 85 

186.80 81.6 8.4 7.8 2.6 16.o 5105 60.0 80.0 255 40 

210.60 73 .2 10.8 6.9 5.4 5080 110,0 92.2 ·215 70 

233·. 60 32.4 21.6 7.0 4.6 16.2 5055 175.0 94.8 165 
. 

238.JO 26 .. 0 20.0 3.8 5.5 5030 235.0 95.6 110 65 

257.50 13.0 20.0 2.6 6.1 16.4 5005 285.0 80 165 
-270.00 o.o 2.0 1.4 7.6 lt;>.3 4980 370.0 . 96.5 190~ 

Gas Space: 195 ml. 

--J 
~_, 

f--l 



EXPERI~IENT N0.35 

Experimental Conditions. 

Date: December 11/70 

Initial Nitrate Concentration 120 mg/l 'I'emperature 5°c · 
Initial Carbon Concentration 300 mg/l Dissolved Oxygen o.o mg/l
pH 7.0 Initial Organism Concentrat.ionlOO mr,/l 

Time 
hrs. 

N03 
· mgJl 

NOz 
myl 

NH 
mgll 

Solids 
Total 
Kjeldahl 
mg/l 

Dissolved Liquid 
Nitrogen Volume 

mg/l ml. 

Gas 
Collected 

ml 

% Soluble 
Nitrogen Carbon 

Gas mg/l 

Suspended 
Solids 

rng/1 

o.oo 117.9 2.6 8.9 3.5 16.2 5155 o.o 79.0 310 
138.10 102.0 4.0 7.$ 2.6 5130 45.0 95.5 270 60 
1$6.80 75.4 21.6 6.9 5.4 17.0 5105 100.0 97.3 205 100 
210.60 58.2 24.8 7.0 4.6 5080 180.0 95.0 185 70 
221.50 37.6 25.4 J.8 5.5 20.0 5055 230.0 99.0 105 85 
233.70 6.2 23.8 5030 285.0 99.0 50 140 

240.60 1.2 5.8 2.6 6-.1 • 5005 34500 . - 95.5 30 170 
257.50 0.4 1.6 l.li 7.6 28.0 49.80 390'.0 99.0 25 225 

Gas Space: 250 ml. 
'(--I 
- --.) 
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' ~~PERIM~~.'.f_J'JO., 36
il . 

E:iweriment§.l_~it~o~~ 
: 

Date: March 5/71 

Initj_al Nitratd~ Con..'.!entration 120 mg/J. Temperature 3°c 

Initial Carbon Concentration 300 mg/l D~i.ssolved Oxygen o.o mg/l . 


.PH 7.0 Initial Organism Con.centrati.on ·100 mr/l 

Time N03 N02 NHJ Solids Diss?lved Liquid Gas % Soluble Suspended 
hrs. mgJl mg/l mr.r',..I.. Total Nitrogen -..roltune Collected N1trogen Carbon Solids0 

mc/lKieldahl rng/l · ml .. ra..l Ge•s !.i'C" /i•.._ ~"'<-.J

ing/1 
~I 

o.oo 117.0 0.2 3.0 7.8 14.5 5360 o.o 79.0 328 

220.00 110.8 . 0.1 5335 60.0. 308 135 

340.00 194.5 0.2 5310 95 .o . 288 150 
440.·oo 93.0 a.o· 5285 120.0 288 155 
510.00 92o2 9.5 5260 130.0· 85.5 230 145 
630.00 57.5 27.5 5235 175.0 218 180 

680.00 44.0 35.0 5210 220.0 . 93.·o 164· 175• 
700.00 38.5 33.5 5185 270.0 114 225 

725.00 0.5 3.5 o.o 12.2 21.0 5160 420.0 99.5 46 270 

Gas Space: 150 ml. 
:· -··' 
-...)' 
w 
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EXPERIMENT N0.37 

Experimental Conditio

Pseudornonas SE : Activated Sludge 
1:1 

ns. 

Date:January 26/71 

Initial Nitrate Concentration 120 mg/l Temperature 27°c 
Initial Carbon Concentration 300 mg/l Dissolved Oxygen o.o mg/l 
pH 7 ~ 5 Initial Organism ConcentrationlO O mg/l 

Time 
hrs. 

N03 
mg71 

NO 
mg?l 

NH1
mg7 l 

Solids 
Total 
Kjeldahl 
mg/l 

Dissolved 
Nitrogen

mg/l 

o.oo 120.0 1.0 s.o 11.9 13.8 

.3.50 ·112.0 5.0 7.8 

5.75 ·60.0 11.5 12.9 

7.50 7.0 4.5 

8.50 8.5 2.0 5.3 16.9 31 .. 2 

10.00 6.5 1.5 4.5 19.5 

10.80 0.5 2.5 3.0 19.5 23.1 

Liquid 
Volume 
ml. 

5130 

5105 

5080 

5055 

5030 

5005 
• 

4980 

Gas % Soluble 
Collected Nitrogen Carbon 

ml Gas m.g/l 

o.o 79 .. 0 . 330 

125.0 255 

225.0 220 

340.0 150 

370.0 92.5 53 

420.0 15-
11-40. 0 99.0 

Gas Space: 170 ml. 

Suspended 
Solids 
mg/l 

130 

. 215 

325 

305 

f-J 
--.J 

·~ 



EXPERIMENT N0.38 ·Pseudomonas sp : Activated Sludge
0.25 : 1.0 

Experimental Conditions. 

Date:January 26/71 

Initial Nitrate Concentration 120 mg/l Temperature 27°c 
Initial Carbon Concentration 300 ffig/l Dissolved Oxygen O.O mg/l
pH 7.5 Initial Organism Concentration 100 mg/l 

Time N03 NO . NH Solids Dissolved Liquid Gas %, Soluble Suspended 
hrs. rng71 mg71 mgJl Total Nitrogen Volume Collected Nitrogen Carbon Solids 

Kjeldahl mg/l ml. ml Gas mg/l mg/l 
mg/l 

' . 

o.oo 132.0 3.0 5.3 10 .. 8 14.0 5130 o.o 79.0 350 . 135 

3.70 117.0 7.5 . 5105 35.0 

7.50 67.5 13.5 4.2 15. 7 19.5 5080 135.0 85 .. 0 175 145 

8.50 59.0 15.0 5055 190.0 120 185 

9.90 34.0 19.0 3.4 17.8 25.2 5030 265.0 93.0 55 . 255 

13.70 6.o 4.0 ,5005 380.0 45 
.21.00 3.0 1.5 2.5 27.2 25.3 4980 420.0 98.5 10• . 

Gas Space: 170 ml. 

I-' 
:J 
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EXPERIJl.!ENT N0?9 Pseudomonas SE, : Activated Sludge. 

Experimental Conditions. 0.5 : 1.0 

Date: January 26/71 

Init:i.aJ. Nitrate Concentration 120 mg/l Temperature 27
0 

C 
In.i tial Carbon Concentration 300 mg/l Dissolved Oxygen O.O mg/l
pH 7.5 Initial Organism Concentration 100 mg/l 

T.t.me 
hrs. 

N03 
mg71 

NOz 
mg;l 

NH 
mgll 

Solids 
Total 
Kjeldahl
mg/l 

Dissolved Liquid 
Nitrogen Volume 

mg/l ml. 

