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ABSTRACT :

This dissertation examines the influence of the
process variables, organic carbon concentration, nitrate
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concentration, pli, organism concentration, and temperet
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on the rate of denitrification of dominant batch cultures

of Pscudomonas denitrificans. The aim of the work was to

deternine which of the first four variables were important

in controlling the rate, and whether sicnificant intsractions
existed between the variables. As well, the ability of these
typical bacterial denitrifiers to operate at low tamperature

conditions was to be ascertained.

The experimental procedure indicated that pll and
carbon concentration are the major influences on the unit
denitrification rate as well as the overriding factor
temperature which profoundly influences any bacterial process.
Organic carbon concentration controls the rate up to the point

vhere the stoichiometric requirements for nitrate reduction

i
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and the carbon needs for new cell growth are satisfied. A
broad pll optimum within the normal range experienced in
most wastewater treatment conditions was demonstrated.
The temperature dependancy of the unit denitrification
rate was showm to follow an Arrhenius relationship between
3°C and 27OC. 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 sludge to provide an estimate of the denitrifyiﬁg

rate of activated sludge on a similar simple batch system.
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. Introduction.

Removal of nutrient materials necessar
h

from wastewater is a recognized method of limiting artificial

in addition to carbon are required in relatiwvely largzge
quantities by aquatic fauna and flora, and are cited most
frequently as the growth linmiting paramesters. Lxisting
conventional activated sludge waste treatment plants are

.

desisned primarily for organic carbon removal, and ac

:-‘.a

vieve
only BOJ to QOJ reduction of the inflowing nltrowor and

phosphorous., Chemical precipitation of phosphorous has

hosphorous in waste-

-

been developed to the stage where »

water effluents can be practically and economically
controlled. However, the probleﬁ of nitrogen reduction is
nder active investigation as nitrogen has been determinead

e

ct

+-

to be the controlling nutrient in several cases, and
combinad effect of nitrogen and phosphorous is suspected in
others.

Biological nitrification and denitrification appears
to be the most feasible method of nitrogen reduction.
Nitrification, i.e. thes conversion of ammonia throuzh nitrite
to nitrate through the action of two strains of autotrophic

bacteria Nitrosomonas and Nitrobacter has

activated sludge plants for many vears because of the adverse

]
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effect of ammonia on the receiving water. - "hen ammonia’

is discharged to a receiving stream these two types of
nitrifying Eacteria thrive By aerobically metabalisSing
ammonia using the bicarbonates as a carbon source. As a
result, dissolved oxygen is removed from the stream in
addition to that required to satisfy the residual carbon
requirement of the effluent. lany pollution control agencieé
require that nitrification of wastewater ée pgactiseé.
Consequently, this phase of the nitrification-denitrification
sequance has been the subject of ponsidergble research,
However, denitrification; or thé reduction of nitrate to

elemental nitrogen gas by the activities of certain

heterotrophic bacteria such as Pseudomonas denitrificans

has received relatively little attention,

- IMosteof the recent work on denitrification has
concentrated on mixed cultures of activated sludge operating
on complex wastes to denionstrate the possibility of
nitrification-denitrification. The variety of organic
materials involved, and the manyiorganisms interfering with
one another obscure the fundamenﬁal processes operating and;
therefore, create difficulty in the determination of design
data, Laboratory reactors operating on single carbon sources
upon which a single micfo-organism is grown in batch culture
with 2ll other nutrients in excesé have been successful in
elucidatin

o carbon removal kinetics useful in conventional

“
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waste treatment design. This work extends the principle to
4 ¢ & g o o . 5 . .
the examination of factors affecting 2naerobic nitrate

metebolism involved in bacterial nitrogen removal from

wastewatier.
In cold temperature regions, it will be necessary for
ation process to operate at temperatures

Therefore, emphasis is placed on evaluating

emperature on unit denitrification rate,



Scope of the Vork.

Batch laboratory investigatiens of pure cultures of

Pseudomonas denitrificans utilizing a defined media were

undertaken to study the factors affecting denitrification
rate. c o
| Inititally the reactors were run at 27°C in a
completely anaerobic state since temperature and dissolved
oxygen were considered major variables which would mask the
effect of pH, carbon to nitrate ratio, nitrate concentration,
and organism concentration. A full factorial experimental
design of 16 experiments was run on these four/variables to
screen their relative effects on denitrificetion rate. Once
these influences were established separate experimental
series were undertaken to determine the optimum pH range

and the variation of denitrification rate with carbon
concentration.

The temperature dependency of the specific
denitrification rate was then established by running
duplicate experiments at 5°¢, 10°C, 15°C, 20°C, and 27°C
at the optimﬁm conditions of pH and carbon concentration
derived from prior experiments.

The dominant culture stﬁdiee were then related to
mixed cultures by a series of batch experiments utilizing

varying proportions of Pseudomonas denitrificans to activated
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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 orgénism growth during the reaction
was monitored both by total suspended solids measurements,

and by organism colony counts. B



Literature Reviev.

Justification. for Nitrogsen Zemoval.,

Nitrogen and phosphorous have been implicated
as the nutrient materials responsible for accelerating
artificial eutrophication of natural waters (Tarzwell, 1953),
(Lackey, 1958), (Sawyer, 1967), (Wuhrmann, 1969), (Fruh, 1969).
Together their presence stimulates the growth and reproduction
of aquatic micro-organisms and plants to such an extent that
originally oligotrophic lakes have changed to eutrophic water
bodies within a matter of years. Nitrogcen is present 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). Many authors including Wuhrmann,
(1969) havg 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. Howéver, in other casés nitrogen has been
determined as the controlling nutrient (Fruh 1969) partially
becauvse the amount required for.cell synthesis is approximately

15 times the phosphorous requirement.

6
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The discharge of nitrogen as ammonia in wastewater

effluents creates a vigorous nitrifying flora of Nitrosomonas

sp and Nitrobacter sp which convert the ammonia to nitrite

and nitrate respectively and result in an oxygen demancd in
addition to that of any residual carbonaceous material
(Delwiche, 1956). Many wastewater authorities having
‘recognized this fact, require that bacterial nitrification,
or conversion of NH3 to NOB,be carried out in the treatment
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 nifrogen removel is not a
sensible method of controlling surface water fertilizatidn
since many algal species are capable of fixing nitrogen
from the atmosphere sufficient for their needs. However,
it is conceivable that denitrification occurs at a similar
rate to fixation under natural conditions and, therefore,
problems of rapid lake fertilization occur only when nitrogen
added from wastewate? and agricultural activities upset this
delicate balance of nitrogen transformations. Delwiche. (1970)
is particularly alarmed at this imbalance and the possible

consequences 'of a nitrate build-up in the environment.,

Probably the strongest argument in favour of
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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.

Nitrogen Chemistry | ‘.

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 organisms.
Nine oxidation states are known with a 10th contested as
shown in Table 1 (Fewson 196la). The compounds  which can be
formed by biological reactions are marked with an asterisk.
The biological transformationsoccur under a variety 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
iiving organisms. Biological transformations carry out most

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

Figure 2.



TABLE 1.

NITROGEN COMPOUNDS INVOLVED IN

BIOLOGICAL. TRANSIFORMATIONS

After Fewson (196la).

Oxidation State Formula Name
+ 6 & NO3 Nitroren Trioxide
+ 5 s NOB‘ Ilitrate
+ 4 NOo Nitrogen Dioxide
+ 3 % N0y~ Nitrite
+ 2 « NO Nitric Oxide
1\1203= Nitro-Hydroxylamate
+ 1 ' (NOH) Nitroxyl
* N20- Nitrous Oxide
N,0," " Hyponitrite
NC» :NH2 Nitramide
NH(OH)2 Dihydroxy Ammonia
% N2 Nitrogen
-HONH NHOH . Dihydroxy Hydrazine
-1 NH,OH | lydroxylamine
-2 ' TH, NHp Hydrazine
’- 3 ' f NH3 ' Ammonia

i Valence State Contested.

% Compound Formed by Biological Reaction.
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FIGURE NO. |
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The atmospﬂere acts as a reservoir from which ';
nitrogen can enter or leave the cycle, and most of thesé
processes achieve some sort of equilibrium. However, the
activities of modern man have considerably disrupted this
cycle by the extensive use of fertilizers for’agriculture,
and by the discharge of considefable quantities of domestic
and industrial waste. Delwiche 1970 has expressed concern
that the process of denitrification is not occurring as

>
rapidly as the input processes and fears an excessive build-

up of nitrates in the environment to toxic levels.

Nitrogen Transformations in Wastewater Treatment.

Mbst‘of the nitrogen compounds qompqunds comprising
the 15 to 35 mg/l of total nitrogen in domestic wastewater
are in ﬁhe form of ammonia or are bound up in organic coméounds
such as urea w@iéh are readily decomposable to ammonia through
the activities of bacteria. Wuhrmann (1969) estimated that
nitrogen in settled domestic wastewater is present as follows.
NH, - N 55 - 60%
Organic N ° 40 - 45%
Oxidized Forms O - 5%
In industrial wastewater the total nitfogen concentra-
tion can be much greater than domestic wastewater and could
be mostly composed of nitrate compounds devending upon the
industrial activity. Present day wastewater treatment plants

are designed primarily for the removal of 90-95% of the
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inflowing carbonaceous méterial employing.séme modification
of the activated sludge process. Essentially the process

is a series of physical separations, biolozical and chemical
reactions designed to convert soluble organic material into
biological éells which are separated from the ligquid 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 diagraﬁ of the processes involved in a
typical conventional wastewater treatment plant is shown in
Figure 3, The conversions of nitrogen compounds during
wastewater treatment can best be traced by following the flow
pattern through each of the units generally used in activated
sludge planté;*

Primary-settling of 1-2 hours removes approximately
607% of the inflowing suspended solids containing 30% of the
organic carbon. Solids accumulafing in the_form of éludge
with a solids content of 5—5%% are mecﬁanically removed'and
transported to an anaerobié digester for further treatment.
Since municipal waste water and many other industrial organic
wastes contain dead cellﬁlar material and proteins, nitrozen
from 15 to 207 (Joh.son 969) of the inflowing load will be
removed in this sludge. - Howevgr, abportion of this nitrogen

will be returned to the plant flow as soluble nitrogen
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CONVENTIONAL ACTIVATED SLUDGE
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compounds in the supernatant discharge from the digesters,
i.e. sludge treatment and dewatering.

In the aeration section, the waste flow is contacted
with a preconditioned mass of mixed micro-organisms chiefly
bacterial flocs - called activated sludge. These organisms
utilize the soluble organic carbon compounds as. a source 6f
food, oxidizing them for energy and using carbon and amino
acids as building blocks for new cells. These bacteria form
flocs which further entrap any suspended material in the
waste flow. The chief reactions occurringaré similar to
those proposed by Eckenfelder and O'Connor (19§1).

Cells -
1. thyO2 + 0, >~ CO0, + H,0 "AH

Respiration or oxidation of organics

i Cells _
2s CXHyO2 + NH3 e O2 ———— cells + CO, + HyO TAH
Sythesis of cells

Cells :

Degredation of cellular material
(endogenous respiration).

The latter reaction occurs when cells die or when
food becomes scarce and cells oxidizz2 stored cellular material.

Proteolytic bacteria such as Pseudomonas sp, Proteus sp, and

Bacillus sp attack organic nitrogen compounds and break these

- down to peptides, amino acids, purines and pyrimidines,
(Delwiche 1956).
Some: of the amino acids are available for direct

incorporation into bacterial cell material while the remainder



.

undergo deamination to ammonia and simpler organic carbon
2 s

-

compounds.
e.Z. oxidative deamination of alanine

Alanine deaminase

1 Tt : 1 >~ (O O o o
CrIBCh“HZCOOh + 202 ;13000001‘ = NH3

alanine “pyruvic acid ammonia

" Sawyer (1960)

The -amount of nitrogen taken up by the growth of
activated sludge depends upon the relative émouﬂts of carbon
oxidized for energy and carbon assimilated to cells. For

, many bacteria.the ratio of change'iﬁ carbon concentration
to bhange in organism concentration is approximately 0.5
Hoover and Porges (1952) have proposed an approximate formula
for activated sludge organisms growing on milk Qastes of
C5HAN0, indiCEtinr that 12% of ac;ivated sludge consists of
nitrogen. A ratio of carbon to nitrogen to phosphorous in
sludge organisms of 40:5:1 has been substantiated by several
authors (Eckenfelder, 1961), (Helmers 1951), Nitrogen removal
from wastewater in the aeration tank in the form of sludge
solids, therefore, can be readily éélculaﬁed. However, other
nitrogen conversions also occur simultaneously'in the

aeration section. The autotrophic bacteria litrosomonas sp

and Nitrobacter sp respectively convert ammonia to nitrite,

‘and nitrite to nitrate. If the asration period is sufficiently
long - 6.0 hrs, the carbon loading sufficiently low 0.3 to

. 0.4 10 BOD/lb_MLSS, and the solids residence time - 3 o &4
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days, the nitrifying bacteria population will reach a
sufficient concentration for all the ammonia in excess of
cell assimilation requirements to be converted to nitrate,
(Balakrishnan, 1969). Since nitrifiers are rélatively slow
growers in comparison to heterotrophic bacteria, the sludge
wasting necessary for conventional plants to achieve 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 NO, is common.

3

Denitrification of nitrates formed through tﬁe action
of nitrifying bacteria has been hypothesized to occur in the
aeration section within the bacterial flocs where dissolved
oxygen levels may drop to zero. The extent of this reaction
along with any nitrogen fixation due to bécterial action is
probably small. Results from a typical batch experiment én
domestic wastewater showing the changes in nitrogen compounds
with aeration period are outlined in Figure L.

In the final clarifisr of a waste treatment plant the
activated sludge solids are separated from the liquid effluent
within a 1 to 2 hour detention period. Depending upon the
process_modification“ZS to 100% of the total plant flow 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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nitrogén gas can occur in the sludge solids if they are
retained too long in the final tank. A typical liquid
effluent from the final clarifier would contain 8 - 25
mg/1l of total nitrogen of which 80% would be nitrate or
ammonia nitrogen depending upon the aerator operation. The
rest 6f the total nitrogen would be organic nitrogen bound
~up in sludge solids not separated from the process. High
dissolved nitrogen concentrations in the effluent are usually
due to the return of soluble nitrogen in the form of ammonia
from digestion of sludge solids. Digestion of primary and
secondary sludge in anaerobic reactors at 90—950F reduces
sludge volumes by liquifaction and gasificatioﬁ so that the
digested sludge is thickened, easily dewatered and non-
putrecsible. Supernatant ligquor from this process is normally
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 ammonia., Some nitrogen is vented to
the atmosphere as elemental nitrogen gas from the digestion
Process., R

A schematic diagram proposed by Ludzack (1962)
Figure 3 shows the process responsible and location of
nitrogen losses from a conventional activated sludge waste

treatment plant.

Alternative lethods of Nitrogen Removal from
_ Wastewater.,

Nitrogen removal methods can be classified into three.



20

categories; biological, chemical, and physical processes
as listed below according to Zlliason (1968).

i Biolosical Processes.

(a) Algae stripping

(b) Aerobic nitrification followed by
Anaerobic Denitrification.

(c) Aerobic process modifications. ‘o,
A Chemical Processes.

(a) Ammonia Stripping.

(o) Ion exchange.
(c) Electro dialysis
(d) Electrochemical treatment,

3. Physical Processes.

(2) Land application.
(o) Reverse Osmosis

(¢) Distillation.

Zach of these methods could be applicable in particular
cases, but most are too expensive for general use at municipal
and industrial waste treatment facilities.

1(a) Algae Stripping - Algae cultured in both stabilization

ponds or activated algag reactors are capable of utilizing
large quantities of nitrogen in both nitrate and ammonia
forms. The nitrogen incorporated into their bodies can be
removed by some harvesting technique - usually centrifugation
or froth fiopation. Johnson (1969) reports that 50% of

inflowing nitrogen is removed in a single pond and 98% in a
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series of ponds when harvesting techniques are employed.
Unless a suitable market can be found for the high protein
content of sewage grown algae to defray the cost of harvesting
and ultimate disposal this process is usually economically not

feasible,

1(b) Aerobic MNitrification followed by Anaerobic
Denitrification.

Bacterial nitr%fication and denitrification is
recognized as a feasible method for removal of nitrogen
from wastewater (Zckenfelder 1968), (lMcCarty, 1909),
(Wunrmann 1969), (Johnson, 1964).

Nitrification refers to the conversion bf ammonia to
nitrite and nitrate through the action of autotrophic

bacteria Nitrosomonas sp and Nitrobacter sp. These organisms

gain their energy by oxidizing ammonia and nitrite as shown
in the following reactions proposed by Godelewski (1895), and
Meyerhof (1957).

Nitrosomonas sp

4+
NH, + 1.502‘——-*-'2H + H,0 + NO -~ 8L K cal.

L 2 2
Nitrobacter sp
NOz‘ + 0B 02«----——5--1\103 - 17 X cal. |

The bacteria utilize bicarbonates as a carbon source
to build cellular material and the reaction is carried out
under serobic conditions. In normal wastewater treatment

practise these organisms grow in the aeration section of a



conventional activated sludge plant. Usually total

conversion.of UHB to NO, can be achieved if aeration periods

3
in excess of 6.0 nrs, dissolved oxygen levels >3.0 mg/1
organic loadings less than 0.35 1lb BOD/1b MLSS and 2 -solids
residence time 0f 3 days are maintained. The process is
very sensitive to dissolved oxygen'concentratiop, 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 solubl; carbon into
cellular material, and waste these cells rapidly. Nitrifiers,
therefore, never achieve great numbers in normal activated
sludge operation. Several researchers (Barth 1968), (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. .

Deniirification 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 p;esent in an organic carbon substrate by
successive dehydrogenations. The hydrogen ions and electrons

removed are transferred by means of a series of enzymes to the

final acceptor - nitrate, which is reduced. Phosphorylation



occurs during electron transfer with two moles of ATP
formed per mole of nitrate (Spangler 1966). These high
energy phosphate compounds are then ready for use in growth
and reproduction of the bacterié. A high'pércentége of
activated sludge orgenisms are capable of denitrification
if anaerobic conditions prevail and many workers have
‘demonstrated this ability in pilot and laboratory scale
reactors (Johnson 1964 ), (Bringman 1959, 1961, 1960),
(Wuhrmann, 1954, 1960a, 1960b, 1962, 1963, 1964, 1969a,
1969B), (Christianson 1956). Since nitrogen removal is a
relatively recent consideration, thé denitrificgtion stage

has received little attention in comparison to nitrification.

i(e) Aerobic Process liodifications - Sawyer (196%) reports

that removal of nitrogen compounds is possible by binding
them into cellular material. He proposes that the carbon:
nitrogen:phosphorous ratio be controlled carefully by the
addition of carbohydrete to the activated sludge reactors
to convert all of these compounds to cells. UNo data is
provided to substantiate the claims or estimate the cost.

2(a) Anmonia Stripping. Ammonia contained in wastewater

can be removed as a gas in a stripping tower by raising the
pli to approximately 11.0 by addition of lime (Slechta 1967).
As this high pH ammonia is insoluble and the gas can be
liberated from the liquid by forced air (3000 litres/litre
of wastewater)., Approximately 98% of the ammonia can be

removed by this method either prior to or following biological
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duec to deposition of calciwm carbonate produced during pH
adjustment. As well, the aamonia released to the atmosphere

is readily soluble in the natural vater vapour dontent and

&

usually returns to the aquatic environment dissolved in
rainfall, The efficiency of the process is also drastically

reduced at low tempsratures. The cold air contaoeting the

wastewater quickly cools the water,.and since "Tq solubility

is higher in cold water than warmn, the air requirements to
remove it are greater. As well, when the ambient temperature
falls to O°C evaporative coolins freezes the wastewater at

the air inlets rapidly malking the towers inoperable (Farrell,

.

2(b) - Ton Zxchanre Tlater reuse studies indicate that

.

strons anion exchanze resins remove organic nitrogen and
nitrate while cation resins effectivmlv reduce ammonia in
aqueous solution. 80-927% removal (Eliasson, 1967). Problems

with this process inclwie a hi reg of pretreatment to

-

remove particulates and

disnosal of reccneration liquid - approximately 67 of total
L ~t & - '

inflow. The process also awaits the development of an exchange
resin selective to nitrate.

1iclvrais llembranes vhich are selectively

2,

2(c) Slectre

permeable to certain ions are set parallel to wastewater flovw,
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When a current is induced across the membrane ions migrate
through the membrane, In a single pass unit approximately
50% of the selected ion can be removed. Problems include
chemical precipitétion of calcium carbonate and clogging of

the membranes with organics and colloidal matter.

2(d) Electro-Chemical. Ammonia nitrogen can be effectively

- removed by the Fsyn process (80-85%). Nitrogen‘and phosphorous
are precipitated at a cathode set in a mixture of seawater

and wastewater. Production of hydrogen gas lifts sludge to

the surface while chlorine produced at the anode can be used
for disinfection. Application to fresh water has not been
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 planté 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 ceilulose abetéte membrane can

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

to 90% of the ammonia nitrogen (Smith 1970b). However,

fouling of the membranes with organic compounds is a major
factor in reducing 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 wastewater
effluents ﬁsually prohibits this hethod of nitrogen removal.
However, where water is scarce it certainly provides a
reliable removal method.- -

Factors Affecting Denitrification.

Organisms Responsible - Dissimilatory metabolism of
nitrate is attributed to a group of facultative, anaerobic,
chemc-organotropii bacteria, which are relatively ubiquitous.

Typical denitrifying genera are Pseudomonas sp, Micrococcus sp,

Denitrobacillus sp, Spirillum sp, Bacillus sp, Achromgbacter sp,

(Painter 1970). Under anaerobic conditions these organisms
will utilize nitrate as their ‘hydrogen atceptor while
metabolizing an organic substrate, but when oxygen is
introduced into their growth media they quickly convert to
normal aerobic oxidation of carbon. Wuhrmann and }echsner
(1963) isolated and studied six strains of denitrifiers from

activated sludge including Pseudomonas sp, Spirillum sp,

Iiicrococcus sp, and Xanthomonas sp. Similarly Smith et al

(1970a)reported that 15 to 51% of the organisms scraped from
a column actively denitrifying municipal wastewater were

species of Pseudomonas sp, Achromobacter sp, and Bacillus sp,

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 follow either the assimilatory

or dissimilatory route. During assimilation, NO3~ is reduced



and incorporated into cellular nitrogenous material by an
aerobic process. However, 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 ammonium, with transitory

appearance of nitrite. .

(2) Incomplete reduction of nitrate and accumulation of
nitrite in the.medium.

(3) Reduction to nitrite followed by evolution of gaseous
compounds or denitrification.

In wastewater treatment we are mainly concerned with
denifrification to produce N,, N50 or a mixture.of these two
gases., All micro-organisms using nitrate as a nitrogen source
can carry out the first reaction whereas cultures incapable
of complete redaction must be supplied with ammonium or other
reduced nifrogen<compounds for growth to proceed (Doelle 1969).

Fewson (196la) proposed the biochemical pathway shown
in Figure 5. This pathway assumes a sequence of two electron
changes from the +5 oxidation state of nitraté to the =3 of
ammonia, a shift of eight electrons. Isolated enzyme systems
have been followed to determine the end products of the
reactions with the responsible enzymes termed the "nitrate",
"nitrite", "hyponitrite"™, and "hydrbxylamine", reductases.

The complexity of the enzyme systems involved in the alternate

pathways available for Pseuvdomonas aerucinosa is illustrated

in Figure 6.
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Note that the aerobic pathway to oxygen and the nitrate
reduction pathway differWOEly in the final enzynes, i.e.
cytochrome oxidase versus nitrate reductase. Many cther
pathways have been proposed for other organisms utilizing
nitrate as a hydrogen acceptor (Doelle, 1969), but all take
the ‘general form of the above simplified diagram.

