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ABSTRACT

This report descrjbes a study performed to determjne

if denitrificat ion occurs in a facultative wasteurater stabi l-
ization pond, at what rate and under r,ihat condjtjons.

L i terature i nd i cated that den itrìfìcation occured in marsh

and lake sed iments but information for stabilìzatìon ponds

appeared to be lacking.

Gas co I I ectors were p I aced on the surface and bottom

of an operat ì ng facu ltat j ve pond and sampìes v/ere col lected

approximateìy once per vreek for 2 months. Surface gas

cons j sted of approximate ìy 80 to 90 percent n ì trogen and

l0 to 20 percent oxygen. 14ethane t{as only col jected in any

quant i ty under anaerob i c conditjons. Benthìc gas consjsted

of approximateìy 20 to 30 percent n itrogen and 70 to 80

percent methane. Temperatur e, dissolved oxygen, pH, ammonia

and n i trate were mon i tored. Gas product i on showed a co-

re l at ion to temperature, but changes in pH, ammon ja and

nitrate levels over the test perjod r.¡ere too low to al'l ovr

mean i ngfu I corelation. An attempt vJas made to calculate an

ammon i a ba I ance but this could not be done due to unaccounted

f or variables.

A tentat i ve conc l us ion was made that denit|i f i cat ion lli as

occur j ng Ín the pond sed j ment and that the rate of nitrogen
gas product i on var j ed I jnear ì ly rvith temperature from 30 ml

per square meter per day at 5oC. to IOB ml per square meter

per day at l5oC.
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AN iN SITU STUDY OF

DENITRIFICATJON IN A FACULTAÏIVE

I,IASTE STABILIZATION POND

CHAPTER I

INTRODUCTION

1.1, General

!lastes jn vali ous forms are an inevitabìe by-product

of almost all human activit'j es. A large port ion of the

I iquid wa ste cons jsts of a variety of organ ì c matter which

serves as a substrate for other I iving organ i sms, prìmari 1y

bacteri a. Thjs js part of a natura l recyc ìì ng process

whjch has gone on since the dawn of I ife and v¡ill occur

whereever waste matter ìs present, whether we wish it to or

not. If I arge quant'i ties of organ i c wastes are ajlowed

to accumu l ate in an uncontrol led manner, this proce s s of

recyc I ì ng can cause environmental degradat j on and present

a threat to human heaith. In order to reduce these undes-

irable effects of waste degradat jon, a number of processes

have been deve ì oped to allow the stabi lizatjon of waste

matter under contro l led cond itions.
The facuitative stabiljzation pond ìs one of the processes

used for treatment of ì iqujd wastes. Approximateìy 25

percent of the municipaì waste treatment rvorks in the



united States consj st of ponds, ìocated primarì ly .i n smalì

communitj"s.(1)* In Manitoba, ?26 connunities use ponds

whoì ly oli n part for treatment of their vraste *ut.r. (2)

In viev¡ of the widespread dependence upon ponds for waste

vJater treatment and protect i on of the env ì ronment, a complete

understand ì ng of their operat i on and the ways by rvhìch they

ach j eve treatment objectjves is important.

N ìtrogen, ìn varìous compounds, is an essentìal part

of all living matter. Remarkab ly however, the reservo.i r

poo I of the e I ement, atmospherìc n itrogen gas, can only be

ut il i zed djrectly by a smal I number of specialized mjcro-

organ i sms. As a result, most ìivìng organìsms must obtain

their n itrogen from other sources, includìng the waste

products from other ongan i sms. Ihis movement of nitrogen

through varjous forms as it js utilìzed by livìng organjsms
'i s the basis of the n j trogen cyc l e. Ammon ia and reduced

n i trogen compounds includ ing nitrìte and n i trate, are ma jor
cornponents of this cycle and as such are produced by s ome

metabo I i c actjvìtjes and ut il i zed by others. As a F/aste,

these products of n i trogen have the potent j a I to cause

prob ì ems ìf d i scharged to the environment under uncontrol led

conditions. Ammonia in water can be tox ic to f ish and

stabjlizatjon of it can exert a hìgh demand for dissolved

oxygen. It can also be used as a nutrìent by aquat i c plants

* Numbers in brackets refer
'i n the text. References are
order at the end of the text

to references quoted
'I i sted in numerical
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and algae and thereby contribute to the prob I em of cultural
eutrophicat'i on. Nitrjte and nitrate in water can also act
as nutrients and contribute to eutrophication. In suffìcient
concentrat ion, these compounds in drinking water can cause

m e t h e m o g I o b j n e m i a , a potentìaìly fata I cond.i tion jn jnfants.
Research also indicates that i ngested nitrate can be converted
'i n the body to n i trosami ne, a carcinogenìc compound,

As far as is known, there is on ìy one process by whìch

the vali ous n j trogen compounds can be returned to the reser_
voÍr poo l in the atmosphere. Thjs js the process of b.i oìogicaì
nitli fication and denjtrjfjcat ion whereby ammon i a js f jrst
oxjdjzed to nitrìte and n i trate and then reduced to nìtrogen
gas by va|i ous genera of bacter i a. As such, an understandìng
of the n i t r i f i c a t i o n - d e n ì t r j f ì c a t .i on proces s ìn ponds is
important in order to allow predìctjons to be made lv jth
regard to the amount of n i trogen wh.i ch may be expected to
be removed from waste water .i n ponds as well as jn what

forms and under what conditions this removal will occur.

1.2. Purpose of the Study

The purpose of th j s study was to deterrni ne vrhether

den'i trìfication occurs in facultative r.raste vrater stabil-
jzation ponds and unden what conditions. In thjs respect,
nitrogen gas quantification, as !,rel I as the influence of

environmental factors such as temperature, pH and substrate

concentratjon r,¡ere jnvestigated, The results of such a



study would be valuable because they vro u 1d

mat i on which v¡ould further contr ì bute to an

of the dynamì cs of this important nutrìent

ment process which is wideìy depended upon

of our health and .env i ronment.

prov i de infor-
understanding

in a waste treat-

f or protect i on



CHAPTER 2

THEORY AND LITERATURE REVIEl.l

2.1. Microbial l4etabol ism

Living organisms have certa i n requirements to sustain

life. These requ irements may be broad l y classified as

a favourab l e env ironment and suff ic i ent nutrition. In

thjs context, nutrition refers to the manner in which an

organ i sm obtains the energy and chemjcal materials

requ i red for metabo I i sm and celì growt h . Nutrìents may

therefore be classif ied accord ì ng to whether they prov ide

chemi ca l materia ls for ceìl synthesi s or prov ide the energy

requ i red for that synthes is. This energy may be obtained

from an oxidat ion-reduction react ion in vrhich one chemical

gives up electrons and is ox id i zed and another recejves

the electrons and is reduced. As electrons move from

oxjdjzed donor to reduced acceptor, mi croorgan i sms deri ve

energy by a ser i es of e n zyme med i ated metabol jc reactions'

l'1 ìcrooganisms may be classified according to the type of

nutli ents used for their cellular material or for their

carbon and e n ergy source. F i gure 1. summar i zes these

nutr i ent sources and c I a s s i f i c a t i o n s . 
(l 

'3)

It may be seen from f i gure l. that a number of potentiaì

combinations of nutr i ent sources and processes of use

are available. In addition, ma ny microorganisms have

the capac i ty to change nutrient sources or processes of

use depend i ng upon env j ronment and avajlabjljty. This
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has lead to deve l opment of the term "mixotrophs,, to descrjbe

such modes of I ife.(3) thur, aìthough they are not altvays

cìearìy del j neated, the categorìes gjven jn f igure l.
are valuabie for classifyìng microorganisms.



2.2. The Nitrifìcation Process

2.2,1. N ì trogen in Ljving Processes

In life processes, n ì trogen moves through a series

of transformat ions whjch make up a b i ogeochemi ca I cycle

known as the n i trogen cycle. The reservo i r poo I of thìs
cycìe is atmospheric n i trogen gas and the exchange pool

cons i sts of a number of organ j c and i norgan ic steps.

the pr i mary product i on step is the convers i on, or fixation,
of n itrogen gas to ammon i a which is performed by a few

special j zed mj croorgan ì sms. 0nce formed, ammonìa can be

used d i rect ly by many organ Í sms to synthesize amino-

ac ids, proteins and nucleic acjds, all of whìch are

essential to the makeup of I jving rnatter, N ì trogen ìs

required for format ì on of the pept j de linkage, the chemical

bond by which arnino-acjds are combjned ìnto prote.i ns. The

n i trogen conten.t of protein is constant at approx.i mately

16 percent by weight(4) and n i trogen js the third most

abundant e I ement in organ i c matter after carbon und oryg.n !3 )

2.2.2. Mineral ization of 0rgan ì c Nìtrogen

In tnvironmental Engìneerìng, the varìous forms of
organ ì c n ì trogen are usuaì ìy not djfferentjated but

measured collectively as "organic n i trogen', or "total
Kje ì dah I n ì trogen " from the anaìysis procedure used to

measure orga n ic nìtrogen. Nitrogen enters waste water
jn the form of a vali ety of prote i naceous metabo lj c vrastes

and urea. llaste protein matter is broken down to amino-

acjds by bacter ì a I proteolytìc enzymes and ammonia is



I i berated from the ami no_acìds by the process ì I lustrated
in equation t. (5)

,c00H, ^ .c00H c00H

R-cí 'u, , R-J tro , R_(
\ enzymes \ enzymes \NHZ NH+HZO ö+ivH,

ïhe keto acid remaining from thjs react.í on js subject
to further breakdown.

urea, a compound by whìch h i gher animals .i d their
bodies of ammonia, is hydrolyzed as shown ìn equation
2.(6)

NH^

c=0 + 2H^0
\'

NHz

------+ (NH, )^c0^urease + ¿ J
enzyme

The reactions represented by equatìons I and 2 are
performed by a I arge n umbe r of saprophyt j c bacterja and
proceed rap idly in naste rvater containing proteinaceous
v/astes. The processes are col]ectivery c a r r e d ,, 

m i n e r a r _

ization', since the ammonia I iberated ìs not considered an
organ i c compound,

2.2.3, Convers i on of Ammonia to Nitrate
Ammonia may be ox.i dized to release energy r.rhich

js the basis of the b jolog.i ca.i process utjlized by two
9roups of the fami ìy N i t r o b a c t e r a c e a e , N i trosomonas and
N i trobacter, which oxidize ammon i a to nitrite and nitrite

9



to n i trate respectiveìy to obtain e n ergy which js then

used, vrith carbon dioxjde as a carbon source, for ceìl
grovrth. The e ner gy reaction of ammon i a to nitrjte is

represented by equat i on 3.(7)

NH; + 1.502- 2H+ + N0, + Hr} ......... 3

Ammonja is also used as a source of n i trogen for
synthes i s of cejlular matter. An overa I I react i on f or

convers i on of ammon i a to nitr" jte, wi th synthes is of cellular
matter, may be represented by equat i on +. 

(7)

55I\H[ + 760z + togHcoã--+ csH7N02 + 5aN0l + 57Hzo + 104H2c03.4

In equat i on 4, C5H7N02 ìs a genera I i zed formu I a for
cell matter. The bacter ì a carrying out this react i on are

prìmari 1y N i trosomonas europaea and N. monoce I I a, but

Nitrococcus, Njtrosotobulus multiformis and N itrospìra
Briensis can also perfrom ìt. (8) N. europaea is the species

most frequentìy ì solated from waste water so the ammonia

to n jtn'i te react i on is genera l1y spoken of as being perf ormed

by "Ni trosomonas".

The oxjdatìon of nìt|i te to n i trate may be represented

by equat i on s. (7)

N0; + .5 0, -------ì N0ã

for en ergy release and cellujar
can be represented by equat i on o. 

(7)

10

The comb ined reaction

synthes'i s for thjs process



400N0, + NH[ + 4Hzc}3 + HC0J + 1950, ----+ c5H7No2

+ 3Hr0 + 400N0J 6

This reaction js performed prìmarj ly by the genus

Nitrobacter, specifjcal ìy N. agjlis and N. wì nogradsk j as

r,i el I as Nitrocyatis, Nitrosococcus mobiIjs and Njtrospjra
lol

grac il i s. \ "i Since N.agilis appears to be the most common

spec ì es jn waste water, alI njtrite ox j d izers are usuaì ly
referred to as '' Nitrobacter,' when speakjng of sewage treat-
ment.

2.2.4. Growth of Nitrifying Bacterìa

Sìnce they use an inorganjc carbon source, derive
energy from ox'i dat ion of i norgan i c ammonja and njtrjte
and use molecular oxygen as thejr termjnal e I ectron acceptor,
both N itrosomonas and N i trobactor are referred to as auto-
troph ì c chemosynthet ì c aerob"r. (l ) Nitr ìfjers are ubiquìtous

organ isms, found in soj ls, compost pì les, sewage dìsposa'l

systems, fresh and salt vrater habjtats and ìn almost any

other aerob i c env j ronment wh ere organic decomposjtjon is
loìoccurjng."'

Compared to heterotrophic or organic carbon oxìdìzing
bacteria, nitrifìers are slow growì ng, wì th low biomass

yieìd per un'i t of substnate consumed. Ihjs is partiy
due to the I arge amount of energy they must use to reduce

carbon dioxide to obtain carbon. (B ) In microbìal kjnetics,
the rate of growth per unit of bjomass, or specjf jc

growth rate, represented ¡y ¡.¡, js a measure of the speed

1t



at which a species of mi croorgan i sms utilizes ìts substrate,

wjth h i gher numer j ca I va I ues ì nd icat i ng more rapid growth.

Typical va I ues of ¡ for carbonaceous oxjdation, nitrìf-
'i cat i on and den'i tli fication are given in table l. (10)

Reaction

carbonaceous ox i dat ion

nitrìfication
(overa I I reactìon )

den i tri fi cat i on

)J

.5

_!
days '

- .05

E

TABLE 1.

Specìfìc growth rate for microbial reactions

It may be seen from equat ions 4 and 6 that ì arge amounts

of oxygen are requ i red for the njtrif icat i on reactions.
A sto jch j ometr i c calculation gives 4.19 mì l I ì grams of

oxygen requ'i red pen mì II igram of ammon i a converted to
l1\

nitnate. \'/ This I arge oxygen requ ì rement can exert a

significant oxygen demand upon receìvìng waters jnto wh ich

ammonja is d'i scharged. As far as is known, all n itr ì fyi ng

organ i sms are ob I i gate aerobes, although absence of oxygen

does not kijl but mere ì y i nact i vates them, 
(9 ) Required

dissolved oxygen 'l evels for nìtrificatjon to occur jn

r,iater are the subject of controversy, with efficient njtrif-
icatìon reported at levels from 8 mi ll igrams per ìitre (mg/ ì )

to as low as .5 mg/ ì of dìssolved o*yg"n. (7)

L ike most mi croorgan j sms, njtrjfiers are sensitjve
T2



to the pH of thejr env ironment, wì th opt ì mum pH for both
stages of nitrjf icatjon appear i ng to be in the alkaljne
range from 7.5 to 8.5, a ì though reports are avai lable
of growth at pH va I ues rang.i ng from 6 to 9.(8) It may be

seen from equat i ons 4 and 6 that nitli f icat.i on consumes

b i carbonate alkalinjty and produces carbon j c acjd, whjch

can cause a drop ìn pH. From thjs relatjonsh.i p, it can be

calculated that for every mg/ì of ammonja n.i trifìed, Z, t5

m9/ I of alkalinity as CaC0, are .onrur.d.(7) This can

cause prob j ems in treatment processes if sufficìent alka.l jnjty
js not present to buffer the reaction.