Gas 
Collected 

ml 

% Soluble 
Nitrogen Carbon 

Gas mg/l 

Suspended 
Solids 

mg/l 

o.oo 129.7 0.3 4.5 9.7 13 .9 5215 o.o 79.0 335 145 

5.00 117.0 8.o 5190 35.0 

7.50 58.8 22 .. 2 3.2 llh5 . 25.1 5165 110.0 96.o 120 150 

8.50 40.5 23.5 511.,.0 165.0 85 215 

l"O. 00 7.8 22.2 5115 250c0 55 205 

10.75 3.5 11.5 2.7 19.8 29.3 5090 325.0 97.5 40 220 

11.75 3.5 2.0 • 5065 375.0 25 330 

16.50 5.0 2.1 1.8 25.1 22.2 5040 440.0 98.0 

18.80 470.0 

' . I--' 

Gas Space: 165 ml. ---) 

0" 
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EXPERIMENT N0.40 Pseudomonas SE : Activated Sludge 

Experimental Conditions. 0.0 : 1.0 

Date: January 26/71 

Initial Nj.trate Concentration 120 mg/l Temperature 27°c 
Initial Carbon Concentration 300 mg/l Dissolved Oxygen o.o mg/l
pH 7.5 Initial Organism Concentration 100 mg/l 

Time N03 NOz NH Solids Dissolved Liquid Gas % Soluble Suspende1
hrs. mg71 mg/l mgll Total Nitrogen Volume Collected Nitrogen Carbon Solids 

Kjeld.ahl mg/l ml • . ml Gas mg/l mg/l 
mg/l 

o.oo 134.8 2.2 4.2. 11.5 13.9 5200 o.o 79.0 420 170 
7.50 . 125.l 6.9 5175 25.0 390 160 

21.00 100.4 21.6 4.1 15e6 5150 75.0 87.3 320 

26.50 87.0 25.0 5125 135.0 260 225 

32.50 38.2 22.8 5100 320.0 135 

I33.09 13.7 17.8 3~5 24.2 22.3 5075 390.0 96.2 85 

34. 50 14.1 3.4 • 5050 405.0 . 35 400 

40.50 3.2 8.8 5025 475.0 15 430 

43.75 1.5 l~O 1.5 25.2 21.5 5000 500.0 99.0 

l-' 
---:iGas Space: 200 ml. ---:i 



EXPERil\!ENT N0.41 Pseudomonas sp : Activated Sludge 

Experimental Conditions. 1.0 : o.o 
Date: January 26/71 

Initic.l Nitrate Concentration 120 mg/l Temperature 27°c 
Initial Carbon Concentration 300 mg/l Dissolved Oxygen O.O mg/l 
pH ' 7.5 Initial Organism Concentration 100 mg/l 

. 

Time N03 NH Solids Dissolved Liquid Gas % Soluble Suspended 'N~hrs. mg71 . m 1 mgll Total Nitrogen Volume Collected Nitrogen Carbon Solids 


Kjeldahl mg/l ml. ml Gas m.g/l mg/l . 

mg/l . 


o.oo ·121.5 0.5 3.5 4.8 13 .8 5275 o.o 79.0 310 60 
7.50 98.5 15.5 4.9 5250 25.0 260 . 
9~50 91.0 22.0 · 5225 50.0 245 85 

12.00 87.5 25.0 2.3 5.1 15.2 5200 75.0 87.3 
13.20 68.0 22.0 5175 150.0 155 
14.50 22.5 17.0 0.9 13.5 28.3 5150 275.0 93.0 65 
16.50 1.5 6.o 5125 350.0 35 -.22 .. 00 1.0 4 .. 0 0.5 l/i.. 6 27.2 . 5100 400e0 98.0 25 180 

Gas Space: 125 ml. 

I-' 
'---:1 
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EXPERIMENT N0. 42 Pseudomonas sp : Activated Sludge 

ExEerimental Conditions. 1.0 : 1 .. 0 

Date: Septembe r 30/70 

Initial Nitrate Concentration .120 mg/l Temperature 27°c 
Initial Carbon Concentration 600 mg/l Dissolved Oxygen O.O m~/l
pH 7.5 Initial Organism Concentrat on 100 mg/l 

Time N03 NO NH Solids Dissolved Liquid Gas % Soluble Suspended 
hrs. mg/l m~l mgll Total Nitrogen Volume Collected Nitr ogen Carbon Sol i ds 

Kjeldahl mg/l ml. ml Gas mg/l mg/l 
mg/l 

o.oo 96.9 1.1 10.6 6.8 12.4 5320 o., o 79.0 455 

3.00 Bl+.4 9.6 10.3 6.3 5295 50.0 405 110 

4.40 55.s 23.2 7.0 10.4 12.5 5270 110.0 86. 5 330 140 

·5.50 29.8 22.2 4.5 12.l 5245 200.0 280 160 

6.l:-0 12.2 11.8 4.0 13.2 5220 265.0 245 180 

7.10 2.6 4.4 3.5 13.7 24.2 5195 325.0 90.5 245 160 

9.10 1.2 o.8 2.6 lli-.2 18.3 5170 375.0 . 94.5 . 240 210 
•

10.00 395.0 

Gas Space: 210 ml. 

P-' 
-...J 
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EXPERI~!§NT NO. 43 Pseudomonas S£ : Activated Sludge 

Exp~ri~ep~al~Conditions~ o.6 : l.o 

Date: September 30/70 

Initial Nitrate Concentration 120 mg/l Temperature 27°c 
Initial Carbon Concentration 600 mg/l Dissolved Oxygen O.O mg/l 
pH 7.5 Initial Organism Concentration 100 mg/l 

Time 
hrs. 

N03 
mg/l N~m 1 

NH 
mgll 

Solids 
Total 
Kjeldahl
mg/1 

Dissolved Liquid 
Nitrogen Volume 

mg/l ml. 

Gas 
Collected 

ml 

% Soluble 
Nitrogen Carbon 

Gas rng/l 

Suspended 
Solids 
mg/l 

o.oo 92.5 5.5 10 .. 5 7.7 12.6 5220 d.o 79.0 500 

3.00 89.4 13.6 10.6 5.4 5195 50.0 470 95 
4•1+0 . 68.8 23 .. 2. 8.6 10.8 5170 120.0 3$0 95 

5.50 56.2 24.8 6.5 12.3 51/i.5 160.0 88.5 310 130 
6.40 . 43.6 21.i-.4 3.0 11.5 13 .5 5120 217.5 86.o 295 165 

7.10 28.2 23.8 5.3 13.9 5095 275.0 265 155 

8.10 3.2 5'.8 4.2 15.2 18.6 5070 340.0 89.0 250 180 
. 

• . 
Gas Space: 90 ml. 

r 
~,..·-,,., 
0 



EXPERIMENT NO. !±!+ 


E.!J2.erimental Conditions. 


Date: Juqe 5/70 

0

Initial Nitrate Concentration , 40 mg/l Temperature 27 C 
Initial Carbon Concentration 100 mg/l Dissolved Oxygen 0.0 mg/l
pH 8.5 Initial Organism Concentration 100 mg/l 

Time N03 NOl NH' Solids Dissolved Liquid Gas % Soluble Suspends<l
hrs. mg71 mg 1 mg l Total Nitrogen Volume Collected Nitrogen Carbon Solids 

Kjeldahl mg/l ml. ml Gas mg/l mg/l
mg/l . 

o.oo 39.9 6.1 2.6 8.8 41.5 51,.45 . o.o 79.0 93 
.. 

0.50 37.8 6.8 0.5 5420 75.0 91 150 

1.00 30.4 6.7 0.7 5395 85.0 77 150 

2.30 21.2 4.9 0.1 5370 165.0 37 1?5 

3.30 11.7 6.4 0.2 11.2 32 .. 4 5345 210.0 91.5 27 160 

5.00 0.9 7.1 0.2 5320 260.0 24 190 

8.50 o.o 6.6 0.2 9.5 14.5 5295 320 ..0 95.0 16 215 
. 

• . 
Gas Space: 85 ml. 

I--' 
c~ 
I--' 



EXPERIMENT N0.45 

Experimental Conditions. 

Date: May 28/70 

Initial Nitrate Concentration 40 mg/l 
Initial Carbon Concentration 100 mg/l 

Temperature 27°c 

pH 8.5 
Dissolved Oxygen O.O mg/l 
I niti al Organism Concentrat;ion 100 nig/l 

Time 
'nr·o 

;;) . N03 
mg71 

NOz 
mg;l 

NH 
mg11 

Solids 
Total 
Kjeldahl 
mg/l 

Dissolved 
Nitrogen 

mg/l 

Liquid 
Volwne 
ml • . 

Gas 
Collected 

ml 

% Soluble 
Nitrogen Carbon 

Ga s mg/l 

Suspended 
Solids 
mg/l 

o.. oo 

1.00 

2.lt-0 

4.50 

6.50 

28.5 

25.3 

16.4 

12.1 

7,/7 

4.1 

5.7 

6.1 

5.4 

4.8 

0.4 

0.3 

0 .. 2 

0.2 

0.2 

10.0 

10.l 

10.4 

11 .. 4 

11.4 

25.2 

23 .2 

111-• 5 

5250 

5225 

5200 

5175 

5150 

o.o 
95.0 

Oil 

Leak 

79.0 

99.8 

98.o 

72 

·56 

42 

18 

18 

120 

164 

192 

230 

Ga~i Space: 250 ml. 