Dissolved Oxvgen. The sensitivity of denitrification

to dissolved oxygen levels in a growth media is the most
important environmental factor influencing the application

of denitrification. It is generally accepted that denitrifica-
tion is an anéerobic process occurr'ing in pure cultures only

in the complete absence of dissolved oxygen (Deiwiche, 1956).
Skerman and lMacRae (1957a, 1957b, 1961) monitored dissolved
oxygen levels in pure culture reactors and ?ound that ada?ted

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 liicrococcus denitrificans

occurs under both aerobic and anaerobic conditions, but the
presence of oxygen affects the dissimilatory activity in three
ways according to Chans and Morris (1962).

(1) prevents adaptive formation of necessarvy enzymes.

‘(2) partially represses further dissimilatory enzyme
syntheses.,

(3) completely inhibits activity of preformed enzymes.
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FIGURE NO.5
BIOCHEMICAL PATHWAY FOR NITRATE
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I;eadtuecﬁon R LS + 1 ~ -3
NONO,~~NO==NOHi—~NHOH—=NH,
»’ ’ |
———==enzymatic Naoz Nz :
— — =»=non enzymatic e
\\
N;O
FIGURE NO. 6

- ELECTRON TRANSPORT SCHEME FOR
PSEUDOMONAS AERUGINOSA (FEWSON, 1961b)

TPN ~
OF et FAD == Nifrate == NO,
DPN ~ Reductase

/

‘Hydrogen =3 Cytochrome =3 Cytochrome —>C,
or C Oxidase

electron
donating
system



; Other workers (lyers 1955), (Schmidt, 1962); show
that denitrification definitely occufs under aerobic
conditions in Warburg apparatus experiments. Skerman and
MacRae (1957a, 1957b) suggest that denitrification in the
presence of dissolved oxygen occurs because of a dissolved
oxygen gradient across bacterial flocs with active denitrifica-
tion occurring due to the activities of bacteri; not directly
exposed to dissolved oxygen.

In mixed culture batch exberiments on sewage, Wheatland,
(1959) showed that nitrate was reduced at oxygen lcvels of
approximately 2.0 mg/1, bﬁt only at 10% of the rate obtained
under strictly anaerobic'conditiohs. In continuous tests as
little as 0.1 mg/l of dissolved oxyzen reduced the denitrifica-
tion rate to 1/3 of the anaerobic rate while at 0.8 mg/l
nitrification occurred and denitrification essentilally ceased.

When dissolved oxygen was present most of the nitrate was

reducea only to the nitrite state. Pseudomonas stutzeri
were isolated from the experimental reactors.

Wuhrmann and Mechsner (1963) reduced ﬁitréte to
nitrite in aerobic reactors at various rates dependant on the
organism isolated and suggested that denitrification rates
at a pH below 6.0 are practically indeyendent of oxygen
concentration.

MeCarty (1969) denitrified agricultural drainage

water containing significant quantities of dissolved oxygen

by providing sufficient methanol to satisfy the nitrate
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reduction demands and also utilize the dissolved oxygen
by the normal aerobic degredation of carbon. Similarly,
Smith (1970) denitrified municipal wastewater (12 mz/1
NO; as N) on columns with approximately % hr retention
at influent dissolved oxygen levels as high as 6.0 mg/l with
an effluent containing 1.0 to 1.5 mg/l of dissolved oxygen.

Temperature - Any bacterial process operates within

a defined temperature range and the rate of bacterial activity
is severely curtailed at both high and low temperature levels.
In cold climate regions the ability of denitrifying organisms
to operature at a useable rate at temperatures approaching 5CC
Qill determine the practical application of the.denitrification
process for wastewater treatment. LHost of the studies to date
have been performed at 27OC+,close to the optimum temperature
for most heteroﬁrophs or at laboratory temperature of 20°C,
possibly t&pical'of summertime wastewater temperatures.

Wheatland (195%) performed batch tests on domestic
wastewater with nitrate added up to 40 mg/1 at temperatures
of 5°c, 12°c, 18°C, and 25°C. At 5°C, he determined that the
rate of denitrification was 1/3 of that occurring at 25OC.

In a series of continuous temperature runs at a
200,000 gpd pilot plant ‘Mulbarger(1970) provided data on
denitrification of nitrified municiﬁal wastewater (37 me/l
NO3 as N) using anaerobic activated sludge. Denitrification
rateé varied from 0.C016 ng NOB'as N/mg of MLVSS-hr to

0.028 mg NO, as N/mg of MLVSS-hr at 8°C to 12°C and 0.013

3



ng N03 as N/mg MLVSS-hr to 0.05 mg NOB as N/mg MLVSS-hr at

18° to 23°Cc. This temperature data is shown more clearly

in Figure 7. Insufficient data was presented to prepare a
relationshir between unit denitrification rate and temperature
which would be useful for design of weastewater treatment
plants. | :

.

Hydrogen Ion Concentration(pH) The optimum pH for

denitrification depends upon type of organisms,age of culture,
and the concentration of nitrate (Delwiche 1956). Pure

cultures of Pseudomonas aerucinosa denitrify between pH 5.8

to 9.2 with an optimum denitrification rate occurring between
7.0 and 8.2 Denitrifying organisms favour N,0 éroduction at
alkaline and neutral pH with reabsorption and production of
N, above 7.3 (W' jler 1954). Below this pH level reabsorption

decreases with a simultaneous increase in NO production.

Isolated nitrate'reducing enzymes from Pseudomonas aeruginosa
showed a definite maximum activity at pH 7.4 with a reduction
to 10% of the maximum rate at pH 6.0 and 50% of the maximum
at pH 10.0 (Fewson and Nicholas, 1961). Nitrate reductase

isolated from Spirillum itersonii by Gauthier(1970) demonstrated

maximum nitrate reducing activity at a pH of 6.4 to 7.4 again
with a rapid drop in activity on the acid pH. UWuhrmann (1964)
claimed that the pH of the medium isvthe most important factor
influencing the inhibiting effect of oxygen on denitrification.
At pH's near neutrality ﬁsually'encéuntered in activated sludge

the oxygen inhibition of denitrification is a maximum. In
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FIGURE NO. 7
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| "~ (MULBARGER, 1970)

0-6

0-5

95% |[CONFIDENGE LEVER

0-4

03

Q:2

0:1

PRTSRERE

DENITRIFICATION RATE Ib.NO; removed Ab.MLVSS-day

-

/
5 10 15 20 25
TEMPERATURE °C

AT

|



contrast denitrification rates below pH 6.0 are nearly
independent of oxygen concentration. .

Carbon Tvpe ancd Concentration - Heterotrophs require

the presence of a readily ueeable form of carbon (Lamanna
and lallette'1l905). Research on pure cultures has not been
concerned with the effect of carbon concentration on
denitrification. The pure culture studies have always
supplied carbon in the form of peptone, glucoseh>or glyeerol
(Chang and llorris,1962, Skermen and MacRae, 1957a, 1957b) in
excess of organism requirements for nitrate reduction and
organism growth, e.g. 4000 mg/1.

In wastewater treatment the rate of denitrification
must be maximized to minimige reactor sizes in the plant.
Denitrification usuelly will follow carbon removal and
nitrification processes, and therefore, the residual carbon
concentration will vary from 5 to 20 mg/l. This carbon may
or may not be in a readily useable fofm for further bacterial
action.

Wakrmenn (1960b) in anaerobic arburg experiments
shoved that denitrification. is essentially a linear reacfion
occurrings even with washed activated sludge opsrating on
secondary waste treatment effluent'withAno hydrozen donor
other than residual orranics. However, in laboratory scale
continuous activated'sludge nitrification-denitrification
exﬁeriments “uhrmann (1962, 1954) reported that the addition

glucose as a.hydrogen donor increased the denltrlLl ation
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rate by approximately 30%. liost of the pilot plant and
laboratory studies following this work utilized a bypass
arrangement of raw sewage into the denitrification unit

to provide a hydrogen donor.- Johnson (1964) used a ratio
of 1:5 raw sewage to mixed 1iquor,43OOOzng/l MLSS to achieve
as N in 3 hours at 20°C in his

3 )

pilot plant and laboratory scale experiments. However, the

75% removal of 20 mg/l N

raw waste bypass resulted in high concentrations of ammonia

and organic nitrogen in the final effluent. 5lechta and
Culp(1967) carried out batch denitrifications studies on
nitrified domestic waste using activated sludge of 2500 to

3700 mg/1 LSS and determined that as the percentase of raw
sewage added to their batches was raised from O to 40 the
percent nitrate removal increased from 60 to 100%. Balakrishnan
(1969) in batch studies of denitrification of domestic wastes

(20-70 mg/l NO, as N) with activated sludge indicated that unit

3
denitrification rate increased with increasing COD concentration
up to a maximum rate at which further increase in COD addition
did not incrsase the rate. These experiments were again run
with settled domestic sewage as the hydrogen donor. Rates

with equivalent amounts of 5lucose as the hydrogen donor were
greater than those achieved with domestic sewage as the donor.
To overcome the problem of increased ammonia concentrations

in the effluent several investigators (Christianson 1956);

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

source to stimulate the denitrification reaction. The latter


http:follm�r.i.ng

36

e,

found that at a weizht ratio of 4 Parts of methanol to 1.part
of nitrate by weight essegtiélly complete nitrate removal
could be achieved on a nitrified effluent containing 12 mg/1
FOB as N in a 3 hour detention time énaerobiq reactor with
a IML3S oflszng/l. McCarty (1969) studied the effect of
acetons, acetic acid, methanol, and ethanol as hydrogen donors
on batch denitrification ofvagricultural wastewater and showed
that carbon type definitely affected the rate of dendtrd st ion
and the amount of nitrite formed as an intermediate (See
Firure 8). Acetic acid and ethanoi.resulted in faster
fdonltrlflcstvon rates in. batch teste but methanol was
con31derablv cheaper, and would probably be used in practice,
Based on his observation of carbon used and nitrite
and nitrate utlllz 1 he: presented equations for the reduction
of nitrate and -cellular synthesis using these compounds. For
example with methanol as a hydrogen donor the equations were

as follows:

Nitrate “emoval.

1 CH,0H + 1 NOB-—-—l N,+ 1CO, +1 00 +7 HO0

5 2 3 Io ? & * 3 30 2
~ Synthesis.

1 Ci,0E+1 GO, +1 NOT +1 H—s1 cmou+19f120
& 2 & ~ 28 3 78 28 2 gl

Overall MNitrate Removal.

NO3© + 1.08 CHy0H + H=—0.065C,H,0,) + 0.47N, + 0.76C0,

+ 2.!4,1;_3{20
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Overall Nitrite Ilemoval.

NO,.T + 0.,67CH

2 HaO N + 0,481 +

51
0.47C0, + 1.7 Hy0

J01 + B 0.04C

The carbon requirements for denitrification with
eacn of these compounds was compared using a "consumptive
ratio", i.e the amount of soluble carbon used per unit weight
- of nitrate reduced as shown in Table 2.

The variation in carbon used could be related to the
difference in metabolic pathway followed by each of the
compounds and to the amount of solids produced duriny the
nitrate reduction reaction. The amount of carbon used for
bacterial synthesis can be calculated by using %his
consumptive ratio and the theoretical equation for nitrate
reduction.

Organism Concentration. In biological reactors the

overall rate of a particular reaction carried out by the
organisms usually increases proportionally with population
increase until the or-anism concentration reaches a saturation
point. At this level the rate levels out or ﬁends to decrease -
probably‘due to build up of toxic intermediate compounds.

In normal waste water treatment reactors this critical level

is never reached as the organism concentration which can be
handled in the unitsbis 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.



TABLE 2,

R

CONSUMPTIVE RATIOS OF ORGANIC CARBON COMPOUNDS
USED IN DEI\’ITRIE‘ICATION
MeCarty (1969).

Compound . ' Consumptive Ratio.
Sugar Cl2H22011 1.69
Acetate CHBCOOH 1.31
Iliethanol CHBOH 1.3 ap};rox.
Acetone CHBCOCH3 1.22

Ethanol CH3 HZOH 1.47
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i Batch studies of denitrification, using typical
activated sludge concentrations, by Zckenfelder (1968) showed
that the overall denitrification rate increased as the solids
concentration increased from 3,700 mg/1 to 4,600 meg/1,

Nitrate reductions of 83% and 98% were achieved in 3 and 2
hours respectively at these two solids levels from an

riginal nitrate concentration of 22 mg/l The percentage
of denitrifying organisms in the activated sludge was not
estimated during the reactions. Similar results were reported
by Slechta and Culp (1967).

The effect of organism concentration on denitrification
fate has not been investigated in pure culture.

All of the studies, both in pure and mixed cultures,
have utilized suspended solids levels as the measurement of
organism concenﬁrations. No correlation between actual viable
organisn pbpulation and suspended solids concentration has
been attempted. IMicroscopic identification of organisms
responsiblevfor denitrification has been carried out in
relatively few studies Smith (1970) and Wuhrmann (1963).

Denitrification as a Waste 'ater Treatment Process.,

Bacteria isolated from sewage treatment plants by Hulme (1914)
and from natural aquatic environments Harvey (1955) produced
nitrogen gas when grown anaerobically on nitrate bearing
substances. Snell (1943) reported loss of nitrogen by gas

evolution from nitrate bearing sludges. The phenomena of

rising sludge in secondary clarifiers was attributed to
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bacterial denitrification occurring in anaerobic sludge
accunulated on the tank bottom according to Sawyer and
Bradney (1945) and Brandon and CGrindley (1944). Analysis

of gas produced by a sludge utilizing nitrate and sewage

as a substrate ("heatland 1959) indicated a nitrogen content
of '98%. Based on these observations workers proceeded to
demonstrate the applicability of bacterial denitrification

to nitrogen removal from wastewater by means of laboratory
scale and pilot plant studies. AIn most cases these
investigations were concerned with both the nitrification and
denitrification processeé. TWuhrmann (1962, 1960) carried out
continuous flow, laboratory scale nitrification-denitrification
tests with anaerobic activated sludge operating on domestic
sewage to demonstrate that 90% of the influent nitrogen |

(20-25 mg/1 NO, as N) could be removed with detention times

3
of 140 to 180 minutes depending upon organism concentration
and iﬁitial nitrate concentrations. In several of his tests
he demonstrated that the addition of glucose as an organic
carbon source improved the denitrification féte.b

Bringmann (1961) successfully removed 6455 of the
nitrate content of digester supernatant (58 mg/l was reduced
to 21 mg/l), within 45 minutes using a domestic waste as a
source of carbon. Additions were controlled by the redox
-potential of the reactor contents. Ludzak and Ettinger

(1962) utilized a modified activated sludge aerator to carry

out denitrification and nitrification in the same unit. In
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SCHEMATIC DIAGRAMS OF LABORATORY
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ohe first mechanically stirred compartment of their unit
recycled mixed liquor suspended solids were contacted with
raw domestic scwage end acted as a hydrogen acceptor for
orcanic carbon. In the second section qcraL¢on was increased
to the point where nitrification of ammonia compounds to
nitrete could occur. DRatch experiments on domestic sewage
using anaerobic activated sludse by 31echta‘ahd Culp (1967)
showed that the denitrification rate was greatly affacted
anism concentr;tion and the amount of settled scwase
used as a hydrogen donor,

The authors of the preceeding waste treatment

experiments carried out open nitrogen balances on their
systems and assumed that losses of nitrogen were due to
evolution of nitrogen cas. However, Johnson (1964) in
a pilot plant study of the biological nitrification
denitrification sequence, collected evolved gases and
analyzed them utilizing a mass spectrometer.- Nitrogen
balances were closed within 4;) and the evolved gas from the
anaerobic denitrification unit (approximately 987 nitfogen)
accounted for the reduction in nitreate throuch the unit.
Since raw waste containine sirnificant quantities of armonia
was used as a hydrogen donor the overall nitrogen removal

.

was only 75%. A schematic diagram of his continuous tests is
ure 9., Johnson (1964 ) utilized a synthetic waste
water composed of skim milk solids as the carben source and

~amnionium sulphate to act as the nitrogen content. The influent
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. nitrate concentrations to the denitrification reactor were
18 to 22 mg/1l and the reactor solids concentrations were
maintained at 4000 mz/l. Detention times were varied from 1
to 5 hours. Raw waste was added in the proportion of 1l:5
raw waste to mixed liquor. ,

Wuhrmam (1964, 1962, 1960b, 1954) has widely published
results on his laboratory and pilot plant activated sludge
studies and has claimed.that sufficient carbon is available
as residual carbon in secondary treatment plant effluents
to stimulate anaerobic nitrate reduction. In his anceerobic
Warburg experiments on secondary effluent, nitrate 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 methanol
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 ﬁype wastewater
treatment plant combining chemical precipitaﬁion of phosphates,
with biological removal of carbon, and bacterial nitrifiication
and denitrification. sach-of the biplogical processes was
equipped with separate sludge separation and recycle systens
to minimize interference between processes and achieve greater

stabilitv. As shown in Figure 9, methanol was also added as
o [N} ]



a hydrcgen donor in the ratio of 3:1, methanol:nitrate. As
a result nitrification and denitrification rates were
increased through the stimulation of dominant cultures
and nitrogen rembval efficiency was improved for the
addition of methanol did not add amnonia as previously
experienced with raw waste injection. In a 700 1/dav pilot
plant study approximately 907 of the 11.5 mg/l EOB concentre-
tion was renoved in g 3 hour anaerobic detention period when
the solids concentration was maintained at 2,000 ng/l.

Iulbarger (1970) has reported on a 200,000 U3 cpd
demonstration pilot plant utilizing Rarth's scheme of three
separate recyvcled sludge reacters providing 5aological and
chemical nitrogen and phosphorous removel in domestic waste-
water. Complete denitrification from approximately 37 ng/l
N03 as N to léss than 2 mg/l_was achieved with e sludge
concentration of approximately 2,000 mg/1l in 2 hours
detention when 3 to 3.5 parts of methanol were added per
part of nitrate nitrosen. Further operation is planned
to obtain more fundamental design data. |

licCarty (1969) performed laboratory scale batch and
‘semi-continuous reactor studies of the denitrification of
nitrate bearing agricultural drainege water sceded with
settled domestic sewase. The effect of the twvpe of added

.

carbon (acetone, methanol, ethanol, acetic acid) on the

J
denitrification rate was determined, and the types of
intermediates and end pioducts were investigated. Illethanol
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provided tha most zconomical cardon source alonz with

reduction +ith methanol as the hydrogen donor follows -

- MB,T + 5/6 CugOn—=3 Ny + 5/6 CO, + 7/6 Up0 4 017
Similar 2quations were presented for nitrite
reduction and aerobic degredation of methanol resulting
in theoreticnl eguations for mothanol requirements as.
follows - ‘ -

2 --’;,7 ",: i 1053 hY I O.S? 3’3
%o is the inititial NU3 concentration in n/1

¥, is the initial U, concentration in ng/l

o1
b
9]
ik
v
(]
}.J
i

dissolved oxy.-en
ti in

v/

. =7

The equation for predlcted orsanism production folloirs -~

temperatures of 20°C
2C ng/l ¥04 as ¥

.
ntilizins methanol

£

varizd from 0.6

)
to nitrate concentration. Smith (1970) operated a 2,5C0

2ilot plant following a
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nltr$“1cctlon stage receiving secondary effluent from a
conventional activated sludge domestic wastewater treatment
plant. See Ficure 10. Three col mn packings were utilized
varying in media particle size from 3.4 mm to l@.5 mm mnax
diemeter. At coluwmnleading rates of 7.0 US epd/ft? (0.000051b
YO, as N per ft2 of surface areaper min). 907 denitrification
achieved with a methanol:nitrate rétio of 2.541,0 gt &
column depth of approximately 10 feet and an actual contact

time of 5 to 10 minutés. The rapid renoval rates were

attributed to th

o
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6
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H
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)
O
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available for organism
growth which provided an organism growth equivalent to a
stirred tank containing 21,000 ns/1 of solidsu Cperatin
temperatures were maintained at 27°C. Iethanol requirements
and organism growth observed were in agreement with the
equations presented by licCarty (1969).

Kinetics - Little work has been done to establish the

kinetic theory of denitrification. From pure culture and
engyne -experiments; we know that denitrification must occur
as a series of enzyme catalyzed reactions in which nitric
oxide, nitroxyl, hyponitrite, and'nitrous oxide have besen

proposed as intermediates (Fewson 196la). "In a series of

reactions hypothesized by ‘remner and Shaw (1958) nitramide

appears as a lkey intermediate,
HHOB + 28 - - [IEGp+ Hy0
HNO, + 2l - IO + 1,0

w
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2HNO —————=  Hyl,0,
HyN,0, = N0 + H,0
+ ; T
Blloly " .+ G0

N,O + 2H ———> 1Ny + H0

HNO2 +H —— NO + H,0

Establishing.a kinetic expression from such a
.complicated series of reactions is difficult ané is
probably not necessary sincé one of the enzyme catalyzed
reactions probably controls the whole chain. ¥ith this in
mind many of the early investigators concentrated on studying
nitrate reductase isolated from different organisms as the
rate controlling step (Fewson 1961b), (Nason, 1958). The
rate was considered to follow a liichaelis llenton type of
kinetics in which the rate per unit weight of enzyme increased
with increasing nitrate concentration up to a limiting nitrate
concentration above which the rate was a constant. Data from
this work was quoted in terms of liichaelis constants, i.e.
the concentration of nitrate at which the observed rate is
one half the maximum rate, e.g. nitrate reductase from

Pseudomonas aeruginosa 22 mg/l N03 as N @ 30°C (Fewson 1961b).

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 cells per unit time. This
can be easily converted to mg/l of nitrate as N per mg/l of
cells per hour as shown in Table lNo. 3. IHost of the

investigators experimenting with activated sludge and other



mixed éultures operating on complex wastewater have quoted
unit rates .in terms of MO3 as N disappearing during reaction
per weight'of cells per hour. It is interesting to note
that the pure culture rates showm in Table No. 3 are
approximately 6 times as‘great as the activated sludge rate.
The higher temperature 3200 of the pure culturp.as opposed
‘to 2OOC for the activated sludge doubltess contributes to
this difference as well as the large portion of activated
sludge which consists of organisms which cannot denitrifvy.
Both Johnson (1964) and Ralakrishnan (1969) indicate
that denitrification rate depends upon both carbon concentra-
tion and nitrate concentration. However, Vuhrm;nn (1960b)
has shown in anaerobtic "arburg respirometer studies that
denitrification of nitrified municipal waste is a linear
reaction with respect to time when residual carbon compounds
are used as hydrogen doners. A similar phenomenon was reéently
reported by llechales (1970) in continuous flow experiments
on nitrified municipal wastewater using packed columns and
no added carbon source. These latter two studies indicate
that denitrification is probebly a zero order reaction, i.c.
independent of nitrate concentration. Zero order kinetics
with respect to nitrate would be compatible with carbon
removal kinetics whiéh "Tilson (1967) demonstrated as
independent of substrate concentration for single carbon

compounds. Batch denitrification data reported by Johnson

(1964) on anaerobic denitrification.of nitrified artificial
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Source

Chang & Morris
(1962)

Pichinoty & D?'Ornano
(1961)
ckenfelder &

s
lakrishnan (1968)

B
B
Johnson & Schroepner

(1964)

Tuhrmann & Iieschner

(1963)

¥oore & Schroeder

(1970)
‘ulbarger (1970)

Barth (1968)

TABLS 3, -

UNIT DENITRIFICATION RATE DATA
: LITERATURE REVIEW

. ' Unit Denitrification
. \ Rate
Organism Temperature ne/l NO; as N/mo/l cells-hr
e .
Micrococcus 32 C 0.056
denitrificans

L 32°%¢ 0.059 *
Activated 20°¢ 0.0007 to 0,011 s
Sludge '

" 20°¢ 0.0005 to 0,009
Mixture of 6 2% 0.120
Bacterial Species

- o)
Activated 20 C 0.0355
Sludge

" Szc 0.0013

11°¢ 0.0008 to 0,01k

18% 0.009 to 0,01k

25°C 0.0136 to 0.024
" 20°¢

0.0017

* calculated from gas production
%k calculated from experimental data.