It has been found that a temperature relatjonship of the
fo rm shown ìn equat j on 7 descr j bes the growt h of nitrjfiers
up to approxjmateìy 30 degrees Cent igrade, (oC. ). (8)

uT = u,uect(T-ts)

where: u, =

u. -=t5
t't -

growt h rate at temperature T, oC.

growth rate at l5 oC.

temperature con stant

Research indicates that bot h genera of n jtrìfy.i ng

orga in sms can be inhjbjted by ìarge concentrations of thejr
own energy substrates, ammon i a for N i trosomonas and nitrite
for N j trobacter respect i ve ìy. However, these concentnations
are genera ì ly much h i gher than are found jn waste v¡ater

treatment situationr. (8)



2.3. The Denitrif icat'i on Process

2.3.1. N j tnate as an Al ternat i ve Electron Acceptor

From f ì gure I, it may be seen that microorganisms

nay be classif ied as aerobic or anaerob i c accord ì ng to

their electron acceptor. The purpose of the oxidatjon

reduct i on react i on is to prov i de energy and as such,

the react ì on wh i ch prov ides the greatest energy output r^r ì 1 1

be the most favourab l e. The ìargest energy yielding

react i on is oxidation of organ ic matt e r comb i ned with

reduction of molecular oxygen as the ele.ctron acceptor. This

'i s the energy react i on of chemoorganotrophic aerobes

and, due to the high e n ergy yìeìd, wi lI proceed rapidìy
as Iong as organ i c substrate and molecular oxyg e n are

ava ilabl.. (11) 
Shor l d free oxygen become I imited or unavai l-

able, other electron acceptors must be utilized. The next
:

react i on to reduct ì on of oxygen jn terms of yìeld of energy

js ox idat i on of organic matter coupìed wi th dissimj latory
reduct i on of n j trate. A sìmplified representat j on of the

two react ion s, wì th energy yields, are gìven ìn equatìons
g ana g.(7)

C.H, "0. + 60. --------+ 6C0^ + 6H^0o t¿ o , 6g6 kcaì per --z - z-

mole glucose

"6" 12"6 + l4KNo" ---------)
" 570 kcaì per

moìe glucose

t4

30C0, + 18Hr0 + l4K0H + 12N2.



The reduction of n i trate to n i trogen gas represented

by equat i on 9 is termed dissjmilatory denjtrification and

is an'i mportant bìological pathrvay. It may be seen that

organ ic matter serves as the e lectron donor for both

reactions. The major d i fference is that the e I ectron acceptor

is n j trate rather than molecular oxygen. Thus, the process

may be termed chemoorganotroph ic anaerob i c, a lthough ìt is

usually referred to as "anoxic" to dìstinguish it f rom

fermentat i on react'i ons. The e I ectron transport system

for react i ons 8 and 9 'i s jdentical except for one .nryr.. (7)

For this reaso'n, a ì arge number of aerob i c orga n j sms are

able to move facultativeìy from one react j on to the other

depend ì ng upon whjch e I ectron acceptor is avaj lable.
The proces s of di ssimj latory denitrifìcation is more

comp I ex than represented in equat ì on 9 and i nvo I ves inter-
medi ate reactì'ons wh ich are not completely understood.

0ne representat j on of the react ion is as shown jn equation

lo.(12)

redox
state

+5 +3

No: -----+ No: --)
-3

NHä t0

+2 + I

N0 ----+ (NoH
,/,1ti' 1tro( 

I
S

Nzo

-l
)---+ NH,0H

\
N2

non-enzymatìc

enzymat i c
--.-)

--------------)

t5



Jeter(13) d"r..jbes den.j tr jf .i cation as a four step
process consjstìng of I) reduct i on of n.i trate to njt|i te,
2) reduct ì on of nitrjte to nitri c oxide, 3) reduct i on of
n itri c oxide to nitrous oxide and 4) reduct.i on of n.i trous
ox ide to n i trogen gas. It is noted that each step of this
pr0cess yieìds e n ergy and that organ i sms have been ìsolated
which are capab ì e of performi ng on ly part of the pa t hway as

well as the ent ì re progression.

2,3.2. Den i tri fyì ng 14icroorgan.i sms

As noted in sect j on 2.3.1., u l arge number of genera of
mì croorgan i sms are capabìe of diss imi ratory n i trate reduction
Jeter ( l3 ) lists 73 genera cons.i dered capab ì e of partial
or comp l ete denitrif jcat.i on. Thjs ìs jn contrast to the
I imited n umber of genera capab ì e of nitrif icat'i on. Metca r f &

raay( t 0 ) I jrt pseudomonas, M.i crococcus, Archromobacter
l

and Bacjllus as the prìncìpa I genera of denitrif .Í ers in
waste water treatment and Jeter,s I ist .i nc I udes these as

well as such strains as Salmonella, Clostrjdium, Esherichja,
vibrio' shigella and others. It may be noted that bacteria
capab I e of denitrìfyìng of the genera Neisserja, pseudomonas,

Branhame I I a and Kingella have been cjinjcal ìy isoìated
'i n humans and anjrulr.(13) Thus, denitrìfyjng bacteni a are
ubiquitous and very numerous. Denitrif icat i on is sìgnìfìcant
in that it is the method by whìch most of the nitrogen
gas in the atmosphere vras formed and is a source of serious
loss of nitrðte fert i i izers in soils. It is noted that
heavì ìy fert j I ized soils and sewage are partìcuìarì ly
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ri ch ly populated r,/ìth denitrif i..r. (13)

Nedwell(12) .nrr.rated organ isms capab I e of denitrifyìng
reactions in swamp sediments, Tvro tests rvere performed, one

on sedjments a djacent to a treated s ewage outfa I I, the

other approximately 2 k ì I ometers downstream. Adjacent

to the outfa l ì, 38 pencent of colonies j so I ated were organìsma

vrh jch reduced n i trate to nitrite, 1l percent

reduced n i trate to n j trogen gas and 32 percent reduced

n i trate to ammon i a. Twenty percent djd not denitli fy ìn

any way. From the downstream stat j on, 25 percent did not

denjtrify, 43 percent reduced n itrate to nìtrite, 2 percent

reduced n ì trate to n i trogen gas and 30 percent reduced

n i trate to ammonìa. lt may be noted from these results

that the proport i on of organ i sms performì ng the n itrate to

nitrogen gas react i on fe1ì signif icantly from the outfal I

to the downstream station while the proportions of the other

popu ìat j ons rema i ned approx i mate ìy constant.

2.3.3. Growt h of Denitrjfying Bacteria

The relationship of denitrjf icatìon to temperature is

usua'ì 1y expressed as an exponent i a l equat ion. Equations

ll and l2 are examples.

9¡l = '07(1'06)T-20

where: 9 ¡r1 = percent of den itrjfier growth at 20oC.

T = temperature oC.

Equat i on l1 is proposed by Du,rron. 
(14)

Metca lf & Eddy (10) .tutu the temperature dependence

ll

t7



of denitrif ication as shov¡n in equat ion 12.

P = .25T2

r,rhere: P = percent of denitrif ìcat.i on gror,/th rate

at 2o oc.

T = temperature oC.

The opt imum pH for denit|i f jcation is neported to be

bet¡ieen 6.5 and 7.5.(7 ) It ,uy be noted from equation

9 that hydroxyì ions are formed jn the denjtli fication
react i on. Thjs can have an of f sett.i ng effect to the acid

formation during nitrification. It can be calculated
that approxìmately 3 mi l l igrarns of alkalìnity are produced

when the equ'i va I ent njtrate from I mi ì I igram of ammon i a is
denitrifie¿. (8) Thus, denjtrìf icat ì on can rep I ace approx-

imateìy half the alkalinity consumed dur ì ng n itrification.
2.3.4. Carbon Requjrements

It may be seen from equat j on g that, ìn order for
n i trate to be used as an acceptor of electrons, a source

of e I ectrons or e I ectron donor must be avai lable. This

e I ectron don or js usuaiìy referr ed to as a carbon source,

sjnce ìt is generaììy an organic compound and jn additjon
to providing hydrogen, or electrons for e ne rgy production,

ìt also prov ì des carbon for cellular synthes i s. Sìmplìfìed
versjons of the react j ons for dissimj latory denitrìf icatjon
and cellular synthes is, using methanol as the electron
source, are shown ìn equatjons l¡ an¿ t+.(7)

18



.B33CH"0H + N0"
JJ

.5N, + .833C02 + 1.167H20 + 0H la

t4CH30H + 3N0, + 4HrC0, ------à 3C5H7O2N + Z}Hr0 + 3HC0ã .. t4

The reactìons in equatìons 13 and 14 are essentially
the reverse of the carbonaceous B0D5 remova I react ion, ìn

that jn carbonaceous B0D5 remova j, the organ i c ma tte r is the

pol lutant v¡hich is removed by add ì ng oxygen as an electron

acceptor. In d e n i t r j f i c a t ì o n , the e I ectron acceptor, the

n itrate, ìs the po l l utant whìch is removed by provìding

an e lectron donor.

L i terature indicates that ìf methanol is used as a

carbon sourcefor denitrification a ratio of between 2.5

and 3.0 we'i ght units of methano I must be supp I i ed for each

wejght unit of n i trate removed. Thjs I arge carbonaceous

substrate requ j rement has promp t ed a search for other sources

of carbon to rep ì ace expens jve methano I . A number of

potent i a I carbon sources such as jndust|i al wastes, volati le
acìds and food processjng wastes have been i n v e s t i g a t e d . 

( 7 )

Methane gas in solution can be used as a carbon source by

denitririers. (8)

Early research j nd i cated that nost alternatìve carbon

sources were not as easi ìy degra ded by denitrifying bacterìa

as methanol and that reactìon rates rvere signÍficantìy
reduced using alternatjve carbon .orr..r. (7 ) However,

jn a more recent study, Skr i nde 
(15 ) .orpu.ed denìtrifjcatjon

rates using yeast, corn vraste, wh ey and spent suìphite

1i quor to those of methanol in a f luidized bed reactor and

l9



found a sìmjlar rate and capacity for denitrjficatjon with

all five carbon sources.

The waste organ i c niatter present in tvaste water can

be utilìzed as a carbon source and this is the bas.i s of

severa l alternating aerobic/anoxic processes for carbonaceous

BOD5 remova l comb ined with njtrìfjcation and d e n i t r i f i c a t i o n . 
(16)

/ r tì
Rittmant " i operated a nitrification and denjtrification
process in an ox i dat ion ditch reactor jn whjch he postu'ì ated

that denitri f ication occured in anox i c mi crozones in the

act j vated s l udge f Ioc. 0rgan i c matter jn the waste would

prov i de the carbon source in this process since no specìfìc

carbon source was added to the reactor. It v¡as also noted

that use of waste organic ma t ter as a carbon source by

denitrifiers under anox ic conditions can remove some of

the B0DU r.rh ich would otherwise have to be removed by aerobìc

metabol ism and thereby reduce the requirement for oxygen and

concom itant ìy reduce aerat ion requìrements,

From the forego ì ng dìscussion, jt vrould appear that
the carbon in waste organ i c matter ìn waste water can suppìy

the carbon requ i rement of denitrifying bacter i a. As such,

it would seem reasonable to assume that sufficient carbon

would be available either in suspensjon in the water or in

the benthic sediments in a stabjlìzation pond, to satisfy
the carbon requjrements of the den itrjfyjng organì sms.
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2,4. tJaste liater Stabilization ponds

2.4.L Description and Def jnition
A stabiIjzation pond is a form of r{aste vrater treatment

reactor in which remova ì of pollutants is accomplished

by a comb inat i on of physical and biological processes. The

prjmary advantages of stabj I jzation ponds over constructed

treatment work s are ìow capital cost, ìow operat j ng cost

and sìmplìcity of operat i on. Drawbacks jnclude I arge re-
qu i rement for land area and inabi jity to guarantee cons.i stent
eff I uent qual ity.

Stabj I ization ponds are genera l ly c'ì ass ifjed jnto

5 categoli es: t) aerob i c ponds, 2) facultative ponds, 3)

anaerobi c ponds, 4) tert iary or polishing ponds and 5)
Ir \

aerated ìagoons.t" 0n ly facultative ponds wiII be considered
jn the followjng discussion and a facu ltat ive pond shaìì
be defi ned as: 'ia pond 3 to 8 feet ( ,9 to 2.4 meters ) deep

with an anaerob j c I ower zone, a facultative mjddle zone

and an aerobìc upper zone maintained by photosynthesjs

and surface reaeration."(1) No mechanìcal mjxing or aeratjon
is used jn a facultaìve pond. As noted in the defìnition,
a facu ltat ive pond is consìdered to cons i st of three processes

which occur in layers. The surface l ayer conta.i ns photo-

synthetìc autotrophic aìgae wh.i ch use sunlight and carbon

dìoxide to synthesjze cel lular matter and release oxygen.

Heterotroph i c aerob j c bacter j a use thìs oxygen to stabi j jze

the organjc tvaste matter from the waste water. Since

phototrophs on ìy metabo I i ze when ìight is present, they

2l



stop produc i ng oxygen during night hours, aìthough hetero-

trophs cont ì nue to netabo I i ze. Ihus, the dissolved oxygen

jn the pond undergoes a dai ìy cycììng in concentrat'j on.

Some oxygen js also prov ì ded by surface âerat i on fnom the

atmosphere, but photosynthes is is con s i dered to be the

primary source of di ssolved oxygen in a facultative pona. (1)

Photosynthet ic algae use carbon djoxjde as they metabol jze

and this removal of carbon dioxide can cause the pH of a

pond to ri se. H eterotrophs re l ease carbon dioxide as they

rnetabol ize and this release and use by d jf ferent types

of organ isms causes the pH of facultatjve ponds to undergo

a dìurnai variation. The relative depths of the aerobjc

and facultative regìons of the pond expand and contract as

the amount of dissolved oxygen provi ded by photosynthesis

i ncreases and decreases. The aerob i c zone may extend f rom

on ìy a few cent i meters below the water surface to the bottom

of the pond at djfferent tìmes and under d i fferent conditions

of actìvity of the algae and bacteli a.

A l ayer of sed iment composed of sett I ed suspended

soljds collects on the bot t om of a facultative pond. This

ì ayer is anaerob ì c and fermentation reactions take pìace,

releasing gases including carbon dioxide and methane. A

simpì ified i i lustrat ion of the zones of a facultative pond

is shorvn in fìgure z.(t)
2.4.2. Des i gn Procedures

A number of des ì gn procedures have been proposed for

facultatìve ponds but, due to the complexity of the

22
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react ions invo l ved, a rj gorous mathematjcal mode l has not

been deve I oped. For this reason, most design procedures

re ly upon empirical factors or loading rates based upon

experience.

Benefield & Randall(l) presented a des ìgn procedure

using inf luent B0D5, f I ov¡ rate, temperature and empjrical

factors for algal toxicìty and sulphjdes. Theìr desìgn

equat i on ì s:

v = rne â35-Tr rv = Lq)ou ,Ir2 ...... 15

where: V = pond volume

Q = f I olv rate

So= ì nfl uent B0DU

0 = temperature coeffjc i ent

Fr= aìgal toxicjty factor

Fo= sulphjde toxicity factor¿'
C = convers i on factor

A des i gn procedure by Rich(18) re I ates BODu remova I

to methane product ion jn the benthic sediment l ayer usjng

empirìcal factors. He gjves a relatjon by rvhich sediment

temperature may be estimated from aìr temperature as

f o I I ows .

, = ,77Tu + .89 .

where: T, = sed i ment temperature

Tu = mean month ly max i mum aìr temperature

the tvater surface, oC.

Ib
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/ roì
The l.JPCF"'' gives a design procedure v¡hìch relates

oxygen availablity to aìgal act iv ity and gives detentìon

tìmes based upon surface and vo l umetri c B0D5 loading rates.

Envjronment canada 
( 20 ) .u.o*rends facultative ponds

for northern regions be designed on the basis of 32 Kìlo-

grams B0D5 per hectare per d ay.
( 21],Fìnney"" rev i ewed desìgn mode I s for facultative

ponds and compared them to operat i ona I resu jts. The models

exami ned were an area loadìng method with meteroìogìca1

factors, the tox i c ity met h od proposed by Rich(18), origìnaì ìy

proposed by Gloyna and a set of desìgn equat ions based

upon assumptions of comp lete mixjng and first order reaction

kinetics. He conc I uded that none of the des i gn models

rev i ewed gave an adequate des i gn, primarì ìy due to lack

of a way of accurately predìcting hydrau I ì c res j dence time.

it may be noted that none of the design methods descli bed

above include any terms for remova I or convers i on of f orms

of nitrogen. Although remova i of nitrogen in ponds is

knor,rn to occur, sufficient informatìon upon rvhich to predict

remova l rates cons ì stent ìy has not been avaìlable and

est i mates of n i trogen convers ion efficiencies could not
(22\

De maoe.