I.:_, 
(.;.). 
/\ ) 



EXPERIMENT N0.46 

E~perimental Conditions. 

Date: May 28/70 

Initial Nitrate Concentration 40 m~/l Temperature 27·OC 
Initial Carbon Concentration 100 mg/l Dissolved Oxyge:n. o.o mg/l
pH 8.5 Initial Organism Concentration 100 mg/l 

Time N03 Solids Dissolved Liquid Gas Soluble SuspendedN~ NHJ % 
hrs. mg71 m 1 mg 1 Total Nitrogen Voltune Collected Nitrogen Carbon Solids 

Kjeld.ahl mg/l ml. ml Gas mg/l mg/l
mg/l 

o.oo 29.8 6.4 0.3 7.7 24.9 5410 o.o 79.0 38 130 
0.50 23.6 6.4 0.3 8.5 5385 50.0 ·78 130 
1.50 18.9 6.1 0.2 8.8 22.8 . 5360 100.0 87.0 72 130 
2.40 13.8 6.2 0.2 9.0 5335 130.0 511- 155 
5.00 '7. 5 6.3 Oo2 7.8 5310 160.0 98.0 42 175 
7.00 o.o 3.8 0 .. 1 9.4 13 .8 5285 190.0 98.0 26 165 

. 
• . 

~ 

Gas Space: 110 ml. 

' 0 ). 
\..>J 

J--1 



EXPERIMENT N0.47 

Experi~ental Conditions. 

Date: January 10/71 

Initial Nitrate Concentration 20 mg/l Temperature 27°c 
Initial Carbon Concentration 15 mg/l Dissolved Oxygen O.O. mg/l 
pH 8.5 Initial Organism Concentration lOOmg/l 

rr;i.me N03 NOz . NH} Solids Dissolved Liquid Gas % Soluble Suspended 
hrs. mg71 mg;l mg1l Total Nitrogen Volume Collected Nitrogen Carbon Solids 

Kjeldahl mg/l ml. ml Gas mg/l mg/l 
.mg/l 

0.00 20.0 2.0 2.0 B.8 lJ.8 5400 O.O 79e0 16 125 

5.20 18.2 1.0 5375 11.5 10 

10040 17.4 o.e· 0.9 5365 20c0 9 130 

20.00 14.1 0.2 . 0.4 8.7 14.0 5340 37.5 85.0 • 4 130 

Gas Space: 150 ml. 

i-' 
• CXl. 
~.::-
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EXPERilVJ.ENT NOJJ-8 

Experimental Conqitions. 

Date: January 10/71 
0

Initial Nitrate Concentration 60 rng/l Temperature 27 C 
Initial Carbon Concentration 20 rng/l Dissolved Oxygen O.O mg/l
pH .S.5 Initial Organism Concentration 100 rng/l 

rr;i.me 
hrs. 

NOJ. 
mg/1 . 

NO.., 
mg/l NHJ 

mg 1 
Solids 
Total 
Kjeldahl
rng/l 

Dissolved Liquid 
Nitrogen 

mg/l 
Volume 
ml. 

Gas 
Collected 

ml 

% Soluble 
Nitrogen Carbon 

Gas mg/l 

Suspended. 
Solids 
mg/l 

, 

o.oo 65.0 0.5. 3 .o 8.3 16.2 5350 o.o 79.0 16 165 

3 .30. . 63.0 1.2 5325 21.0 10 170 

6.70 60.5 o.s 0.7 8.2 5315 35.0 $ 

10.00 59.00 0.1 o.;i. 8.5 13.8 5290 55.0 84.2 4 175 

Gas Space: 90 ml • 

• 

f--' 
:'J)/ 
\ .Y1 
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!~11 of t".-1 ·:; c:;:-,:: :ri ":h:nt nl b a t .ch data pro~'uccd curves 

i·rhich could be interc r eted as a n initia l la~ or acclimation 
.J.. ' -' ' 

p 2riod follo~-red b ~r ::. r 2lativcl~r line.:ir remov2l r ate 1-.r:i.th 

r es:)Gct to tir.le . Tl:i.e :J_in'2ar portion o:::' the curve ·.-ras, 

t herefore , fitted •_,rith n leo.st sque.res strai ~r,:i.t line us inc; 

fits of .;o l~rnon::La lEJ .::;reater t ' .:tn first order •:rere also 2 . 

• 
f eature of thi s pro~ram , and a comparison of th e deeree of 

applicability of success ively h i :her o~~ers of ?Olynomials 

v-as det ·2r n ine d by an F- test . 

I~ t he c as e of the temperature dependency of the 

unit c.leni tri.fi cat ion r ate , the d a te. 1·.r:J.3 fi rst transformed to 

l/T vermts lus of the unit denitri f ic 2tion ro.te , o.nd th8 

sen i - lo.::;arit huic !J l ot ..ws th :::n fitted 1:-!ith a strai_:ht line 

us in: the s ame )ro .::;ran . Los transfor:-:1ation of the data doe s 

'·r2i .::;ht the f it a t one end of the da t a r anee , _but a more 

acc ~ 1.rate search tcchni'}ue to det.2:c :- linc~ the curve constant s 

,,,;2 s not considered necesso.r:r for the p11r1Joses of t h is •·.ror1c. 

A c or:ip l ete factori2l d·2Si:2:n as performec1. fo:'.:" t~:.(~ 

fo1.1r fo.0 c~ -'- ..:.:> of'- p 1 ' nit. r ate conccnt r a tion , c a rhon to nitrate_ ,._, o-r"' ... , 

r at io , c.nd or ,::::anism cone entrat i on, at t ·.-ro levels ,,r<-..l. S used to 

http:1-.r:i.th


_ PROGPAM TST <INPUT,OUT?UT,TAPE5=1NPUT, TAPEE=OUTPUTJ 
C R.N.D AHSO N 
C PROGRAM FOR LINEAR LEAST SQUARES FITTING OF Y ~S X BY 
C POLYNO MIALS IN X 
C PROG RAM TAKES THE N DATA POINTS CX,Y> AND FITS POLYNOMIALS OF 
C INCREASING ORDER FOR IN CREASING NUMO~RS OF PTS FROM 3 TO N BY 2 
C AN F TEST IS PERFORMED FOR EACH INCR EASE IN ORDER 

DIMENSIO ~l T C2Q J ) ,z <2Cu) 'A (2G G ) ,B (2uu) ,x (200) ~ Y<200}

DIMENSION YYC20 J J,WC20 J J · 

0I11 Ef.JSIC M R<2 CJ J 
RE A0 < S, 1 ), N0 A TA 
00 102 KKK=1,NOATA
REAO<S,1> NPTS 
DO 100 I=l NPTS 

RE A0 <5 5 2 > f <I J , Z <I > 


1ou · CONTINUE 
J=NPTS 
N=J 
DO 1C'6 I=1 1 J 
XCI> = T<I' 
YCI> = Z<I> 

11.16 CONTINUE 
DO 1C1 1=1,200
ACU=v.o 
B<I>=G. G 

101 CONTINUE 
WRITEC6,3) KKK,NPTS
JJJ=J-2 
I.F CJJJ. GT. 7> JJJ=7 
WRITECG,4)
D0 1 Li 2 M=1 , .J J J 

CALL LESOCA,s,x,v,M,N>

MM=M+l 
YYY=u.~ 

DO 1(~ 4 I=ifM

YYY=YYY+Y C ) 


YY<I>=B<1> 

00 1G4 L=2,MM
LL=L-1
W<I >=B<L> ~ { XCI >) ••LL 
YY<I>=YYCil+IHI> . 

104 CONTINUE 
SUM=G. G 
SIG=O.i.J 
YMEAN=YYY/FLOATCN)
DO 105 1=1,N
RS=<Y<I>-YMEAN)-'1--¥-2 . _.· 

SS=CYCI>-YYCI>J••z . _, 

SUM=SUM+RS 
SIG=SIG+SS 

105 CONTHWE 
RMS=S;G/FLOATCN-MM>
R<1>=C1.0 

RCMM>=RMS 

NN=N-MM 
F=<R<M>•FLOATCNN+1>-RCMM>•FLOATCNN))/RCMM)
FF=<CSUM-SIGJ/FLOAT<MM-1})/RMS 

WRITE<6,5) N,M,RMS,F,NN,FF, CB<L>,L=1,MM>


102 CONTINUE · .
SIOP . 


1-FORMAT<IS> 

2 FORMATCF9.4,F11.4)
3 FORMATCH0,8H RUN NO=,I3,9H NO DATA=,!4)
4 FORMAT<1H0,5X,4H PTS 1 3X,6H OROER,5X,12H MEAN SQUARE,4X,7H F TEST,1

1X13H OF 20X 6H COEFF1 
5 FURMAT<lH ,~X,I3,3X,I3,3X,E14.£,F10.5,I3,F9.4,l,8F14.6}
6 FORMATCE14.6,2I5,2E14.6J

END . 