16



wastewater with raw waste as a hydrogen donor support
rate independence of nitrate concentration. :
Carbon concentration controls the extent of reaction.
Carbon is required'for reduction of the nitrate according to
a definite stoichiometric relationship, e.g. nitrate reduced
to nitrogen cas with glucose as the hydrogen donor.
5 0631206 + 24 KNO;———#-IZNé'+ 2L €HC04 + 6CO2 +
18H20 - 645.,5 ¥ cal (Engel 1958)
In addition, carbon is required for cellular carbon
synthesis. If sufficient carbon is available to meet these
two requirements all of the nitrate will be converted to
zaseous nitrogen compounds and a very small amount of cellular
nitroéen. Several authors have shown that carbon concentration

influences the rate of denitrification, Zckenfelder (1968),

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

%

denitrificdation rate is independent of carbon concentration
above the theoretical requirements for nitrate reduction and

organism growth. Figure 11.
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Experimental Description.

Apparatus.

Batch denitrification tests were cérried out in’5.0
litre three-necked boiling flasks, sphericzl in shape. The
flasks were set Qn'a laboratory frame which could accommodate
4 to 6 simultaneous experiﬁents. Each of the necks was fitted
with a bored rubber stopper tq enable insertion of a combination
electroae pH probe; polarographic dissolved oxygen probe,
sampling tube and/or 1/32" dizmeter steel gas collection tube.
During the experiments the flasks were only p%?tially‘filled
resulting 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 graduated glass cylinder which was
open to the atmosphere. As gases were evolved in the reactor,
mineral o0il was displaced from the first cylindgr 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 pressﬁre by only 1 inch of mineral oil. As no
) loss in pressure could be observed over exteﬁded periods of
time (1 - 2 days) any gas losses from the collection system
were assumed to be insignificant.’

Variable speed iaboratory‘magnétic mixers were
placed benesth each flask with a 1/8 inch air space

between the stirrer znd flask to insulate the contents from
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heat fenerated by the electric motor. Teflod coated stee%

magnetic stirring bars approximately 3/8 inch by 1 inch ’

long were placed inside the flasks to mix the contents
A.typical expaerimental set up-is shown in Figure 12.

Procedure

Prevaration of Artificial “astewater The artificial

-wastewater or defined medium for each experiment was prepared

from analytical grade chemicals. In each ca%e potassium
nitrate (KX 3) was used as the nitrogen soufge while sodium

67577

hycrogen donor to drive the reaction. These chemicals were

citrate (NagcfH 0 .ZHZO) constituted the carbon source or

vdisSolved in tap water along with sﬁitable quantities of
potassium hydrogen, phpsphate-(monobasic) (KHZPOA) ferric
chloride (FeCl3-6HZO) and magnesium sulphate (1750,.7H,0) to
provide éssential nutriént materials for organism growth.
The ratios of ghosphorous, iron, and magnesium, to carbon
were derived from a formula developed by licLean (1968)

for aerobic degradation ofvcarbon by mixed cultures of
bacteria. It was assumed that assimilatory utilization of
nitrate would oecur simultaneouély'With dissimilatory
nitrate metabolism to provide the nitrogen for organismn
growth. Other trace elements were ésswmed to be present in
sufficient quantity in the tap water. Prior to use in the
-experiments the medium was éutoclaved at atmospheric pressure

; o}
at 212 ¥ for 30 minutes and allowed to cool in cotton plugged

_bottles. A typical recipe for experiment No. 12 is shown in


http:med:ii.un

N
P
On

FIGURE NO. I2
ASSEMBLED LABORATORY
BATCH REACTOR

SERUM CAP FOR GAS
SAMPLING

PLASTIC TUBING

GRADUATED OIL

MINERAL OIL RESERVOIR

GAS
SAMPLING
NEEDLE

SERUM CAP

COMBINATION

ELECTRODE pH PROBE

50 LITRE BOILING

OXYGEN PROBE
FLASK

TEFLON STIRRING BAR

Of~{—ADJUSTABLE MAGNETIC
STIRRER




b 57
Table 4. , : s

Preparation of Orgsnism Seed. L <

Pseudomonas denitrificans in the lyophilized form

were ootained from American Type culture collectlon Tnese
were revived by growth at 27°C on nutrlent agar slants

(Bio Cert J-1087-C Fisher Scientific Co. Ltd.). Aadltlonal
siants were inoculatedland grown anc then stored at e,
Streak platea were then inoculated and organisms harvested
from these were then grown aerobically at\27 C on a shaker
bath for 48 hours in approximately 75 ml of ndgrlent broth
in 125 ml Erlenﬁ;yer flasks. The full contents of these
flasks were introduced into mediu@ "A" described in Table 4,
aﬁd grown anaerobicaliy at 27°C until approximately 175 ml
of gas were collected. The above quantity of gzas was
indicative of mid reaction since a total of 330 ml of gas
was produced(from a 5 litre reactor after all the nitrates
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 sp. had

by this time reached approximately 250 mg/l. It was assumed
that the organisms were in an active groﬁth condition for use
in the experiments. At each stage standard ﬁicrobiological
laboratory procedures were followed to insure that no
contaminating organisms reached the growth medium.

After addition of the orgsnism seed to the autoclaved
reactors, the contents were scrubbad with pure nitrogen

gas for avproximately
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5 minutes until all of the dissolved oxygen was forced from
solution and the dissolved niprogen content.was at saturation.
At the start of an experimental run the gas space in theé 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 tbe_pH as monitored by the pH probe in the
réactor deviated from the experimentai oH by more than 0.1 units.

Sampling. Following miiing of organism seed and |

|

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

artificial wastewater for 5 minutes, a 25 ml ggmple wés'taken
fitted to a glass tube on one of the side arms. Ihe flask was
tilted so that the magnetic mixef.created abdefinite flow past
the sample point. A sample from the gas space was also takzn
in order to provide a complete initial nitrogen balance. This
procedure'was repeated throughout the course of the batch re-
action whenéver 30 to 50 ml of gas had collected in the oil
reservoir. A 20 ml portion of this sample wes immediately
filtered through a 0.47 micron Sartorius membrane filter to
rerove bacteria from the filtrate and for solids determinations.
Tﬁe filtrate was immediately analyzed for its nitrogen and
soluble carbon content, frozen, or kept at 5°C for later
analysis. The remaining 5 ml was used for total organic
nitrogen analysis including cellular organic nitrogen. Sampies
for dissolved nitrogen gas analysis (0.5 ml) were periodically
withdrawn in the same manner and immediately injected intc the
gas ligquid chromatograrh.

Gas- analysis samples (0.5 ml) were withdrawn by

means of a gas tight syringe through the serum cap in the
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3

top of the gzas collection reservoir _ .

alyses. All of the nitrogen ana lyses on the liquid
samprles with the 070u3t10n of the dissolved Np analysis
were carried out by wet chemical methods adaptable to
qpactroph5tomstric t:chniiues adaptable to the Technicon
futoanalyzer. This unit consists of a rotating sampling
device which alternatively dips a sampling needle into a

a

>

sample or distilled water for a specified period;
peristaltic pump which accurately pumps reagents at a

0
vl
@
()
H)
e

ic rate in small batches separated by 2ir bubbles

throuch mixinz coils; heatinz baths to allow retention of

&

4

the liguid reactants for colour develonm nnt at a specific
temperatura; a soactrowuotOWeter wnich aevelops an

electronic signal recorded on a strip chart as a peak

enclosinz an area proportional toé6 the sample concentration

Lo

of a particular component. The equipment required for
simultaneous nitrite and nitrate analysis is showm in the

paotozraph in Figure 13.

<

itrite. This automated procedure for the determination

of nitrite is an adaptation of the diagoligzation mathod of
"Standard ilethods™” (1965) proposed by Zamphake (1967). HNitrite
ion under acidiec conditions reacts with sulfanilimide to

yvield a diazo compound which couples with a n-1 naphthalethy
lenediamine dihydrochloride to form a soluble dye which is
measured colourimetrically. The schematic flow chart for

this analvrsis as outlined by Technicon Corporation Industrial
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liethod 35-69 % is shown in Figure 2 in Appendix C Samples
taken from the reactor were diluted 1/100 with gistilledf
water prior to analysis to bring their contentration within
the 0 to 1.3 mz/1 énalysis range.

Nitrate. Nitrate contained in the samples is reduced
to nitrite by an alkaline solution of hydrazine sulphate
containing a copper catalyst. The remainder of the procedure
is identical to the automated nitrite analysis above. The
schematic flow chart for this reaction is shown in Figure 6
in Appendix C. 'The nitrite concentration previously dutermined
must be subtracted from the results of this test, since it
measured both nitrite and nitrate. The samples were diluted
1/50.with distilled water to bring them within the range of
the test. A range of potassium nitrate standards(0-3 mg/1)
was run along with each group of analyses to establish a
calibration cufve.

Ammonia. Ammonia was determined using the Berthelot
Reaction in which the formation of a blue coloured compound
believed to be closely related to indoéhenol occurs when the
solution of ammonium salt ;s added to sodium phenoxide followed
by the addition of sodium hypdchlorite.‘ A solution of
potassium sodium tartrate (Rochelle Salts) is added to the
sample stream to eliminate the precipitation of the hydroxides
of heavy metals. Filtered samples were tested undiluted, and
were within the 0-10 mg/i analysis‘range, and each set of

samples was compared to a series of calibration standards.
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The flow sheet recommended by Technicon Corporation industrial
method 18-69W was used as shown in Figure 8 Appendix C

Total Kjeldahl Nitrogen. The measurements of nitrogen

contained in orgaﬁic carbon compounds such as cellular material
requires the breakdown of these compounds and release of the
nitrogen content as ammonia. In the automated analysis, this

" is achieved by digestion of samples in a mixture of concentrated
sulphuric acid ancd perc¢hloric acid with selenium dioxide as a
catalyst in a continuous rotating digester operated at
approximately QCOOC, according to the method developed by
Ferrari (1960). The quantity of ammonia produced is measured
by the 3Berthelot reaction. The Schematic flow hiagram for
total Kjeldahl analysis within the range 0-40 mg/l is outlined
in Technicon Corporation industrial method 30-69A as shown in
Figure 4 of Appéndix C. Total Kjeldahl tests were done on
both filtered and unfiltered samples as a measure of cellular
organic nitrogen and dissolved organic nitrogen respectively.

The dissolved nitrogen was found to be mostly ammonia,

Soluble Carbon. The 2 ml liquid sampies which had

been through the 0.47 microp membrane filters were mixed

with 1 or 2 drops of concentrated hjdrochloric acid to obtain
a pll of 2.0. The cearbon . dioxide released from bicarbonates
out of solution was then scrubbed from the samples by bubbling
nitrogen gas through the sample for three minutes, thereby
eliminating inorganic carbon. ‘After acidification and €O,

scrubbing, the samples could then be preserved for up to 30
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days at 5 C without any deterioration of organic carbon
compounds. Sampies of 2C micro-litres were then withdrawn

with a syringe and injected into a Beckman’infrared cafbon
analyzer. The resulting peaks were compared éo peaks produced
from carbon standards prepared from sodium oxalate. A typical
calibration 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 éo_ml
portion‘of reactor contents was drawn through'a 0.47 mieron
Sartorius membrane filter which had previously been washed
with 100 ml of distilled water, dried at 103°C for.l hour,
and weighed. The same drying procedure was followed with the
filters plus collected solids and the increase in weight
assumed to be micro-organism solids. Igniting the filters
plus sample at 600°C indicated that the. organism solids were

95% volatile for cultures employing Pseudomonas sp. 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 collectéd gases. The fisher gas partitioner
Model 25V utilizes a two column, two detector system to
separate and analyse gaseous mixtures. Using a helium
carrier gas at 50 millilitres per minute the gas mixture in
a 0.5 ml sample was swept through a 42" silica gel column.

Carbon dioxide and nitrous oxide is reversibly adsorbed on



the particles of the gel, while oxygen and nitrogen pass

through without being absorbed so that the first thermal

5 and Op,

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

conductivity cell produces 2 composite peak of N
then passes through the second éolumn consisting of 13 feet

of molecular sieve 13X which reversibly absorbs, nitrogen and
'oxygen at different rates, and pefmanently absorbs carbon
dioxide at room temperature. The second thermal conductivity
detector, therefore, produces separate peaks for nitrogen and
oxygen. At the helium flow rate of 50 ml per minute excellent
separation of composite, oxygen, carbon dioxide, nitrous

oxide, and nitrogen peaks was obtained. Known mixtures of

air, nitrogen, carbon dioxide, and nitrous oxide were used

to provide calibration of the instrument. As shown in Figure 12
Appendix C the response of the thermal coﬁductivity cell was
linear with respect to increasing gas concentrations. Néchine
calibration was checked several times through the course of

the experiments with 0.5 ml air samples injected during each
run as cgntrol samples, '

The absorption columns were maintained at room
temperature, and the bridge current operated at 6 volts. A
recorder setting of 100 mv full scale, with a chart speed of
an inch per minute was found suitable for gas eanalysis.. ‘Then
the control samples indicated that the machine was not properly
calibrated

, the molecular sieve columns were regenerated by

L)

heating overnight at hOOOC to drive off absorbed CO2 and

-
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vater vapour.

Dissolved Oxvrsen. Polarographic oxygen probes were

used to measure the dissolved oxygen concentration in the
reactor. A Yellowsprings Instrument Co.Ltd. polarographic
probe was used with a liodel 54 oxygen meter as well as

several Precision Scientific Corp. Ltd. galvanic cell oxygen

orobes connected to micro-ammeters.
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Exoperimental Design.

——

As stated previously, the aim of this investigation
was to establish which are the major variables affzcting the
denitrification rate in pure batch culture, and then relate
.this to mixed culture data. A search of the'l&ﬁerature
revealed that the variables influencing denitrificatibn arz -
(1) Dissolved oxygen concentration,

\ M 4o mmnag
2) Tenmperature,

I~

-~

(
(3) Carbon concentration (organic);
(4) Organic carton (type),

(

U

(6) Organism concentration,
(7) Nitrate concentration.

liost of the literature confirms that denitrification
is an anaerobic bacterial process completely inhibited by
the presence of dissolved oxyzen in concentration as low as
0.2 mg/l. Several mixed culture studies claiming denitrifica-
tion occurs when dissolved oxygen is present have been
attributed to anaerobic conditions in the interior of the floc.

In this study, several preliminary experiments at dissolved

?
oxyszen concentration as low as 0.5 mg/l indicated that presence
of dissolved oxygen completely inhibits denitrification.

Therefore, this variable was ommitted from further experimental

designs, and all tests were carried out under completely

anaerobic conditions.
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Temperature is a major variable influencing the
reaction rate in any biological process with a definite
optimum temperature range for growth of each bacterial
species. liost bacteriaexhibit an optimum temperature range
of 20°¢C to BOOC. is a rule of thumb, a drop in temperature
of 10°C below this optimum results in a rate reduction of.

. 50%. The rate reduction has been attributed to physical
changes of the cell protoplasm such as viscosity which;
thereby, reduces diffusion rates of enzymes and substrates.

In addition, low temperatures may cause accumulation of toxic
metabolic intermediates. Temperature is, therefore,-a major
variable affecting denitrification rate which would mask the
effect of other variables. Ther-fore, the effect of temperature
variation was evaluated separately from the other variables,
and its influence given particular emphasis since any applica-
tion oI denitrification to waste treatment would require-
sﬁccessful operation at temperatures as low as SOC in cold
climate‘regions. See Table No. 5. To evaluate the remaindef
of ths variables, a temperature of 270C was chosen since this

was the temperature recommended for growth of the supplied

culture of Pscudomonas denitrificans by American Type Culture
Collection.

Although organic carbon type has certainly been
demonstrated to affect the rate of denitrification and the
amount and ﬁype of metabolic intermediates produced, it was

decided that evaluation of the various organic carbcn sources



TABLE 5.

TYPICAL WASTEWATER REACTOR TEMPZRATURES IN COLD
CLINMATE RECIONS (AERATION TANK TEMP.)

Preston, Ontario. Elmira, Ontario, Chica.go; Ill s

| North oSide STP.
1970 1970 1967

Avg.' lax. Min,. Ave., lMax. Iiin. Avg., IMax. Mine.
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., 10.0 8.9
Narch 6.6 8.9 L 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
lay 13.1 15.5 10.5 14,0 16.0 13.0 144 16.7 13.3
June 16.0 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
August 185 21,2 187 19.7 23.0 18.0 22.8 23.9 21.6
September - 17.7 20,1 15.0 172 2.0 1.8 . 21.6 23.4 20,0
October 15.3 16,7 12.8 14.4 18.0 12,0 | 17.2 21.1 16.1
November 12.6 15.0 7.8 12.1 14.0 8.0 15.0 16.7 12.8

December 10.3 13.9 7.8 7.6 12.0 6.0 ©13.3 13.9 11.7



would be beyond the scope of this work. Sodium citrate was

chosen as an organic carbon, since it is an intermediate in

the Krebs cvule of acrobic oxidation of carbochvdrates, and

e | 3

also because it was recommendad by American Type Culture

Collection for revival of the supplied organisme.

o
b

Screenins Zxperiments The remaining four variables,

T

pH, carbon to nitrate ratio, nitrate concentration, énd
organism concentration were then put through a screening
procedure to determine whether any of these had’ a significant
effect on denitrification rate. A full factorial experiment
was then drawn up to evaluate the effect of the four variables
at two levels of each variable. The levels of each of the

variables were as follows -

Factor Level of Factor

' oo -1
pli - 85 < Bl

HOB Concentration 120 ng/1 40 ng/l
Carbon to Nitrate Ratio g3l L3l

Orzanism Concentration . 100 mg/1 50 mg/l

The pH levels are within the normal hydrogen ion
concentrations usually experienced in wastewater treatment.
The nitrate concentration of 40 mg/l is a reasonable level
for concentrations often contained in nitrified effluents

from municipal waste

\‘S
(J

water plants, while the upper level is
typical of an industrial waste water. The two carbon
concentration lirits were chosen so that the upper level

2

weuld bs above the theoretical requlrnwnnts for both nitrate
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reduction and orgzanism growth, while the lower level would

fall well below these requirements. In other words, it was
expected that complete conversion of 2ll the nitrate would

occur at the higher carbon level with only partial conversion

at the lower level. The orzanism concentrations chosen were
_l/lO to 1/100 of those normally utilized at existing activated
sluvdge waste water treatment plants. However, the.pure culture‘
levels were roughly estimated to contain close to the equivalent

Pseudomonas sp content of actual activated sludze plants. As

well, the lower organism levels were considered more suitable
for colony count deterwminations, since flocculafion should be

o

less at these lower bacterial populations. The experimental

the major factors and their interactions on the denitrification
rate can be evaluated for a BQ factorial design of this type.

Tt should be noted that both the HOB concentration and the »pH
could be set exactly according o the experimental prescription,
However, the initial organism conceﬁtration'could not be
estaeblished as closely. The reason for this was that the

extent of reaction in preparation of the seed organisms could
not be gauged accuwrately, and both the added carbon and added
prganism misht vary 10% from the specified level. The
experiments were initially randomized, but this was somewhat

qualified by performing two or three reactions simultaneously



EYPSRIMENTAL DESICN OF SCREENING EXPIZRIMENTS.

Ixperiment No. NO C:N0, pH Organisms
e =7 Rt Sl

1
2 + - - =
3 - + - .
L + + - -
5 - - 1 -
6 + - + -
7 ' - + + -
8 + + + -
9 - . = *

10 + - = +

11 - % - +

13 - - + +
14 + - S 4

l 5 § - "E’ + -+
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Results e

Discussion of Individual Experiments. Typical changes

in nitrogen form and content, soluble carbon,,suspendéd
solids, gas volumelcollected etc., as a function of time are
shown in Figure 14 through 21. The results of analyses for
all of the 16 screening experiments are shown in Appendix A.
In general, the batch experiments were characterized by 2
lag period in which the nitrate.concentration decreased
between 5 and 20% and a rapid linear nitrate {emeval 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 pil 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 hydfogen donor.  During the lag period
an accumulation of nitrite as an intermediate compound was
experienced. The nitrite increased to a maiimum concentration
and then decreased at a rapid rate along with the nitrate.

| In the experiments where the carbon to nitrate ratio
was 5:1, the nitrate removal waslessential;y complete, i.e.
i20 mg/l te < 1.0 mg/l or hO‘mg/l to 0.5 mg/l, while the

carbon removal occurred until all of the nitrate and nitrite
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had been reduced and then essentially ceased. Similarly,
organism growth comnnenced following the lag period and
reached a maximum level at the same time as‘denitrification
stopped and either levelled off or the population started
to decrease.

As shown in Figure 16 and Figure 17 for an experiment
where the carbon to nitrate ratio was 1:1, the nitrate removal
is incomplete. Carboq removal occurs to a low level (10 mg/1)
where the organisiis appear unable to utilize'it further. In
many of the experiments (Experiment No. 5, Figure 20) it was
difficult to determine whether a ldg period occurred or not
from the nitrogen and soluble carbon data, but’the gas produc-
tion figures were useful to establish its existence.

As the plots of carbon and nitrate concentration were
linear with respect to time after the acclimation period, it
~could be concluded that carbon removal and nitrate removal
are iﬁdependent of their respective concentrations, i.e. the
reactions were zero order with respect to carbon and nitrate
concentration. |

The other forms of nitrogen monitored were dissolved
ampaonia concentration, dissolved nitrogen concentration,
gaseous nitrogen concentration, and Total Xjeldehl (organic
nitrogen cbnceﬁtration). Originally, the ammonia concentra-

- tions were fairly low, usually in the range of 5 to 10 mg/1,
and reflected the NH_ content of the orgsanism sced solution,

3

The ammonia rapidly disappeared during the reaction as it was



CONCENTRATION  mg/l.

200

I

FIGURE NO. 19
EXPERIMENT NO. 3 ..

SOLUBLE CARBON, SUSPENDED SOLIDS,
GAS VOLUME COLLECTED VERSUS

TIME

200

SOLUBLE CARBON

GAS VOLUME

Q0

COLLECTED

100
GAS COLLECTED in ml ot 760 mm. Hg.

SUSPENDED SOLIDS

_E

1 2 3 4 5 6 7' 8 9 O 1l ©
TIME IN HOURS



NITROGEN CONTENT in mg.

FIGURE NO. 20

EXPERIMENT NO. 5
NITROGEN CONTENT VERSUS TIME
I o e e e e v — — —— ——— — — —— —— — —— t— —
TOTAL NITROGEN CONTENT
MEASURED
©
QA
(2D
(@)
o)
N
3 GAS SPACE N,,>m\
¢ © € EE—
~ DISSOLVED N;—_ 3 |
L “ s
NITROGEN GAS COLLECTED |
NITRITE —,__ BTt o ORGANIC N .
I ‘i;:::fgmowu\ S
w ;,. ~

0 2 4 6 8 10 .12 & 16 I8 20 22 24

TIME IN HOURS



g./l.

CONCENTRATION in m

150

100

50

FIGURE NO. 2l

GAS VOLUME COLLECTED
TIME

SUSPENDED SOLIDS—

GAS VOLUME

EXPERIMENT NO. 5 22
SOLUBLE CARBON, SUSPENDED SOLIDS,

VERSUS

)

20 30 40 50 60 70 80 SO

COLLECTED

3

2 4 6 8 0 12 14 8 8 20 22 2

TIME IN HOURS

£0

GAS COLLECTED in ml. ot 760 mm. Hg.



assimilated into cellular ﬁitrogen compounds. This was
confirned by the fact that although the ammonia concentration
dropred the total ijeldahl concentration in the unllltmred
samples usually increased or remained relatively constant
throuzhout the reaction. The atmonia concentrations and
filtered total KJjeldanl analyses avreea closely. The
difference between the unfiltered and filtered total KjeldahlA
was assumed to bhe a méasure of cellular or;anic carbon.