Stone et al(23) studied nitli f icat i on in oxidatÌon

ponds. In a thorough study, they determined that nitrifying
bacteri a v¡ere present in the ponds and alI environmentai

condit ions were favourable for nitri f i cat i on, yet it dìd

not occur, They mj xed the pond contents to assess the

¿5



effect of suspension of nitrifying organ j sms, but found

no signif icant ìmprovement in nitri f j cat i on. Th ey performed

tests, usìng stee I barre 1s, containing pond eff ìuent,
as reactors and found that nitrification and denitri ficat ion

proceeded rapìd1y jn the barre I s and that arnmo n j a remova I

exceeded theoret i ca I predìctions. Th ey were unable to
explain thejr findìngs other than to postuìate that nitrjf-
ication d'i d not occ ur because the nitnifying bacter i a vrere

unabje to attach themselves to the algal suspended soljds
jn the ponds. Th ey noted that njtrjfication could not

occur on the bottom of the ponds due to anaerob i c conditions.
Bansel (24)fornd that nitrification ìn natura I streams

cou ld be re I ated to turbu I ent mixing and deri ved a functjon
i ncorporat i ng Reyno I d s and Froude numbers in an equation

to pred j ct nitli fjcat ion rates.

Bannes & Bl i ss 
(8 )noted that attachment of n.i trìfying

organisms is not essential to their gror.rth but stated that
they "tend to attach themselves to surfaces if avai lable.,,

loì
l,l a t s o n ' - ' o b s e r v e d that high concentratìons of n jtr.i f-

i ers are found at the sediment-water i nterface in li vers

and streams and attached to the s.i des of aerat ion ianks

in sewage dìsposa l pìants. Thjs couìd expla.i n Stone,s

results as described above, that nitr^.j fjcation proceeded

rapidly in barre I s but not in the ponds. Ihe sides of a

barre I would prov ide a much ì arger surface area, relatjve
to vo I ume, than a pond.

¿ó



2.4.3. N i trogen Balance ìn Ponds

In recent years, severa I researchers have exam ì ned the

prob l em of n itrogen balancing in stabi l izatjon ponds.

Puno(25)noted that ammon ì a may be removed from a pond

by 3 mechan ì sms: l) volatilization to the atmosphere, 2)

assjmilatjon in aìgal biomass and 3) biological nitr" jf -
ication and den'i trification. Ammonìa in aqueous solution

exìsts either as union ized ammonia or ammonium ion wìth

the equjiibrjum depend ì ng primarì ìy upon pH. At high pH,

ammon i a predomì nates, at low pH, ammon i um jon. Unionjzed

ammonia establjshes an equilibrium jn water jn accordance

with Henry's Iaw, which states that the concentrat j on of

a gas in solution in a ììquid is proport j ona I to the partìaì
pressure of that gas above the liquid. (26) Sjnce the partial
pressure of ammon'i a in air is essentially zero, unionjzed

ammon i a could be expected to escape rapid ly to the atmosphere.

Ammon i um i on however, cannot escape from water. Pano

der i ved an equat i on to measure ammon ì a volatiljzation as

shown jn equat i on 17

- 17
c-

C
o

0038 + .000134T¡ .((t.041 + .044T)(pH

final concentrat ì on of ammon'i a

inf I uent concentrat i on of ammon i a

pond area, square meters

f low rate, cubic met er s per day

6.6))

where:

1+ A (l
a

e

o

A=
a=
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T = temperature, oc.

pH = the pH of the water

The reader is referred to Pano,s work for the deta.i ls

of der i vat ion of equat j on 17. The equatìon v/as calibrated
on operat ing facu l tat ive ponds and found to gjve "excellent,'
agreement between calculated and measured ammon.i a reductjon.

Gordin(27)et al studied remova'ì of total mineral

n i trogen, def ined as the sum of ammonia, nitrite and nitrate,
by algal biomass in treatment ponds jn the U.S.S.R. They

found that mi nera I n ì trogen remova I could be re I ated to
algal growt h usìng a sunusoidal functjon to mode I aìgaì

growth and n i trogen remova I over the summer season. Thejr

equat i on was in the form shown ìn equat j on 18.

ds = K(t)cmsn ........ l8
dt 

'

vrhere: K(t) = rate constant

Cm = concentrat.i on of nitrogen
Sn = concentrat i on of a lga'l ce.l ì s

The rate constant K(t) has the form shovrn in equation
tq

k(t) = ALsin 2 rI(t -T,.)
K

T,
K

where: At = kinetic constant

TO = growth condjtions factor
?¡. = tìme segment of season for algaì growth

t9
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A computer j zed solution to the equat ì ons vras used

and good agreement obta i ned between the mode l and measured

data.

Ferrara (28 )stud ì ed n i trogen dynamì cs in stabi I izatjon

ponds using a set of mass ba I ance differentiaì equatìons

to model effects of sedjmentation, volati I izat ion, bioìogicaì

grorvth and nitli f i cat ion and d e n i t r j f i c a t j o n . He compared

his model to results from 4 sets of ponds and concluàed

that sedi.mentation, primarì ìy of organ ì c n i trogen forms'

was the predomi nant vehicle for n ì tnogen remova I in ponds

and vo l at iI izat i on and n ì t r ì f i c a t j o n / d e n i t |i f icat ì on accounted

for only a sma 1l. part of the n j trogen remova l. He also

noted that den i tli f i cat ion would be I ìmited in facultative

ponds due to low n itrifjcation rates.

Reedt¿¿'derived a f irst order kinetic equat ì on to

pred i ct tota I n itrogen remova I ìn facultative ponds. He

noted that no corelation appeared to exi st between alga l

growth and n itrogen removal, whìch would seem to contradìct

Gord i n' s f jnd'ì ngs as noted above. Reed did not attempt

to differentiate. between the va|i ous forms of nìtrogen

or determi ne the vali ous remova I mechanisms or transform-

ations of n ì trogen in his work, rather, he onìy wanted

to pred j ct the d j fference bettleen inf luent and eff luent

total nitrogen. His equation is shot'¿n in equation 20.
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.-K,(t=60.6(pH-6.6))

where: N. and No = efflent and influent njtrogen

concentrations
v aT -20
''20"

.0064

1.039

This mode I showed good agreement with measured data.
He noted that volatjljzatjon appears overa I I to be the

major factor jn ammonja remova l, whjch would appear to
contradì ct Ferrara's conclusi ons.

I to \Reddy\"' stud i ed n j trogen transforrnations jn waste
trwater ponds usìng ttN labeled ammonia and n j trate. He found

that macrophytìc plants could remove between 34 and 40

percent of added ammon j a and n i trate aìthough the p lants
prefered ammonja. From 45 to 52 percent of the added n.i tr"ogen

could not bê acco'unted for. In a reservojr wj th no ìarge
plants, algae removed approximately 5 percent of added

n i trogen and agaìn between 40 and 50 percent of the nìtrogen
was not recovered in any form. It was assumed lost by

njtrjf jcat ion and den jtr jf jcat.i on aìthough no attempt was

made to test thìs hypothes i s. It was also observed that
the role of sed iments is often i gnored in calculations
of nutrjent remova ì processes in ponds.

Bouldìn et al(30) stud ied nitrogen loses from sma I l,
freshwater ponds by adding arnmo n i a and n i trate. They found

that loss of ammonìa by b.i oìogicaì uptake was smal I

20N=
N

0

Kt

ù''20

I

?n



and that, v/h i je loss due to volatjlization var i ed widely,
jt was the predom inent vehicle for remova l of ammon.i a f rom

the pond. They found that denitrif .i cation in the bottom

sediments r,/as the primary s ink of the added njtrate.
2.2.4. Ihe N itrogen Cycle jn a pond

It r./as noted ìn sect ion Z, Z.l. that the transformations
v¡h jch n i trogen undergoes as it moves through I ìving pro-

cesses make up the n itrogen cycle. From the preceeding

djscussions, it is possjble to construct a n i trogen cycle

which would dep j ct the forms and movement of n ì trogen in

a waste stabi i ization pond. The cycle would consì st of

four major f orrns of n ì trogen: organ i c n i trogen, ammonia,

the reduced forms, nitrjte and n j trate and n i trogen gas.

Attempts to calculate a mass balance for this cycle would

be comp I i cated by the fact that all four of the major f orms

of n j trogen could move into and out of the cycìe in ways

not d irect ly related to each other. A schemat i c diagram

of the n ì tnogen cycìe as it might app ly to a waste stab-
jijzatjon pond is gjven 'i n f igure 3.
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2.5. N i trogen Transformat ions in Sediments

2.5.1. Focus of Research Activ ities
As descr j bed ìn section 2.4.3., the reduct i on of nitrogen

concentnations between the inf I uent and ef f I uent of facult-
atìve ponds is primarì ly attrjbuted to 3 mechanisms:

sedimentation of organ i c n itrogen, volatilization of ammo n ia

and bio logical njtrif icatìon-denjtli ficatìon. 0f these

mechan i sms, sedimentation of organ i c n i trogen and volati l-
j zat ion of ammonia have been stud i ed and, rvh j le nìtrifìcation
has been exami ned, research reports attempt i ng to quantify

denitrìfication in \,,/aste water stabilizatjon ponds are

ì ack i ng. As noted ìn sect i on 2.3.1., denjtrif icat j on is an

a I ternate pathway to aenob ì c resp'i nat i on and many genera

of soj I and water mi croorgan j sms can readì ìy alternate
between oxygen and n i trate as termi na I e I ectron acceptor.

Therefore, jt would seem reasonable to expect denitrìfìcatjon
to occur jn the anox i c bottom sedìments of ponds and other

bod i es of water. Limnologìsts and oceanographers have

stud ì ed nitrification and denitrif icat ì on in sed iments and a

resource of i nfôrmat i on js avajlable wjth respect to the

transformations of n i trogen withjn the sediments of lakes,

marshes and the oceans. The purpose of this research is to

understand the role of sed iments in the cycìing of nitrogen
'i n the aquat i c environment.

The nitrogen cycìe was descrjbed in section 2.4,4, All
forms of n i trogen may be found ìn sediment and water systems

and all transformation of the cycìe may proceed s'i multaneous 1y.
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2.5.2. 0r'i gin of N i trogen Gas

A factor complicatìng the study of denitrificat ion

is the fact that the end product of the react j on, nitrogen

gas, ìs a major const'i tuent of the atmosphere and may

be expected to be present in any v/ater exposed to the

ajr. Ihere are severa I ways of overconi ng thìs problem.

ïhe amount of d jssolved n i trogen at equil ibrium ìn water

exposed to air can be caIcuIated for a given temperature

and pressure using Henry' s I aw. A sìgnificant d i fference

between calculated and measured levels of n itrogen gas

in a situation vrhere conditions conduc i ve to denitrificat ion

exjst may be considered ev i dence that denitrìf ication
'i s occurìng. Isotopìcaì ly labeled n i trogen comb i ned as

n i trate or ammonia can be i nocu l ated into a culture and

any transformations traced accordingly. Ihjs method is

widely used by agrìcu ltural researchers to exami ne the

movement of fertiljzer n i trogen in sojls. Air consists

of .94 percent u.gon 
(4 ) which forms solution equilibrium

in water. Argon is not knou.tn to partìcìpate ìn any
r31)

b'i oìogjcal reaction'"", so biogenic n i trogen gas would

be expected to conta i n no argon. The small difference

in argon between atmospheric and biogenìc n i tnogen can

be measured wi th suff ic j ent ly sensitjve instruments.

It has been found that acety lene wiI I selectjvely ìnhìbit
nitrous oxide reductase and thereby stop the f inal reaction

of the denitrjfìcation sequence, the reduct i on of nitrous
oxide to n i trogen gas.(13) Since n j trous oxjde is not

34



knor.¡n to be produced by any other bioìogicaì process, the

accumuiatìon of n itrous oxìde may be cons idered evidence

that denitrification is occuring.

2.5.3. The Sed jment-l,later System

A mode l of the sed iment-water system as the interaction
of three seperate layers js presented in figure 4.(32], The

ì ayers are the over lyi ng water, an aerob j c sed iment I ayer

adjacent to the water and an anaerob i c I ower sed.i ment layer,
Diffusion due to chemi ca l concentrat ion gradients .i s an

'i mportant drivìng force jn this mode'ì . Diffusjon of oxygen

from the overlying tvater creates a thin, aerob j c sediment

surface ìayer ìn which nitrifyìng organisms oxìdize ammonia

to n i trate. This creates a concentrat i on grad ient which

causes n i trate to dìffuse downward i nto the anaerob i c sedìment
'I ayer where den'i t.rifying organisms neduce it to nitrogen
gas. Sjmultaneously, the loss of ammonìa from the aerobjc

zone. causes a concentration gradient of ammonia, thereby

causing ammonia to move from the lower, anaerobic layer

toward the aerob i c I ayer. It is noted that the denitrjf icat-
jon of n i trate jn the anaerob i c layer occurs rapìdìy and

that little nitrate is found in e ì ther the aerob i c or

anaerobi c l ayer due to this rapid diffusjon and den.i tli f-
jcation.(32) The aerob i c Iayeli s thjn, estjmates of its
thjckness range from 2 cent i meters to as little as .4

mi I I imeter .( I2'30,32)

Sedimentation of organ ì c matter from the overìying
water is est'i mated to be the source of approximateìy haìf
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of the organ ic n itrogen and ammon ia v¿hich is n.j trjf jed ìn
the aerob j c sed ì ment jayer. This has been demonstrated in

lakes and could be expected to be even more sìgnif icant
jn a waste water stabi lization pond. The remajning fìfty
percent of ammon j a jn the aerob i c layer was supp ì ì ed by

diffus ion from b.lo*. (32) 
Anaerob i c bacteli al act ion in

the underlying sedjments r,rould contribute to this amrnon ja.

Clostli dium pasteurianum has been shown to fix nitrogen
gas and excrete ìarge quant'i ties of ammonìa. 

(33) 
This

would prov ì de a pathway for the recyc'l ing of n i trogen gas

back to ammon j a, where it cou'ì d again be made available
to nitri fiers.

?,5.4. N itrogen Cycìing in Sedjments

2.5.4.1. N ì trogen Tracing

Goering(34) strd ied denitrifjcation jn lake sediments
:in Alaska. He used ì sotop ì ca ì ly labeled n i trate add ed to

water above sampìes of lake sed'i ment. Isotopicaì ly labeled

n ì trogen gas was detected af teLi ncubat i o n. The rate of
product i on of nitrogen gas was calculated to be approx imateìy
g0micrograms per lìter per day at 5oC. An ,,insignìf ìcant,,

amount of labeled ammon ì a was also found. 0n ìy labeled

n i trogen gas was found as the product of den itrifjcation.
No j ntermed i ate products such as nitric or nitrous oxides

were detected.

R i chards (35 ) used the

to study n ì trogen in ocean

larger than that expected

n itrogen, argon ratio technjque

water. A n i trogen, argon ratjo
from atmospheric n i trogen was
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found jn anaerobic zones. The possibi I jty of d j rect oxidat.i on

of amino n itrogen to n i trogen gas vrìth sulphate ìon as an

oxidant v¡as exami ned and it was conc I uded that this reaction

r,/as not possìb'ì e, thereby tendìng to confirm that the biologica
njtrjfjcat ion/denjtri f ication proces s is the on 1y pathway

by which ammon j a can be converted to n ì trogen gas.

In a study of stream bed sedjments, Sian et al(36)
'i ncubated samples from a stream receiving nitrate .i nputs.