.. 


http:FORMATCE14.6,2I5,2E14.6J


study the r esponse (unit den i trific ation r 2t2 ) at all 

po :-.; sib l e combinati ons of the vci.r ia.bles ·and l evels of the 

variables . Factoria l desi ~ns are the most efficient 

experimental prO(;:::'D.:Js for evalu.o.tin;'..'.; the ef.:':'ect of the 

f a ctors on the r esponse as lrell as pro vidinc the i nteract ion 

effect of variables on the response . 

The ::::cneral netbod f or constructin~~ u. factorial 

desi~n a t t wo l e v cla of each variable is itemi zed as 

f ollO~"iS : 

1. 	 For f a ctor 1 , s ta1:"'t 'cith -1 , ·+l , -1 , +l , and 
1(" 

cont inue f or all th e 2·· tests . 

• 


2 . 	 .2 or factor 2 stc:.rt ':.ri th the first tv:o t ests as - 1 
' 

t he next t1.\'0 as +l, C'-D c1. tl:e ne;ct. t•::o as -1 etc . 

3 . 	 ?or factor ? sta rt i"Ti th the first four t ests as - 1 , 
.) ' 

the ne xt f n11r as +l , 2nd t he next four as - 1 etc.
' 

i . e . 	 - 1 - 1 , "'." l , - 1 +l, +l, +I - , +l.
' 	 ' 

:
1'or fa ctor 11- , start '>:i th the first e i ght tests as -1 

' 
the next e i c;ht as +l, etc. 

5. 	 Proceed in a s i milar v:ray for all variabl es , i . e . 

x5 , --- etc . until f i nally reachin~ the kthx6 
v&riab.les , xk . 

k- 1 
6. 	 For the kth vari o.ble , start 1-.ri th t h e f irst 2-· t ests 

l' -1 
as -1 , and the next 2-· t ests as +l . 

k 
This method i:·rill yield a l l 2 dist i nct combi nat i ons 

of t}:e variables d thout repetition . Tabl e !~ o. 7 i n the 

/ 
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main body repre sent s a typical desi.':'.,n for four factors at 

t wo leve ls. of each factor, i . e . 16 t ests constitut in[, a 2 
l~ 

f a ctoria l dssicn* 

Calculat i on of ~ffects . For a facto rial desic;n 

the ma i n effects , i. c . the effect on the response (in our 

• t ' • t . ,... .... . t ) . . ,.. 1 l ·icase uni cenJ_ .ri ri c c:L. J.On ra -e J.n i;10vin[:; rror:i. .a 01.·r ._e ve 

of a f a ctor to o. hicll l e v el of a f a ctor , e . g . nitrate 

e;valuc::ted by the fo llowing f ormul a . 

E = effect 
n = number of tests 

yi = r e spons e . 
r espons e = value of dependent variable 

multiplie~ by +l or -1, 
·whi chever ap~'Jlies f or the 
part i cu l ci.r · ex.perinent . 

For ex.ample , f or the first 16 screenin13 ex9eriments 

run, the average effects follovr : 

concentration can :)e 
n 

Nitrate Concentration = 1 x - • 0307 + . 0550 
8 

- . 0678 + .1270 

.0150 ' . 0'1.06·-r 

. 0613 + 

·I .0565 

-i. 0600 . lli-30 

- . 0198 + . 0290 

• 0 5 0[~ . 0710 

- .Jlll + .58Jh 

= •2£23 .or C. 03 /:.C 
8 
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i. e . In incrt~as in[~ the nitrate conc entration fi~on 

40 to 120 n2/l t he unit denitri fic at ion r ate increased 

0. 031;.0 m'.3/1 !~03 as:..:/mz/l or.:;anisms-hr. 

Carbon to Titrat~ Ratio 

- . 0307 + . 0678 

1 - . 0550 + .1270 
8 x 

- •. 0150 + • 0421:. 

- .01.:-06 + .0613 

- ~024.6 + . 0600 

- •.05 65 + .1430 

- .0198 + .0508 

.!_0290 . + ·. 0710 

- .2712 + . 6233 


i.e. In increasin[ the c a rbon to nitrate ratio 

from 1 :1 to 5 :1, · t he unit denitrific ation r a te in.creased 

O.OJi.40 m2:/l NO" as N/ ing/l or .sa.~·dsrns-.hr; 

PL' 
l~ 

:> 

1 
8 x -

-

. 0307 

. 0550 

. 0678 

+ 

+ 

+ 

. 0150 

• 01+06 

- .1270 + . 0613 
O"'l ,,• :( j. Q -t . 0198 

. 0565 + . 0290 

.0600 -! . 0508 

.111.30 . + . 0710 

.56Ji.6 + .3299 


0 . 0293 


http:or.sa.~�dsrns-.hr
http:O.OJi.40
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i. e . In incre D. :3in .:::; t:1c l)~= fror:i 6 .5 to 3.5 , the 

unit denitrification rate decreased 0. 0293 n1~/l NO~ as N/ 
:> 

ns/l orennisms~~r. 
__, 

Or,e;ani sn: ·Concentra tion = lx - . 0307 + . 021,.6 
8 

. 0550 + . 0565 

- . 0678 + . 0600 

.1270 + . 14-3.0 

. 0150 + . 0198 

. 0!.;..06 + . 0290 

-r• OL~2~- I • 050E; 

- . 0613 + . 0710 
-

. 1+3 98 -i- • L:-51:-7 

= . Olh9 or .0019-r 
i. e . In inc reasinc; the orc;anism cone entration from 

50 to 100 mg/l the unit denitrification rate .increas ed 

• 001 ) i~1e;/l no as N/ ::1e/ l or [ anisms - hr .
3 

? 
Aver2<:,c 3ffects of 2"' Facto~"ial Design 
from Table 9. 

Nitrate Concentr ation= (. 0960 + . 0565 - .1290 - 0. 02.Li-§J 
- 2 

Carbon Concentration - (.0565 + . 1290 -. 0960 -. 0246) 
2 

= . 0649 = +.0324 nc 1 l'J O')
.2.. • ,-2 rn..=, 1 orr;2nisms-n.r 



1')3 

Avere. ~e ~ffects of 23 Fc>.ctoria. l Desi en 
fron Tabl e 10 . 

1Titrate Conc cntratior: = 

i (-. 0246 -. o . 019n - 0 .1290 o.ose + 0. 0960 + 0.0565 
L:. 

+ 0 . 0~~06 -:- 0 . 03 21 ; 

= . 0090 DS/l ?03 
r.1.:::;/l o:r sani sr.'ls-hr. 

C ~rbon Concentrat ion = 

-;
1 (-0.0246 - 0 . 0198 0 . 0960 0 . 0321 + 0 .1290 + O. O$j O 
/.} 

+ 0. 0565 + 0. 0406 ) = .0354 

p}I 	= 1(-0.0246 - .1290 - . 0960 - ~0565 + . 0198 + . OCGO 
4 

+ .01.,.06 + .03 21) 
.. 

= • 031L~ m[_s/l H0 / m:/l orGanisms .:.1u:'.3
The i nteracti on effects in D. full factorial desi gn 

can be determined by r:iultiplying t he coded levels of inter

acting factors by the response and then evaluatinG the 

interaction in a si~ilar oannar to the aa in effects. 

Usu.ally i:'."lteractions betvreen mo1,e tho.n t Ho factors are 

consider 8d to b:::: ne s;li _e;ible. A t able for determinin~ the 
.·· 

multipliers for the r esp onse for int eract ion effect s for 

tho 16 screenins expe::..~imel}.ts follo1·rs. 