Since these lj2ldahl results rangedfrom 4 to 65 of the

D
o

.

ions the cellular nitrozen levels

(o7
{45]

t
were lower than the 8 to 12,5 predicted as a nitrogen content -

4

oy the equations

(1951).
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The dissolved nitrogen concentrations at the beginning
of the batch experiments were usually close to the nitrogen

. 0 : >
saturation levels at 27 C, i.e. 16,9 mg/l since the reactor

‘

contents had been scrubbed of oxygen with nitrogen gas prior

&7

to each run. During the course of the reaction, the liquid
was supersaturated with dissolved'nitroggn as the rate of N?
preoduction exceeded the diffusion rate out of solution into
the gas space.

the dissolved carbon dioxide levels

(0]
[50)

graducllyincreased throushout the reaction, vhile at pH 845
CC, did not zppear as a dissolved gas component. FPresumably
at the high pH the CO? produced immediately cntered into the

carbonate buff“r equilibriun.
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Chromatographic analysis of the collected product

sases showed a gradual increase in the nitrogen concentra-

¢

tion from approxina v 799 at the beginning of the experiments

./

~
T

for the reactions at pl 8.5. At the same time a decrease in
oxvgen concertration was noted from 215 to less than 19, For

thé reactions at pi 6.5 both nitrogen and caroon dioxide

concentration generally increased as the reactions progressed -

-

7ith a corresponding gradual aﬂcr ase of oxygen to 0%,

o D

Calculation of Denitrification Rate. For comparison

of the experimental results from the 16 screening experiments
a characteristic denitrification rate was established. lios

enzineering desisn work for bioiogical waste ﬁfeatment
processes 1is based on the unit reaction rate or in this case
unit denicrification rate. This can be defined as the
concentration change of substrate per concentration change
for denitrification A mg/l
W0, as N/ A mg/l oer-zanisms - hr. This characteristic unit
rate was calculated from the exp“rlmental dﬁ a by fitting
the nitrate versus time data for the linear removal period
with a least squares straight line; determining the slope of
this straight line, and then divi iru the slope by the organism
concentration at mid reaction time, (determined from cast
squares straight line fit of the solids data). The least
squares straicsht lines were calculated using Program 1 in

and the typical results are shown in Figure 22

-
<

and Figure 23 for Experiment No.lb.
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. The unit denitrification rates determined for these
16 experiments are shown in Table 0.7,

T“

Effect of ixperimental Variables on Unit Denitrification

Zete. The calculation of the averacze effect of each of the

factors and interactions between the factors is shovm in

Appendix C, and the results are shovn in Tablg lo. 8.

The unit denitrification rate was, therefore,

“?J

independent of orcsanisa concentration, while all of the other

in analysis of variance on these screening experiments -

Table lo.RB-2 Appendix B - . also showed that carbon to nitrate

raitio, nitrate concentration, and pH were all significant

O
i

effects at the 950 confidence level. The sisnificant effect
of nitrate contradicts the evidence of zero order reaction

7ith respect to nitrate concentration determined from the

i o

-t

individual plots of nitrogen concentration versus time. The
reason for this was that the experimental désign does not
really unlock the interaction effect of carbon and nitrate,
since carbon and nitrate varied as a ratio. Therefore, the

average effect of carbon and nitrate concentration on the

ck
o,
|_J.

unit denitrification rate w25 evaluated separately in a

full factorial design at the conditions given in Table No. 9.
The average effects were + 0.00055 g/l NO3 as N /

n:'/1 organisms - hour for a change of nitrate concentration

/1

\)'

from L0 mg/1' to 120 mg/l and + 0.0324 mg/1 N03 as N / ng

organisms - hour for a change in carbon concentration from



sxpt. No. NO C:N\

SCRIENING EXPERIMINTS
UNIT Dt ITRITLCX TON RATES.

—
<
O

3 3 pPH Organisms Unit Donrtflfication
Rate m r"(l 70
mz /1 or;}‘am ns-hr

‘

1 - - - * 0.0307
5 + - - B 0.0550
3 - % - - 0.0678
i + + - i 0.1270
5 - - + - ~+ 0.0150
6 o o + - 0.0406
7 » " + i 0.0424
g + +- & - 0.0613
9 - = - + 0.0246
a5 o - . + © 0.0565
% - + - 4 0.0600
12 + + = +  0.1430
13 - - - + + 0.0198
B " - + — 0.0290
15 - v + + 0.0508

B - + 3 + -, 5 0.0710
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FIOT OF FACT

T8 1

nn A
Uilo

ON UNIT DENITRIFICATION

Factor

Carbon to
Nitrete Ratio

Mitrate
Concentration

17

.
pH

Organisms
Concentration

16_Screening

Sxperiments,

Change in Level

1l to

L0 to

6.5 to
50 to

100

‘
.

Effect on
Denitrification
Rate,

+ 0.0440 mg/1 1105 _as I
mg/1 orgenisms-hr.

+ 0.0340 "
0.0203 "
+ 0.00107 "
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TABLE 9

2 - A B $r o gy NI
2  FACTORIAL DESIGN TO EVALUATE THE EFFZCT
OF CARBON AND NITRATE ON UNIT DENITRIFICATION

RATH .
Sxpt.lo. EQB c pH Organisms Unit Denit.Rete.
18 + - - + 0.0960

10 + e + 0.0565
17 - + - + 0.1290
9 = . v + 0.0246

Design Level b, -1
Carbon Concentration 120 L0
Nitrate Concentration 120 1,0

pll | | 6.5

Organism Concentration 100
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40 mg/l to 120 mg/l of carbon. HNitrate zoncentration from
these experiments appears to have little effect on the
denitrification rate. |

This work was then expanded to a full factorial -
desisn to investigate ﬁhe effect of nitrate concentration,
carbon concentration and pH at the same time. The experimental
design, along with the resulting unit denitrification rates
are shovm in Table MNo. 10. lote that four of the experiments
were dravn from the original 16 screening experiments.

The average effects of carbon and pH were apzroximately

5 times the effect of nitrate on the denitrification rate,
and the analysis of variance of these eight experiments
shown in Table B-3 of Appendix B demonstratéed that carbon
and pH and the interaction effect between carbon and nitfate

were significant at the 95 confidence level,

Jetermination of Optimum »li Since hydrogen ion

concentration was determinad as a significant factor, a
series of experiments was run to find an optimum pl range

for denitrification. Som2 of the experimental data from

)]

U

tha screening experiments was included in this investigation,

the extremes of hydrogen ion concentration which might be
expected at a wastewater treatment plant. The experimental

o . . .
temperature was 27 C with a carbon to nitrate ratio of

approximately 2.5:1 to 5:1. The unit denitrification rate
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TARLE 10.
oS S

R ;
2” FACTORIAL DESICN TO IVALUATE THZ EFFECT OF
CARBON pH AND NITRATZE CONCENTRATION ON THE UNIT

ENITRIFICATION RATE,

Expt HNo. Nitrate - Carbon pH Unit Denit Rate
’JOI’IC . COl’lC. 3 /l TvO—)

n@/l Orftanisms -hr

9 = - . 0.0246 .
13 - - 4 0:0196
17 - + - 0.1290
18 - + + 0.0880
10 * - - : 0.0960.

é - a - 0.0565.
20 + o + 0.0406

+ - + 0.0321
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variation with pil is shown on Figure No. 24. An optimunm

cation rate

s’

,_l

pil of 7.0 wit» a corresponding unit denitrifi
of 0.15 to 0.18 mg/1 0y per me/1l of orranisms per hour
was cestablished. The es Xper “,nt 1 data shovm in this graph

are sumnmarized in Table Yo. ll. This broad optimum for

Psandononas denitrificans is well within the normal »nil of

- - . 3 . Pt > »
comitrification Rate = The amount of carbon required for

complete raduction of nitrate is determined by the
stoichiometry of the parallel reactions of nitrate reduction
and carbon decradation. The overall reaction proposed for
nitrote reduction with citrate as the hydroren or electron

donor which follows, indicates a carbon regquirement of 1.7

of cerbon per nz of nitrate as W,
% G0 2 UNOz+12 CO» + 12 FHCO, + 6 Mo + L 150
~+ JO¢-5,\47 l~ .--«(43 ]_v u‘vg l~ ..“uOB 6 _.2 ) _.2(\
The arount of carbon uvutilized in the batch reactions

also included the soluble carbon converted to cellular organic
naterizl durins bacterial growth. In Table Mo. 12 the overall
nitrate raduction and soluble carbon utlllacd during the

original 16 screening experiments is

103}
c-f
46}
o’
o
=
u
d.
(3]
@]
*
-3
(]
(o]
®
ct
(6]
3
3
[
e |
®

to orranic czrbon in thé form of cells accordins to the

approximate formula for cells of Hoover and Porces (1952)
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,RATE mg.fl. NO,/m g./1. orgonisms-hr.
' 02

SPECIFIC DENITRIFICATION
0-l

FIGURE NO. 24
VARIATION OF UNIT DENITRIFICATION RATE

WITH HYDROGEN ION CONCENTRATION
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TABLE 11,

UNIT DZMITRIFICATION RATE VARIATION ITIH

HYDROCEYN TON CONCR!TRATION

Expt Initial Initial Initial Unit
Noe Mitrate Carbon Organism Denitrification
Conc. Conc. Conc. Rate

ng/1 ne/1 ng/1 me/1 N0, _as N

23 62.90 261, 1,0 0.1350
21, 62,00 250 30 0.1070
12 105.25 58 80 . C.1430

l, 113.00 625" 70 * 0.1270
25 101.20 270 90 0.1600
26 . 101.30 272 85 0.1800
5 121.50 310 60 C.1610
21 87.60 245 25 0.1200
16 106.8 L85 140 "~ 0.0710

Siﬂi 91’} ® 5 . 675 80 O e 0613
22 20.2 - 210 60 * 0.143

* Initial solids not actually
determined.,



TABLE NO.lZ

CARION UTILIZATION IN THI ORIGINAL 16 SCRIENING EXPIRIIINTS.

Expt. No. Observed Observed Observed Predicted Carbon for  Ratio Carbon
Carbon Nitrate uel% , Carbon in Nitrate to Nitrate for
., me/l  one/1 Cells - Reduction Reduction.
1 52 - 21.0 23.8 28,2 1.34
2 , 106 42.0 | 45 23,8 82,2 1.96
3 98 31,8 75 39.7 58.3 1.84
L 395 112.0 . 180 95.3 . 299.7 207
5 Ly 20,6 50 26,5 17.5 0.85
6 126 48,9 115 61.0 . 65.0 1.33
7 7, g2 L 125 66.2 7.8 .S
8 335 93.5 170 90.0 21,5.0 2.63
9 35 10.5 39 18.5 16.5 1.5%
10 90 59.5 85 1540 . 4540 0.76
11 110 29.5 ’ 55 29.1 80.9 2.7l
12 200 105.2 130 68.8 2212 2,10
13 8 36,5 35 18,5 29.5 0.51
14 85 40,0 60 31.8 53.2 1.33
15 120 37.1 125 6643 5347 " 1.L5
16 255 106.5 105 55,7 199.3 1.87 &
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This carbon concentration was then subtracted from the
observed soluble cerbon consumed. during each experiment, and
the difference assumed to be carbon used for nitrete reduction.

As shovn in Table No. 12, the average ratio of soluble carbon

AT

used for réduction tO'nitrate as N reduced was 1.83 : 1l.C.
This is within 75 of the carboﬁ to nitrate ratio predicted
by the proposed equation.

“The two series of screening experiments showed that
the amount of carbon was the major factor affegfing
denitrification rate with a large interaction effect between
carbon and nitrate concentration. The unit'denitrification
rates fof all of the experiments at pH 8.5 were, therefore,
plotted as a function of carﬁon to nitrate ratio. Data at
a pi of 8.5 wereused since the greatest amount of data was
available at Ehis pH level from preliminary experiments. The
rates are tabulated in Table lNo.l3. As showm on Figure No. 25
the unit denitrification rate increased with increasing carbon
to nitrate ratio up to a ratio in the interval between that
ratio predicted for nitrate reduction about’l.S, and the
average ratio for both nitrate reduction and organism growth
(2.7)e ibove the latter C‘.E'-IO3 ratio the unit denitrification
rate was independent of carbon concentration. This graph
agrees with the conéentration independence predicted from
the individual experimental plots of carbon concentration

Versus timee
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TABLE HO.

UNIT J”“IT‘I“701 'TON RA VARTATION "TITH
CARDBON IITRATE :LPIO.

_Ratio of Fxpt.No., Original Original‘ Unit

30luble Carbon Nitrate Carbon Denitrification:

to Hitrate as Conc. Conc. Rate

N. ne /1 me/1 me /10 as N

me/l cells=hr,

0.25 L8 65.0 16 0.0038
0.70 L7 67.8 1L 0.0019
C.97 1 103.0 100 0,029
122 6 110.4 136 0.04L06
1.2 5 38.0 54 0.015
l.41 13 L1 o0 62 0.0198
2 34 bl 39.9 93 0.0.7
2450 L5 28,5 72 0.0365
2495 L6 -29.8 88 0.049
Lo Th 7 38.9 -1.84, 0.0421,
Le57 16 106.8 485 0.0710.
5.05 8B 114.0 575 0.0700
5«40 158 364 196 0.0/,85
5655 154 377 208 0.0508
7415 8A A5 675 0.0613
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FIGURE NO. 25
EFFECT OF CARBON TO NITRATE

RATIO ON UNIT DENITRIFICATION RATE
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In wastewater treatment, the aim is to reduce the
nitrete concentration to zero. Therefore; any @enitrifiéation
process must supply suffic ient carbon to insure that both
the nitrate reduction and organism srowth requirements would be
satisfied. In other wofds, a waste treatwment process would
operate under the concentration inderendent conditions. 'The
exact kinetic expression at the lower carbon to nitrate
ratios is, therefore, not a critical requirement of this .

-

A comparison of the theoretical carbon requirements
of this study with data from the literature is difficult
because most other studies have been made with mixed
populations, and with differént carbon sources. For example,
&cCertf's (1269) work with methanol as the electron donof
showed a curoon to nitrate ratio of C.66" for theoretical
reduction of nitrate to nitrocen zas. The difference with
the present work is related to the metabolic pathway followed
by the carbon, and the energy derived from each reaction.
Similarly, the overall ratio of carbon used to nitrate
reduced was 0,93 for licCarty's work with methanol as opposed

3 -

to 2.5 for these batch studies in purs culture with citrate as

r )
the carbon source.

The Temverature Variation of Unit Denitrificetion

SL

v .C

.

Rate - As the previous experiments have established an optimum

pE range and the concentration independence of denitrificeation,
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rate with carbon and nitrate concentration an investigation

of the dependence of unit'rate on temperature could proceed.
Duplicate batch experiments were run with initial nitrate
concentration at 120 mg/l; carbon to nitrate ratio of 3:1;

pl of 7.0; and initial orcanism concentration of anproximately

; O O o O
106 mg/l; at temperatures of 5°C, 10 C, 15 C, 20 C, and 27 C.

‘
»

. A single experiment was performed later at BOC, as an
extension of the work. The experimental plots of cafbon and
nitrate versus timne were all similar in form to the previous
screening experiment, i.e. a 43 period followed by a linear
removal with respect to time.

The results for 5OC reactions and 10°C Teactions are
shown in Firure 26 to TFisure 29 for comparison of the lag
period, and to demonstrate the linear removal characteristice.
It should be noted that complete denitrification of the SOC

reactor contents from 8C.0 mg/l HOB as M to 1.0 ng/l N0, was

W

achieved within 48 hours at the low organism concentration of
100 to 200 mg/l. A simultaneous decrease in carbon concentr

-

tion from 250 to 75 mg/l followed a similar pattern. These

batch experiments indicate that if a significant percentage
of activated sludse organisms (say 257) were to perform at
the same rate as the Pseudomonads used in these experiments

at 5°C then complete denitrification of wastewater nould be
accomplished within 10 hours if sludge levels were maintained

between 2,000 and 5,000 mz/1l, The results also surgest that
s VU ) /1y
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denitrification would bz significant in the deep

: : o)
water rezions of lakes where temperatures drop to 4 C, the

-

3

temperature of maximum water density.

The length of the lag period increased with decreasing
! - - O .
temperature from about five hours for the 27 C to eight days

0
for the 5 C reactors. The unit denitrification rates at the

various temperatures are listed in Table No. 1!

Many enzyme reactions followan Arrhenius teomperature

relationship of the form:

- E/

E = Kp e RT .
where K is the reaction rate constant iﬁ hr-1
the frequency factor,
E is the activation energy in cal/gm mole,
R is the universal gas constant in cal/gm mole °K,
and T is the tenperature inOK.

The data was then loz transformed and fitted with a

least squares straight line., - This line of best fit is showm

as the dashed line on Figure 30, along with the 95% confidence
limits established from an-analysis of variance. The activa-

tion enersgy calculated from the slope of the le ast squares
line was 16.8 X cal/mole, which is well within the 2 to 24

cal/gm mole veriation of many enzyme systems (Doelle, 1969).

(5
e
@]

Relat

n of Psendomonas Denitrificans Pure Culture

Work to Denitrilication with a Mixed Culture. In wastewater
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TABLE MO.l4.

UNIT DZNITRIFICATION RATZ VARIATION WITH
THHPLRATURE .

Tenmp. Zxpte. Initial Initial Initial . Unit
og No. Nitrate Carbon Orgzanism Denitrification
Conc, Conce  Conc. Rate
mg/1 ng/1 me/1 mg/1 W05 as N
‘ - ng/l organisms-hr.

27° 25 101.2 - 270 - 90 0.18
z7" 26 101.3 272 E . 0.16
20° 27 07.8 27, 60 " 0.0716
20° 28 111.9 268 60 0.0656
15 29 106.8 268 80 " 0.0354
15° 30 98.8 268 60 0.0348
10° 31 113.5 315 115 * " 0.0285
10° 32 113.0 300 115 * 0.028l
59 34 99.0 300 85 0.0135
5° 35 117.9 310 60 T 0.0175
3P 36 117.8 328 135 © 0.0063

" Initial solids not actually
determined,
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treatment maintenance of a pure culture of denitrifying, -
orcanisms would be almost impossible. It would be necessary
to operate a continuous re rcl@ system in which an enriched
culture of denitrificrs.would thrive. In order to relate the

pure culture work of dilute dominant cultures of Pseudomonas

denitrificans to waste treatmoﬂu, batch experiments with

A

activated sludge were carried out. A series of experiments

with varying ratios of Pseudomonas sp to aJt1Vﬂtvd sludﬁe

making up a total<orgénlsm population of 100 m~/l were run
to determine an approximate est nato of the pc“cnntage of
denitrifying orgzanisms in active paﬂ sludge. Ratios of zero,
0.25:1.0,'0.5:1.05 l.O:lﬂO,and oo were used in the experiments.

o}
A constant temperature of 27 C was used to

&

provide optimum
growth.‘ The initial nitrate concentratici was 120 nmg/l as N.
The initial éa;bon to nitrate ratio was varied between 3:1
and 5;1 tp insure no limitation of rate due to lack of carbon
and the pH was resulated at 7.5.

Ficure No. 31 shows the results of nitrogen concentra=-

tions as a function of time for the 1:1 weight ratio of

Pseudomonas sp to activated sludge organi&ns. A familiar

pattern of lag period followed by the linsar removal of
nitrate with respect to time is demonstrated. The carbon and
solids data also follows 'a similar pattern in Ficure .

"As previcusly, the unit denitrification rates were deter.ined

the nitrate data with a least squares line, and

dividing the slope cf this line by thn reaction mid-time solids
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¢onceﬁtrations. The experimental data for this series of

runs is summarized in Table No.l5, and the individual

experiments are presented in tabular form in Appendix A.
In Figure No. 33, the unit denitrification rates

are plotted as a function of the ratio Pscudomonas sp to

activated sludge. Since the rates appeared to .be increaéing
at a decreasing rate from the purely activated sludge
condition to an asymptote at the pure culture rate, the data
was fitted with a modified geometric function of the form

X . e g oass .
Y=A+ BC'., In this case Y represents the unit denitrifica-

tion rate and x the weight ratio of Pseudomonas sp to
activated sludge. The constant A represents the value of
unit denitrification rate to which the curve is an asymptote.
The data was log transformed, values of A arbitrarily chosen,
and a least squares straight line'fitted.to the semi-log plot
ILn. (¥ -A)versus X. This process was repeated until the
residual sum of squares was a minimum and the corresponding
value of A was chosen as the asymptote.

As shown in Figure [o0.33, the value of A of 0.158
which produced the minimum sum of squares was very close to
the pure culture unit denitrification rate of 0.163 mg I'-IO3
as N/mg organisms-hr. The unit denitrification rate at pure
activated sludge predicted by this curve was approximately
17% of the unit denitrification rate of the pure culture at
similar conditions. The ratio of rates determined from the

individuzl experiments was approximately 25%. In other words,



TABLE NO.15. #

™ RISFTCAT s A WAL k(o oA ol
_2E TR CATION RATIS FOR T

iddwde b s

TS WITH VARTING ”X”*’” oF

4400 U

SP TO ACTIVATZD SLUDGE.

Thitial “Initial ' Tnitisl’ - Unit

x= Y0 EY
O 0w
ct @ ct

e

Nitrate Carbon Crganism Denitrification
Conc. Conc. conc. Rate

> r -y
me/1 mg/l - . mefl > me /1 NO3_ac N

mg/l orfanisms-~hr

40 134.8 420 170 0,042
38 132,00 . .350 135 0.062
39 120.7 335 145 0.102
43 92.5 500 95 * 0.122
37, 120.0 330 130 0.136
L2 96. . 455 110 * o.1z;o
51 1815 550 60 0.163

B
>R

Initial solids not actually determined.

# Urganism concentration measured as total

suspended solids.
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an activated sludge batch experiment with an orgzanism
population of 500 mg/l to 1000 mg/l would have reduced the
the nitrate concentfation of the medium in the same time
period as a pure culture pdpulation of Pseudomonads.

Organism Crowth., The ability to predict the amount

of cellular growth which would occur during & biological
waste treatment reaction is a necessary requirement for
design and operation.- In order to produce a maximum unit
denitrification rate carbon must be previded in sufficient
quantity to meet the nitrate reduction requirements plus the
needs for organism growth. Zxamination of LicCarty's (1969)
equations for methanol requirements for nitraté reduction
and orcanism growth showed that approximately 0.28 gm of
carbon are required for cell zrowth per gm of nitrate
nitrogen as N reduced to nitrogen gas. In other words,
appr ximaiely 0.53 gm of solids would be produced for each
gm of nitrate &s N reduced considering an equation for

sludge solids of C_H,NO, (Hoover and Porges, 1952).

“sir e
In Teble No. 12, the average carbon requirement
for organism growth can be calculated as .93 gm of carbdn
per gm of nitrate as I reduced. This would mean that
approximately 1.74 gm of cells were produced per gn of
nitrate reduced, which is roughly'friplethe cell growth
predicted by lcCarty's experiments with methanol. The
volatile solids portion'of the suspended solids was approximately

95% indicating

g.that most of the solids were organismSe. The
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overall carbon utilization for the 16 exp:riments

3

arformed
at 27OC was 2474 gm soluble cérbon per om of nitrate recduced.
This again is almost double thg 1.4 consumptive ratio found
by lclarty using methanol as a hydrogen donor. lowever,
Johnson (1964 ) in his continuous denitrification experiments
cemonstrated a consumptive ratio of approximately 2.2
(caleulated from his data), which is mueh closer to the crrrent
e¥psriments. Pozssible’'explanations for this discrepancy are
that organisms using citrate uvutilize a ~reatéer portion of the
soluble carbon for organism growtli. Organisms using methanol -

in contrast use a greeter proportion of the carbon to redu

o
(

nitrate and then degrade methanol to the point where it ca

i

i

be incorporated into cell material. As well, the denitrifying
organisms in activated sludge used in IlcCarty'!s work and other
studies probably grow less efficiently due to competition with
ther .organisms in the sludge mass,
For desiecn of a plant scale denitrification unit the
rate data should be obtained from laboratory studies using
the actual carbeon source to be appiied in practice. As well

the exporiments should be run at a range of temperatures

(e

Mitrogen Dalance. The laboratory appraratus was
designed so that the system was completely closed to the

atnosphere in order that the transformetions of nitrogen
compounds could be atuvdied through the reaction period.