They observed s t eady Ioss of nitrate from the sediment-water

systems and tentatìvely conc I uded that this vJas due to de-

nitifìcation. They noted that the den jtrif icat'i on appeared

to occur jn the top 5 cent i meters of the sedìment sjnce

increasing the sed'i ment depth beyond 5 cent imeters made

no d ifference to the react ion rate.
Mìxing of sediments can have an effect upon the equ'i l-

ibrium descr j bed, above. Chen et al (37) inu.rt'i gated njtrjf-
icatjon in quìescent versus st i rred sediments, us'i ng isotop-
'i cally labeled ammonia. Nitrifjcation was found to occur

rapidìy and comp lete ly jn stirred sedìments but slowìy in

qu ì escent sediment. Additjon of N-Serve ( 2 - c h I o r o - 6 - t r i c h loro-
methyì pyrìdine), a compound whjch selective ly inhìbits
Nitrosomonas, to the st irred sed iment stopped nitli fjcatìon
comp lete'ì y, t h ereby demonstrat i ng that convers i on of ammonja

to n itrate in the sediment vras bìological. The workers

conc I uded that the rate of diffusion of oxygen jnto the

quìescent sedjment was too lol.r to provide for signifjcant
nitrjfication, a finding whjch would support the
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content j on that the aerob ic l ayer of sed iment 'i s quìte

thjn under normal conditjons. l'1 jxing of sedìments can be

caused by benth ic organ i sms, bubbì íng of fermentat ion gases,

wi nd currents, rough fish and boat ì ng .rrr.nt.. (33) 
The

last two r,,/ou I d not be sìgnjficant in a waste stabiIizatìon
pond, but the fìrst three factors could be expected to

contr ì bute to movement of sediments ìn ponds. Diurnal

overturn due to format ì on and dissipation of therma ì ì ayers

is ci ted as a factor jn mixìng of ponds as as a vehicle

for bringing oxygenated water from the surface of the pond

to the bottom. (18) This wouid resu lt in a dai ly cycle

of aerobi c and anoxic cond i t ions at the sed i ment inter-
face, thereby sett i ng up conditions for a cycle of nitri f-
'i cat i on and den itrificat ion.

Such a cycìe was found to occur in a lake in l,lìscons jn.

Ismirimah et al (38) str¿ i ed n itrìfication and denitrification
ìn st j rred and unst irred sed i ment sampìes and found that

stirring resu I ted in rapid nitri f jcatjon. They found that

approxìmate ìy 40 percent of isotopical ly labeled nitrate
added to sediments was recovered either as ammon i a or

organ ic n'i trogen. The rema inder was presumed lost to denit-
li f j cat i on. They conc l uded that stirrìng of l oose sediments

by wi nd generated waves promoted rapid nitrif icat i on in
the ìake and that ca lm cond i t ions allowed "signif jcant"

njtrate ìoss by denitrìf jcation. The average depth of the

lake was 3 meters.
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2.4.5.2. 0xidation Reduct i on Potential

The ox'i d a t i o n - r e d u c t i o n , or redox potent i a l of a bìo-
'I ogìcal system can be used as an ind icat ion of the type

of actìvity occurì ng. The d j sappearance of oxygen occurs

at a potent j a I of approximateìy 300 to 350 mi l l ivolts (mV )

and the reduct i on of n i trate, the first anox j c react ion, is

i nd i cated by a potent i a I of 100 to 200 mV. Ihe second oì"

ob i i gate anaerob i c react ì on beg ins at approximateìy -150

mv. 
(33)

l,lhisler et al(39) studied changes in redox potentials
in f I oo ded soil c o I umns. They measured redox potentjals jn
the 200 to 300 mV range whiìe gas containìng 98 percent

n i trogen was released fr om the columns. As n i trate d'i s-

appeared from the columns, the redox potent j a I fell i nto the

negat i ve range and n it rogen gas re ìease stopped. They con-

c I uded that denjtrìficat ion was occurj ng and that jt occured

close to the soiI surface pli mari ìy due to l imited canbon

substrate at greater depths.

Eng ì er et al(40) strd ied the effect s of djssoìved oxygen

and n i trate on redox potentials in rnarsh soils. Thejr work

supported the thin I ayer theory of sediments out I i ned jn

sect j on 2.5.3. in that they found that n i trate disappeared

rapìdìy from wateLi n contact with sed ì ment but that no

change occured in the water when separated from the sediments.

Up to 90 mg/ì of njtrate was removed from soil, sediment

systems over 4 day test perìods. S ign i fì cant ly, the

presence of ìargeamounts of dissolved oxygen, up to I6 ng/1,
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in the wat er djd not appear to inhibit denitli f jcation.

This was attli buted to rapid depletion of the oxygen in

the sediment. Th ey found that initial redox potentials
betrveen 300 and 500 mV dropped rapidìy to between 50 and

200 mV as oxygen dì sappeared and rema i ned at that level as

ì ong as n itrate vras present.

2.5.5. Ana lys i s of Sediment Gases

Severa I researchers have co I I ected gases in situ f rom

sediments jn an attempt to gain understanding of the processes

occuì ing therein.

Reeburgh 
(31) .tr¿ i ed gases co I I ected from sedjments

ìn Chesapeake Bay using the n i trogen, argon techn ì que. He

found decreas i ng levels of n i trogen and argon with depth in
the sediments to depths of approx imate ìy 100 centimeters.

He noted that methane was beìng formed and that methane

ebull jtion could remove other gases such as n i trogen and

argon by a gas stripping process. However, he did not f ind

sjgn ificant quant i t ies of methane jn the water overìying

the sedìments and attli buted thìs to use of the methane as

an en e rgy substrate underaerob i c conditions. He concluded

that any changes in n i trogen concentrat i on due to bio ìog icaì

actjvjty were masked by methane strippìng.
Kuznetsov(41) ,rrruri zed the resu lts of sediment gas

studies in the U.S.S.R, Vo I ume composjtjon of gases from

severa I lakes and reservojrs was reported. Gas composjtions

of 10.7 percent n itrogen, 80.3 percent methane and 5 percent

hydrogen and carbon djoxjde were found in Lake Be ì oya whi ìe
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gas from the I ake sediment contajned 25.4 percent nitrogen'

55.2 percent methane and 19.7 percent hydrogen and carbon

dioxide, Sed i ment gas from the Rybinsk reservo ir contained

28.8 percent n i trogen , 62.8 percent methane and 9.4 percent

hydrogen and carbon d iox i de. It was not reported whether the

"reservoir" was a natura l lake of a man made structure.

chen et a|(42) col lected sediment gases in situ from a

l ake in l,ljsconsin, usìng SCUBA divers and a cone apparatus'

Th ey found 24 percent n i trogen and 75 percent methane in

one sample and 50 percent n itrogen and 45 percent methane in

another. Denitritying organ ì sms were identif ied 'i n the

sediments. Sedinent samples t^rere ìncubated under controlled

conditions and found to re l ease n itrogen and methane together'

thereby ìndicat ing that denjtli ficatjon and anaerobic

fermentat i on can occur s imu ltaneous ly. Sediment samples

were inocu l ated wìth l5N l ub.l l ed n'i trate und 15N label led

n i trogen gas rvas subsequent ly recovered, thereby proving

that den it|i f icatjon was takìng place' Nj trous oxìde was

identif ied as an intermediate in the react i on but nitric

oxide was not found.

The results of these gas colIection studies are

summarized in table 2.

2.5.6. Rates of Denitrif ication in Sediments

A number of researchers have attempted to measure the

rate of den i tri fication in sed iments on an area l basis.

Th'i s can provide useful comparative ìnformation as r^/e I I as

providìng f i gures for estimating n i trogen transformations
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for mass ba I ance carcurations. Most research activity appears

to have been focused on shore rine or ma.i ne estuary sediments.

Sorenson (43 ) ,tr¿jed denitrjf jcatjon .i n Fjord sediments
'i n Denmark us ing the acetyìene jnhjbition technique, H.i s

fìndings i nd j cated that den jtr jf jcat.i on was occuri ng in the
upper 8 cent imeters of the sediment but that it essentiaìly
stopped below 8 cent j meters. He also found nìt|i ficatjon
occur j ng in the upper sed j ment. He calculated denjtrifìc_
ation to be occu|i ng at the rate of l3.g mjIIigrams n.i trogen
as N per square meter per day at a temperature of 2.5oC.

He noted that nitrif icat ion and denitrificatìon are

"apparent ly mutua lìy exclus ive. " Thìs as sumpt i on would be

based upon the microbio logicaì t h eory di scussed jn sectìons
2,2. and 2.3. that njtrification is an obììgateìy aerobic
proces s whi le den i t.i f ication occurs under anox i c condit ions.
0ther work i nd j cates however, that the two processes can

proceed simultaneously, Rjttman(17) op.rut"d a one reactor
oxìdation ditch sewage treatment pìant which ach.i eved

n'i trif ication and den i t.i f ication s i mu l taneous ly by maintain-
ing a dissolved oxygen levej of between .1 and .9 ng/1.
He postu lated that denjtrif icatjon occured in anox i c micro_
zones within the act i vated s ludge f loc while njtrif jcation
was occur i ng on the aerob i c surface of the particìes. He

noted that operation of such a system was "s.i mpìe,,, w.i th
dissolved oxygen concentrat i on and oxygen transfer rate
being the contro l parameters. The d.i stance between n.i trif_
yi ng and denjtrifyìng zones in the floc was not g i ven, but
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it could be expected to be small, probab ìy in the order of
mjcrons. l,lhen Rittmen's results are considered, the
phenomonon observed by sorenson becomes understandab le.

0..n (44 ) estjmated denjtrificatjon rates in Fjord
sediments using ìsotopìc n i trogen jn I aboratory sampìes

and re l ated this to in situ n i trate concentrat i ons. He

found redox potentjals feìì ìn proport i on to n i trate concent_
rations in the sedjments, .i ndjcating a relation betr,reen

redox potent ia l and denjtrifjcation s jm.i lar to that found
by other workers descri bed jn section 2.4,5.2. The rate of
denjtrificatjon was calculated, using Michael js_Menton

k i net ics, to be 2.3 mìII.i grams N per square meter per day at
12o C, As with So'renson,s work, denìtrif .i catìon was observed
to occur in the presence of dissoìved oxygen. The author
noted however, that thìs phenomenon is not uncommon and has

been observed by ,other workers.

Chun(45)used the acetyìene inh.i bjtjon techn.i que to
estimate jn sjtu den jtr jf .i cat i on rates in ponds around ïoronto.
A rate of 2.3 miìIigrams N per square meter per day was deduced
from their findings. Temperature was not reported, but it
was noted that the experiments were performed dur ì ng Ju.ì y

and August.

Kasper(46) ,tud i ed denitri f icat.i on .i n intertidal mud

f lats. Cores were i ncubated jn the ì aboratory and acetylene
jnhjbition was used to measure d e n j t r i f j c a t i o n . The great_
est potent i a I for denìtrjf icätjon was found to be in the
top 3 centjmeters r,rith, from theoretical consìderat ìons,

¿(



approximately 67 percent of denitrif ìcation occurìng in

this zone. He also found variations in denitrif ication

rates on an area I basjs in adjacent areas wjth s ome areas

gìving h igher rates than others. The den'i trification rate
'i n the sediments was estimated at between 1.4 and 16.4

miIIigrams N per square meter per d ay. Sources bf error

in the measurement s were discussed. These i nc I uded disturb-

ance of the sediment durjng sample collection. changes in

parameters such as temperature and the effects of acetyìene

on microbial metabolism. It was conc I uded that an error

range of f rom - 170 percent to +95 percent cou'l d be attributed

to the results. The experiments were performed at 22oC.

Smith(47) .ruri ned estuarine sediments from the Louìsìana

Gulf Coast. He used isotop'i cally labeled n i trate and acetylene

ìnhibition to meàsure denitli fication in fresh and mari ne

sediments. Inoculation of n i trate i nto sed i ment samples

inhibited wjth acety lene caused a corresponding accumulation

of n j trous oxide, thereby indicatìng den i tri ficatjon was

occuli ng. Addìtion of 15N lub.led ammonìa also resulted
tÃin product i on of '"N labeled n i trous ox ì de, indicating that

both nitrificatjon and denjtrif i cat ion were taking pìace in

the sediment. Aþproximateìy 50 percent of the added ammonia

was recovered from the sed iments as organìc nìtrogen,

The average denitrif ication rate for the sed iment was estim-

ated to be 3.8 millìgrams N per square meter per day. The

tests were performed at 250c.
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The area l denitri f ication rates reported by these

researchers are summarized in table 3.

2.5,7, Effect of Temperature on Denitr jf icat ion

The effect of temperature upon denit|i fyìng bacter'i a

was di scussed in section 2.3.3.
- ( 48 )Terry'-"' stud i ed denitrification in lakes and found

the rate of denitrificat ion j ncreased wi th temperature over

a range of 5 to 230c. but that signifìcant denitrjf ìcation

occured at 50C, This was noted to be in contrast to the

fìndings of other researchers who reported no denitrif-
ication at that temperature.

It wouìd apþear that d i fferent populations of denitli f-
yers may be act i ve at d i fferent temperatures. Kapìan

et al(49) strd i ed den i tli f ication in salt marshes and found

ev idence that temperature var j at ion caused a se'l ect ion

betr.ieen at leastitwo distinct populations with temperature

opt ì ma in the 5 to l0oC. and greater than l0oC. ranges

respectìve1y. It was observed that l0 to t 2oC. appeared

to be the "cross over " temperature between obligate

psychrophi I jc and mesophi I ic denitrifiers. The researchers

compared sediment temperature to unit n i trogen gas productìon

and found a I i near relatìonshìp rvith a good statistical
core l at ion. Thejr f inding is reproduced in f i gure 5.

2.6. Summary

From the ev i dence in Ii terature noted in sections

2.5.3. through 2.5.7., there would seem little doubt bio-
'I ogical denitrification occurs in bottom sediments of tlater
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bodies. The convers i on of ammon ia to n i tnate to nitrogen
gas ìn sed jment s has been traced jn the ì aboratory usìng

i sotop ì c n i trogen and ìnhjbitjon technìques. Nìtrogen

gas, along w'i th methane, has been co I I ected in sediments

whjch v¡ere shot,ln to contain nitrjfying organ ì sms. Several

nesearchers have measured the rate of denitrification in

sediments at various locat ions and under d i fferent conditions.
The wi de variat ion in estimated react i on rates would ìndicate

that the react j on is comp I i cated by a number of factors
and probably a situation specif ic i nteract ì on of these

l
factors

However, as noted in sectjon 2.4.3., jt would appear

that, whì1e attempts have been made to determine denjtrificat-
ion rate s in marsh and lake sediments, no comparab le work

has been performed on waste stabjlìzation ponds. Therefore,

research ì nto this aspect of the n i trogen cycle in ponds

cou ìd prov i de further j nformat ion toward a more comp l ete

understand i ng of thìs process.
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CHAPTER 3

EXPTRI[lENTAL PROCTDURT AND RESULTS

3.1. 0b jective

The object i ve of the project vras to attempt to det-

ermi ne if den i t|i fication occurs in waste stabi lization
ponds and under what cond it i ons. It was dec i ded to con-

centrate upon collectjon of evidence for den itli fjcation
from an operat ì ng pond, rather that attempt a laboratory
sìmulation. To lhis end, a field study was undertaken

to gather d ata upon tvh jch to test the hypothes i s that
denjtrification does occur in a stabilizatìon pond.

The fìeìd study had 2 object j ves: 1) to col'l ect

samp 1es of gases.evolved ìn a vJaste t,vater stab jl jzation

pond and to analyze the composjiion of these gases to
gajn i nformat j on as to theìr orìgìn. The prìmary gas

sought was njtrogen, but a total compositjon analys is

was p ì anned to prov ì de j nformat i on as to the various

gases co I I ected and the relative proportjons. 2) to
record the cond itions under wh ich the gas samples were

obta i ned and collect water samp les upon which to perf orm

tests to measure parameters effect i ng the rate and productjon

of gases ìn the pond.