1 <)'~ 

T:\'JL:'.: EO . 'J-1.- ·-- ·- ----- 
SC 11 ~-~~ ~··T I I'-JC~ 2J:l~~;l ii" :-J flS - I:·:1:;~f~C~~ICI··! :1i1F~C~:3 8 .~.I,CTJJ_,A'I'IOI 1 •-----· 

r, ·\ ,., 
t l. 5 c D ~n 

...!'...\...) A!J l)
n 

u 
0 ::JD CD-'... .LJ 

')TTEJ-:l)t . ~~03 ,., ·'"T u3 J,; - Or.:;anv .,, • 

i·To. iSE1.S--- --·-- 
1 -1 -1 -1 -1 +l +l. +l +l +l +l 


2 +l -1 -1 -1 -1 -J_ - 1 +l +l +l
' 


3 -1 +l -1 -1 -1 +l +l -1 .;..l +l 


L,. +l +l -1 . -1 +l -1 -1 -1 -1 +l 


/ -1 -1 +l -1 +l - 1 +·l -1 +l -·l
" 
6 +l - 1 +l - 1 -1 +l -J_ -1 +l ·-1 

7 -1 +1 +1. -1 -1 -1 +1 +l -1 -1 

• 


8 +l +l +l -1, +l +l - 1 +l - 1 -l 

a 
/ -1 ~l -1 +l +l +l -1 +l -1 -1 


.,

10 +l -1 -1 +l - .L -1 +l +l - 1 - J_ 

11 ""'.l +l -1 +l -1 +l -1 -1 +l -1 

12 +l +l -1 +l +1 -1 +l -1 +l -1 

13 -1 -1 +l +l +l -1 -1 -1 -1 +J_ 

-1-1ll} +l -1 +l +l -1 ' -'- +l -1 -1 +l 

15 -1 +l +l +l -1 - 1 -1 +l +l +l 

16 +l +l +l +l +l +l +l +1 +1 +l 
_. 

Calcula t 'ed of int eraction effect o.: nitro..te 

conccntr2tion e.ncl c ::.:cbon to nitro.te r at io 


Int eract ion effect _. 0550 + 0 . 0307 
-. 0678 + 0 .1270 
-.0406 + 0 . 0150=l x - • OL:.'2h + 0 . 0613n ,...,,,...8 + () Q?J:6 I-·•~) O ) ..... • --·y 

-. 0600 + 0 . 1.1.;.JO or . c903 = .0113 
--,,....---:

-. 0290 + () . ~' 1·9 8. 0 

- . 050$ + 0 . 0710 
-----~--. /i.Q?T + n. t,8?.J.,. 

http:1.1.;.JO
http:nitro.te
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ThG analysis of variance of the effects and inter2ctions 

• • p• .L. •in a facto:cial •iesi[)1 as~3esses Slfnliicance Ges~s 

·rhether or not tl1e observed effect s can be accounted foI' by 

exp e:ci n:ontal error . 'l'he i:!e thods used in an analysis of 

V3.ri ance l eo.d to i:ioan squci.re s for the fact ors an.d inter. 
action.3 b ·2t1·teen factors . If t}rn ?-test sho1·rs a ::-Jean squa re 

to be si.r~ni:Licantly . c;:i? ec.t or t >.2.n the error ::wan s quare 2.t 

a predet eroined confidence l evel, it can be inferred tha t 

cha:'."l.~ in .c: the level of t hat f a ctor sic;nificantly .s.:L'fects t~-1e 

response . 
.. 

The Yates r .~thod ( ~avies 1967) of analysis of variance 

is simpl y a tabula r oethod 1·t~1ich i s p2.Tticularly convenir.;nt 

for e:=;tir.iating the :nean sqlJ.a res vii1en four or mo:r-e facto:cs 

aff8ct the responsa. 

An anc:.lysis of varinnce for the tl:.ro e factors , nitre.te, 

carbon, ci.nd p!i is shoi1n in Table B-3. An 2stir.iat ·2 of the 

error v o.ri a ncc ·was obtainGd by determininr; the v 2.rianc e of 

five repeat experi n·2nt s performed "1.mcler the s 21ne conditions 

;·r.i thin the experime ntal desizn. 

=::xp2ri.m.;~nt [() . 3 0 . 0678 
11 0.0600 

0. 0365 
0 . 01,.90 
0 .02h0 

Confidence Levels 

The 95~ confidenc e l evels for the re : ression lines, 

http:nitre.te
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J\~~/!.J,y :~J(> 07 \:f~-~-I:·.~ rc;~ 
,~C~: - ::~·-=c! r) =~~PJ~(.l: =r-~ 8 

01~ ~anisr:-is --hr' 

Cone e;1 trat:i_on 

I (50 ) d. (100 ) 
· •)II .,JlI 

I ( 6. 5) ___£j rL 51 , .I ( 6 • 5 ) c ( 2 • 5 ) 

I(l :l ). 0307 . 015 . 02Jr6 . 0192 
h ( r: • 1 ) oo·' '7 <' · - ) • • 0!~21~ . 0600 •050(~·- r< : 

I( l : l).0550 . OL06 . 02~0 
b (5 :1).1270 . 0613 . 0710 

Co.lc1..i.l0.t:Lon of ~f:fcctn 

Denit . 

l~nt0 o I :~cB.n sx_l,...Te 


I • c:307 . 0857 ?<~05 0 l·J)R, 
r;. o1; ·~1

,1' 01118• ·- L) .. ... • ,,, 

,,, OO J. / ,?7a . 0550 . 19 Ji.8 .15S"3 •'-:.51;.7 . 2723 . OJ!.;.O . . . (".....,, ,..,
(' / ...,8 

.,, 

' . 1 280 , ,, 

ab . i:2:c . 1037 .1706 •lli-h3 . 0903 . 0113 .000509 
b • ,; Q ( . 0556 . 2iJhl . 3521 ·• Ol:l:.O •0077!+8 -·

,,, c . 0150 . oe11 . 0835 . 157? - . 231r-7 - . 0?93 . OOJi:.l:-3 '•' 

a e • 0!;.06 . 2030 • Ol;.!~ 5 . 191+9 - .121:.5 -. 0155 •00090[~7 
be • Oh2l1• Cl· . ,.. 3ru. .111;.9 • O:?ii2 -.1099 -. 0137 • ()C(j?5!/)ct 

(H\. ] 7c.b c • 0613 . . 121 8 •029li. . 0621 - • v'U - - . 0102 •000/~ l71 
d • 02/:,6 • 02L~3 .1091 ..:. .1212 • 011:.9 . 0018 • 000013.j 
ad . 0565 . 0592 • 011.81 -.1135 . 0163 . OO?O . 0000166 

Q? r.6 - ()') 90 • OOOOt~BfiJbd . 0600 . ...... / . 1219 . -· .) . 0377 • 0011. 7 
abd . lh30 • 01 [.~9 . 0730 -. 085 5 . 0339 • 001;.2 . 000071<'52 
eel . 0198 . 0319 • 03!~9 - • 06:)..0 . 0077 • () (~Ci 9 . 000003 71 
acd . 0290 • n~30 ........ o -. GC 67 - • Ol+i39 - • 011.6 5 -. 0058 • 00013 5111
bccl . 05 0(~ . 0092 . c511 - • Oli.1 6 . 0121 . 0015 . 00000915 
e..bcd . 0710 . 0202 . 0110. -. Ol~Ol • 0015 . 0 002 • 000000111. 

,~~side estimate of error v2riane e .0001 \~:>7? _) 
t "·i lr>d ,., ,_ or, .. 1 co n-Pi r-'e11 "' lnv0l .r.>O"' c: 1 

Of fnjedon 6. 6 :: 000Hi7?. = •00123. 
2...., - , (., _ _._ ..... ctG ;_.,.• , ,...' , __ __ ,._,_· .Cv _....,, ..:... 1: ..1. .), -

All mean sqi.10.res .:=roetter than •00123 a r e si ::_~n ific ant 
0 t tl1 e 

./ , 
e oY"l-P.t l - ---i ·-· ' ,-. r, l c•

J 
v".\v 1 _._ r,·:._,_,·,d p r ·.._., r:1rir'..: :er,.._

1
\. \• - \...•.oi:::

; 
rr 11enlvv ,.... e. •·-~- ,,r; t h •L.. -'~ ··' ;._.\, .. •..:. - !'.In ;!< 
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'1' ·',"IJ T I' 
... ,:·.. ) l.J .J 

1"') ,. rn";' 
. .... '.. ..I.. ......J . 