Previous t'rorkers on denitriTication with the exception of
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Johnson (196/4) hove used open srstems ond couvld not account
for nitrozen lost as gaseous products to the atmosphere.

At several tinmes throushout each reaction, the nitrogen

-

contont of the system in all forms was :nalysed, and the
ht measured related to the original nitrogen

contant. Table llos 16 illustrates a typical balance sheet

¢
.

- . y o s
for Zxperiment No. 34 carried out at 5 C. The transformations

of the wvarious ,irro*nn comnounds vith ressect to time are

shovn in Figures, 14, 16, 18, 20, 26, 28, 31, wi

ot

h a nitrogen

- (O 3 | b 3 s
balance 1indicated at the top of the graphs. liost of the

5

nitroren balences closed within 2% to &5 with the odd

. . . L4
reaction deviating as much as 105, The most important
sources of error in the nitroszen balances were the organic

A

nitrocen. Total HKjeldahl analyses which were at most tinmes
L7 to 67 of the solids concentration: lower than the expected

875 to 12 predicted by Porses equation. In aldition
of ths zas space ahove the reaction liquid were not always

et the same concentration as the gas ressrvoir concentration.
fas analvsis of samples teken directly from t“, ¢as space

and Ifrom the res-rvoir differed by one or two percent in
nitrosen concentration. The ?icqo]v~d nitrogen gas
concentration made up a significant amount of the total

>

nitrogen balance, e.g. up to 25% of the nitrogen content in

7

the system for Iyperiment ¥Wo. 5.. As well, the change in per



Date

Dec.ll
19

20
21
22

22

23

-y
mg/1
4.15 100 4.0
11.05 90 2.6
11.50 8L 5.4
9.50 5k L6
12.30 46 545
9.45 33 6.1
10.15 2 7.6

b
8.0
7.8
6.9
7.0
3.8
2.6
1.4

Dissolved
N2
mg/1

16.0
16.0

16.2

16.4
16.3

TABLE NO.16.

TYPICAL NITROGEN BALANCE ON AN EXPERIMENTAL

— g/l

REACTOR., EYP ERIMENT #.34,
Wt. N Wt. of
Total Liquid Gas Nitrogen Evolvéd Liquid &
Liquid Volume Evolved mg Solid Nj
N2 ml ml mg
128.0 5130 0 0 656
116.4 5105 60.0 80.0 59.0 595
5080 110.0 92.0
81.8 ' 5055 175.0 9.8 204.0 413
5030 235.0 95.6 276.0
58.1 5005 285.0
27.3 £980 370.0 96.5 439.0 136

Wt.of N,
Original
Space

186
186

186

186

10.9
11.6

Wt.N, in Total Wt« Balance
% Chénge of N Within
in Cas mg %
Space
-3
842,0
840.0 - 0.2
34.6 84,5.2 + 0.4
38.6 811.2 - 3.4
—d

L

o
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idcrobiolosical Aspeets of the Tork. ilicrobiological
colony counts on plate agzar after incubation at 20°C for 48
hours were carried out to chéck on the purity of the batch
cultures. Samples were obtained upon reaction initiation
after orcanism seeding, and upon termination of the reaction.
In mést cases less than 5% of the colonies copnted at the end

of the reaction differed from the usual circular or slightly

elliptical pearly white colony tvpical of Pseudomonas

denitrificans found at reaction initiation. This indicated

that the bacterial cultures were dominated by Pseudomonas

and little contamination entered the srstem during sampling.
The colony counts were also utilized to confirm the organism
growth evaluated by suspendeg solids measurements. In Table
No. 17, the microbiologiceal colony counts are tabulated along
with the suspended solids data at -the corresponding tinmes.

All of the data obtained at 27OC was used to cqnstruct Figure
No. 34, a graph relating colony counts to suspended solids
concentration. The very large spread of the data between

the 95% confidence levels around the least sQuares straight
line fit of the experimental points is typical of bacterial
count suspended solids gorrelations. However, the graph does
confirm the trend that increassd suspended solids indicate
~sanism growth. Considerable error exists in both the
suspended solids measurenents (tZOﬁ), and the bacterial colony
counts. Flogculation of organisms which was visibly apparant

in the reactors tended to reduce the colony counts, since many
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COLONY COUNTS

TADLE NO.17.

AND SU(S PEND
27 0 R CTIONw

S0LIDS CONCETTRATIONS,

Start liddle End.
Plate Count S.S.mz/1 , Plate Count $.S.mg/l Plate Count 7.S.m>/1
Million/ml. Million/ml. Million/ml. '

N 145 425 R70
160 110 368 170
215 10 &0 280
120 140 350 245
58 80 395 250
118 1C0 150 135
69 65
66 75
57 65 68 130
38 a0
20 70 29 250
S5 80 20 200
125 130 229 215
- B2 30 75 135
30 75 L25 325
30 55 65 1CO .
60 &0 125 - 135
80 g0 1CcOo 185
122 120 202 170 ¥ i 21C
16 125 197 150 212 175
23 Y 373 210 300 20
12 90 62 26 110 110
LO - 25 188 120
17 5 60 LO
a5 15 '
69 13 138 1C5
138 165 268 190
220 215

332

170

CeT
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.

flocculated organisms initiated a colony as oppesed to the
assumption that each colony derived from a single organism.
The data in Table Ho; 17 could be utilized along
with correspon d“nltrlflcﬁulon rate data to establish
unit rates of nitra ate reduction per ccll rather than on a
weight basis. It should be pointed out; howevgr; that the
rate data based on colony counts would probably vary even

more widely than the rate data based on weight measurements

of cells and would not be as applicable to process design.
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CONCLUSIONS

The experiments demonSLr ted that closed nitr ogen

(o

,<.u

)
'-J-

. balances could he performed on batch denitrification

(25}

reactors to account for the bacterial conyersion of

nitrate to nitrogen gas.,

=

2

Denitrification rate is independent of nitrate

concentration at the levels investigated, i.ec.

120 nz/1 to 1 mg/l.

The rate of denitrification is also indepen denf of
organic carbon concentration provided sufficient carbon
is available to meet the stoichiometric requirements

of nitreate reduction, and the requirements for organism
growth.

The optimum pil for denitrification by pure cultureé of

Pseudomonas denitrificans appears to be between 7.5

and 7.0 - well within the range usually associated with
wastewater treatment.
The relationships between temperature and unit denitrifica-

tions ratec for pure cultures of Pscudomonas denitzificans

? 2 s “ 0
can be predicted by an Arrhenius type curve between 5°C
" &
and 27 C.

~

The unit denitrification rate of Pseudomonas

O, = : :
denitrificans at 5 C is approximately 20% of the rate

at 20°C but is still significant at this level for



(7)

124,
(a) wastewater treatmenﬁ'purposes, 'f ,
(b) denitrification in deep water cold temperatur;
regions of natural water bodies.
A significant percentage of activated sludge organisms
normally aerobically metabolising organic carbon can
denitrify wastewater utilizing nitrate as the terminal

electron acceptor if anaerobic conditions prevail. No

persistent significant build-up of niqrite was observed.

>



approx.
avz.
BOD.
cal.
cénc.
dia.
DO.

ft.

2.

mex

mg
mg/1
ml

approximately

average

calories

-biochemical oxygen demand

concentration

diemeter

dissolved o

feet

square feet

gallons - imperial

grams

xysen

Sy O

gallons per day

gallons per minute

mercury

hour

Kilo calories

literé

.pound

natural logarithm,
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milligram

milligrams,/liter

milli liter
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mixed liquor suspended solids

‘millimeter

numb er

parts per million

pounds per square inch gauge
‘species

~suspended solids

sewage treatment plant.

total Kjeldahl nitrogen

at
degrees Fahrenheit

logarithm of hydrogen ion

concentraotion recinroeal

R e n I

percent

‘greater than

less than

increment

sum of

micron
milli micron
for example

that_is
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EXPERIMENT NO. L

Experimental Conditions.

Date: August 3/70

' o
Initial Nitrate Concentration 40 mg/l Temperature 27 C
Initial Carbon Concentration 40 me/1 Disseolved Oxygen 0.0. mg/1
PH 0.5 Initial Organism Concentration 50 mg/l
Time NO3 NO NH Solids Dissolved Liquid Gas % Scluble Suspended
hrs. mg/l mg%l mg}l Total Nitrcgen Volume Collected Nitrogen Carbon Solids
Kjeldahl mg/l ml. ml Gas - mg/l mg/1
mg/1 |
0.00- = 42.5 0.30 262 Selp 11.8 5300 0,0 79.0 62 35
6.00 38.0 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
9.70 235 0.10 : 5210 45,0 28

Gas Space: 100 ml.

)
Aa]



Time

hrs. -

0.00
5.00
7.33
9425
- R L
16.70

EXPSRIMENT NO.2.

Bxperimental Conditions.

Date: August 15/70

Initial Nitrate Concentration 120 mg/l Temperature 27% -

Initial Carbon Concentration 120 mg/l Dissolved Oxygen 0.C mg/l

pH 6.5 Initial Organism Concentration 50 mg/l

NO3 NO, NH Solids Dissolved Liquid Gas % Soluble Suspended

mg/1 mg/l mg%l Total Nitrogen Volume Collected Nitrogen Carbon Solids
Kjeldahl mg/l ml. ml Gas mg/1 ng/1
mg/1

94.0 0,003 5.0 5.0 1] .5 5380 0.0 79.0 120 55

83.0 0.C03 0.5 5.6 18,3 5355 40.0 7645 104 75

67.0 0,003 Oo4 6.0 22:0 5330 80.0 78.0 54 70

53.0  0.006 0.6 6.8 21.5 5305  145.0 78.0 28 80

52.0 0.003 0445 T+5 5280 190.0 12 100

52.0 0.003 0.6 845 18,3 5255 210,0 2845 14 100

Gas Space: 100 ml.

9L1



Time

hr Se-

0.00
5.43
8.70
9.50
10.50
11,82

14,00

EXPERIMENT NC.3.

Experimental Conditions.

Date: July 21/70

Initial Nitrate Concentration 40 mg/l

PH

{0
mg}l

33.0
2L.6
9.0
Leb
3.6
1.2

NO,
;g71

Le7
9.0
9.0

. 7.8

34
Ouk

NH
gg?l

0.7

1.0
1.65
1.10

1,10

Solids

Total

Kjeldahl
mg/l

1.8
; -
2.9
3.0
4.8
3.0

Initial Carbon'Concentration 200 mg/1

Dissolved Liquid
Nitrogen Volume

mg/1

16.0

17.2

16.4

Temperature
Dissolved Oxygen 0.0 mg/l
Initial Organism Concentration 50 mg/l

ml.

5350
5325
5300

- 5275

5250
5225

Gas
Collected
ml

0.0
30.0
80.0

120.0
154.0
180.0

2790

% Soluble Suspended
Nitrogen Carbon Seolids
Gas mg/l mg/1
79.0 172 55
89.5 163 65
112 75
86.0 96
85
84,5 T4 85
130

Gas Space:125 ml,

W
~J



Time
hrs.

0.00

5¢42
8.67

9.92 -

10.97
12,00
13,08

EYPERIMENT NO. 4.

Experimental Conditions.

Date: August 3/70

Initial Nitrate Concentration 120 mg/1 Temperature 27°¢
Initial Carbom Concentration 600 mg/1 Dissolved Cxygen 0.0 mg/1 '
PH ' 6.5 Initial Organism Concentration 50 mg/l
" NO NO NH Solids Dissolved Liquid Gas % Soluble Suspended
mg%l mg%l mg%l Total Nitrogen Volume Collected Nitrogen Carbon Solids
Kjeldahl mg/l ml. ml Gas mg/1 mg/1
mg/l :
113,0 0.20 1444 1h.4 1465 5290 0.0 ) 79.0 625
102.0 0.20 14.0 14.0 5265 32.5 87.7 625 70
66.5 0.10 6s2 15.4 2560 5240 110.0 86.7 590 110
52,5  0.10 7.9 12,1 5215  150.0 88.5 395 105
34.0 0.50 5.8 32.4 5190 215.0 350 115
16.0  0.40 3,8 g2 5165  290.0 270 125
1.0 - 0,05 2,0 13,8 31.2 51,0  395.0 . 99.0° 230" 250

Gas Space: 225 ml.

BET



EXPERIMENT NO, 5.

BExperimental Conditions.

Date: July 21/70

Initial Nitrate Concentration 4O mg/l Temperature 27°C
Initial Carbon Concentration 40 mg/1 Dissolved Cxygen 0.0 mg/1
pi 8.5 Initial Organism Concentration 50 mg/l
Time NO3 NO, NH Solids Dissolved Liquid Gas % Soluble Suspended
hrs,.: ng/1 mg/l mg}l Total Nitrcgen Volume Collected Nitregen Carbon Sclids
- Kjeldahl mg/l ml. nl Gas - mg/1 g/l
mg/1 _
0,00 38,0 5.0 2.3 0.9 13.5 5260 0.0 79.0 5k 75
8,68 . 27.5 8.5 2.0 5.7 5235 30.0 80.0 34 85
11.00 2,8 8.8 1.0 6.0 5210 (2.0 8oy 28
13.70 19.8 ' 9,2 O.l 72 14.5 5185 60.0 80.0 1L 95
23.90 17.4 8.6 0.6 Bl | 14.0 5160 88,0 82.0 10 125

(15.6) hrs

* -‘Gas Space 100 ml,

L

,
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Experimental Conditions.

Date: July 21/70

Initial Nitrate Concentration 120 mg/l Temperature 27°C
Initial Carbon Concentration 120 mg/l Dissolved Oxygen 0.0 mg/l
pH 8.5 Initial Orgenism Concentration 50 mg/l.
Time NO3 NO, WH Solids  Dissolved Liquid Gas % Soluble Suspend
hrs. mg/1 mg/1 mg}l Total Nitrogen Volume Collected Nitrogen Carbon Solid
Kjeldahl mg/l ml. ml Gas mg/ rg/1
mg/ L.
0.00 110.4 5.6 1.0 - 2.7 13.0 5325 0.0 79.0 136 65
8.68 102.2  11.8  0.85 2.4 1445 5300 30,0 79.5 110 85
12.42 71.6 22k " 2.9 4 75.0 ~ 43 95
13.92 68.6  25.4 0,90 4.0 . 142 5250 112.5 91.5 36 195
16.75 57.8 2642 0.70  he? ' 5225 150.0 34 180
122,80 61.5 18,5  0.40 4.0 14,0 5200  180.0  96.5 10
" -‘Gas Space: 100 ml.

oYt



Time
brs;

0.00

. 6.00

9.92
12.C0
13.50

Initial Nitrate Concentration

EXPERIMENT NO.7.

Experimental Conditions,

Date: August 3/70

Initial Carbon Concentration 200

pH

NO3

mg/1

38.95
'28.00
10.20

" 1.70

0.70

NO,
;g%l

1.05

10.80
9,30

1.75

0.20

NH
mg%l

763

3ok
1.6
1.0
Il

8.5

Solids
Total

Kjeldahl

ng/1

115

122
8.4
8.1,
9.1

40 mg/1

mg/1

Temperaturse
Dissolved Oxygen 0.0 mg/l

Initial Organism Concentration

Dissolved Liquid

Nitrogen
mg/1

10.6
15.5

33.0

Voluvme
ml.

5270
5245
5220
5195
5170

Gas
Collected
ml

0.0
2.5
30.0
55,0
77.5

27°¢

o

/‘b
Nitrogen
Gas

79.0
96.0

994

-Gas Space:

50 mg/1
Soluble Suspenced
Carbon Solids

ng/l mg/1
185 75
150 80

105
122 120
110 200
2700 ml.
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Time
hrs,

0,00

1076
3.80

6. 64

7.60
8.60

EXPA.JP.LA‘L.JA T BTO -8A

Experimental Conditions,

Date:

Initial Nitrate Concentration
Initial Carbon Concentrdtlon

pH

VO
mg/l

Ohe5
88.75
67 .40
32.50
16.05
1.00

NO

mg/l

0.0
0.2
Le5
5.0
4.0
2.0

NH
mg}l

0.54

0.46
0.38
0.15
0.12
0.10

120 mg/1
600 mg/1
8.5

Solids

Total Nitrogen

Kjeldahl mg/l

ag/1

Be7 18.0

11.9

1008 )

12.6

12.6 29.0

12.6 25k

August 26/70

Temperature

Dissolved Liquid

Volume
ml.

5300
5275
5250
5225
5200
5175

27%¢

Suspended
Selids
mg/l

80
105

160
220

Dissolved Oxygen 0.0 ma/l
Initial Organism Concen+rd%10n 50 mg/1
Gas % Soluble
Collected Nitrogen Carbon
al Gas mg/1
0.0 79.0 675
50.0 92.0 650
105.0 98.6 500
225.0 465
285.0 98.0 435
340.0 99.0 340

* Gas Space:

120 ml.

250

AL



Time

-

0.C0
7.00
9.25
11.50
14.00
16.67
17.67
19.33

Initial Cerbon Concentration

pH

NO
mg}l

114.0
112.0
- 91.4
61.0
49.C
9.40
3.90
0.50

f
I

m

o O

%1

0.50

2,00

4 .60
5.30
3¢50
2.60
0.10
0.05

.

MNH
mg}l

1.05

0.35 .

0.25
0.20
0.15

0.15

0.10

EYXPERIMENT R

¥0.8B

Experimental Conditions,

Date: August 15/70

Initial Nitrate Concentration 120 mg/l

Dissolved Liquid

600 mg/1
B.5 *
Selids
Total Nitrogen
Kjeldahl mg/l
g/l
645 10,6
7.0
8.5 18.9
9.1
10.5
11.0
1245 28.9
12.5 29.0

Temperature

Dissolved Oxygen

27°¢

Initial Organism Concentration

Volume
ml.

5300
5275
5250
5225
15200.
5175
5150
5125

Gas
Collected
ml

0.0
17.5
32.5
7245

127.5
190.0
225.0
250.0

0.0 mg/1
% Soluble
Nitrogen Carbon
Gas mg/1l
79.0 575
76.0 560
490
87.6 295
295
87.3 295

50 mg/1

Suspended
Solids
mg/l

&

110

Gas Space: 120 ml.
(Gas leak suspected)

€Nt



EYFERIMENT NO. O,

Experimental. Conditions.

Date: August 26/70

Initial Nitrate Concentration 40 mg/l Temperature 27°C
Initial Carbon Concentration 40 mg/1 Dissolved Cxygen 0.0 mg/1
pH 6.5 Tnitial Organism Concentration 100 mg/l
Time NO3 NO NH Solids Dissolved Liquid 2es % Soluble Suspended
hrs. ng/1 mg%l mg7l  Total Nitrogen Velume Collected Nitrogen Carbon Solids
Kjeldahl mg/l ml. nl Gas mg/1 mg/ 1l
mg/1 |
0.00 30.4 1.55 0.7 Leb 16.6 5120 0.0 79.0 65 100
1.78 233 1.70 Oul 6.9 - 5095 42,0 85.0 45 120
S P S . % 0.25 0.8 Toly 13.0 5070 47.0 90,3 35 125
6.57 19,9 0.06 0.75 6.7 12.6 5045 70.0 89.0 30 © 135

Gas Space: 180 ml.

ada
"
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Experimental Conditions.

Date: Septenber 2/70

Initial Nitrate Concentratiom® 120 mg/l Temperature 2700
Initial Carbon Concentration 120 mg/ Dissolved Oxygen 0.00 mg/l
pH 6.5 Initial Organism Concentration 100 mg/l
{03 . Ho, NH Solids  Dissolved Liquid Ges % Soluble Suspend
g/l weg/l mg7l  Total Nitrcgen Volume Collected Nitrogen Carbon Soliid
: Kjeldahl mg/l nl. . ml Gas ng/l mg/1
mg/L . _ :
120,0  0.08 . 1.70 6.2 11,0 - 5330 - 0.0 79.0 102 130
100,0  0.13  2.05 6.7 | 5305 4540 80.0 95 170
84.0 0.10 0.5 7.4 . 5280 1050 ‘ 40 130
7845 0.10 1.30 77 3 18.0 5e55 1350 - 914 28 150
6200 Oolo Oolpo 8¢3 . 16;53 5230 2[.’40.0 83.0 11} 150
60.5 .10 . L35 7.0 135 5205 285.0 3.5 12 215
’ " Gas Space: 90 ml.
=



0.00.

"ReB7
5,00
T«33
9.25,

17.67;

Initlal Nitrate Concentration
Initial Carbon Concentration

pH

112.8 .

90.8
67.8
61.9

O,

0.2
0.2
0.2
0.1

0.1

NH4

mg7l

3.10
0.40
0025

0.40

1.10
0.65

EXPERIMENT NO.10B

Experimental Conditions.

Date:

120 mg/1

August .5/70

Temperature 27°C -
Dissolved Oxygen 0.0 mg/1 j
Initial Orgenism Concentration 100 mg/l

Dissolved Liquid

120 mg/l.
6.5
Seclids
Tetal Nitrogen
Kjeldahl mg/l
ng/1
LsO 10.6
5.0 19.3
Lol
6.6
7.0 24,8

Jolunme
ml.

5120

5095
5070
5045
5020
L995

Gas
Collec
ml

0.0
50,0
100.0
160.0
175.0
185,0

ted’

% Soluble
Nitrogen Carhbcn
Gas ng/l
79.0 130
84,0 81,
71.0 Th
79.0 68
79.0 26

8.0 19

Gas Space 180 ml.

100
140

135

9T



EXPERIMEN. NO. 11

Experimental Conditions.

Date: September 2/70

Initial Nitrate Concentration 4O mg/l Temperature 27°0
Initial Carbon Conceatration 200 mg/l Dissolved Oxygen 0.0 nmg/1 _
pH A 6.5 . Initial Organism Concentration 100mg/l
Time NO3 N0, IH Solids Dissolwred Liquid Gas % Soluble Suspended
hre. ng/l ng/l mg7 Ll Total Nitrogen Volume Collected Nitrogen Carbon Solids
Kjeldahl mg/l. ~ mnl. ml Gas ng/1 ng/1
mg/l - ' - .
0,00 32,5 0.35  1.00 4.2 1.0 5275 0.0 79.0 183 80
3.00 26,5 0,20 0.45 3ok L 5250 15.0 2.4 - ‘158 110
L.25 11.0 C.10 0,25 ° 3.9 - 15 5225 42,0 - 87.2 125 .
6.17 3.5  0.23  0.20 5.7 | 5200  107.0 83.2 90 120
§.67 3.0 0.60 . 0.35 6.2 13.2 5175  120.0  89.0 73 135

" Gas Space: 125 nl.

LYT



0.00

. 5.08
6.00

6,50

7.00
.50
8.33

EXPERIMENT NO,12

-,

Experimental Conditions.