Specifìcal ly, the gases ana lysed t,iere njtrogen,

methane, oxygen and carbon dìoxide. l,later temperature

and djssoìved oxygen were determi ned at the t ime of
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sample collectjon and tests for pH, ammon i a and njtrate
were penformed upon water samples taken simultaneous ly
with collectjon of the gas sampìes.



3.2. Apparatus

Floating and benthic gas co I I ectors were constructed

in the EnvironmentaI Engìneering ì aboratory at the

University of l'lanitoba. The floating coìlector (Fig.6)

cons i sted of a plastic tub mounted in a wooden f ramed

styrofoam f 'l oat such that the tub was held i nverted in

the water. A gas remova l spigot was insta l led in the

tub. The benthjc co I I ector (Fì9.7), cons i sted of a gaì-

van i zed sheet stee I cone with r ì veted and so I dered joìnts.

A metal tube was mounted at the apex of the cone and a

sect i on of Tygon tubing of suff icient I ength to reach the

water surface was secured to the tube with cìamps and

s ìI j cone sea I ant. Spjgots tvere sealed by foldìng over and

securj ng wi th I aboratory screw cìamps.

The gas s amp'l e extnact ì on apparatus cons isted of a

Nalgene 6130 hand held vacuum pump, l iquid trap flask,
Fisher 134- 190 Septum Port Gas Sampling Tube and Tygon

tub'i ng and spri ng c l amps (Fig.8). Use of this apparatus

was as follows. Initially, the samplìng tube and tail
tubes were compìetely fi j led w'i th water by pìacing the

samp ì ing ta i I tube i n a beaker of r,rater and draw ing water

through the apparatus to the trap f Iask vrith the vacuum

pump. The trap f lask was requ i red to avoid draw j ng water

j nto the vacuun pump. Care r.ras taken to remove a l l a j r

bubbles when f i1ìing the gas samp li ng tube and the tail
tubes. 0nce full of water,
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Gas samp I e extract'i on apparatus
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the stop cocks on the gas samp ì i ng tube were c I osed and

sprjng clamps p laced on the ends of the tail tubes to
reta j n the water in the tubes. To obta i n a gas sample,

the col lecting tai I tube r./as connected to the spigot
on the pond gas collector, a small vacuum app lj ed to
the apparatus wi th the pump and the c I amps removed.

The stopcocks were opened whì le the gas samp I ì ng tube

was held upr ìght wìth the v¡jthdrawl tube down. The water
in the apparatus t/as drawn out by pressure djfferential
and displaced wjth the gas sample. In order to prevent
contamination of the sample with ajr from the trap f lask,
the I ower stopcock was c I osed just prior to all water
beìng wìthdrawn from the gas samp ling tube. A nerlr rubber
septum was p I aced on each samp ì i ng tube before gas sampìes

were collected. i

The foììowing automated anaìys.i s apparatus was used.

For gas analys j.s: Gow-Mac Series 5S0 Thermal Conductìvity
Gas chromatograph wi th Gow r'1ode l 70- 700 str i p chart recorder.
The co I umn for determ inat ion of n ì trogen, oxygen and

methane was an SA 60/80 mesh molecular s ì eve, the co I umn

for carbon d'i oxide conta i ned poropak Q, g0/ t 00 mesh.

For ammonja anaìysis: Tecator Kjeltec System t 002

distijìing unit and Baush and L omb Spectr"on jc 2l spectro_
photorneter.

For nitrate analysis: Scient.i fjc Instrurnent Corp.

autoana ìyser consìsting of samp ì er, proportioning pump

unjt and coìe¡imetli c anaìytjcal cartr.i dge and Fjsher



Recorda I I Serjes 5000 strip chart recorder.

For pH measurment: Fi sher Accumet Mode I 230 pHlìon

meten.

58



3.3. Procedure and Results

3.3.1. Test Site and Location of Col lectors
Gas co I I ectors, as descli bed in sectjon 3.2. r¡/ere

pìaced in the number 2 cel I of the City of l,linnipeg l,lest

tnd Water Pollution Contro I Centre (l.lEl^lPCC ) in June of

1986. Thjs ce'ì I is a facu ltat ì ve waste stabilìzation pond

with a surface area of approximately 18.2 hectares and a

water depth of approxìmateìy 0.9 meters. The pond was put

'i n service 'i n 1965 and a ìayer of compressìon settl ing

sediment has accumu I ated on the bottom, mak ì ng exact deter-

rnination of the ûater depth dif f icult. The pond has no

rnechanical mìxìng or aeration.

Three collectors, 2 surface and 1 benth ic, were placed

in the pond at the locations shown ìn f i gure 9. The surface

co I I ectors t{ere anchored with sufficient slack to al low

free movement wjth any change ìn water level. The benthic

co I I ector was p I aced adjacent to one of the surface col lectors.
This co I I ector r.¡i ll hencefroth be called ,'St". The other

surface collector will be called the benthic

co l l ector wil l be called "Bo". The arrangement of collectors
S1 and Bo jn the pond ìs j I lustrated in f igure 10, Collector
S2 was anchored similarììy except that no benth i c col lector
vras adjacent to it.

The I,IEl,lPCC consjsts of an activated sludge treatment

p ìant and 5 ponds, numbered 1,2 and 3 primary and 1 and

2 secondary. The 3 primary cells are the same size and

dimensions. Dur ì ng August, September and 0ctober of 1986,
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r^/aste water f I ows up to approximately 22 njl lìon j i tres per

day were d i rected into the treatment plant and all f I ov¡

'i n excess of this h,as dìverted to number 2 pli mary cell
and thence by overf Ior.J into l and 3 pri mary cells.(50) r¡.
l,JEllPCC rece i ves flows from the west and south west sectors

of llinnìpeg. Ihe waste water is primari ly frorn domestic and

ìight commercial sources v¡ith l ittle 'i ndustrial waste tJater

contribution. A characteri zat ion of the inf luent is
gìven in Table 4. (51)

Characteristic

BOD.

Suspended sol ids

TKN

Ammonia

Nìtrate

Iota ì phosphorus

pH

3.3,2. Collection of

0n September 4, a

co I lector S2 usjng the

sect i on 3.2. Previous

TABLE 4.

Raw waste water influent c h a r a c t e r i z a t i o n - l,l e s t
End Treatment Plant, Sept. -0ct., l9B6(51)

Average vaìue

¡mg/l¡
249

t78

36

¿t

o . 04

7.6

7.5

Samples

sampìe of gas v¡as extracted from

collection technique descri bed jn

attempts to collect samples had not
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used thjs techn i que and the i ntegr i ty of the gas sampìes

co I I ected cannot be guaranteed. Therefore, no resuìts

from samples taken pli or to September 4 wì lI be reported.

0n September I and approxìmateìy once per week there-

afterunti I 0ctober 30, gas samp ì es vrere co l lected from

the three co I I ectors. These samp ì i ng i nterva I s are designated as

per ì ods I through 9 and identif íed accordìngìy ìn subsequent

discussìon. After each s amp 1e vi as taken, the collectors
were purged of all rernaining gas and I eft filled with water.

At each samp I i ng, the three gas sampìes vrere collected
wjthin a per i od of approxjmately 40 mi nutes between the

hours of 9:30 and 11:00 o'c I ock in the morn ing. The same

gas samp ì ì ng tube was used to take gas from each collector
respectìve ly for the durat j on of the test per j od. At the

tìme of collectìon, the approx i mate vo I ume of gas collected
r.ras noted, based upon an observed fractjon of the gas

sampìing tube filled. The tubes were not ca l i brated, so a

more accurate determi nat ion of gas vo l ume tvas not possible.
A sample of less than approximately one eighth of the tube

was considered too small to be reliable and was noted as

such. In some cases,more than a full tube of gas had

co l l ected in the pond co l lector. Thjs was noted as one

full tube plus and no determjnatjon could be made of the

excess vo I ume.

Gas composition ana lys i s of the three sampìes from

each collection was performed within 4 hours of col lection
of the samples. Gases ana lysed were oxygen, n ì trogen and
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methane, ana ìys i s being performed in the gas chrom-
atograph described in sect i on 3.2 above. The procedure

was as gìven in Standard Methods, sect j on 5llB. (52) o*rgun,

n itrogen and methane were anaìyzed on the molecular sjeve.
Difficulties v¡ith the Poropak prevented analysis of carbon

dioxide unti I 0ctober 22, Carbon dioxide was measured

in thebenthic samples col j ected on 0ctober 22 and 30.

At the time of co ll ect j on of each set of gas samples,

water samples viere taken adjacent to col lector Sl for analysis
of ammonia, dissolved oxygen, n itrate and pH. Surface

and bottom water temperatures were recorded at the t ime

of sample co l lect ion. Samp l es for ammon ia analys.i s were

preserved wi th 0.8 ml of sulphurjc acjd per 1iter, as

requ i red in sectjon 417 of Standard Methods Í52 ) Surpt..
for nitrate anaìysis were preserved v/ith 1 drop of chloro-
form per 100 ml , as recomme nd ed by the manufacturer

of the autoana lyzer. (53 ) Surp I es for pH measurment were

not preserved, but pH determì nat ion was made withìn 4

hours of samp ì e collection. Reagents were added to the

djssolved oxygen sarnpìes jmmed iate ly upon col lectìon
and t'i trat i on was performed within 4 hours of coj lect ion.

Dissolved oxygen test i ng was performed as detajled in
/rô ìStandard Methods, \"/ method 4218, azide modjfjcation.

Arnmon j a ana ìys j s was performed by steam djsti l lat ion,

method 4174, fo I I owed by Nesslerization, method 4lZB

wi th use of a spectrophotometer for co ìor comparì son.

N j trate ana ìys j s t.tas performed accord ì ng to method 4l BF,
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automated cadmj um reduct i on. Samp ì es were fì ltered through

l,,lhatman 934-AH paper before anaìysis for color and turbìdity
remova l. pH measurment tvas by method 423. Gas analysis

r,ras by method 5l t B.

0n 0ctober 30, the pond temperature hav i ng fa ll en to
loC., the co ìlectors r{ere removed from the pond and the

f ield study termi nated. Ice had begun to form around the

shore of the pond.

3.3.3. Verifìcatjon of Collection Apparatus

The gas co I I ectors were returned to the Unìvers ity,
c I eaned and tested for ìntegrìty. The procedure was as

follows. An open top tank in the hydraulics laboratory
l,las filled with tap water and allowed to come to room temp-

erature. 0nce the rvater t emperat ure rema j ned constant

for 3 success ive days, one of the co I I ectors was placed

in the tank and evacuated of air usìng the procedure descli bed

in sect i on 3.2. The co I I ector was then observed each

day for seven days. This procedure tvas repeated rvith each

of the three gas co I I ectors. At the end of each seven

day period, no gas bubbles could be detected in any of the

three co I I ectors. From thìs, it can be conc I uded that
the three co I I ectors viere gas tight and no atmospherìc

contamjnation occured durìng accumulation of the samp les.

The ìnteg|i ty of the three gas samp li ng tubes was tested

by fiìììng them wi th a mjxture of n j trogen and methane

from the I âboratory standard gas cyl inders. Gas composition

was measured jmmedìately after f i lìing and at 3 and 5 hours
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after fiììing. No detectabìe change in the composjtjon of

the gases occured in any of the three tubes at 3 and 5

hours. From this, ìt may be conc I uded that no changes

occured jn the sampìes co j I ected jn the ponds between coll-
ect i on and anaìysìs since, as noted jn sect j on 3.3.2., all
gas analyses were performed withjn 4 hours of samp I e col l-
ection.

After the co llectors were determi ned to be gas tìght,
an experiment was performed to test the abjl jty of Henry's

law to pred ict gas dìssolution from water due to an increase

in temperature. The test tank was f illed wìth tap water

and the temperature and dj ssolved oxygen .i mmediateìy recorded.

A co I I ector was p laced in the tank and all air removed. The

water was allowed to neach room temperature and the temp-

erat ure and dissojved oxygen again recorded. Dissolved

oxygen saturat ion, va l ues for the jnitjal and f ina'l water

temperatures vtere obtained fror Saryer. (6) The gas volume

coming out of solutìon was mea s ured and compared to the

vo I ume of air pred i cted to come out of solution by Henry,s

l aw, The gas composìtìon was determi ned wj th the gas

chromatograph. Three trìals of this test were performed,

one with each of the gas co I I ectors. The results of this
exper i ment are gìven ìn tables 5a and 5b.

3.3.4. Analytjcal Results

Results of anaìysis of the samples obta i ned in the pond

durìng the f ieìd study are g iven in tables 6 through l0 as

follows:
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Table 6: Gas compos it i on analysis, co l l ector S1.

Table 7: Gas composition analysis, co I I ector S2.

Table 8: Gas compos jt jon ana lys i s, benth ì c col'l ector.
Table 9: Dissolved oxygen, temperature and pH results.
Tab I e 10: Ammon i a and n i trate analys'i s results.

67



T
rì

al 15 26 1E

( 
oc

. 
) L9 19

D
is

so
lv

ed
 o

xy
ge

n 
m

g/
ì.

st
ar

t 
fin

is
h

rì
ì*

.¿
 

*t
rr

r 
*u

lr:
r.

¿
 

r.
tt,

.u
tio

n

12
.?

 
12

.8
 

9.
3 

9 
.4

11
.9

 
12

.5
 

9.
1 

9.
4

12
.0

 
r2

.8
 

9.
 1

 
9.

5

O
i

co

T
A

B
LT

 5
a.

In
iti

al
 

an
d 

fin
al

 d
is

so
lv

ed
 o

xy
ge

n,
 t

em
pe

ra
tu

re
 a

nd
 v

o 
l u

m
es

 o
f 

ga
s 

co
ile

ct
ed

t8

3 
80

T
A

B
LE

 5
b.

C
om

po
si

tio
n 

of
 g

as
 c

ol
 le

ct
ed

T
A

B
LE

 5
.

R
es

ul
ts

 o
f 

te
st

 t
o 

m
ea

su
re

 v
o 

lu
m

e 
an

d 
co

m
po

s 
ì 
t 
io

n 
of

 g
as

ïr
 i 

a 
l

1 2

T
he

or
et

 i
ca

 I
ga

s 
ev

o 
l v

ed
(m

l 
)

5t
 

I

26
4

JJ
Õ

A
ct

ua
 I 

ga
s 

R
at

io
co

 I
 I

 e
ct

ed
(m

l 
)

33
0 

.8
9

23
9 

.9
1

30
9 

.9
05

G
as

 a
na

ìy
sì

s,
 p

er
ce

nt
N

itr
og

en
 

O
xy

ge
n

77
 

20

80
21

 
10

1

19
 

99

ïo
ta

l

97

ev
o 

I 
ve

d 
fr

 o
m

 ta
p 

w
at

er



S
am

p 
l i

ng
 

D
at

e
pe

ri 
od

1 
S

ep
t.

¿
- 

JC
pL

.

O
ì

(o

S
ep

t.

S
ep

t.

0c
t.

0c
t.

0c
t.

0c
t.

0c
t.

1t I7 ¿
o

G
as

 a
na

ly
si

s,
 p

er
ce

nt
N

 i 
tr

og
en

 
l,l

et
ha

ne
 

0x
yg

en

80
 

0 
14

85
 

tr
ac

e 
g

1b 30

95 92

I

tr
ac

e

30

i n
su

ffi
ci

en
t 

sa
m

pì
e

tr
ac

e

1 3

T
A

B
LE

 6
.

G
as

 c
om

po
si

tio
n 

an
a 

ly
se

s 
f 
or

68 84

T
ot

a 
I

pe
rc

en
t

O
A 93

10
0 96

10
0

10
0 99 85

8? 63

su
rf

ac
e 

co
 I

 I 
ec

to
r 

S
1

tt) 16 19



S
am

p 
I 
i n

g 
D

at
e

pe
rio

d

I 2 3 4 5 6 7 8 9

S
ep

t.

S
ep

t.

S
ep

t.

S
ep

t.

S
ep

t.

0c
t.

0c
t.

0c
t.