F2.ctors Listed flccord inri: to Yates 1-let hod (Davte s 1967 ). 

·i 11 r·· r··/l iTQ ~ s F lrrr.- of cell s - hr .- · ·w - .1. •• 3 C..:.•. ... · I u. t..J • 

n F ' ;;;;._:.:_ . 
I ( 6 .5) c (8.5 ) 

· :'.~ it:cite rritratc 
Conccnt r c:ti on Conccntr:::'.tion 

-trL,.o ) e. ( J_2 0 ) T ( I;.C )--Z, \ 2-2( )" 

(']_Or}Car~ on 1(40 ) . 0246 • .._,, . 0321,; V 

- --c;:;-ncent r -'.' t ion 
b (l?0) . 1290 . OSCO • C!;.C6 

Calcu l a tion of :ffocts . 

]e:lit . :tats :=c::an S:::n.wrG 

I . 021+6 . 1206 •3061 . 4866' 
a . 0960 .1855 .1eo5 -. 0Jh2 . COll 
b .1290 . 0519 -. 0011 • l l;.1 6 . 0200 -.-,,_ 

ab . 0565 .1286 - . 03 51 -. 2036 . 0!:-15 -,•.-, 
,. } 0 ,•, 

c . 0198 • 0 71 L:. .Ob+ / -.1256 . 0157 ' •' 

a c . 0321 -. 0725 .0 769 - . 03!:. 0 . COll 
he .oseo . 0123 - . l h39 . 011 8 . 0001 

-·abc .0406 -.047L~ -. 0597 .0 $ 1~2 . 0071 ' •' 

Outside est i 1-:k1. t e of error va riance .0001rt72 

- F test , 2-tailed at 95~ confid~nce level f or 4,1 
cle.:-;r ccs of fr -2 edo r:1 7 . 71 x .oco1 t:72 = •001''" 5 

- Al -1 mean square s .:r eatcr t han •00145 arc sie;ni f ic a nt 
a t t he 95;~, confi den c e l eve l and are marl:ed ~· .rith 
an;:~ . 
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1
., . 

·so ic.ts-·or :~anism c ovnt dci.ta , 10,3 transforned da t a oi' 

unit denitrification rat e ve rsus t emperature r e ciprocal, 

loc transfor~ed dat a of unit denitrific ation data versus 

':rei2;11..t r atio of Pseudomonas/Activatecl Sludr;e, ~rere 

c a lcu l ated from an analysis of va:' irmce .:>{ t he do.ta . A 

sam~le c a lcu l a tion for the 95;·'.'.i confi denc e l}mits on the 

rez,ression line throus h the solids , colony CO 'JJ1t de.t a 

follo~·.rs: 

Re;:ression Lin.r:: Jquat ion . 

Yi = - 32 • L:-4 + l • 3 3 8 X i 

c a lcala t ed fro m dat a t abulated· in Tabl r· 17 .. . 
1~ere Xi = suspended solids concentra tion in ne/l 

Yi = colony count :x:106 

The residual su:n of sq".J.ares is calculated from the 

analysi s of variance below. 

Source of Variance Sum of Squares Degr ee s of I lean 
Fre12 do :-:ri °'~'1"rr.:.;..- .... '~ -U C- ·-

Het;ressio::-1 b]_ (~XiYi-(i?i ) (i.l.:iJ) l 
n 

32-( 00)About Resress ion 3y Subtraction n-2 . -- .JO 

(re s~_dual) (n-~) 
;r • 

2 
1\bout mean z. !. J_  n~l 
(total corr·2cted 


for m_ean) 


for the suspended solids versus colony count line 

http:follo~�.rs
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Sou~ce of Vari anc e Srnn of Squares De:;r2es of Hean 
Fr~edom Sciuare--- _.......___ 


4:;J •.., <->30Rc,sr es:3ion 487, 332 l U / , o 1

About T~e--::-.cession 257, 912 51 
(residual) 

About Ilean 7h5,7hh 52 

The vc.riance .for an:r fut ur a observati on 1i.'a s c a lcu l a t ed. 

acco1~ctint; t o the formul a 

The confi dence l i rai ts ;·rere tL3 n e stabl ished !:'rom 

the fo ll01°.rlri3: -

Lin it = ~- + (va l ue of 2 tailed )- i-c 
t - t est 

o\ .J... t ' 95 ··A f' " • -, 1 t 1:i0 ne > c on~ i c;. en.c e ..Le ve .1e va l ue of the t vro 

t a iled t - t est is t abu l a t ed as 2 . 011 
. I\ ...!.. ,____ 

95;; ~ confiden ce l imit = Yi: .:. 2. 011 yV ( "!~;) 

• 
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1. Carbon - The solubl e c arbon concentration ;,,.ras 

determined usin:; the lecb:1r:tn c2.rbon analyzer as outlined 

in tl1 .. uain body of the report. A t"Di.1. - c~l C'"'Y\bon• (... ._ • qnPl"s"'·""., .__ C..-.. .J.. • :.::1... J ' \.:l 

c .-:i. libr2tion curve of sodium. oxa late st2J1dards is s:Cm·rr1 in 

Ficure C-1. 

2. f-: itrite The nitrite sal~1pl e s in th e rnnce C-1.J m':/l 

nitrite as l'! 1:1er2 perfo rrit:ed a ccordinc to Technicon Auto-

Analyzer Industrial l":et i1od 35-69 ~- r . Sa:.1:;::ile s 1·rith a hir;her 
• 

nitrite concentrat ion ·were diluted to brine then ,,,rj_ thin r anc2 . 

!~ scherwtic of the auto - ana l yzer fl0\'7 sh 2et is s>.01·.rn in 

Fieurc C-2. The reacents and standards utilized in the 

tests are it cmized bclm·r -

Colour Rea~ent -

Sulfanil amide c6n8H2o2s 20 :JE . 

Phosphor ic J,cid l-I3Po4 (co ne . ) 200 ml. 

N-1 Napthyl ethylenediamine d ihydrochloride 
c E11 N? · 2HS1 · 1 .=_~m .

12 ·+ ·
Distilled :-rater q . s . 2 lit res . 


To ap?roximately 1500 ml of distilled ,,r3.ter add 


200 ml of concentrated phosphoric acid and 20 0m of 


( ' r 0 ::i .._ -; -r ~1c.' c es ,... "' l'iT )11 ..... c ... .1, V1....-1...sulphanilaoide . Dis solve co ~pletely. l, -L.....i... .....,. • 

" 


Add 1 gm of N-1 naphthylethylenedianine dihyJrochloride nnd 


http:s>.01�.rn
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FIGURE NO. C-1 
TYPICAL SOLUBLE CARBON 
CALIBRATION CURVE 

CARBON STANDARDS PREPARED 
FROM · SODIUM OXALATE 

"••O 

\ .} 

0 ......--------------~--------~-------~--------------------------------- J0 10 20 30 40 50 60 70 l'0 

PEAK HEIGHT IN UNITS•· 
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FIGURE NO. . C .:2 
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dissolve. Dilute to 2 litres. Add 1.0 ml of Drij-35. 

Store in a cold dark place. Stability one month. 

Standards lCO m[:;/l 

Sodiw.1 nitrite 111a
l. 

·r
-· 

·.TQ2 0. ly926 gm . 

Distilled \·rater q . s . 1 litre. 

Dissolve 0~4926 em of sodium nitrite in distilled 

vmtcr and dilute to one litre. Add 2 ml of r:inrified 

c hloroform p .2r litre. as a preservative . :?re?are v..-orkinr.; 

st2ndards in the r2nee 0.01 n~/l to l.J m:/l in serial 

dilution fo r calibr ution. A typica l calibrat ion curve 

for th·~ analyses per.formed on 1:ove!1ber 4th 1970 is shm·m 
•

in Figure C-3. Ho difficulty v..ras experienc ed in obtair..ins 

a st2ble baselim~ and smooth pea1·:s. 

3. Total Nitropen [je lda~l - Nitrogen analyses in 

the ranee 0-40 m[/l were performed a ccordinc to Technicon 

Auto- analyzer.. Industrial Eethod J0-69A. All r eactor 

samples fell l'°ritr... in thi~~ r 2nee . A schematic of the auto-

analyzer floH sheet i s shm·m in Fic,·ure C-ly. The reacents 

and st~ndards utilized in the tests are itemized as follows 

.Selenium Dio:;dde J.O e;m • 

,Sul~huri. c Acid. (cone) 900 ml. 