Date:November 26/70

Inditial Hitfate Concentration 120 mg/l Temperature 2700 . ,

Initial Carbon Concentration 600 mg/l Dissolved Oxygen 0.0 mg/l

pH ‘ 6.5 Initial Organism Concentration 100 mg/1

§O3 NO NH Solids  Dissolved Liquid Gas % Soluble Suspsnded

ng/1 ng/l mg}l Total Nitrogzsn Volume Collected Nitrogen Carbon Solids

. - Kjeldahl mg/i ml. i Gas ng/i mg/l
ng/1

105.25  0.75  11.0 2.0 T 1149 5130 0.0 79.0 585 80
64420 27.80 8.0 9.8 ‘.12.3 5105 120,0 85.0 L50 110
L3.20 28.80 be7  1h.3 15l 5080  175.0 95 o4 385 200
18.30  25.70 5055 ~ 225.0 345 210
4,70 10.3 3,0 - 18.6 5030  280.0 335 215
1.25  0.75 2,0 20,0 - 18,1 5005  385.0 9he5 310 210
0.05 . . 0.45 ~ 1.3 28,5  12.5 4980  4k5.0 - 90.0 © 295 210

Gas Space: 170 ml.

,_.J

oo



EXPERIMENT NC.13

Experimental Conditions.
P A

Date:November L/70

Initial Nitrate Concentration 40 mg/l Temperature 27°¢ ;
Initial Carbon Concentration L0 mg/l Dissolved Oxygen 0.0 mg/1" ,
pH 8.5 Initial Organism Concentration 100 mg/l
Time KO3 NO, WH Solids Dissolved Liquid Gas. % Soluble Suspanded
nrs. - mg/l mz/l mg7l  Total Nitrozan Volume Collected Nitrogen Carbon Solids
: : Kjeldahl mg/l ml. . ml Gas  mg/l. g/l
: . mg/l : S -

0.00 44.0' ‘2.0 : 3.0 T 3 11.5 5300 0.0 79,0 62.0 90
12.00  15.9 17.6 Bl o Bed. 5275 - 17.5 86.0 38.0 120
17.20 8.1 17,9. 38T 0 <o 183 §250 65.0 8l 5 14.0. 125
19.75 - 9.4 11,0 . 1.0 . 8.0 . . 5225 90.0 14,0

26.25 T TSRS W REALSE - W 8 16.5 5200  105.0 91.0  14:0< . 125

.Gas Space: 140 -ml.

6T


http:Suspei1d.ed

Time
hrs.

0.00

3.50 -

5.00
7.10
7.70
11.00

EXPERIMENT NO.1lk.

Experimental Conditions.

Date: September 9/70

Initial Nitrate Concentration 120 mg/l Temperature 27%
Initial Carbon Concentration 120 mg/l Dissolved Oxygen 0.0 mg/l
pH 845 Initial Organism Concentrationl00 mg/1l
NO3 NO NH Solids Dissolved Liquid Gas % Soluble Suspended
mg/l mg%l mg}l Total Nitrogen Volume Collected Nitrogen Carbon Solids
Kjeldahl mg/l ml. ml Gas - mg/l mg/1
mg/1 | .-
103.0 2,0 ., A.B p T 12,6 5385 0.0 79.0 100 110
92,0 5.0 | 5360 10.0 68
1.8 6.7 6.4 B .o 9.2 5335 56.0 96.2 41 (15707 o
" , 4
69.8 T e 3.0 7.0 232 5310 85,0 93.0 22 (%?5 |
7" hr
65.0 6.9 0.3 Tk 5285 100.0 16
63.0 7.0 Oolp 6.6 13:5 5260 150.0 4ol 15 170

Gas Space: 120 ml.



Time
hrs.

0.00
2.00
3.50
450
570
6.60
8,20
11.00

EXPERIMENT NO.5A

Experimental Conditions.,

Date:

Initial Nitrate Concentration 40 mg/l
Initial Carbon Concentration 200 mg/l

pH

NO
mg%l

37475
3775
24,60

12,00 - .

2425
2.60
3.20
0.70

0
gg&l

1.25

0,75

0.40

0.50 -

0.75
0.40
0.80
0.30

NH
mg}l

3.8

40
4O
5.8
5%
Le5
3.8

September 9/70

Temperature 2790
Dissolved Cxygen

0.0 mg/1

Initial Organism Concentration 100 mg/1

Solids  Dissolved Liquid Gas % Scluble Suspended
Total Nitrogen Volume Collected Nitrogen Carbon Solids
Kjeldahl mg/l ml. ml Gas . mg/l ng/1
mg/1 , |

5.9 10.5 5315 0.0 79.0 208 145

5290 0.0

6.0 - 18.9 5265 17.0 84,0

Teb 5240 32,0

79 5215 50,0 106 250
7.0 23.4 5190 85.0 99.0 235
5.2 5165 90.0 95.C 95 250
8.2 20.8 5140 110.0 96.2 88 270

Gas Space: 70 ml.



Time
hrs.

0.00

3.20

4450
5.20
5.67
6.93
8.05
8.67
10.90

EXPERIMENT NOC.15B

Experimental Conditions.

Date: September 15/70

Tnitial Nitrate Concentration 40 mg/l Temperature 27°C
Initial Carbon Concentration 200 mg/l Dissolved Oxygen 0.0 mg/1
pH 8¢5 Initial Organism Concentration 100 mg/1
NO3 NOC, NH Solids Dissolved Liquid Gas % Soluble Suspended
mg/1 mg/1l mg?l Total Nitrogen Volume Collected Nitrogen Carbon Solids
- Kjeldahl mg/l ml., ml Gas - mg/l ng/1
mg/1 \ »
36.4 2.60 4.0 6.3 14.6 5495 0.0 - 79.0 - 196 140
'33.0 5.00 ' 21.6 5470 150
21,2 . 6,80 3.5 8.9 5445 25,0 87.5 150 144
17.0 4630 5420 45,0
795 3.50 .7 6.9 5395 575 91.5 126
3.5 0.50 2:0 7.0 5370 85.0 ‘ 120 205
3.0 0.50 1.6 b9 - 5345  100.0 ° 89.5 112 260
2el Ou45 1.4 6.3 18.1 5320 105.0 87.5
112 280
4

Gas Space: 140 ml
(Gas leak detected).



Time
hrs.

0.00
L 50
6.17
6.90
8.03
9.08
10.10
10.70

EXPERIMENT NO.16

Experimental Conditions.

Date: September 15/70

Initial Nitrate Concentration 120 mg/1

Initial Carbon Concentration

pH

NO
mg%l

106.8
86.2
70.5
58.4
48,9

31.8

Teb
0.25

5
gg?l

1.20

7.00
6.65
6.65
7430

5,00
0.25

NH
mg}l

245
l.. O

- 0.75

0.15
0.10
0.10

Dissolved Liquid
Nitrogen Volume

600 mg/1
8.5
Solids
Total
Kjeldahl mg/l
mg/1 .
10.6
808 15.0
8.2
10.5 154
10.15
10.8% 1542
10.7 16.5
1008 2105

Temperature
Dissolved Oxygen 0,0 mg/1l
Initial Organism Concentration 100 mg/l

ml.

5140

5115

5090
5065
5040
5015
1990
L965

27°%

Gas % Soluble

Coliicted Nig;ggen ng?in
0.0 79.0 L85
4245 83.5 395
100,0 365
137.5 83.5 330
195.0 310
245.0 88.0 270
302.0 95.0 = 260
99.5 230

327.0

Suspended
Solids

ng/1

140
200
15%

235
195
200

2L5

Gas Space: 125 ml. -

N

(¥



0.00

1.00 -

4.00
5.00
8.00
13.25

Experimental Conditions.

EXPERIMENT NO.17

Date: Janurary 5/71

Initial Nitrate Concentration 120 mg/1
Carbon Concentration

Initial

PH

NOC

116.9

1112.3

87.5

85.0

83.5
81.8

mg%l }

NO
mg%l

Al

57
20.5

21,0

211'—-5
2242

NH
mg}l

3.2
2e5
2.0
1.5
Hak
3ol

40 mg/1
Solids
Total
Kjeldahl mg/l
mg/1 |
32 i P
4.0 |
Lok 16.3
Le5
Led 12.5
3.0 11.5

Temperature
Dissolved Oxygen 0.0 mg/l
Initial Organism Concentration 10C mg/l

Dissolved Liquid
Nitrogen Volume

ol

5385
5360
5335
5310
5285
5260

Gas % Soluble
Coléicted Nigzggeg C;g?gn
0.0 79.0 50
7.5 76,5 46
30.0 80.0 12

35.0
45.0 87.0 9
60.0 96.0 7

27°¢

Gas Space: 75 ml.

Suspended
Solids
ng/1

65

80

88



EXPERIMENT NOJ8

Experimental Conditions.

Date: Janurary 5/71

Initial Nitrate Concentration 40 mg/l
Initial Carbon Concentration 120 mg/l

pH

= -
0,00 54.0
2.00 - "A3.0
5.00 133
5470 6.0
9425 Lady
10.25 2.9
13.25 2.9

ng7L

2.0
840

25.7 .

28,0
1.6
1.1
dad o

NH
mg?l

3ok

7.6

Dok

6.5

Solids

Total

Kjeldahl
ng/1

2.8

106
2.4

mg/1

12,3

18.2

17.7

Temperature 2700
Dissolved Oxygen 0,0 mg/l
Initial Organism Concentration 300 mg/1

Dissolved Liquid

Nitrogen Volume

rl.

5310

5285
5260
5235
5210
5185
* 5160

Gas % Soluble
Collected Nitrogen Carbon
ml Cas . mg/l
79.0 - 126
Gas 89.0 T4
Leak
96.0 53
95.0 30

.Gas Space: 100 ml.

Suspended

Solids
mg/1

3
65
100

(Shr)

125



EXPERIMENT NO.19

Experimental Conditions.

Date: January 5th, 1971

Tnitial Nitrate Concentration 120 mg/l Temperature 27°c
Initial Carbon Concentration 40 mg/1 Dissolved Oxygen 0.0 mg/1
pH 8.5 Initizl Organism Concentration 100 mg/l
Time NO» NO’ NH Solids Dissolwed Liquid Gas % Scluble Suspended
hrs, ng/l mg%l mg}l Total Nitrogen Volume Collected Nitrogen Carbon Solids
‘ Kjeldahl mg/l ml., ml Gas , nmng/l mg/1
mg/1 | _
0.00 117.6' 2ol 3.9 S5¢4 122 522VO‘ 0.0 79.0 L2 122
3.00 105,0  16.0 2.5 . 5195 2.5 ' 118
50,50 - 102.0 12,0 2.0 5.8 5170 12,5 86.3 35 ‘
© 8.00 84,.8  21.2 1.8 6.0 18.0 5145 25,0 93,0 30 136
B i e 8.2 19.8 262 5.6 175 5120 32.5 87.5 9 L5

“Cas Space: 120 ml,



EXPERIMENT NO.20

Experimental Conditions.

Date: Janurary 5/71

Initial Nitrate Concentration 40 mg/l Temperature 2700
Initial Carbon Concentration 120 mg/l Dissolved Oxygen 0,0 mg/l
PH 8.5 Initial Organism Concentratiomjgp mg/1
Time NC3 NO NH Solids Dissolved Liquid Gas % Soluble Suspended
hrs. mg/l mg?l mg}l Total Nitrogen Volume Collected Nitrogen Carben Solids
_ Kjeldahl mg/l ml. ml Gas - mg/l mg/1
mg/1
0.00 - 47.7 2,3 543 Rel - 11.5 - 5290 0.0 79.0 126 85
2.00 2.5 3.5 | 5265 7.5 120
e O 25,0 - - 188 . 3.0 5.0 12,3 5240 17.5 97.6 . 115
5,00 16.8 18,2 2.9 Lae7 | 5215 37.5 68
6.30 5.5 15.5 5190 107.5 50
8.00 Le5 0.5 2+0 6.4 125 3165 145.0  98.6 30 95
13.25 1.7 0.3 1.8 5e0 5140 190.0 97.5 2L 120

Gas Space: 60 ml.
! sed
}r(



EXPERIMENT NO.21

Experimental Conditions.

Date: May 19 1970

Initial Nitrate Concentration 120 mg/l Temperature 27°¢
Initial Carbon Concentration 200 mg/l Dissclved Oxygen 0.0. mg/l
pH 8.0 Initial Organism Concentration 50 mg/l
Time NO3 NO, NH Solids  Dissolved Liquid Gas % Soluble Suspended
hrs. mg/l mg/l mg}l Total Nitrogen Volume Collected Nitrogen Carbon Solids
‘ Kjeldahl mg/l ml. ml Gas - mg/l mg/1
mg/1 | | ,
0.00 87.6 Ouk 24 3.6 153 5340 0.0 79.0 245 25
6.30 82.3 247 - 1.2 ' 5315 25.0 220
9.20 - .68.7 Lo 0.9 4.0 A - 5290 T30 96.0 175
10.80 61.0 Le O 0.4 Lok 5265 110.0 125
12.10 3L.6 i 9.l | 0.0 642 25T 5240 185.0 98.5 65 70
15,40 10.7 12,3 0.0 : 5215 250.0 98.5 25 120

16,40 Ool 9.6 . 0,0 7ol 2545 5190 2950 5.3 18 85

Gas Space: 180 ml.



Time
hrs.

0.00
0.85
2.18
3.18
4.85
8.33

EXPERIMENT NOZ2

Experimental Conditions.

Date: June 5/70

Initial Nitrate Concentration 100 mg/l Temperature 27°¢

Initial Carbon Concentration 200 mg/l Dissolved Oxygen 0.C mg/l

pH 8.8 Initial Organism Concentration 100 mg/1

NO3 NOé NH Solids Dissolved Liquid Gas % Scluble Suspended

mg/l mg/1 mg?l Total Nitrogen Volume Collected Nitrogen Carbon Solids
Kjeldahl mg/l ml. . ml Gas ng/1 mg/1
ng/1 _ : ,

80.2 5.3 L5 5.4 13.5 5410 0.0 79.0 210

77.1  6.44 4.0 5.9 5385 10.0 8645 150 60

72.2 .28 3.6 6.0 . 5360 20.0 . 458 50

69.3 4.23 3.3 i SR -, 5335 35.0 95.0 147 65

64,7 2.84 3.5 7.6 5310 55,0 144 90

62.8 0.15 3.0 9.0 17.5 5285 65.0 199.0 138 105

k Gas Space:125 ml



Time
hrs.

0,00
6.60

9.00 2

10.00

- 12,20

12,60
26,60

Initial Nitrate Concentration 120 mg/l
Initial Carbon Concentration

pH

NO3
ng/1

62.9

51.8
45.8
31.5

~

2l

0.6
0.0

i
gg?l

C.l

: 5.2

Lo
Leb
0.8
Ouhy
0.2

NH

mg7 1l

0.2
0.1
0.1
0.1
0.1

]

0e2

'EXPERIMENT NO23

Experimental Conditions.

Date: June 19/70

Temperature 2790
300 mg/1 Dissolved Oxygen 0.0 mg/1
6.0 Initial Organism Concentration 50 pg/1
Solids Dissolved Liqﬁid Gas % Soluble Suspended
Total Nitrogen Volume Collected Nitrogen Carben Sclids
Kjeldahl mg/l ml. - oml Cas mg/1 mg/1
ng/1 : .
3.7 13.6 5360 0040 79.0 261, 40
6.0 « " 5335 30.0 8l.5 . .164 50
3.7 14,1 - ° 5310 50,0 85.0 140 90"
5285  120.0 89.5 96. |
5260  155.0 9,0 8 1.00
7.0 5235 170.0C 70
7.3 - 15.2 . 5210  220.C . 99.5 62

- Gas Space: 145 ml,

091



EXPERIMENT NOZ24

Experimental Conditions.

Date: June 19/70

Initial Nitrate ConcentrationlQ0 mg/l Temperature 27%¢
Initial Carbon Concentration 300 mg/l Dissolved Oxygen 0.0 mg/1
pH 6.0 Initial Organism Concentration 50 mg/l
Time NO3 NO NH Solids Dissolved Liquid Gas % Scluble Suspended
hrs. mg/l mg;l mg%l Total Nitrogen Volume Collected Nitrogen Carbon Solids
. Kjeldahl mg/l ml. ml Ges ng/1 mz/1
mg/1 . | _
0.00 _62.0 .0.5 Ol 3.0 12.3 5320 0.0 79.C 250 30
6.60 53.0 e . 0.2 343 5295 20,0 ' 180 50
9400 = 4845 - - 5.0 0.1 5.3 12.9 5270 L5.0 §2.5 145 60
12,20 25.8 Lo 0.1 0 I 5245  122,5 90.0 100 70
12.60 10,5 -0 558" o, 5220 127.5 95 60
26.60 1.8 D62 2sd 5e.3 14.0 5195 195.C 99.0 K 40

" Gas Space: 170 ml,

—
Ex



EXPERIMENT NO.Z5

Experimental Conditions.

Date: November A4/70

Initial Nitrate Concentration 120 mg/1 Temperature 27%¢
Initial Carbon Concentration 300 mg/l Dissolved Oxygen 0.0 mg/l
oH 7.0 Initial Orgenism Concentration 100 mg/1
Time NO3 NG, NH Solids Dissolved Liquid cas A Soluble Suspended
hrs. ng/1l mg/l mg?l Total Nitrogen Volume Collected Nitrogen Carbon Solids
_ Kjeldahl mg/l ml. ml Gas mg/1 ng/1
mg/1 \
0.00  101.2 5.3 Lok 6.6 11.5 5125 0.0 79.0 270 90
3.00 88.4  19.6 3.0 5.0 11,0 - 5100 65,0 86.5 170 165
4e92 725 20.0 bo7 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 78 57 382 5.8 5025 315.0 ’ L8
7.01 0.9 0.6 1.7. 635 2Rk 5000 395.0 9475 L2

GCas Space: 225 ml.



Tine

IS

NO
mg%l

101.3
773
36.2

beb
0.95
0,45

NO.
mg/l

5.1
19.6
19.4

3¢5

0.55

0.3

"2.0

ﬁg?l

3.3
1.8
3.8
362

”

146

EXPERIMENT NO.26

Experimental Conditions.

Date:

300 mg/1
7.0
Seolids
Total
Kjeldahl mg/l
mg/1
Tt 115
6.2 11.6
10.6
9.8 26,0
Bl
13,2

Initial Nitrate Concentratior 120 mg/l
Initial Carbon Concentration
pH

Dissolved Liqﬁid
Nitrogen Volume

272

November 4/70

o
Temperature 27 C
Dissolved Oxygen 0.0 mg/1 i
Initial Organism Concentration 100 mg/1

ml.

5245
15220

5195
5170

5145

5120

Gas

Collected Nitrogen Carben

ml

0.0
55.0
190.0
255.0
310.0
375.C

% Soluble
Gas mg/1
79.0 272
93.0 157

85

- 96.5 L2
L2

X785 42

Gas Space: 125 ml.

Suspended
Solids

mg/1

85
110
175
200

190

L2



Time
hrs.

0,00
12,92

18.08

20,84
22.;8
24475
26,33

NO3
mg/1

107.80
B2.25
50,65
29.70

2.80

1.35

0.40

0
gg?l

0.20
0.25

0.35
0.30
0.20

0.15 |

0,10

- NH
mg}l

5.8
Lol
103

EXPERIMENT NO,27

Experimental Conditions.

Date: October 20/70

7.0

Solids

Total

Kjeldahl
mg/1

3.0
3.3
Lo

Le2
642

8.0
7.0

Initial Nitrate Concentration 120 mg/l
Initial Carbon Concentration 300
pH

mg,/1

Dissolved Liguid
Nitrogen Volume

mg/l

20,2

31.0

28,1

o
Temperature 20 C

Dissolved Oxygen 0.0 mg/l

Initial Organism Concentration 50 mg/1

ml.

5280
5255
5230
5205
5180
5155
5130

Gas % Soluble Suspended
Collected Nitrogen Carbon Solids
ml Gas ng/1 ng/1
0.0 79.0 274 60
5040 172 75
155.0 9%.0 9L 105
2550 66 105
305.0 98.0 38 110
365.0 32 120
385.0  99.0 30
J Gas Space: iZO ml.,

1G1



EXPERIMENT NO.?28

Experimental Conditions.

Date:October 20/70

Tnitial Nitrate Concentration 120 mg/l Temperature 20%
Initial Carbon Concentration 300 mg/l Dissolved Oxygen 0.0 mg/l
pH 7.0 Initial Organism Concentration 50 mg/1
Time NO3 NO NH Solids Dissolved Liquid Gas % Soluble Suspended
hrs. mg/l mg;l mg%l Total Nitrogen Volume Collected Nitrogen Carbon Solids
‘ Kjeldahl mg/1 ml. ml Gas mg/1 mg/1
mg/1 .

0.00 111.9 0.10 L8 3.0 11.8 5245 0.0 79.0 268 60
12.92 8l.25 0,25 2,0 34 16,5 - 5195 40,0 91.0 178 65
18.08 50,60  0.40 1.2 SLh- 5170 175.0 98 95
20,84 27,05 0.45 1.0 3.2 31.3 5145 265.0 97.0 62 115
22.70 15,00  0.50 045 /W S 5120 315.0 42
24,75 7.80 0,22 0.6 6.2 5095 370.0 . - 30 120
26.33 0.0  0.25 0.6 6.0 27.8 5070 395.0  99.0 24

Gas Space:125 ml.

99T



Time
hrse.

0.C0
21.33
26.00
31.83
36,08
45.50

EXPERIMENT NOR9

Experimental Conditions.

Date: October 22/70

Initial Nitrate Concentration 120 mg/l Temperature 15°C

Initial Carbon Concentration 300 mg/l Dissolved Oxygen 0.0 mg/l

pH 7.0 Initial Organism Concentration 100 mg/1
NO3 NG NH Solids Dissolved Liquid Gas % Soluble Suspended
mg/1 mb%l mg/l  Total Nitrogen Volume Collected Nitrogen Carbon Solids

Kjeldahl mg/1l ml. ml Gas mg/1 ng/1
mg/1 _

106.75  0.75 7.3 7.6 12.8 5235 0.0 79.0 268 80
BL.25 - - B.TS . Teh 6.4 - 5210 45.0 200 150
78.75 9.75 73 54 16.7 51865 75.0 8L.0 172 130
71.35 10.65 5.2 5.2 5160  140.0 130 135
59.25 10.75 3.9 Tl 5135 322.0 \ 86 125
2.40 0,10 . 1.1 9.2 25.4 5110 315.0 98.5 18 155

Gas Space: 225 ml

9GS T

£5%



Time
nrs.

0.00
133
26.00
31.83
36.08
45.50

EXPERIMENT NO.30

Experimental Conditions.

Date: October 22/70

Initial Nitrate Concentration 120 mg/l
Carbon Concentration 300 mg/l

Initial
pH

NO
mg%l

98.75

71.40
61.60
50.35

0.85

NO.
mg/l

0.25

8.50

9.60
10.40
10.65

lo65 :

NH
mg?l

6.6
6.6

o8
3.8
107

7.0
Solids
Total

mg/1

Laly
6.6
6.0
7.0
5.8

9.0

Dissolved Liqﬁid
Nitrogen Volume
Kjeldahl .

mg/1

142

1463

1445

Temperature 1500

Dissolved Oxygen

0.0 mg/1

Initial Organism ConcentrationlO00 mg/1

ml,

5205
5180

''5185

5130
5105
5080

Gas % Soluble

Collected Nitrogen Carbon
ml Gas mg/1
0,0 79.0 268
35.0 200
110.0C 167
195.0 132
245,0 82,0 88
Rl

1395.0 97.4

Gas Space: 135 ml.

Suspended
Solids
ng/1

140
120
125
195
145

g o o
t,:")- L



Time
hrs.

0.00
43.15
49.15
54,52
60.2)
67.16
7041

EXPERIMENT NO.31

Experimental Conditions.