\¡ O

4 o

11 17 26

i o

16

N
ìtr

og
en

93 80 Õ
J

O
J

öL

G
as

 A
na

ìy
si

s,
 p

er
ce

nt

1c
t. 

22

0c
t. 

30

M
et

ha
ne

 
0x

yg
en

0 
17

2t
2

12
4

in
su

ffj
ci

en
t 

sa
m

pì
e

1.
5 

15

i n
su

ffi
ci

en
t 

sa
m

p 
ìe

jn
su

ffi
 c

 ie
nt

 s
am

pl
e

T
A

B
LE

 7
.

G
as

 c
om

po
si

tio
n 

an
a 

ìy
se

s 
f 
or

T
ot

 a
 I

pe
rc

en
t

10
1 97 97 99 98

. 
5

79 78

2 2

su
rf

ac
e 

co
 I

 I 
ec

to
r 

S
2

19 21

10
0

I0
t



S
am

pl
in

g
pe

r 
i o

d

D
at

e

I 2 3 4 5 6 7

S
ep

t. 
8

S
ep

t. 
11

S
ep

t. 
17

S
ep

t. 
26

O
ct

. 
1

oc
t. 

I

O
ct

. 
16

O
ct

. 
22

O
ct

. 
30

\l

N
'i 
tr

og
en

26 LJ 24 15 ,1 19 'ta

G
as

 A
na

 ì
ys

 i 
s,

 p
er

ce
nt

M
et

ha
ne

 0
xy

ge
n 

C
ar

bo
n 

di
ox

id
e

7

76 '1
1

68 79 74 67

I7 tr
ac

e

1 4 1 1.
5

1

.5

)F

T
A

B
LE

 8
.

G
as

 c
om

po
si

tjo
n 

an
al

ys
es

 fo
r 

be
nt

h 
j c

 c
ol

 le
ct

or

no
t 

te
st

ed

T
ot

a'
l

pe
rc

en
t

96 r0
2 97 96 98 10
1.

5

10
2

9B 10
1.

5

¿
.q

2



Samp ì ing
per i od

I

2

3

4

5

6

7

I

9

Date

Sept. 4

Sept, 8

Sept. l l

Sept. 17

Sept. 26

Oct. I

Oct. 8

Oct . 16

1ct, Zz

0ct. 30

D i s s o I v e d 0 x yg e n

( mgll )

Sunface Bottom

l,later Temperature pH

(oc. )

Surface Bottom

15 15 t.2

13 t2 7.4

16 14 7.2

1l tl 7.5

15 15 7.3

t2 12 7.6

7 7 7.8

5 5 7.7

10 t0 7.8

I I 7.7

tE

2.8

4.4

0.2

0.9

0

1.6

J.9

3.1

4.9

t.¿

0.1

0

0.9

0.2

1.5

to

¿.o

4.2

TABLT 9.

Di ssolved oxygen, water temperature and

pH values for number 2 cell
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Samp ì i ng

perìod

I

2

3

4

5

6

7

B

9

Date

Sept. 4

Sept. I

Sept, I I

Sept. 17

Sept. 26

Oct. 1

Oct. I

0ct. l6

0ct, 22

0ct. 30

20.8

20.0

2t.6

2t .6

24 .6

24 .8

25 .6

3L2

LO . at

26 -4

22 .5

23 .6

28 .4

27 .2

22 .4

.06

.10

.08

.07

.05

trace

.05

.08

.08

.06

Ammo n i a (mgl ì )

Ad jacent 0utf a I l
to Sl

l,l i trate hs/ 1)
Ad jacent 0utf al I

to S I

.05

.06

.08

.06

,06

IABLE 10.

Ammonja and njtrate concentration adjacent

co I I ector S1 and at outfa I l, Cell 2,

to
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CHAPTTR 4

DISCUSSION

4.1. Gas Anaìysis Results

The per centage compos jt i on of the gas samp ì es coìì-
ected for each sampìe peli od are given in tables 6,7

and L It may be seen that the totals of n i trogen, methane

and oxygen do not a ìways add to 100 percent. Th is may

be due to the presence of other gases or to randon errors
in the apparatus oli njection of the gas samples. A

stat ist ica l anaìysis was performed to attempt to determine

the random error of the apparatus and a 95% conf idence

i nterva I of t I.88 percentage units r{as caIcuIated.

Therefore, any value of tota ì gas composition betv¡een

98.12% and 101.88% can be consìdered to be within the

random error of the apparatus and procedure. Detai ls

of thjs calculation are g iven in append ì x A. Considering

these Ijmits first wjth respect to the results in table
6, on ìy one resuìt, 0ctober 30, js sìgnjf icant ly below

the loyrer confidence Iimjt. However, the rat i os of

n ì trogen, methane and oxygen ìn this samp I e are simi lar
to the other samples. This low value is probably an

error in use of the injectìon syr ì nge. Ihe tota I s jn

tables 7 and 8 are al I r.¡ithin or close to the 95% con-

f idence I imits of the apparatus.

The levels of dissolved oxygen correspond.i ng to
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the percentages of oxygen in the gas samples from col lector
S1 were ca ìcu l ated usìng Henry, s law constants from perryJ54)

The resu l t s, wjth the cornespondìng leveIs of dissolved

oxyge n measured in the water adjacent to Sl are presented
jn table 11. The pred icted and measured va l ues are shown

jn time ìine graph i ca l form in fìgure It. It may be

seen that the pred icted dìssolved oxygen levels are,

with one exception, hìgher than those determìned by l,J.i nkler

test . l,Jh'i I e there may be some core I at ì on of pred i cted

to measured dissolved oxygen values, fìgure 11 would

j nd ì cate that the proport j ons of gases in the samples

cannot be used to pred i ct accurateìy correspondi ng levels

of dissoìved gases in the water be I ow. This ìs understandable,

consjdering that Henry's law appl jes on ly to equi I ibrium

conditions.

l,l j th two exceptìons, methane was not present in the

surface samp I es or present on ly in smalI quantities. The

exceptjons were period 3 and period 5 when 12 and 30 percent

methane were found in S2 and Sl respectively. It may be

noted from tables 6 and 7 that jn the former case, 4

percent oxygen was present and in the I atter case, 2 percent.

l,lhen samples were co l l ected, jt v¡as not a lways

possible to prevent s ome smalI aìr bubb les from becomìng

entra i ned in the samp ì i ng tubes v¡hen connect ì ng the tubes

to the gas co I I ectors. Thus, these oxygen va I ues may be due

to atmospherìc contamì nat ion. It may be noted from

table 9 that on 0ctober 1, no djssolved
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Date Calculated di sso lved
oxygen concentnat ion
from 0^ in collector

L

sl (mgll)

7.3

3.9

L,1

2.0

1.0

' no sampìe

oa

8.7
.

12.8

Measured dìssolved
oxygen concentnat'i on

adjacent to col lector
Sl (mglì)

2.8

4.4

0.2

0.8

0

1.6

3.9

3.1

4.9

Sept. 8

11

l7

26

0ct. 1

I

16

22

30

Calculated versus

TABLE 11.

measured dissolved oxygen levels

at co I I ector Sl
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--- E --- lleasured dissolved
oxygen

-___€_ D.i sso lved oxygen
calculated from
partìaì pressure

ø

qt
E

c
OJ
q)

o
5'o

(¡)

o

o

no read ing
0ctober 8

t...-.-.-/

/
.Et- - ,/

,' -*d

É

t7
September

Calculated versus

col I ector Sl,

t6
0ctober

FIGURE I1.

measured dissolved oxygen levels

Septernber and 0ctober, 1986



oxygen v/as found at the s urface and .2 mg/ I at the bottom

adjacent to Sl. The pond was anaerob i c on this occasion

r.rhen 30 percent methane v/as col lected. 0n the other

occas i on v¿hen the pond was anaerob i c, Septembe r ll , l2

percent methane vi as co I I ected jn S2.

It may be noted from tables 6 and 7 that a note

"jnsuff icient sampìe" appears on four occasicns. The

volume of the gas samp ì i ng tube ìs 300 ml and vrhen a

gas samp I e co I I ected was less than approximately one

e ì ghth of the tube or approximateìy 40 mls, it was considered

too small for a reljable anaìysì s due to the fact that
atmospheric contami nat i on could not be comp I ete ìy avojded

in colìecting the samples. Col lector S2 showed an inadequate

sampìe three tìmes and Sl once. Possible reasons f or

this will be dìscussed in a fol lowing section.

The results of gas ana lys ì s for the b e n t h i c c o I I e c t o r

are gìven jn table 8. It may be noted that an adequate

samp ì e vo l ume tvas obta ined in each case and that the

percentage composjtion adds to within or close to the

95% confi dence limits of the apparatus. The samples

cons i sted predomjnantìy of methane and n i trogen wjth small

quantjties of oxygen. As noted above, the oxygen may

be due to atmospheric contamj nat j on. As explained in

sect ì on 3.3, carbon dioxjde was determi ned onìy for the

samples from peli ods 8 and 9 but in these, was found

to be a smaìl percentage. Since the other samples all
add to close to or vJith jn the conf idence I imjts, ìt may
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be assumed that carbon dioxide r{as present on ly in small

percentages ìn the other sampìes. Thebenthìc sampìe

taken in peri od I may be seen to be quite d i fferent in

compos i t ìon to the other smaples. The evacuat i on of

thebenthic collector prior to collection of this sample

cannot be relied upon and thìs samp 1e may have been con-

tamj nated wì th air. For this reason, this result wjll
not be consjdered further. As may be seen, the other

results show a fairìy cons ì stent ratio of approxìmateìy

20 to 25 percent nitrogen and 75 to 80 percent methane.
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4.2. 0r igin of the N j trogen Gas Collected.

The i mportant question vr jth respect to these results
is the orìgin of the gases collected. 14ethane js not

an atmospheric gas and the methane co I I ected may be assumed

to have originated from biological activity. Nìtrogen,

however, may orìgìnate from djssolution of atmospheric

n itrogen dissolved in the water. Ihe use of isotopìc
n i trogen trac ì ng or nitrogen-argon anaìysìs, as descrjbed

in section 2.5.2was beyond the scope of this project,
however, an expression may be der i ved, using Henry's
'I aw, to estìmate the amount of n itrogen gas which might

be I i berated from solution due to changes in water temp-

erature or atmospherìc pressure over a sampl ing perìod.

Such an expression would be deri ved by combining Henry' s

I av¡ and the jdeaì gas ìaw and would have the form shown

in equation 21.

(*rt xmz) x 55.56 x .082 x T
'( x 103 ml /l'i tre .. 2l

theoretical vo I ume of gas ì i berated, in
ml of gas per ììter of water.

initial mole fract ion of gas in solutjon.
final mole fract i on of gas ìn solution.
gas collection temperatr.e, oK.

col lection pressure, atmospheres.

where: V =

ml

"n2

t-

o-
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Derivation of equation 21 is given ìn detaìì in appendix

B. Equat i on 21 was used to calculate the theoretical

vo I umes of ajr expected to be I jberated due to increases

ìn temperature shor,rn in tabie 5 and, as may be seem,

the calculated values cons istent 1y gave a result approx-

imateìy l0 percent above the measured values in 3 tri als.

The 10 percent d i fference is probabìy due to the difference

between actua l and theoret i ca l saturat i on va l ues as well

as inabiìity to collect all of the evo I ved ajr. However,

the results 'i n table 5 show that equat jon 2l may be used

to obtai n an estjmate of the max imum amount of gas which

would theoretically be evo I ved from a water samp 1e due

to changes in temperature and pressure.

Maximum and mi n imum daily air temperatures and baro-

metr j c pressures for each day of September and 0ctober,

1986 were obta i ned from Env ironment Canada 
(55 ) and the

maximum and mjnimum pressures, converted to standard

atmospheres, were determ ined for each samp ì ì ng period.

These were used in equatjon 21, along with inìtial and

final water temperatures for the sarnpì ing per ì ods, to

ca lcu j âte the max i mum theoret i ca l vo l ume of nitrogen

which cou ld be evo I ved due to changes in pressure and

temperature during each sampì ing perjod. I'Jhere the t.later

temperature at the end of the sampì i ng per i od was higher

than at the begìnnìng, the d j fference nas accounted for
by using Henry's law constants for the initjal and final

/ q¿ì
temperatures. ' - '' For a peli od over which the pond tem-
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perature fel I from begìnning to end, the lor,rer temperature
yras used for both calculations on the assumpt.ì on that
9as movement inside the co I I ectors \.ras essential ìy a

one way process. (SO) 
Uo I ume of the co I I ected samp.ì es

rvas calculated using the water temperature and atmospheric
pressure on the day the sample vJas co l l ected. The vapor
pressure of water, at the temperature in question, r,ras

subtracted from tota I pressure jn each calculatjon, as

noted by crockford. ( 26) The theoret i ca l vo l umes of nitrogen
ca lcu lated, as ml per litre, were then muìtiplìed by

the vo I ume of the water co I umn under each col.l ector to
obta i n a tota I vo I ume of n itrogen gas whjch theoretìca1ìy
could have been evo I ved due to changes in pressure and

temperature o ver each sampì ìng perì od. These theoret.i cal
maxjmum vo l umes are given in co l umn lV of tab.l es 12,

13 and 14. An example of the calculatìon is given in
detail in append ì x B, The actua I vo I umes of nitrogen
co I lected are gìven in co I umn III of tables 12, 13 and
11.

It may be seen from tables 12, l3 and l4 thai the
vo I ume of n i trogen co I I ected was a ì ways ì arger than the
theoret ica i vo l ume. It shou ld be emphas.i zed that the
theoretjcal voìumes g.i ven jn the tables are the maxir¡um

ôlI1ount whlch could be evo I ved, not necessarì ìy the amount

whlch t/as evo l ved ln any sampìe per J od. Ihe results
glven ln table 5 i nd jcate thôt thjs calculation tends

to overest i mate the actua I gas produced by approximateìy

ÖL



Peri od
I

Total gas

co i I ected
(m I )

100

200

200

290

100

II
Proport'i on of
Nitrogen
(percent )

80

B5

95

92

6B

III
Vo I ume of
Nitrogen

(ml )

BO

170

190

267

68

IV
Theoretical

vo I ume of
Nitrogen(m1)

27

130

105

t79

t2

42

200

40

I

2

J

4

5

6

7

I

9

(j nsuffi c ient samp I e volume)

113 84 95

290+ 82 238+

150 63 95

TABLE I2.

Theoretjcal and actuaì volumes of n i trogen gas

co I I ected in co I I ector Sl in each period
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I II III IV
Peri od Total gas Propontion of Volume of Theoretjcal

collected Nìtrogen Nitrogen volume of
(ml ) (percent) (ml ) Nitrogen(ml)

1 75

2 t50

3 100

60 22

t25 106

83 27

BO

83

B3

79

78

4 (insuffjcient sample volume)

5 75 82 62 11.6

6 (ìnsufficient sample volume)

7 (insufficient sample volume)

ö ¿¿5

9 100

178 162

78 40

TABLT 13.

Theoret i ca I and actua I volumes of n ì trogen gas

co I I ected jn co I I ector S2 jn each perjod
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I

Period Totaì 9as
collected

(ml )

II
Proport ion of
Njtrogen
(percent )

LÔ

L5

24

t5

27

22

l9

J¿

III IV

Vo I ume of Theoretical
Nitrogen volume of

(ml ) Nitrogen(mì )

I

2

3

4

5

6

7

8

9

ta

200

290+

200

150

100

150

100

20

45

7 0+

30

41

LL

?9

32

.59

J.L

.24

,o¿

.80

J.J

1.4

TABLE I4.

ïheoretìcal and actual vo I umes of n i trogen gas

co l l ected in benthic co l l ector, Bo, in each perìod
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l0 percent. Due to the ìarge vrater co I umn under each

surface col lector, the theoretjcal volumes shor.in .i n tables

l2 and 13 lvere large, a lthough in every case the volume

of n j trogen co I I ected was ì arger than the theoretjcal
vo I ume.