Perchloric Acid 6S-70~ 20 r.11. 

Di ~:;solve 3. C gm s e lenium diox ide in ap:n'ox:i.mately 

. 50 ml of distilled Hater u.nd ·add 20 ml of perchloric acid. 

http:ap:n'ox:i.ma


FIGURE NO. C- 3 

TYPICAL NITRITE ANALYSIS 


6~ CALIBRATION CURVE NOV~ 7/70 


-
~ I NITRITE STANDARDS PREPARED 
oi IO 

E 0 1 FROM· POTASSIUM NITRITE 
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FIGURE NO. C-4 
TCT AL MIT:~OGEN (i(JELi:::>A:-iL) (Range: 0-40ppr.i) 
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Add 9GO ml of conc ::::mtrated sulphuri c acid and dilute to 


one litre. IIix and allm1 to cool. Adjust th.P. volume and 


store in e.n amber ::::;lass bottle . 


8odirna ;Iydro:dclc :-?.ea<>:ent. 


Sodiur.'l Eydroxide (r,:a OE) 350 gm . 

Put~{s~;ium Sodiur?1 Tartrate 50 gm . 
i;r~·.TaC t! 0 •?I "' 0-"·' 4"11.,_ 6 N"-i-l'2 

Dissolve 350 cm sodium hydroxide and 50 :::;rn 

potassium .::5odium tart·r2.te in about 700 ml distilled 1·.rater 

in a one litre volwi1etric flask. Allo11 to c ool and dilute 

to volume . Store in a polythylen2 bottle . The potassium 

sodium tartro.te i s added to prevent precipitation of hE~avy 

metal cont e.rninants in the alkaline mediun . 

All:aline :::·hr2nol . 

Sodium Eydroxide, 5H (hOO cm/litre ) 500 ml . 

D' 1 1 • • f • d , t nck1 
L neno , iqui. ie . , aoou . oo ,J 276 ml. 

Slowly add 276 ml of liquified phenol from a 

seps.r2tory funnel to 500 ml 5N sodium h:.rdrox:5-de contained 

in a vesse l surrounded b ;r circulatins cold i.!ater, stirrins 

the mixture continuously. Dilute· to one litre ·with distilled 

vmter. Store in a polyethylene bottle . 

Soc:iui11 LTv" oc'nlo•~i de~ .l. J h , - .I.. • 

Any c;ood conm2rcially avo.ilable household bleach 

havine 0 . 5;~ ava ilable chlorine is suit able . 

Standards - In or~er to a chieve the sreatest accuracy 

from the system it is essential that a carefully assayed 

http:tartro.te
http:tart�r2.te
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iu t ro [_';en containing mat eria l ha vin;~ the sanie rne.trix as tl:e 

se.r:-1ples is u sed for calibra tion. A 1 00 ms/ l solution of 

a:-::monirn11 chloride 1·ras used as a stock solution to prep D.:!'.'e 

s erial dilutions for system c~librati on. 

!U:J.conium Chlo:ci.de '- ~ cn1.3 • ·79 

Distilled ~ .Tat er OS 1 litre ... 

A t ypi ca l calibration curve for the analyses 

performe d on October ~5 , 1 970 i s s ho1,m in Fi 2;u:::·e C-5 . 

The nitrate plus nitrit e in the srunpl e s was 

deto~~ined Pccordins to Technicon ~uto-Analyzer Industri al 

Letho~ 33 - 6T.r for sanpl .es in the ran~e of C to· 2 . 0 rag/l or 

samples dilut ed i:·rith distilled ·wat er to f a ll. within this 

ran_se . The nitrite concentration was deternined separately 

and subtracted to s i ve the nitrate concentration. A 

s c he::-;at ic of' the auto--ana lyzer flou s l:.eet i s sho1·:n in F j_t,lJ.re 

C-6 . The r easonts and standards utilized i n th e tests are 

it emized bcJ.01,r. 

___..___Colour ?.ea r .3nt . 

20 gm .SuJ.fe.n:i.lamicle 

Pho s:::ihoric Acid 

N-1 Fapt l::rl et h:rl enediamine 
Dihydrochl ,_:ride c12H11,.I·T2 · 21:c1 1 C-Il • 

Di stilled ~.Jater qs 1 litre . 

To approximately 1500 ml of distilled .._,rater add 

20C :;-,1 of concentratccl phosphoric acid and 20 r.:1~1 of 

http:Fj_t,lJ.re
http:sanpl.es
http:Chlo:ci.de


FIGURE NO. C-5 

TYPICAL TOTAL KJELOAHL ANALYSIS 

CALIBRATION CURVE OCTe 25/70 
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s1J_lf.Snil2:nc1.e . Dissolv .:::; co rn:) l et cly (b~at if ne c esso.rv). 

Add 1 .:;-m. of I...~ -1 1Iapthyl 2thylencdiamine '.Jihydrochloride 

and di~ ~6lve. Dilt~e to 2 litres . Add 1.0 ml Drij-35. 

Store in a dark cold pl a c e . 

Stock Co~ocr Solution . 

Sul~hate CuSOi. ,,. 2 .5 c;n . · 

Distill ed ':rater qs l litre. 

Dis sol Ye 2 . 5 e;n of cupric sulphate in distilled 

't·!ater 8nd dilu.te to one litre . :-ror~dnr; copr 2r solution 

~·:o.s ti1en pi~epared b :r dilutinz 6.25 ml of t 11e stock solution 

to 2 lit ers ',.rith distilled ,..;ater . 

r.rm .Sodium I'.ydroxide 120 ,_, 

Distilled 1 ~ater qs 1 litre; 

Dissolve 120 Gm of sodirnn hydrox:Lde in 750 r,11 of 

distilled vm.t12r • . All01·t to ecol a.nd dilute to one litre·. 

1Jor-!dnz ~~aOII solution ViB.s th en prepared by dilutine; 100 nl 

of tha stock solution to 1 litre. 

Stock HviJ. r e. zine Sul:n,he.:te-- . --·--
Hydrazine Sulpha te n u tr C'o"' 2 n 1{.• 2 , J .Lr: 

Distilled 'Iat2r qs 2 litre. 

Disse>lve 5l~ . 00 en of hydrazine sulphate in lE~OO ml 

of clisti J. lGd Hater : Dilut c to 2 litres . The solution is 

stable for six months. T!orkin::::; solution ~·w.s t~-i_ en prepared 

b :r clilutint:. 25 r;-i l of stock solution t o one litre. The 

·solution , ~·rhen stored in an o.mbor. bottle , had a useful 



__ 
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of' one month. 

Stc:mdards . 

21 0Potassium Hitrate 0 . 7 <) 9:-i . 

Jistilled Water qs 1 1itreo 

D. 1 c 7?1 n f '1~ro . d. . . 11 l tisso ve J . · ~-o gm o · .:-..i·. in isL.J._ ec Na er anc.l3 
dilute to 1 litre . Add 2 ml of purifi0d chloroform p er · 

litre a nd pre~1are s erial dilutions for standards . A typical 

c alibrat ion curve for the 8.nalyses pe rformed on September 15 

1 970 i s shm..11 in Fi gure C-7 . 

Sanples for free anmonia analysis in the rang e 

· 0-10 mg/l \··rere perfo:nmed ac cordinc to Technico.n Auto 

lmc:.lyzer Industrio.l I'·=ethod 18-69T; . rJo dilution of san!ples 

was required for our reactor studies . A schemati c of the 

auto-anc',lyzer flow sheet is shoi;m in Fi~l.i.re C-8. The 

r2ac;cmts and standards utilized are itemized belou . 

Alkaline Flwnol. 

Similar to tot a l Kjeldahl analysis . 

..._Sod. iu.r:l H'r::JOchlorite 


As per total Kjeldahl analysis . 


Potassium So ;:,~ ium Ta:.'.'trate . 

. 

Distilled 1'Jatei- q. s . 1 litre. 