Date:October 27/70

Initial Nitrate Concentration 120 mg/l

Initial Carbon Concentration

pH

NG
mg7l

113.5
86,4
82.0
68.6
L3.8
14,2

1.2

NO
gg%l

J..os

- 20.6

20.0
19.4
17.2
11.8

0.8

NH
mg/1

8.0
7.8
745
7.8
Le3
2.5
1:0

7.0

Solids

Total

Kjeldahl
ng/1

6.2
6.3
6.5
9.6
8.3
12:5°
13.0

300 mg/1

Dissolved Liquid
Nitrogen Volume

mg/1

14.3

Temperature
Dissolved Oxygen 0.0 mg/1
Initial Organism Concentrationioo mg/1

ml.

5260
5235
5210
5185
5160
5135
5110

10°¢

Gas % Soluble

Collected Nitrogen Carbon
ml Gas mg/1
0.0 79.0 315
2745 210
80.0 185
125 .4 145
190.0 oL,C 1i5
310.0 70
370.0 97.0 50

Gas Space: 160 ml.

Suspended
Solids

mg/1

115
125
125
125
145
155



Time
hrs.
0.CO
43.15
49.15
54.52
60.24
67.16
70.41

EXPERIMENT NO32

Experimental Conditions.

Date: October 27/70

Initial Nitrate Concentration 120 mg/l Temperature 10°¢
Initial Carben Concentration 300 mg/l Dissolved Oxygen 0.0 mg/l
pH 7.0 Initial Organism Concentration 100 mg/1
NO3 NO NH Solids  Dissolved Liquid Gas % Soluble Suspended
mg/1l mg/l mg?l Total Nitrogen Volume Collected Nitrogen Carbon Solids
Kjeldahl mg/l ml. ml Gas mg/1 ng/1
mg/l _ _
113.0 2.0 10.7 5.6 144 5150 ‘0.0 79.0 300
83.8 2l:2 Tel 6.0 5de5 4LC.C 170 115
76.7 20,8 7.0 Tl 15.2 5100 115.0 93.0 ‘155 125
55.0  19.0 | 5075  170.0 115 125
30.5 17.0 5+1 9.6 B2 o5 5050 245,0 92.0 85 120
1.6 3.2 540 10.0 ‘ ‘ 5025 365.0 50 150
OQ7 003 2.3

10.3 25.0 5000 385.0 ko5 L5 145

Gas Space: 250 ml.

.
o%T



Time
hrs.

| 48.00
55.00
62.10
72.10
78.80
84,70
98.10

EXPERIMENT NOJ33

Experimental Conditions.

Date: November 24/70

Tnitial Nitrate Concentration 120 mg/l

Initial Carbon Concentration

i

NOs
mg/1

9l.1
68.1

55.6

39.2
3.2
7.0

0
gg%l

13.9
279
R7 by

26.8

26,8

3.C

N
mg?l

72
7.7
6.1
Bl
4e9
3.6
4e9

Dissolved Liquid
Nitrogen Volume

300 mg/1
70
Solids
Total
Kjeldahl mg/1
mg/1 ,
Lol 16.4
6.6
Le3 18,2
2.8
127 19.1
11.4
119 28.3

Temperature 5OC

Dissolved Oxygen 0.C mg/l
Initial Organism Concentrationl00 mg/1

ml.

5250
5225
5200
5175
5150
5125
5100

Gas
Collected
ml

20.0

65.0
100.0
160.0
205.0
245.0
330.0

% Soluble
Nitrogen Carben
Gas mg/1
95.6 236

200
93.0 180
174
93.0 124
106
96.0 54

‘Gas Space: 110 ml.

Suspended
Solids

ng/1

80
135
120

160
155

OLT



Time
hrs.,

0.CO
186.80

210.60

233.60
+ 238.30
257.50
270.00

NOs
mg/1

99,0

8.6
7342
32.4
2640
13.0

0.0

vo‘
gg%l

1.0

8ol

10.8
21.6
20,0
20.0

2.0

NH

mg/l

8.0
7.8
6.9
7.0
3.8
2.6
1.4

Experimental Conditions.

EXPERIMENT NO.34

Date:

300 mg/1
700
Solids
Total
Kjeldahl mg/1
mg/1 :
L.C 16,0
2.6 16.0
5e4
Leb 16.2
5¢5
6.1 16.4
7.6 16.3

Initial Nitrate Concentration 120 mg/l
Initial Carbon Concentration
pH

Ll

December 11/70

Temperature

Dissolved Oxygen

5°¢
0.0 mg/1l

In:tial Organism Concentration 100 mg/1

Dissolved Liguid
Nitrogen Volume

ml.

5130
5105
5080
5055
5030
5005
1980

Gas % Soluble
Coliicted Niggggen C;g?in
0.0 79.0 300
60.0 80.0 . 255
110.0 92.2 215
175.0 94.8 165
235.0 - 95.6 110
285.0 ‘ 80
370.0 96.5

Gas Space: 195 ml.

Suspended
Solids
mg/1

85
40
70

LT



Time
hrs,

0.00
138.10
186.80
210,60
221.50
233,70
24,0.60
257.50

N03

. mg/1

117.9
102.0
754
5842
37.6
6.2
1.2
OuL

NO
2g71

2.6
4.0
21.6
24.8
254
23.8
5.8
1.6

NH
mg}l

8.9
7.8
6.9
7.0
3.8

2.6
1.4

EXPERIMENT NO.35

Experimental Conditions.

Date: December 11/70

®

Solids
Total
Kjeldahl

mg/1

3¢5
2.6
Sels
L.6
De5

6.1
7.6

Initial Nitrate Concentration 120 mg/l
Initial Carbon Concentration 300 mg/1
ok

Dissolved Liquid
Nitrogen Volume

mg/1

16.2
17.0

20,0

28.0

Temperature

Dissolved Oxygen

59¢°

0.0 mg/1

Initial Organism ConcentrationlO0 mg/L

ml.

5155
5130
5105
5080
5055
5030
5005
49.80

Gas % Soluble
Coliicted Nié;ggen C:g;in
0.C 79.0 310
45.0 95.5 270
100.0 97.3 205
180.0 95.0 185
230.0 99.0 105
285.0 99.0 50
345.0 95.5 30
390.0 99.0 25

Gas Space: 250 ml.

Suspended
Solids
mg/1

60
100

70

85
140
170
225

gLl



t S
by e
0 8

o

L

0.00
220,00
340,00
14,0400
510,00
630.00
680.00
700.00
725,00

Initial
PH

N0
mg}l

117.0

194.5
93.0
92.2
5745
44.0
38.5

» Oa3

EXPERIMZVT NO., 36

Experimental Jonditions.

Date:

Carbcn Concentration 300

noF1

D2
0.1
0.2

8.0

27.5
35.0
33.5

3.3

NH
ng/l

3.0

0.0

7.0

Solids

Total

Kjeldahl
ng/l

7.8

12.2

March 5/71

Initial Nitrate Concentration 120 mg/l

mg/1

Dissalved Liquid

Nitrogen
g/ L

14.5

21.0

Temperature

Dissolved Oxygen

3%

0.0 mg/1

Initial Organism Concentration 100 mg/1

Volume

. mln

5360
5335
5310
5285
5260
5235
5210
5185
5160

Gas

%

Soluble

Collected Nitrogen Carbon

ml

0.0

60.0
95.0 .

120.0

220.,0 -

270.0
14,20.0

Gas

79.0

99.5

93.0

ne/l
328
. 308
288
2868
280
218
164
114
46

Gas Space: 150 ml.

Suspended
Solids

g/l

135
150
155
145

. 180
175
225
270

w


http:Con.centrati.on

EXPERIMENT NO.37 Pseudomonas sp : Activated Sludge
. X

Experimental Conditions.

Date :January 26/71

Initial Nitrate Concentration 120 mg/l Temperature 27°C
Iritial Carbon Cencentration 300 mg/l Dissolved Oxygen 0.0 mg/l
pH Ts5 Initial Organism ConcentrationlO 0O mg/l
Time NC3 NO NH Solids Dissolved Liquid Gas % Scluble Suspended
hrs. mg/1l mg%l mg}l Total Nitrogen Volume Collected Nitrogen Carbon Solids
_ Kjeldahl mg/l il . - ml Gas - mg/l mg/1
mg/1 . _ |
0.00 120.0 L0 8.0 11.9 13.8 5130 0.0 79.0 - 330 130
350 112,00 5.0 2.8 - 5105 125.,0 . 255
Selh 60.0 .. 11.5 . 12.9 5080 225.0 220
750 T4 ka5 5055 340.0 150 . 215
8.50 8¢5 2.0 Bed 16.9 3k:2 5030 370.0 9245 53
10.00 6.5 1.5 he5 19.5 5005  420,0 15 325
10.80 0«5 2.5 3.0 19,5 | 231 J 4980 4LL,0,0 99.0 305

Gas Space: 170 ml.

UL



Time
hrs.

0.00
3.70

750

8,50
9,90
13,70
21.00

NO
mg%l

132.0
117.0
67.5
59.0
34.0
6.0

3.0

A

3.0

7.5

13.5
15.0
19.0
4.0
1.5

NH
mg}l

5¢3
L2
3eb

2.5

EXPERIMENT NO.38

‘Pseudomonas sp

Experimental Conditions.

Date:January 26/71

300 mg/1
75
Solids
Total Nitrogen
Kjeldahl mg/l
mg/1 ,
10.8 14,0
15,7 19,5
17.8 25.2
R7.2 25.3

Initial Nitrate Concentration 120 mg/l
Initial Carbon Concentration

pH

Temperature

Dissolved Oxygen

27°¢

: Activated
D25 32 1,0

0.0 mg/l

Sludge

Initial Organism Concentration 100 mg/l

Dissolved Liquid
Volume

ml.

5130
5105
5080
5055
5030

»005

4980

Gas %, Scluble
Collected Nitrogen Carbon
ml Gas mg/1
0.0 79.0 350
35.0 :
1350 85.0 175
190.0 120
265.0 93.0 55
380.0 L5
420.0 ° 98.5 10

Gas Space: 170 ml.

Suspended
Solids
mg/1

145
185
255



EXPERIMENT NO39 Pseudononas sp : Activated Sludge.

Experimental Conditions. ' ah 1 Lo

Date: January 26/71

Initial Nitrate Concentration 120 mg/l Temperature 27OC
Initial Carbon Concentration 300 mg/l Dissolved Oxygen 0.0 mg/1
pH 75 Initial Organism Concentration 100 mg/l
Time NO3 NO VH Solids Dissolved Liquid Gas % Soluble Suspended
hrs., ng/l mg%l mg?l Total Nitrogen Volume Collected Nitrogen Carbon Solids
‘ Kjeldahl mg/l ml. ml Gas ng/1 mg/1
ng/1 _ .
0.00 129.7 0.3 Leb 9.7 13.9 5215 0.0 79.0 335 145
5.00 117.0 840 5190 35.0
750 58.8 22.2 32 145 ; 25:1 - 5165 110,0 96.0 120 150
8.50 40.5 23.5 5140 165.0 85 215
10.00 7.8 22:2 . 5118 250.0 55 205
10.75 345 11.5 2.7 19.8 29.3 5090 325.0 97.5 40 '220
11475 365 2.0 : : . 5065 375.0 . 25 330
16.50 5.0 21 LB 25.1 22.2 5040 4L0.0O 98.0

18.80 470.0

' -
Gas Space: 165 ml. o


http:Init:i.aJ

EXPERIMENT NO..LO Pseudomonas sp : Activated Sludge

Experimental Conditions. ' 0.0 : 1.0

Date: January 26/71

Initial Nitrate Concentration 120 mg/l Temperature 2700
Initial Carbon Concentration 300 mg/l Dissolved Oxygen 0.0 m
pPH 7+5 Initial Organism Concentrat%on 100 mg/1
Time NO3 NO NHq Solids Dissolved Liquid Gas % Soluble Suspended
hrs. mg/l _ mg?l 1 Total Nitrogen Volume Collected Nitrogen Carbon Solids
A Kjeldahl /l ml. ml Gas - mg/l mg/1
mg/1 ‘
0.00 134.8 0 Le2- 11.5 13.9 5200 0.0 79.0 4,20 170
T«50 - 125.%1 - 6.9 _ - 5175 25.0 390 160
21.00  100.4  21.6 Bl 15,6 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
33.09 13.7 17.8 | 3.5 2.2 22.3 5075 390.0 96,2 85
34450 141 3k , . 5050 405.0 35 400
40,50 3.2 &.8 5025 475.0 15 430

43.75 1.5 1.0 1.5 I 4R 21.5 5000 500.0 99.0

LLT

Gas Space: 200 ml.



Time
hrs.

0.00
750

9.50

12.00
13.20
14.50
16.50
22.00

Experimental Conditions.

EXPERIMENT NO.A41

Date: January 26/71

Initial Nitrate Concentration 120 mg/l
Initial Carbon Concentration

PH

NO
mg%l.

98.5
9100

87.5.

68,0
2245
1.5
1.0

0
gg%l

- 0.5
155

22.0

25.0

22.0
17.0
6.0
4.0

NH
mg7l

2e3

0.9

0.5

300 mg/1
« Te5

Solids
Total
Kjeldahl mg/l
ng/1 .

L.8 13.8

4.9

501 1502
13.5 28.3
14.6 it .

Pseudomonas sp :

Temperature
Dissolved Oxygen
Initial Organism Concentration 100 mg/l

Dissolved Ligquid
Nitrogen Volume

ml.

5275
5250
.5225
5200
5175
5150
5125
5100

Gas % Soluble

Collected Nitrogen Carben
ml. Gas mg/1
0.0 79.0 310
25,0 260
50.0 245

7540 87.3

150.0 155
275.0 93.0 65
350.0 _ 35
4,00.0 98.0 25
Gas Space: 125 ml.

l'o

g0

Activated Sludge

: 0.0

0.0 mg/1

85

180

A



Time
hrs.

0.00
3.00
L. 40
-5.50
6440
7.10
9.10
10.00

EXPERIMENT NO. 42 Pseudomonas sp : Activated Sludge

Experimental Conditions. ' 1:0 3 10

Date: September 30/70

Initial Nitrate Concentration 120 mg/l - Temperature 27°¢

Initial Carbon Concentration 600 mg/l Dissolved Oxygen 0.0 mg/l
pH 7+5 Initial Organism Concentration 100 mg/l
NO3 NO NH, Solids Dissolved Liquid Gas % Soluble Suspended
ng/1 mg?l mg7l  Total Nitrogen Volume Collected Nitrogen Carbon Solids
Kjeldahl mg/l ml. ml Gas mg/1 mg/1
mg/1 .
96.9 1.1 10.6 6.8 12.4 5320 0.0 79.0 L55
8hel 9.6 10.3 6.3 5295 50.90 405 110
55.8 23.2 7.0 10.4 - 12.5 5270 110.0 86.5 330 140
29.8 22,2 fio 121 5245 200.0 280 160
12.2 11.6 LeO 13.2 5220 265.0 245 180
2.6 Lo 365 13.7 R .2 5195 325.0 90.5 L5 160
1.2 0.8 2.6 1.2 18.3 5170 375.C . 9.5 . 240 210
395.0

Gas Space: 210 ml.

OLT



EXPERIMENT NO. 43 Pseudomonas sp : Activated Sludge

Experimental Conditions. ' 0.6 3 1.0

Date: September 30/70

Initial Nitrate Concentration 120 mg/l Temperature 27°¢

Initial Carbon Concentration 000 mg/1 Dissolved Oxygen 0.0 mg/1

PH 75 Initial Organism Concentration 100 mg/1
Time NO3 NO NH Solids  Dissolved Liquid Gas % Soluble Suspended
hrs. ng/l mg%l mg?l Total Nitrogen Volume Collected Nitrogen Carbon Solids

, Kjeldahl mg/l ml. ml Gas - mg/l mg/1
mg/1 | |

0,00 92.5 545 10.5 i % 12,6 5220 0.0 79.0 500
3,00 89.4 13.6 . 10.6 Sl ' 5195 50,0 ' L70 95
5,50 56,2 2L.8 6.5 12.3 - 5145 160.0 88.5 310 130
64,0 k3.6 0 b 3.0 11.5 13.5 5120 217.5 86.0 295 165
7.10 8.2 23.8 53 13.9 5095 275.0 265 155
8.10 3.2 5.8 L2 18,2 18.6 5070 340.0 89.0 250 180

Gas Space: 90 ml.

OuL



Time
hrs,

0.00

0.50
1.00
2430
3.30
5.00
8.50

EXPERIMENT NO. Ll

Experimental Conditions.

Date: Jun;e 5/70

o
Initial Nitrate Concentration 40 ng/l Temperature 27 C
Initial Carbon Concentration 100 mg/1 Dissolved Oxygen 0.0 mg/l
pH 8¢5 Initial Organism Concentration 100 mg/l
NO3 NO 'NH,  Solids Dissolved Liquid  Gas %  Soluble Suspended
ng/1 mg/l mg7l  Total Nitrogen Volume Collected Nitrogen Carbon Solids
Kjeldahl mg/l ml. ml Gas mg/1 ng/1
_ mg/1 . - ,
39.9 6.1 2.6 8.8 415 545 © 0.0 79.0 93
37.8 6.8 0.5 5420 75.0 91 150
30.4 6.7 0.7 5395 85.0 77 150
4 I o9 0.1 © 5370 165.0 37 175
11.7 6.4 0.2 112 3244 5345 210.0 91.5 27 1160
0.9 7.1 0.2 5320 260.0 24 190
0.0 6.6 0.2 9.5 1ha5 16 215

5295 320.0 95.0

Gas Space: 85 ml.

8T



Time

%,

nrse.

0.00
1.00
2.40
4e50
6«50

EXPERIMENT NO.L5

Experimental Conditions.

Date: May 23/70

Initial Nitrate Concentration 4O mg/l Temperature 27°¢ :
Initial Carbon Concentration 100 mg/l Dissolved Oxygen 0.0 mgfl
pH 8.5 Initial Organism Concentration 100 mg/1
NO3 NO NH Solids Dissclved Liquid Gas % Soluble Suspended
mg/l mg;l ng7l  Total Nitrogen Veclume Collected Nitrogen Carbon Solids
Kjeldahl mg/l ml. ml Gas mg/1 ng/1
mg/l )
28,5 bel Ool 10.0 25.2 5250 0.0 79.0 72 120
25.3 - 5.7. 0.3 10.1 5225 95.0 56
16.4 6.1 0.2 10. ' . - 23,2 5200 0il 99.8 L2 164
12,1 5.4 0.2 Iiady 5175 18 192
Leak
77 o8 0.2 11.4 1445 5150 98.0 18 230

" Gaé’Space: 25O ml.

=



Time
hrse.

0.00
0.50
1.50
2440
5,00
7,00

Initial Nitrate Concentration

Experimental Conditions.

EXPERIMENT NO..46

Date: May 28/70

Initial Carbon Concentration 100 mg/l

pH

29.8
23.6
18.9
13.8
7.5
0.0

6ol
A
6.1
6.2
6.3
3.8

NH
mg}l

0.3
0.3
0.2
0.2
0.2
0.1

40 mg/1
8.5
Solids  Dissolved Liqui
Total Nitrogen
Kjeldahl mg/l
mg/1 A
7.7 249
8.5
8.8 22.8
9.0
7.8
90L|' 1398

Temperature
Dissolved Oxygen

27%¢c

0.0 mg/1

Initial Organism Concentration 100 mg/1

Volune
ml.

5410
5385

5360

P332
5310

5285

Gas % Soluble
Collected Nitrogen Carbon
ml Gas ng/1
0.0 79.0 88
50.0 78
100.0 87.0 72
130.0 5l
160.0 98.0 42
190.0 26

98.0

Gas Space: 110 ml.

Suspended
Solids
mg/1

130
130
130
155
175
165



EXPERIMENT NO.47

Experimental Conditions.

Date: January 10/71

Initial Witrate Concentratioén 20 mg/l Temperature  27°C

Initial Carbon Concentration 15 mg/l1 Dissclved Oxygen 0.0. mg/1 i

pH 8.5 Initial Organism Concentration 100mg/1
Time NO3 NO NH,  Solids Dissolved Liquid Gas % Soluble Suspended
hrs. g/l mg?l mg7l  Total Nitrogen Volume Collected Nitrcgen Carbon Solids

A Kjeldahl mg/l nl. ml Gas mg/1 rg/1
mg/1 A ' _ '

0.00 20,0 2.0 2.0 8.8 13.8 © 5,00 0.0 79.0 16 125
5,20  18.2 1.0 5375 11.5 10
10.40  17.4 0.8 0.9 | 5365 20.0 IR 130
20,00 1.1 0.2 0.4 8.7 14.0 5340 gic 85.0 L 1130

Gas Space: 150 ml.

R8T



Time
hrs.

0.00

3.30.

6.70
10.00

EXPERIMENT NO/A8

Experimental Conditions.

Date: January 10/71

Tnitial Nitrate Concentration 60 mg/l

Initial Carbon Concentration

oH

WO
mg%l.

65.0
63.0
60.5

' 59.00

0
gg;l

0.5,

1.2
0.8
0.1

NH
mg}l

3.0

0.7
0.1

\ L]

Seolids

Total

Kjeldahl
ng/1

8.3

8.2
845

20 mg/1

- Dissolved Liquid
Nitrogen Velume

mg/1

16.2

13.8

o}
Temperature 27 C

Disseclved Oxygen

0.0 mg/1

Initial Organism Concentration 100 mg/l

ml,

5350
5325
5315
5290

Gas % Soluble

Collected Nitrogen Carbon
ml Gas - mg/l
0.0 79.0 16
21.0 10
35.0 8
55,0 8L.2 L

Gas Space: 90 ml.

Suspended .
Solids
mg/1

165
170

175

-4 X






DATA LANALYSIS

T = ) < A i 3
Leas H0ONares :;n:’l_L:fSIS.

which could be interpreted as an initial lag or acclimation

period followed by a relatively linear removal rate with
respect to time, The linear portion of the curve was,

fits of peolynomials greater than first order were also 2
2" ) »
feature of this program, and a comparison of the degrzse of

a7
apr

plicability of successively hi
was determined by an P-test.
In the case of the temperature dependency of the

-

unit denitrification rate, the data wa

9

Tirst transformed to

[9)]
-

1/T versus log of the unit denitrification rate, and the

]

-

semi-logarithnic plot was then fitted with a straight line
using the same prozram. Loz transformation of the data does

weicght the fit at one end of the data range, but a more

accurate search technique to detzsrnine the curve constants
was not considered necessary for the purposes of this work,

A complete factorial desisn as performed for the
four factors of pli, nitrate concentration, carbon to nitrate

ratio, and organism concentration, at two levels was used to

-
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factors on the response as well as providing the interaction
effect of veriables on the response.

The ceneral nmethod for constructing a factoriel

desirn at -two levels., of each variable is itemized as

s

N

+1l, =1, +1 ~=~~, and

7 2 3

l. For factor 1, start with -1,

7."_ .
continue for all the 2 tests.
24 For factor 2 start with the first two tests as -1,
the next two as +1, and the next two as -1 etc.

D fTor factor 3, start with the first four tests as -1

H b
the next four as +1, and the next four as -1, etc.
ieec. -1, =1, -1, =1, +1, +1, +1, #+1.

bie For factor 4, start with the first eight tests as -1,

the next eight as +1, etc,
5. Proceed in a similar way for all variables, i.e.

X5, X ==- etc. until finally reaching the kth

6. Tor the kth variable, start with the first 2  tests
k-1
as =1, and the next 2 tests as +l.
1~

This method will yield all 2  distinct combinations

of the variableswithout repetition, Table Yo. 7 in the



nain body represents a typical design for four factors at

, L
two levels. of each factor, i.e. 106 tests constituting a 2
factorial design.