0ne possìbiìity vrhich may be consjdered for thjs
varjatjon is solar heat i ng of the surface Iayer of the

pond, theneby caus ì ng Iarger vo lumes of n i trogen to be

released. Thìs possìbì ììty cannot be d j scounted ent.i re ly

sjnce a cont j nuous record of the surface r{ater temperature

is not ava'i lable. However, the possjbì I ìty may be examjned

by observìng from table 9 that the surface and bottom

temperatures recorded for each samp I e coI Iected d'i d not

vary by more than 2 degrees and for I out of the l0 periods,

the temperatures were identjcal. A graph of the max j mum

and mìnimum daily temperatures and measured t{ater tem-

peratures ìs given in figure 12. It nay be seen that
water temperature approximateìy f o I lorvs the air temperature.

It appears unl'i ke ly that sìgnìficant changes in surface

water temperature could have gone undetected over the

ent ire test per i od, so any error due to vrarmìng of surface

water was proba b ì y minìmaì. Another possjbi ì ìty for
error ìs strìpping of atmosphe|i c n i trogen by methane

as descrjbed in section 2.5.5. Hor,¡ever, as noted in section

4.1, on on ly tvio occas ions were sìgnifìcant quantjtìes

of methane detected in the surface samplers so strìpping
by methane would not appear to be an important factor.
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l,lithout data on jnitjal concentrat ions of dissolved nitrogen
gas jn the rar.J influent, these possibjljties cannot be

di scussed further.
Table 14 gives the theoretical volumes of nìtrogen

r.rh ich could have been evolved in the benthìc col lector due

to changes ìn temperature as calculated by equation 21. It
may be seen that these values are small compared to the

actual volumes of n i trogen gas co I I ected. As noted in
sect ion 2.5.5,, Kuznetsov (41) una chun(42) reported sediment

gas composìtions similar to those found in thjs study.
I Lt \Chen''-', using a collection apparatus simì lar to that

used here, obta i ned results sjmi lar to those obtained

here, as may be seen by comparìng tables 2 and 8. As noted,

Chen proved that the n ì trogen gas he co I I ected was produced

from denjtrif j cat i on. Gìven the resu'l ts from these researchers,

plus the point as desc|i bed above, that the theoretjcal
volumes of n i trogen gas evo I ved due to temperature and

pressure changes in the benth i c co I I ector were small com-

pared to the tota I vo I umes co I I ected, it would s eem reasonable

to make a tentat i ve conclusjon that some of the nitrogen
gas co I lected in this study was of bìoìogìcaì orì9ìn. A

more def initive conclusion with respect to that port ì on of
the n j trogen which resulted from den jtr jf .i catjon was beyond

the scope of this investìgation.
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4,3. Rate of N itrogen Production

tstimates of the rate of n i trogen gas production

on an area and tjme bas is may be obta j ned from the results
of these tests by dividjng the sampìe vo I ume by the number

of days in the test per j od and by the bottom area covered

by the co ll ector. The results of this calculatjon for
the benth ic co l l ector are given in table 15. The theoretjcal
n itrogen contrjbution was not subtracted from the total
njtrogen co I I ected in this calcuiatjon due to its small

sjze relatjve to the size of the sampìe. A similar cal-
cu l at ion was performed usjng the resu lts from the surface

co I I ectors but 90,percent of the theoretical nitrogen
evo I ved was subtracted from the actua 1 n i trogen col lected

before the unìt n Í trogen product j on tvas calculated. Thìs

was done jn an attempt to correct for the signìfìcant
.

sjze of the theoret i ca I n i trogen quantjties. The un.i t
n i trogen gas product i on figures for the surface col lectors
are given in tables l6 and 17. Gas vo I umes, after sub-

tract ì on of theoretjcal vo I umes, were corrected to 0oC.

Unìt gas product j on rates are p I otted on a t ime ljne
graph of the test periods 'i n figure l3a. The pond water

temperature is p lotted over the test period ìn fìgure
l3b. The average water temperature over each test period

is pìotted as well as the beginnìng and end i ng temperatures.

It may be seen from figure l3a that the unit nitrogen
collection rates tJere more eratic for the surface col lectors
than the Senth ic co l l ect or but that a pattern is d jscernab'l e
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for the three co I I ectors. The unjt n.i trogen production
rate, particularì ìy for the benth ì c co I I ector, tends to
follov¡ the average water temperature prof ile. The unjt
n i trogen product j on rates and correspond.i ng average period
temperatures for the three co I j ectors are summarized
jn table 18 and p ì otted in fì gure 14. A least squares

calculation to fjt a line to these data poìnts gave a

y i ntercept of 1.5, a slope of 6.g5 and a corelat.i on

coeffjcjent of .56. Using the equat.i on of the least
suqares f itted line for this data, a relatjonshìp between

temperature and n j trogen product j on can be expressed
jn the form shown ìn equat ion Z?.

U = 6.85T + 1.5 ...22
:

unit n j trogen gas product j on rate, mls

per square met er of bottom per day.

water t emp erat u re oC.

r'i here: U =

Twenty sjx data points,or degrees of freedom, were

avajjable to construct the ljne in f ì gure 14. Frornd(57)
states that a corelation coefficient of .423 or higher
is requ j red for ô statjstjcally valid relatìonshìp to
exjst wi th 26 degrees of freedom. Therefore, a stat jst.i ca

relationship can be seen to exist between temperature
and n j trogen gas product j on rates .i n these tests.

As described jn sect jon Z.5,7,Kaplan(49) compared
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sed'i ment gas product i on to temperature and prepared a

curve of hjs f jndings, reproduced in f i gure 5. It may

be seen by compar ì ng this and f i gure l4 that a similar

relationshìp r.ras found in the series of tests descrìbed

here i n. Exact comparjson cannot be made since Kapìan's

data is based on n ì trogen product i on per unit volume

of sediment vrhile f i gure 14 js based upon production

per unit area of bottom, but the shape of the curves

is signjfjcant. In both cases, a straìght ìine relationshìp

wi th a small ord i nate was deve I oped. A greater statistjcal
:

corelation was found by Kap ì an but hjs experiments were

performed under I aboratory conditi ons vrhere greater control

of varj ab les is possibìe.

As noted prevìously, fi gure l3a j l lustrates that

nìtrogen product i on fell essentìal ly to zero ìn the surface

col lectors over peli od 6 and that Sl recovered in period

7 but S2 did not resume production untìì per i od 8. Collector

S2 aiso recorded no product i on in per i od 4. It may be

seen from fi gure l3b that the average pond temperature

fell over peli ods 6 and 7 from a range of between 11

and 15 oC. to a range of between 5 and 7oC. As descri bed

'i n sect i on 2.5.7, Kaplan(49 )obr..u"d a temperature selection

between psychrophyl ì c and mesophyì i c denitrifyers with

âpproximateìy l0oC. being the cross over temperature.

Ihis offers a possibìe explanation for the loss of gas

product ion in the surface co I I ectors in per i ods 6 and 7.

The drop in range of average w¿rter temperature corresponds
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closely to Kaplan's f ì nd ings. If thjs were true, mesophy'ì ìc

denitrifiers were operat ì ng during periods I through 5

and the drop in water temperature over peri ods 6 and 7

ìnhibjted these organ i sms. By period 7, psychrophyì ì c

denjtrjf i ers had started to operate and n itrogen gas prod-

uction resumed. This I eaves the quest i on of why the benthic

co l l ector, wh'i ìe it shov¡ed a drop ìn n i trogen production

over per i ods 6 and 7, did not suffer a comp lete cessation

of gas product i on. The equat j on proposed by nicn(18),

discussed in sect i on 2.4.2,, nay be used to estimate the

sed i ment temperature, Using this equat j on, the estjmated

sedjment temperatures for September and 0ctober can be

calculated as 12.10C. and 1O.1oC. respect ive ìy. presumably

the more constant temperature is due to heat I i berated by

mj crob ia l activity in the sedjment. It may be noted that
the sed iment temperatures est i mated by this method do not

vary as wìdely as the water temperature and nema in above

the l0 to 120C. cross over temperature noted previousìy.

Thus, it ìs possjbje that the benth i c co l l ector provided

s ome insulatìon against changes in water temperature and

allowed mesophy li c denitrifiers to cont i nue producing

gas despite changes in water temperature, This t h eory must

be proposed wi th caut j on but it does prov ì de a plausible

expìanation of the observations. The d rop in nìtrogen
product i on at S2 ìn perì od 4 may have been due to a more

pronounced change jn temperature at this I ocat j on due to

å..,jj
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the sha llowness of the r{ater. Temperature read i ngs were not

taken at co I I ector S2, so this postulate can on ly be given

without further comment.

Rates of denitli f jcatjon from other reseanchers,

expressed as mgs N per square meter of sedìment per day,

are summarized in table 3. N ì trogen gas as mls. can

be converted to mgs N by not i ng that at 0oC. and 1 atmos-

phere pressure, I ml of n i trogen gas contaìns 4.47 x l0-5
moles of n i trogen. This ìs equjvalent to 1.25 mgs of
n itrogen or .63 mgs of monomolecular n i trogen or N. Takìng

a n i trogen gas product i on rate of 70 mls per square meter

per day of n i trogen gas at 10oC . from f .i gure 14, this
calculatìon yields a nitrogen product ion rate of 44 mgs

N per square meter per d ay. The calculatjons to arrive
at this fi gure are gìven ìn append ì x C. It may be noted

from table 3 that:44 rgr N pen square meter per day ìs
higher than that reported by the other workers. Comparison
'i s difficult honever, since these researchers used

Iake bot t om or estuar j ne sed iments which may not be compar-

able to viaste stabilization pond sedjments jn terms of

organ ì c matter or bacter i a i population. Even among the

research summarized, a cons iderabIe varjatìon in recorded

den i tli ficatjon rates was reported.

The resu ì t reported by Sorenson(43 )of 13.8 mgs N

per square meter per day at Z.SoC. js notab I e. The nitrogen
gas product j on rate at thjs temperature from f igure l4
is l9 mgs n ì trogen gas per square meter per d ay. Corrected
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to I atmosphere pressure and converted to mgs N per square

neter per d ay, this equa I s 11.7 mgs N per square meter

per day, whjch is close to Sorenson's fì gure. A comparìson

such as this must be made wìth caut i on due to the limited
j nformat i on about the sjtes and samp I i ng conditions,
but it is notervorthy. As noted in section 2.5.1, no reports
could be found in readì ly ava jlable I i terature of den jt-
rjf icatjon rates jn waste water pond sedjments. Therefore,

beyond the foregoìng comments, further comparison of the

rates gjven in f i gures 13 and 14 wiI I have to atvait the

resu lts of further research.
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4.4. Ammonia Nìtrogen Balance

Influent ammonia nitrogen levels for the S ,lpCC

were obta i ned for September and 0ctober, 1986. 
(51) Arronju

levels wene measured at co I I ector Sl for each sampl ing

per ì od and pond effl uent ammon i a levels v¡ere measured

for samp ìi ng periods 5 through 9. Results from Sl and

the eff I uent tests are presented jn table l0 and these,

along wjth the influent va I ues, are i I lustrated in figure
15.

F i gure l5 i I lustrates that a net remova I of ammonja

occured in the pond duli ng 0ctober. The average ìnf luent

ammonia level wasr 27.9 mg/ I and the average eff 'l uent

level was 24,8 ng/ ì, giving an average reduction of 3.1

rng/ I . The average flow rate through the pond durìng

october \{as 2.6 million l j tres per ¿uy.(51) Th i, flo*
gìves an average ¡nass Ioss of 23.6 Kgs of ammon ì a per

d ay. The average pond water temperature during 0ctober
^ -o^was 8.5-C. From f igure 14, thjs corresponds to a unjt

n i trogen gas product j on rate of 60 mls n i trogen gas per

square meter per day. The area of pond cell number 2

is approximateìy 170,000 square meters. If a un j form

n i trogen gas product j on rate js assumed, this gìves 9,935

Iitres of n i trogen gas at STp, per day. Thjs is stoich-
jometrically equivilant to 15.09 Kgs of ammon.i a lost
per d ay. As noted in sect ì on 2.4.3, pano(25)und Fe..uru(28 )

list loss to sed i ment, uptake of ammonja and njtrate
and njtrjfjcat ion and denjtrif jcation as the potential

t0t
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processes for loss of ammonja in ponds. tquation l7
(Pano's equat i on ) may be used to obtaìn an estimate of

the ammonia lost to volatiljzation durìng 0ctober since

the j nf I uent ammon j a level, temperature and pH are known.

This equat i on gìves an expected eff I uent ammonja concentration
of 26.5 mgll of ammonia. Expected ammonia loss due to

volatjl jzatìon is thus 10.64 Kqs per day for a total
loss due to volat iI ìzation and nit|i fication and denitrif-
ication of 25,73 Kgs of ammonia per day. This js more

that the 23.6 Kgs daily mass loss calculated from inf juent

and effl uent ammon i a levels. However, these cajculations
are based on I imited data and a number of factors could

exert an i nf I uence upon the avai labì I ity of ammon j a

in the pond. The pond influent conta j ned approximately

9 ng/ 1 of organ i c n i trogen (51 ) whìch would furn jsh a

ready source of additjonal ammonia in the pond. Considerable

quantjties of n ì trogen in all forms might be accumulated
jn the pond sedjments and these could be mobjlized at

a rate which cannot be accounted for in the above cal-
culations. The assumption of a un i form and constant

rate of nitrogen gas product ion over the ent i re pond

is open to question and, as may be noted from figure
15, the inf Iuent and effl uent ammon j a I eve 1s ìn the pond

are not un i form over the month of 0ctober. Calculations
p erfo rme d with averages from such f ìuctuating data give

results which must be ì nterpreted with cautìon.

It is neverthe less j nterest i ng to observe that even
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at the relatively low temperature and pH l eve ls over

0ctober, volat iI ization accounted for approximatejy ha lf
the ammonia Iost. This is in contrast to the vrork of

Ferrara (28 )who, as noted in sect ion Z,4.3,asserted that

volati lizatjon p l ayed virtually no part in ammon i a loss

from ponds. Atternpts to obta j n a balance of ammonia

jn a waste stabi I ization pond wouìd be comp I icated by

the fact that organ i sms jn the pond excrete as well as

utilize ammon ia. It $/as noted in sect ion 2.5 that Clostridia
excrete Iarge amounts of ammon ia. Th ere are probably

other organ i sms with simi lar metabol ìsm.

Tests performed by Ismirjmah(38) i nd j cated that

lake sediments re'ì eased ammonìa at the rate of approximateìy

6.7 mgs ammon i a N per square meter of bot t om per d ay.

A release rate such as this would account for the excess

ammonia in the above caiculatìons.
' t\rithout more quantitjve jnformatjon as to the contrib-

utjon of these factors to the ammon i a leveìs in the pond,

a calculatjon such as the one presented above can only

be used as a f irst estimate of the gain and loss of the

compound in the pond.
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4.5, Results of pH Determination

The pH of the pond was mon itored in each samplìng

per j od and the results are shovrn in table 9. The pH

of the pond rose over the test period but the tota I ri se

of .6 pH units was too small to al'l ovr any corelation
to be made between pH and n i trogen gas product i on. The

i nf I uent pH fluctuated between 7.3 and 7.7(51I and the

maximum d i fference in pH betrveen the pond and inf luent

values during the entire test period r\,as .5 pH units.
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4.6. N i trate and Denitrif ication

N j trate leveìs were determj ned in the pond water

adjacent to co I I ector Sl ove r the ent i re test per'i od

and in the eff luent for per j ods 5 through 9. These are

given in table 10. Inf j uent n j trate levels did not exceed

.04 ng/ ì at any time during the 2 month test perio¿. (51)

A nitrate test r,las run on City tap water, using the same

apparatus and reagents used for the pond tests. No

observab l e var i at ion occured in the base l ine of the

plotting paper from the autoanalyzer. From this, it
may be assumed that the background level of n itrate jn

Cìty water was too low to effect these readings.