Dissolv e 200 .zm of potassium sodium t artrate in 

850 ::il of Ji stilled vrater and .dilute to 1 litre. 

http:Fi~l.i.re


FIGURE NO. C- 7 

TYPICAL NITRATE ANALYSIS / 
CALIBRATION CURVE 	 / .0 
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NITRATE STANDARDS PREPAR°ED 
FROM POTASSIUM '. NITRATE 
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FIGURE!. NO. C-8 


AMMONIA IN WATER & WASTE WATER 
(Range - 0- l Op pm) 

NOTE: FIGURES !i~ PAf-:cNTHESES 
REPRESENT FLOW RATES 
IN ML'S/MIH.COLOfW,i ETER RECORDER 

630 mil 


15 mm f c 


' 
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St:;.ndo.rds . 


r~E , Cl as per total Kjeldnhl ana l y'bis. A typical 

. "l

c a libr2.tion curve for the e.nalyses pcn.'fo1,mod on Jtme 19 

1970 i s shoun in Fi .:;u::.~e C-9 . Th:;; 2nr:1 oni .'l cone entr.:.1.ti on 
. 

usua.11~/ c heck,~ d closely ·.-Tith the filtc1"'ed total Yjoldahl 

analysis. 

The ch:ro:.1ato::raphic s~rste ::i used durin:; the 

exp ~rir:lent s (? i sher Gas Partitioner)is Si)e cific o.lly 

de siJi.ed for analysis of mixtures of :::-;:x~cifi c zroups o f 

cases , e . g . hydroEen , oxy~en , nitrosen, ~ethane , carbon 
• 

monoxide , and c urbon dioxide . However , the systen could 

easily be extended to n ixture s of' other c;ases by re1) l accn2nt 

of t he stando.rd colum.ns by othe:rs uh.ich c ould se1)arate th<~ 

. ' ...+r equireQ ;;as nu xc.ures. 

The ope r 2tion of the instruznent i s sho~ ..111 scheuatic ally 

in 7icure C-10. 

L.I .,, 8 .r:> ro r:> C..._ the app2.r a tus contains t;·ro chro1:1a to c;r aphi cii . .L ~ 0 ' 
/ 

systsms ·which are intc1... - d2pcm clent , since the prssence o.f 

on'= colunm influenc es the perfo::....mance o.f the other . :Zach 

colui:m has the un i qu·2 properties thc:'. t arc necessary for 

tho separ~tion of several of ~,~1e cor:ipononts o.f the sampl e 

mi xture . In each case th e properties of the coluEm a re 

c a refully .selected to .::;ive the opti mum results ;-.rith the 

~ases it separates. 

http:colum.ns
http:stando.rd
http:desiJi.ed
http:entr.:.1.ti
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-FIGURE NO. C-9 
TYPICAL AMMONIA ANALYSIS 
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FIGURE NO. - C- 10 
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The prim2ry requirement for..~ the syster1 to 1:ro:d;_: 

i s tho. t o.t any :~:Lv:::;n ti1::e only one con1)on0nt ::;hould be 

po..3sinz throuch one of tho t\'TO dotcctors. This is 

e. ccou~)lishecl by rec;ule.tion of the c8rrie r c;c.s flm·r r ate 

and the colunn len:::,th. I .. second r equir:::;ment i s that 

the conponent separated by Colunn 1 2nd recq:;.~c~cd b:r Detector. 
1 sl10uld be absorbed b:r the second column. Thirdl y , the 

cor:pounds seps.rated by Col1r:n 2 s1:.onld not be sep2.r2.ted 

or affected by Colu.mn 1. Consic;quently there wil l be only 

one p22.k for eo.ch co:.iponont. 

A col1_u:111 syston c ons istin_::; of 21 n of silica e el 

in the cohu:m 1 positi on, fol lo•·red b:r 13 f c; ct of molec1.J.lar 

sieve lJX, the silic a eel coluri'n separat2s c arbon dioxide 

from air i:ii xtures ·while the nole culor sieve colw:m separates 

nitro,:en oxy::;en and nitrous ox:L O. e 1·;hile abso2.~bin.:::; carbon 

dioxid e and ·Nater vapour. Usin.= G. l:.eiitm carrier c;as flm·.r 

rate of 50 ml/min vr:i. th a chromatosraph sensitivity of 

adequate separation of these eases could be a chieved 1:ri th 

a r r3 corde:c' speed of 1 inch per minut e and a scnsit i vity 

of 100 n"!illivolts full scale deflection as shm·.rn in 

::::'::i...zure C-11. Tho coluEms 11ere c 2.librateJ periodically by 

the injection of ~mm·m percent Cl[;3 :.1ixtures of c e.sos. 

linear relo.t:ionship vras ob t ained ·bet1.-reen area under the 

peaks versus percent sa:-:1ple concentr2.ti on for tlH3 0.5 ml 

sanples as shm·:n in Fi.sure c:..12 for nitroz.;cm ~-:;as . Due to 
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una void2.bl 2 ab so!'."'b::t:'lcc c .:' quantities o-2 'i.Te.tcr va;?our on . 

t he molecalo.r sieve columns sepci.rc.tion of t h e · pea'.zs 

:\ c~-ie clc '. -r-J. s :na intaine d on the effe ctiveness of 

the c a libra tion curve s J :r runninc an a; ,... 

•..-ri t l1 each lm1rnm·m :;2s co ~18entrc.tion. As necessary, t · 1° 

n ol':)c ul e.r s ieve colur::ns ,.,·.re.re r ::.:;encratod by he ci.tin .=: the · 

colu;T:1s to 400° c in n r:n.i?flc .furnace for 21+ hol.E~s Fhile 

..... 
7. 	 Dis0olv2d I"itro "'cm ~\n -~l·.rsis - after S',·rinn :;rton et ~ J. 

The dissolv:; C. nitro zcm conccntr2tion :0.s dcter:lined1·

by injectin: a 0 .5 ml liquid sa~?le into a 40 m2 16nz by 

10 ".'" lC1. 3S 
'--' 

c;a s ~· -~.:t s bubbled C?. t t:ie r a te of 50 :al/r::in . The ca s e s 

scrubbed fror.1 t h e liquid sa~:qle b ~ · the h elh1""":1 Here then 

ce.rried thro u_sh a J/SIT diar:1.Jter 'polyeth:rlene tube filled 

to 20 

carried alo~c: .:;a scs. 

absorb ed any wat Gr -vapo1J.:r. 

'T'he (:'as2s were t hen passed 

throuch the same chro:·1ato .::;raphic collu;1ns in t~1e Fisher 

partitioner as were used f6r : as analysis. ·~th the 

chrot1ato:::;rapl1 sensitivity set at loo;~ and the recorder 

at 1 inch per I:J. inute :m l'.5. tb e 1 1"i:7 sensitivity sep2r.::i.te 

peal:s Here prod uc 2d for co :·· 1~"J o si t e, o.'.'.:yscm, n; t-ro ".':'-"'n D.nd 

- w 	 . 

- - u ""'" ' 

,1. rr·· 
1/ 
r" ,.., 13c a r bon C.io::odde. £

. 
1. S s::-i, oi·m in l•., -· ' t ,; - I 

- ~; · • ~ ' - ' 
sufficiently 3mooth to allov me asurom0nt of 2r e a under th e 

curve. Co:·;;parison 1d.t h <!'.. calibration c'l..trVe developed fro::i 

( . 

http:sep2r.::i.te
http:unavoid2.bl
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. . FIGURE NO. C- 13 
DISSOLVED GAS ANALYSIS. WATER 

AT · 27° C· 

SAMPLE SIZE O·S ml. 
CHROMATOGRAPH SENS~TIVITV 100 % . 

RECORDER SENSITl'l'ITY l·O m'l 

CHART SPEED 2 min/ inch 

COMPOSITE 

DETECTOR HEATER 
INJECTION 

TIME IN MINUTES 
.. 
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.~,_·at.Gr saturat<:d 1·.rith a i r .::i.t various t em;;crat 11res 1rre.s 

us ~:d f or cleterminati on of sar:1pl e nit ro r:;en concentrc=i.t i on . 

A linear relat ionshi p existed bet~een dis?0 l vcd nitrocen 

conc entration and area under the paaks . The calibr2tion 

cnrve N2.S ch ecked fre1uently uith ~·rater sa-:1i:)les saturated 

A dia ~ra'"1 of t~:.e flo1 · : patt ern used f or dissolved 

nitro=cn analysis i s sho~m in Fieure C-14 . 

http:concentrc=i.ti


FIGURE NO. C- 14 
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ANALYSIS 
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