Calculation of ffects., For a factorial design

the main effects, i.e. the effect on the response (in our

case unit denitrification rate) in moving from a low level

n
E=l "2 . ¥i
n/z2 i=l L = effect

vi = respons .
response = value of dependent variable
multiplied by +1 or -1,
whichever apnlies for the
particular:experinent.
For example, for the first 16 screening experiments
run, the average effects follow:~

<[ = .0307 + .0550
- L0678 "+ 1270
- 00150 + 001906

- 0424 + 0613

Mitrate Concentration =

- 0246 & .0565
- .0600 + .1430
- .0198 + .0290
0506 -+ .0710

3111 + .5834

= .2§23'or(303¢c
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LeCe

In increasing the nitrate concentration fron
LO to 120 mz/1 the unit denitrification rate increased
Q0340 mg/1 TOB asl/mz/1l organisms-hr,

Carbon to MNitrate Ratio

T: 0307 + .Oé?é—

% - .0550 + ,1270
- 0150 + 042

- 0406 + ,0613

- 0246 + ,0600

- 0565 + .1430

- 0193 + .0508

- 2712 +  ,6233
0.04.0

= 3521 or
Pt

i.es In increasing the carbon to nitrate ratio
from 1:1 to 5:1, the unit denitrification rate increased

0.C440 nme/l O, as N/mg/l orsanisms-hr.

pH ] ~ .0307 + .0150 |
1, |- -0550 + L0406
i - 0678 + . .0L2
- ,1270 + L0613
- L0246 + .0198
L .0565 + .0290
- 0600 + .0508
- 1430 4 L0710

- 5646 + 3299

- 0.0293

Ii
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i.e. In increasinz the pE from 6.5 to 3.5, the

2
unit denitrification rate decreased 0,0293 mg/l N0, as 1/
>

m:/1 organisms<hr.

Organism ‘Concentration =.£x - 0307 + .02L6
& '

- .0550 + .0565
- 0678 + 0600
- 1270 + 1430 !

- 0,06 + .0290

e 02}2.’\"‘ -+ . 0565)\
b P 3
98 + 4547

49 or .0019

i.e. In increasing the orcanism concentration from
50 to 100 mg/l the unit denitrification rate increased

.0012 mg/1 MO, as l/ag/l organisms-hr.

3

Averege ZIffects of 2“ Factorial Design
from Table 9.

Hitrate Concentration = (.0960 + .0565 - ,1290 - 0.02L6)
2 .

= .0011 = -,0006 ng/1 NOB/mm/l organisms ~hr
Y. An ,

C‘%bon Concentration = (,05065 + ,1290 ~,0960 -,02L0 ]
2

= ,0649 = +.0324 mg/1 NO.
- n~/T ortenisms-hr



sy

Averace nifects of 23 Fectorial Design
fron Table 10,

Mitrate Concentration =
L (-.0246 - C.,0198 -~ 0,1290 - 0,082 + 0.0950 + 0.0565
/4 ’

0
4 0.0’;Oé - 0003211

il

.0090 mo/1 04
ngz/l organisms-~hr, -

Cerbon Concentration =

-

1 (-0.0246 - 0.0298 - 0.0960 - 0.0321 + 0,1290 + 0.0820
A ‘
0.0565 + 0,0406) = .0354
pil = 1(-0.0246 -~ .1290 - .0360 - 0565 + ,0198 + ,0860
[2._

+ .0L06 + .0321)

il

031k nmg/1 HOB/ mg/l organisms-<hr.
The interaction effects in a full factorial design
can be determined by nmultiplying the coded levels of inter-
acting factoré by the response and then evaluating the

interaction in'a similar manner to the main effects.

multipliers for the response for interaction eciffec

the 15 screening experiments follows.

o



Ql,

T.ALTJTJT?J‘ I-C . 73-:]\ °
SCREIIING IYPLRIFTINTS - INTIRACTION ZPFECTS CALCULATION,
A B C D AD .G AD 3C 3D Ci
Expt 1IO3 tC:HOB pli Organ
o, . ism »
1 -1 -1 -1 -1 +1 +1 . +] el +1 +1
2 {‘l --1 -.-' -l _’] _" __l , K l _{_. _!-l

& ~3 o v B W

\O

10
11

13
11,
15
16

+1 1 *1

Calculated of
concentration and

Interaction effect

.

1,

interaction effect of

-1 +1

-1 +1
+1 +1
nitrate

carhon to nitrate ratio -

i}

8

R
=S

- \J/5o
- ol 07(.)
~.0406
- O:’;.?.z';
~.0565
-.0000
—.u‘,O

|~ CDQU

:’ (.g')'L

+ O 0307

0.1270
O.“l50
0.0613
0.02 },6

~A~+~+-+4-+«+

.12 or .C
0 "r
0.0198
1‘. 1‘71\
v TLLOA)
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Analyvsis of Variance.

by rieans of sisnificance tests
wvhether or not the observed effects can be accouhted for by
experimental error. The methods used in an.analysis of
variance lead to mean squares for the factors'gnf inter-
actions between factors. I the F-test shows a mean square
to be signitficantly greater than the error nean square at
a predeterminad confidence level, it can be .inferred that

~ oy

1anzing the level of that factor significantly aifects the
The Yates liethod (Davies 1967 ) of analysis of variance
is simply a tabular method which is particularly convenient

£y
i

for estimating the mean squares when four or more factors
An analysis of variance for the three factors
carbon, and pH is shown in Table B-3. -An cstimate of the

error variance was obtained by determining the variance of
five repeat experinents performed under the same conditions

within the experimental desizn.

Zxperiment Ho. 3 0.0678
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Factors IListed Accordins~ to Vates llethod (Davies- 1.967)
See Table No.7 for rete data in mg YOB as I'/mg of organisms<hr
rrsanisns Concentration
I (50) a(100)
- QH pil
I{6.5) c(8.5) v ' L(6.5) ¢(8.5)
T(40) C/H0 T{1s1). 0307 015 0216 0198
4% L 1N ey - s P i
Az Wiikas Bifsl )00 LOL2L .0600 0508
104 5 > o
)q(qo@) 3/3C I(1:1).0550 0L06 L5065 290
c 2\ \ ooy W &
SASEML M REs b5l ) JA270 L0613 .130 0710
Calculation of Zffects
Denit.
Rate, : Iigan Sounre
a «0550.  .19,8 <1503 L5l « 2723 »0340 .00/,.62 w
b L0078 055” <2841 128 s 3521 LOLLC 007748
ab + 1270 037 . 1700 1N .0903 +0113 .0C0509
Ly 4
{

.0150
.0L06
L0L2),

0835
o OLLS

L1149

w—o 2307
= o L2505
.1099

. OOB 57:,1’,!,3 e
000968

'§ ryre
({*l/’.()

» 2030
.0L38

0O

L d

B

NV Ao\ oV W

b= 3 O | et e 2

L0013 1218 .0294 D672 -.c337 -.0102 .0004171
L0216 ,0243 .1001 =,121 01,9  ,0018  .0C00138
0505 0592 L0481 -.113 .0163 .0020 . 0000166
L0600 ,0256 ,1219 -,0390 .0377  .Q0L7 oono?éﬁs
1430 .0189 ,0730 -.0855 .0339 .00L2  .00007182
.0198 .03“, 0349 ~-,0610 7‘ L0009  .00000371

. 0290
R O5f\(’\.

| $ (@]

.0710

L0830
. 0092
0202

-.0058
(‘\f")'L &

002

.00013514
. 00000915
.0000C001L

. 0067
+O5LY
0110 -

u‘/ O)
0121
0015

~ e Oi!lé
e 01;01

- Outside estimate of error variance .0001872

-~ T test, 2-tailed at sz confidence level for 5,1
derrces of freedom 6,6 1 0001872 = .00123,

- All mean squares creater than 00123 are significant
at the 957 confidence level and are maried 1 writh an %,
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TABLE HO..B=3%
. ‘\Ll: LLY&.)I\) OT\ T]‘-s;.\. " 'T D
CARDONMN, FOa AND pH
EFPPECTS O DESMNITRIRICATTION RATE.
Factors Listed Accord to Yates llethod (Davies 1967).
See Tahle No.1C for rate date in mg/l HOB as /ms. of cells-hr,
oH ‘.
P Sl
I (6.5) G (E5)
Hitrite Mitrate
Concentrotion Concentration
- TILLLO) T atl20 T(LC) a(lz0)
Concentration
\ N7 L Yol 4
b(120).1290 0565 0880 LLCH
Caleula thﬁ of Iffeots :
Mean Saguare

Denit.ats

% 0246 .1206 L3061 L8866
a 09060 1855 1805 -.0342 L2011
b «1290 0519 -.0011 <1416 0200 =
ab « D505 1286 -.0351 -.20306 JOL1E %
c .0198 « 071 o{/ -.1256 2157
ac 20321 -.072 0769 .032.0 .C011
bc .0880 123 -.1199 .0118 .0001
abce .0,06 -.047} -.0597 0842 o071 &
- Qutside estimate of error variance .0001872
- T test, 2-tailed at 95 conf fidénce level for 4,1
degreces of freedom 7. 71 % .0001872 = .001L5
- All mean squares greater than .COlL5 are s¢rn1?1cant
at the 95% confidence level and are marlied with

ey at.
e



'solids-orzanism count data, log transformed data of
unit denitrification rate versus temperature recvv“ocal
logs transformed data of unit denitrification data versus

weizht ratio of Pseudomonas/Activated Sludge, vere
calculated from an analysis of variance of the data. A
sample caleulation for the 957 confidence limits on the
regression line through the solids, colony count data
follows: -
Rerression Line Zquation,
Yi = =32.44 + 1.338

calculated from data ﬁabulated'in Tabl« 17,

Il

where Xi

Yi

suspended sqlids concentration in mg/1

6

Il

colony count %10
The residual sum of squares is calculated from the
analysis of variance bhelow.

Source of Variance Sum of Squares Degrees of Ilean

Freedom Sguare
legression LS
About Regression 3y Subtraction n~2 ' $*=(33)

(residual ) # _ (=2 )
2 2 .
About mean vi - (£7i) nel
(total corracted n

for mean)

for the suspended solids versus colony count line
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1
)

source of Variance OSum of 3quares Degrees of lean
Freedom Square

Regression : 187,532 1 487,832

bout Nesression 257,912 51 5,056,233
(rGSJdnal) ' '

About llean : 7[;,5 § 7/;.};. 52

The variance for any future observation was calculated

according to the formula

2 e
V(Te) =8 {1 +1+ (-
g A S

The confidence limits were tlien established from

the followingz -

A '
Limit = ¥, - (valve of 2 tailed)
T - test

At the 957 confidence level tha value of the two

tailed t - test is tabulated as 2.011

cot # o o e A + ~r
95% confidence limit = ¥y - 2.0lly‘V(h,)
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Analvtical ethods and Ca]ibratior

1. Carbon « The soluble cnrbon concentration was

2

determined using the Beckman carbon analyzer as outlined
A

in tho main body of the report. A typical carbon analysis

calibration curve of sodium oxalate standards is shovm in

Figure C-1. .
2e Nitrite - The nitrite samples in the range C-1.3 mz/1

to Technicon Auto-

1

Analyzer Industrial lethod 35-62 I, Samples with a higher

(D

nitrite concentration were diluted to bring them within range.

A schematic of the auto-analyzer flow shzet is showm in
“igure C-2. The reagents and standards utilized in the
tests are itomized below -

Colour Rearent =

Sulfanilamide Cfugﬁ?ogo 20 zm.
Phosphoric fcid 3P0, (conc.) 200 ml.
N-1 Napthylethylensdiamine dihydrochloride
019“1'N . 2HC] - 1 gm.
Distilled "ater G oS 2 litres.
To apﬁro cimately 1500 ml of distilled water add
200 ml of concentrated phpsphoric acid and 20 gm of

.sulphanilamide. Dissolve completely. (leat if necessary).

Add 1 gn of N-1 naphthylethylenediamine dil
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FIGURE NO. C-I

TYPICAL SOLUBLE CARBON
CALIBRATION CURVE
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FIGURE NO. C-2

NITRITE IN WATER AND
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dissolve. Dilute to 2 litres. Add 1.C ml of Brij-=35.
Store in a cold dark place. Stability one month.

Standards 100 ng/l

Sodium nitrite NalO, 0.4926 gm.
Distilled water gq.s. 1 litre.

Dissolve 0.4926 gn of sodium nitrite in distilled
water and dilute tc one litre. Add 2 ml of ﬂurlfled
chloroform per litre _as a preservative. Prepare working
stondards in the range 0.0l ng/l to 1.3 nge/l in serial
dilution for calibration. A typical calibration curve
for the analyses performed on lNovember Lth 1970 is shovm
in Pigure C-3. Yo difficulty was experienced in obtaining

a stable baselire and smooth peaks,

3. Total Mitropen Ijeldahl - WNitrogen analyses in

the renge 0-40 me/1 were performed according to Technicon

futo-analyzer.. Industrial l.ethod 30-69A. All reactor

samples fell within this renge. A schematic of the auto-
nalyzer flow sheet is shown in Figure C-4. The reagents

nd standards utilize

[§¥]

in the tests are itemized as follows

Digestion lMixture.

Selenium Dioxide A ~ 3.C gm.
Sulphuric Acid. (conc) 900 ml.
Perchloric Acid 58-709% - 20 ml,

Dissolve 3.C gm seclenium dioxide in approximately

50 ml of distilled JatCP and -add 20 ml of perchloric acid.
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NITRITE CONC. AS N in mg./I
Ol

0:05

'FIGURE NO. C-3

TYPICAL NITRITE ANALYSIS
CALIBRATION CURVE NOV. /70

NITRITE STANDARDS PREPARED
FROM: POTASSIUM NITRITE -
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PEAK HEIGHT IN UNITS



FIGURE NO. C-4
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1. 31

Add 900 ml of concentrated sulphuric acid and dilute to

one litre. Iiix and allow to cool. Adjust the volume and

)

store in an amber zlass bottle.

U

odinm Hvdroxide Reasent.

Sodiunm Hydroxide (NaOH) 350 .
Potassium Sodium ”artr“tp . 50 gnm.
¥MaC, ¥, 0~ 24,0 ,

L ! o

Dissolve 350 gm sodium hydroxide and 50 om

(& o

1%

potassium sodium tartrete in about 700 ml distilled water

{

in a one litre volumetric flask. Allow to cool and dilute
to volume. Store in a polythylene bottle. The potassium
sodium tartrate is added to prevent precipitation of heavy

metal conteminants in the alkaline mediun.

Alkaline Fhenol

TT

Sodium Hydroxide, 5NM (400 gm/litre) 500 ml.,
liquified, about 887 276 ml.
Slowly add 276 ml of liquified phenol from a
separatory funnel to 500 ml 5N sodium hvdroxide contained
in a vessel surrounded by circulatins cold water, stirring
the mixture continuously. Dilute to one litre with d

water. Store in a polyethylenc bottle.

Socium Hypochloride.

Any good commercially available household bleach
having 0.5% available chlorine is suitable.
Standards - In orcder to achieve the greatest accuracy

o

from the system it is essential that a carefully assayed

distilled
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nitrogen containing material having the same metrix as the
samples is used for calibration. A 100 mg/l solution of
ammonium chloride was used as a stock solution to prepare

~

serial dilutions for system calibration.

Ammonium Chloride NE,; Cl 3.79 gm.
-
Distilled "ater as - 1 litre.

.

A typical calibration curve for the analyses

el

performed on October 25, 1970 is showvn in Figure C-5.

The nitrate plus nitrite in the samples was

determined according to Technicon Auto-inalyzer  Industrial

llethod 33-6977 for samples in the range of C to 2.0 mg/l or

{

samples diluted with distilled water to fall within this

range. The nitrite concentration was determined separately

h‘j
Jas)

and subtracted to give the nitrate concentration. A
schematic of the auto-analyzer flow sheet is shown in Figure

C-6., The reacents and standards utilized in the tests are

o

Sulfanilamide CgHgl"025 20 gu.
Phosphoric Acid 3P0, (conc). 200 nl.
N-1 MNapthrlethrlenediamine
3 Yoyt A 11 ) - 1T ‘
Dihydrochloride C12“14N2 2HCL 1 gm.
Distilled ater as 1 litre.

To approximately 1500 ml of distilled water add

20C ml of concentrated phosphoric acid and 20 gm of
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TOTAL KJELDAHL CONC. AS N in mg. |

¢

Y A -

3

FIGURE NO. C-5

TYPICAL TOTAL KJELDAHL ANALYSIS
CALIBRATION CURVE OCT. 25/70

KJELDAHL STANDARDS PREPARED
FROM AMMONIUM CHLORIDE

10 20
PEAK HEIGHT IN UNITS

30
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FIGURE NO. C-6
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sulfénilamde. Dissolve completely (heat if necessary).
Add -1l gm of N-1 lapthylethylenediamine Dihydrochloride

Dilute to 2 litres. Add 1.0 ml Brij-35.

O]
rs
o
},.J.
v
Q
H
<
[®)
o

Store in a derk cold place.

Stock Conper Solution.

&

Anhydrous Cupric Sulphate Cu30) Q2 g8
Distilled water as 1 litre.

Dissolve 2.5 gm of cupric sulphate in distilled

vater and dilute to one litre. Fo*”!nf coprer solution

was then prepared br diluting 6.25 ml of the stock solution

Stock Sodium Hydroxide 3N :

Sodium lydroxide alll 120 gm.
Distilled 'Tater Qs ' 1l litre.
Dissolve 120 gm of sodium hydroxide in 750 ml of

distilled water. Allow to ccol and dilute to one litre.
Working NaOll uolu’rlon was then prepared by diluting 100 nml
of thz stock solution to 1 litre.

Stock Hvdrazine Sulphate

vdrazine Sulphate UZH&HZSQ& 5L.00 om
Distilled Tater qs 2 litre.

Dissolve 54,00 om of hvdrazine sulphate in 1800 ml
of distillsd water. Dilute to 2 litres. The solution is

xmonths, "orkins solution was then prepared

UJA.
<
o
o
—
®
e
C
ks
9]
PN

br diluting 25 ml of stock solution to one litre. The

when stored in an amber bottle, had a useful



life of one month,
Standards.
Potassium Nitrate | KNO3 ' O.72l$ em.
Distilled Water - qs 1 litre.
Dissolve 0.7218 gm of ! NOB in distilled water and

dilute to 1 litre. -Add 2 ml of purified chloroform per’

‘
.

litre and prenare serial dilutions for standards. 4 typical
calibratiqn curve for_tho analyses performed on September 15
1970 i3 shovm in Figure C=-7
5. Ammonia,

Samiples for free ammonia analysis in the range
'0-10 mg/1l were performed according to Technicoh Auto
Anglyzer Industrial lethod 18-697, No dilution of samples
was required for our reactor studies. A schematic of the
auto-analyzer flow sheet is shownm in Figure C-8., The

reagents and standards utilized are itemized belotr.

;xl‘ -...~llvln rllpﬂ.ol .

Similar to total Kjeldahl analysis.

Sodiun Hyonochlorite

1

As per total Kjeldahl analysis.

Potassium Sodium Tartrate.

Potassium Sodium Tartrate KNaC H 06 2H,0 200 gm.
Distilled Water GeSs 1 litre.
Dissolve 200 gm of potassium sodium tartrate in

850 ml1 of distilled watér and dilute to 1 litre.

. .
“
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.. -5 2:0

05

FIGURE NO. C-7

TYPICAL NITRATE ANALYSIS /
CALIBRATION CURVE

SEPT. 15/70

NITRATE STANDARDS PREPARED
FROM POTASSIUM NITRATE
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PEAK HEIGHT IN UNITS
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FIGURE NO. C-8
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- Standards.
HHZC‘ as per total I{je 1dahl analysis., A typical
4
calibration curve for the analvses performed on June 19

1970 is shovm in Fizure C-2. Thez ammonia concentration

0]

usually checked closely with the filtered total Fjeldahl

analysis. .
A MNee A ~
Do Gas Analvsis,
The chromatocraphic system used during the
experiments (Fisher Gas Partitioner}is specifically

5

desisned for analysis of mixtures of specifiic zroups of
rases, e.g. hydrogen, oxygen, nitrogen,
monoxide, and carbon dioxide. However, the s
easily be extended to mixtures of other gases by replacement
of the standard columns by others which could separate the

.

The operation of the instrument 1s showm sc enatwc ally

the apparatus contains two chromatographic

*d
o

1 are inter-dependent, since the sence of

one column influences the performance of the other., Zach

&

column has the unique propertiss that are necessary for
theé separation of several of the components of the sample
mixture. In each case the properties of the column are

carefully sclected to give the optimum results with the
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FIGURE NO. C-9

TYPICAL AMMONIA ANALYSIS
CALIBRATION CURVE JUNE l9/ 70

AMMONIA STANDARDS PREPARED
FROM AMMONIUM CHLORIDE

10 20 30 20 50 60 70
PEAK HEIGHT IN UNITS
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FIGURE NO. C-1I0O

- SCHEMATIC DIAGRAM OF FLOW THROUGH

GAS PARTITIONER SHOWING TWO COLUMN
- DETECTOR SYSTEM
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- The primary requirement for the system to work
is that at any csiven time only one component should be

is

2

passing through one of the two detectors. Thi:

acconplished by remulvtlon of thecarrier ges flow rate

and the column lensth. A second requirsment is that
the component separated by Coluwm 1 and recqrded by Detector

1 should be absorbed by the second colwan., Thirdly, the

compounds separated by Colunn 2 should not be separated

ok

of 21" of silica gel

in the column 1 position, followed by 13 feet of molecular

A column system consistin
sieve 13¥, the silica gel colurn separates carbon dioxide
from air mixtures while the moleculor sieve column separates
nitrozen oxygén and nitrous oxide while absorbing carbon
dioxide and water vapéur. Using a helium carrier cas flow
rate of 50 ml/min with a chromatograph sensitivity of lOOﬂ
adequate scparation of these gases could be achieved with
a raecorder speed of 1 inch per minute and a sensitivity

of 100 millivolts full scale deflnction as showm in

ko

cure C-1l. The columns were calibrated periodically by

[

a

the injection of knovm percentage nmixtures of gases. A

hip was obtained ‘between area under the

U)

linear relation:

g

eaks versus percent sample concentration for the 0.5 ml

samples as shovn in Figure C-12 for nitrogen sas. Due to
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unavoidablzs absorbance ¢ quantities o

the molecular sieve columns separation of the peals

decre?se¢ 4 checlk s maintained on the effoctivensas of
the calibration curves by running an air sample throuzh
vith'e;ch unknown ges.concentration. As necessary, the
molecular sieve columns were racsenerated by heatinz the
colwms to 400°C in a mu’fle furnice for 2L, hours while
éar”ie? cas was passed throush then,

e Dissolvad Mitroren Analvsis - after SGinnarton et _al.

The dissolved nitrozen concentration vas deternined
by injectinz a 0.5 ml liquid sample into a 40 mm lonz by

12 o - % - M % e . T PR L
10 mm diemeter slass chamber through which helium carrier

N

sc*'*aci from the liquid sample b the helium were then

carried throuch a 3/8" diamoter polyet

7

with 1L to 20 mesh CaSO, which absorbed an

‘.
carried along with the gases. The gasss were then passed
through the same chronmatosraphic colwins in the Fisher

peaks were produced for composite, oxygen, nitrogen, and
carbon dioxide. As shown in Figure C-13, the peaks were
sufficiently smooth to allow measurement of area under the

curve. Comparison with & calibration curve developed fron
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FIGURE NO. C-13

DISSOLVED GAS ANALYSIS, WATER
. AT 27° C

SAMPLE SIZE 0'5 ml.
CHROMATOGRAPH SENSITIVITY 100% .

RECORDER SENSITMITY 10 mw
CHART SPEED 2min / inch
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vater saturated with air at various temperatures was
used for determination of sample nitrogen concentration.
A

A linear relationship existed between dissolved nitrogen

concentration and area under the peaks., The calibration

A diagram of the flow pattern used for dissolved

nitrogen analysis is showvm in Figure C-14.


http:concentrc=i.ti

82,

FIGURE NO. C-14

GAS FLOW DIAGRAM, DISSOLVED GAS
ANALYSIS
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