A test was performed to determi ne statisticaì parameters

for the autoana ìyzer. Ten rep I i cates of .025 mgl 1 nìtrate
standard, all from the same standard preparat i on, were

run consecut ì ve ly using the same reagents and without

adjusting the apparatus. The var i at ion between any of

the 10 peaks obta ined was less than the thìckness of

the pen trace. From this ìt may be conc I uded that any

errors due to apparatus ìn this determi nat ì on are too

small to be accurate 1y measured. Average n i trate levels

for 0ctober, in the pond and in the eff luent were .06

mg/1. The low nitrate readings, along wj th the relativeìy
hìgh ìevels of ammon j a, might indicate that nitrif ication
was e j ther not occur i ng or occuri ng very slotvly. This

would be in keepìng wìth cons iderat ions djscussed jn

section 2.4.2that I imited nitrìfication occurs ìn facultative
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ponds. Hov/ever, it is also possible that nitrjfjcatjon
was occur i ng but the nitrate f orrned was lost almost as

rapìdly as it was formed. The v¡ork of severa I of the

researchers di scussed in section 2.5.4 indicates that nitrate

disappears rapìdìy from sediments under anox i c conditions

and that n i trate accumu l at ion does not occur. Another

possibììity which can on ly be put forward as an hypothesis,

is that the nitrif icat i on react i on is not allowed to

proceed to completion. As shown in equatìons 3 and 5,

nitrjte js the intermed i ate product of both the nitrif-
icatjon and denitrif jcation reactions. The obv i ous questìon

ìs whether the denjtrifyjng bacteni a use the nìtri te
produced by Nìtrosomonas d i rect ly and the reduct i on to

n i trate and subsequent ox idat j on back to nitri te is bypassed.

llti thout additìonal ev i dence, th'i s questìon can on ìy be

put forward wi thout further discuss ion.
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4.7 . I'lethane and Loss of Carbon

The quantjtjes of methane gas co I I ected during these

tests are worthy of further comment. As descr ì bed above,

methane was found in signif i cant quantìties in the benth jc

collector jn all test perjods but was on ìy found in any

quantjty in the surface col lectors when the pond r,ras

anaerob i c. Severa I researchens have asserted that the

escape of methane gas f rorn benth jc sediments is a pathway

by which carbon may be removed from ponds wi thout 'i ncurli ng

oxygen demand. 
(18'42) Ho".u.r, as descrjbed in section

I ?1ì2.5, R e e b u r g h ' " " f o u n d no methane in water over sedjments

and a similar situation would appear to have occured

here. It r,ias also noted that methane can be used as

an energy source under aerobic condìt ions. Ihese fìndìngs

would i nd i cate that methane formed in benth i c sediments

does not escape rêad i Iy to the atmosphere and may not

prov j de as I arge a carbon sjnk as is believed.
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4,8. Nitrogen Transformat jons

Alternating periods of aerob i c and anoxjc condit ions

are the basjs of advanced wastev/ater treatment processes

for waste water treatment and nutrient removal. (10) ln
these processes, a per j od of aerob ì c growth of nitrjfiers
for conversion of ammon i a to n i trate is fol lowe d by an

anox i c per i od for denitrification of n j trates to nìtrogen

gas. In eng j neered treatment processes, a carbon source

usual ìy is requ i red to prov i de carbon for the heterotrophic

den ì tri f iers. Methano l js often used for thìs source,

although considerable research has been devoted to f inding

a I ternate carbon sources. ( t, to,15,16,17)

In section 2.5.4, jt was noted that facultative ponds

undergo alternatìng aerob i c and anaerob i c per j ods on

a diurnal bas js(18) and due to vli ndy and calm cond'i tions. (38
:

it can hard 1y be 'expected that organ ic carbon woujd be

I imjted in a waste stabilization pond receìving domestic

sewage. Thus, it is possible that a form, wh j le crude

and uncontro lI ed, of the aerobjc/anoxjc nutr i ent remova l

process is operat ì ng ìn facultatjve stabi lizatjon ponds.
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CHAPTTR 5

CONCLUSIONS

The foì ìorving conclusions may be dnavrn from the resu.ì ts
of the tests and ana lys i s penformed in thìs study.

Njtrogen gas was being produced .i n the pond during
the study per i od. ïhe iarge excess of nitrogen found over
theoret i ca I quantìties released due to temperature and

pressure changes is ev i dence that n.i trogen was being evolved

from another sounce.

Test results from thìs study were s.i mjlar in terms

of gas compositjon and gas product i on - temperature relatjon_
shìps to the results f rom other ìesearchers v¡ho have proven

that denitri f icatjon was occur ì ng, 0n the basis of thjs
plus the excess n i trogen found here, a tentat i ve conclusion
may be drawn that biological denitrification was the source
of at least some of the exces s nitr"ogen gas collected.

The fact that the volumes of n ì trogen gas collected
in the surface and benthic col lectors were within the same

order of magnìtude on a unit area bas.i s and not on a vo lume

of water under the co I I ector basis would indicate that
the n j trogen gas co I I ected is re I ated to bottom area and

not to water vo I ume. Therefore, the benth.i c sediment appears

to be the source of the excess n i trogen col lected.
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The product

to be related to
shìp:

ion of nìtrogen gas jn the pond appears

average water temperature by the relat.j on_

U = 6.85T + I

where: U = unìt nitrogen gas production, ml Xr/m2/aay

T = temperature oC.

The changes in other parameters mon i tored over the
test per ì od: pH, ammonja and njtrate were too small to
alìow any conclusjons as to the effect of these factors
upon n itrogen productìon.

The collection of rnethane in the benth i c ccl lector
proved that anaerob i c bacter j a I act ì on was occuring in
the bottom sed jment.. The fact that methane was on ìy coìlected
in the s urface co I I ectors under anaerob i c conditions rvould
j nd j cate that under aerob j c conditjons, ì arge quantìties
of the gas do not reach the surface and escape to the atmos_

phere. Th is, together with a s jm.j lar f.i ndìng by another
researcher would indicate that the theory that methane

formatjon is a major carbon sjnk .i n stabj I.i zation ponds

should be reexamined.

Ihe results of this study prov i de, whììe not absolute
proof , at least strong evidence that denjtrjfjcation
wâs occur ì ng in the pond stud i ed. They also provide
a relation which may be used, tv.i th caut.i on, to predict
the rate at rvhich the react.i on occurs dependent upon

22
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temperature. It vras noted in the I.i terature rev.i evi that
inf or"mat jon as to th.i s process and jts dynamics .i n ponds
has not been read i ìy avajlable heretofore. If , by assembìing
thjs 'i nformat j on, thìs study has prov i ded another step
toward a greater inderstand.i ng of a sys t em for protection
of our env i ronment, jt rvjll have been worth the t jme

and effort expended,
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CHAPTER 6

RECOMMENDAT I ONS FOR FURTHER I,IORK

The resu I ts of the v/ork described in this report raise

a number of po ints which could benef it from further research

A brief summary of these 'j s as fo I I ows.

This work stnongly i nd icates that biogenìc nitrogen

gas is produced in facultative ponds but ther"e is stìll
some quest i on as to the pnoport j ons of biogenic and

atmospherìc n ì trogen jn the samp I es collected. The best

e st i mate possible under the c j rcumstances was made in

these tests but decisìve p roof of the origìn of the nitrogen

was not possjble. Further studies, using such techniques

as i sotop ic n i trogen trac ì ng, n ì trogen-argon analysis

or acetyl ene jnhjbjtion to seperate and quantjfy the

orìgin of the n i trogen gas uould help to reso l ve this
question and prov i de more accurate data upon which to

quantify the process.

It is clear from both the I iterature revievi and

the test results that our knowledge of the n i trogen cycle

in waste stôbilization ponds is not complete. Further

r./ork is needed to elucidate the mechan i sms of transformation

of alI forms of n itrogen, part icu l ar ìy the inorganìc

forms, ammon ia, nìtrìte and other intermedìates. The

mechan j sm of njtri f ication in ponds needs more study,

in particular the rate and condìtions under which it
1lJ



does or does not occur.

Further r,¡ork on the dynamics of sediments in ponds

would be he lpfuì. C h a r a c t e r i z a t i o n of stabi I ization
pond sediments and lake, rìver and marjne sedjments rvould

allow a more mean i ngfu ì comparì son of the resu lts of

tests such as those descr i bed here i n and the work of

other researchers in other d'i scìpl jnes.

The mixing of facultatìve ponds and their benthjc

sedìments due to stratification and wave turbu lance

requ ì res more study. It appears from the available infor-
mation that these forces play a significant role in nutrjent
cycling in natura I wat er s and a better understandjng

of these phenomena in stabi l izatìon ponds r,rou ìd heìp

to solve a problem wh ich, as not ed, has ì mpeded the

development of rel iable design procedures for these ponds.

Furthen work on the evo lut i on of other gas es is
needed. I nformat ion on the orìgin and fate of methane

would be particuìarìy heìpfuì, 'i n view of the fact that
it is present ìy used as a parameter in the des i gn of

stabi lization ponds. Research to quantìfy the rate of
product j on and, equa I ìy ì mportant, the rate of loss to
the atmosphere of methane, v¿ould be a signifìcant con-

tribution to our understand i ng of the stabi ljzation
proces s in facultatjve ponds.
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APPENDIX A.

Calculation of 95% conf idence limits for sum of gas

ana ìys i s ìn gas chromatograph.

Ten samp l es were injected consecutive ìy from a sam-

pìing tube filled wi th n i trogen and methane from laboratory

gas cyì i nders. Results as fo I I ows:

lnjection

I

¿

4

5

6

7

B

9

l0

total
97

97

97

98

104

95

100

100

t0l

97

ï = 98.6

S = Z.bJ

Anaìysìs %

Nitrogen Methane

5¿

5¿

56

51

54

54

EE

53

45

45

45

45

48

44

46

46

46

44

Test of whether this

ri bution, Plot on norma l

approx imates a norma I dist

probabiììty graph paper.
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Range no. range total number accumulated

of t|i als percent

00I

¿

J

4

5

6

7

8

9

10

94

96

98

100

102

104

106

l0

50

60

BO

90

t 00

A plot of ranges 2 through 7 is shown ìn f igure

41. An approx ì mate stra ì ght iine can be drawn, with

the 50 percent iì e point passìng through 98.6. For a

popu ì at ion of 10 samp I es, use a Student distrjbution.
(Fround, p.204)*

u = x = t.OrU S where n = l0
Jt

for n = 10 - I = 9 degrees of freedom, t.OrU = 2.262

(Fround, p.306)

t .'o. __S_ = 2.262 2.63. vLJ _Jt /10'
= 1.88

So, 1.88 percentage points is the 95% confidence

I imit for the apparatus and procedure.

* Fround, J.E. Statistics, A First Course Prent i ce Hall,
197 0
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APPENDIX B.

Derivation of an expression to estimate the volume

of gas to come out of solutjon due to changes jn temp-

erature and pressure,

l.) Henry' s Lavr:

P =Hxqm
where: P^ = partjal pres sure of gas, atmospheres

q

H = Henry's law constant

xm = equilibrìum mole fract i on of gas in

solution

Rearang'i ng:
Dx = 'om .------r-

H

Part ia ì pressure of a gas in a mjxture is equal

to the tota l pressure tìmes the percent composìtion of

that gas: DaIton's I aw. (Sawyer , p.Zl) ( t)A .hung. in
tota l pressure, assuming the percentage composìtjon of

the gas mixture does not change, therefore, br ì ngs about

a proport ì na I change in partia l pressure.

Henry's lar,¡ constant, H, ìs dependent upon temperature,

Tab I es of Henry's law constants are avaj ìable. (Perry)(2 )

Thus, for a change in pressure and temperature:

^ml - 'ql

'and:
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D"nz 'q2

,-

where: xrl = initial mole fract i on of dissolved
gas.

x^, = final mole fraction of dissolved gas.

P = initial partial pressure or % of gasq1

times .i nitjal tota i pressure.

PO2 = f inal partiaì pressure or % of gas

times final tota ì pressure.

Hr, = HenrJ's law constant at initìaì temp-

erature.

Hr, = HenrJ' s ìaw constant at f.i naì temp_

erature.

The d j fference in injtiaj and fìnaì equil.i brìum
l

mole fract ions in solution would be:

n = xml - xnz

where: n = change .i n moles of gas due to changes

in tempenature and pressure.

0ne litre of water contains; 1000 = 55.56 g-moìes.
18

So: (xr, - xn.-) 55.56 = difference, in moìes per'ì itre,
of gas in solution due to changes

in pressure and temperature.

(Metcalf & Eddy p.zts)(3)

The ìdeaì gas ìaw:

PV = nRT
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v/here: P = pressure in atmospheres.

V = volume of gas, in litres.
n = number of moles of gas.

R = .082 L-atm./mol-oK.

T = temperature, oK. (oc. + zz:)

Rearranging:

V = nRT

P

substituting n for change in number of moles of

gas per litre (above):

Vl = ((*rt x,nr) 55.56) .082 T

P

vo I ume of gas

i n temperatur

o convert lit
.55.56 .082 T

P

on 21 appears on pa

v

'l

e

b

I

t

er

v

X
m

ua

h

I

I

q

Mu lt ì p

I

\
E

'l

to3 t

- *m2 )

released due to changes

e and pressure, l itres.
res to miIIil iters.

L^J
I x 10- mls/litre .,..... 21

ge 80.
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An examp I e of a calculation usìng Equatjon 19.

For per ì od 2 (Sept. 8-11), col lector Sl.

Proport ion of n i trogen: 85% (table 6. )

Initiai temperature: l3oC. (ta¡le 9.)
fìnaì temperature: l6oC.

Max j mum pressure durìng perìod: .97 5 utr. (4)

Mjnimum pressure dur ì ng per ì od: .966 atm.

At l3oC. , Vapor p.essure of water V-,, ^ = .014 atm.

At 16oc., vapor pressure of water t::': = .019 atm.

At l3oc., Henry's law constant rr. t'itf;"n.r, HNz

is: 69,900 atm/mole fraction.(2) 
l3

At l6oc. Hr\2 = 75,120 atn/mole fraction
16

So: for N itrogen: P

P

And: x mt .817
69600

.85 (.975 - .014) = .817 atm.

.85 (.966 - .019) = .805 atm.

.174 x l0-5 moles

ql

q2

xnz = .805 = 1.072 x l0-
75120

xml - xm2 = 1,022 x 10-6 moles

F
mo I e s

Average pressure on Sept. ll: .g6A atm. (4)

As s ume gas saturated lvhen col lected.
So: collection pressure: .968 - .0'l9 = ,949 atm.

temperature: l6oC. = Z89o K.
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So: n ì trogen gas off is:

-R 2
V = 1.02? x l0-" x 55.56 x .082 x 289 x l0'

.949

= 1.418 mls./liter of nitrogen

The area under the co I I ector St is .1018 m.2

The water depth is approxìmately .9 m.

So: volume of water column is : .9 x .1018 = .0916 m.3

,0916 m.3 = 91.6 litres, round to 92 litres.
So: theoret i ca I vo I ume of gas off js:

92 x 1.418 = 130.46 mìs., round to 130 mls. of nitrogen

The value 130 mìs. appears 'i n row 2, column IV of

table 12. (page 81)
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APPENDiX C.

Conversion of n i trogen gas to monomolecular nitrogen.

1 mì. N" (or anv qas) at 2730K. and I atm. pressure:
Z

PV = nRT

n = P!
RT

= I x .001

.082 x 273

= 4.467 x l0-5 moles

I mole of N, = 28 grams.

so: 1 ml. Ne = 4.467 x l0-5 x 28 = 1.251 x 10-3 grams

or 1.25 miììigrams N.
The molecular weight ratjo of n j trogen gas (Nr)

to monomolecular n ì trogen Ís 28 or ,5, therefone, 1.25 mgs.

14

equa ls 1.25 = .625 mgs. N

2'
For a nitrogen gas product i on rate of 70 mls/rn2:

70 mls NZ = 1.25 x 70 = 87.5 mgs N2

87.5 mgs Nr = 87.5 = 43 ,7 or 44 mgs N/m2lday
,

CI


