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ABSTRACT : .

&

This work examines the relationship between dis-
solved oxygen level and é£e nitrification process in mun-
icipai wastewaters. Carbon removal, chemical oxygen demand
removal and sludge viability were alép investigated.
Parailel bench scale continuous activated sludge reactors "
.operating at dissolved oxygen levels gf approximately
2 mg/1 and 8 mg/l were used.
| The h{gh dissolved oxygen level sludge produced
significantly more nitrate ﬂitrogen and exhibited signi-
ficantly gréater nitrification rates overall. The nitri-
fication rate difféfenﬁial ‘increased with‘témperature. .
The nitrification rate appeared'to be more sensitive to~
temperature and sludgzage at ﬁhe highef dissolved oxygen
level. -

Significantly greater overall TOC-reduction and
TOC removal rates were observed at’ the high dissolved
oxygen -level although no one set of éxper imental condi-
tions exhibited a signifibant difference at the 99%
confidence level. ﬁo significant difference in effluent
COD quality or removal rate.was observed.

There was a significant,aifference at the 95%
confidence level if unit ATP levels, iﬁdicéting that the

high dissolved oxygen level sludge may have been more

viab.lf.a/ 4
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1.0 INTRODUCTION

1.1 GENERAL

The sixth decade of the twentieth century saw an
upwelling of concern for the natural environment by the
populace of the Western World. Protection of the air,

land, and water became national imperatives, especially in
*

Canada and the United States. When translated into the

specific realm of municipal wastewater treatment, these

‘concerns focused on the removal of nutrients and on the

improvement of existing treatment technology.

Prior to the 1960's, conventional wastewater treat-
ment had three primary objectives:

l. removal of suspended matter,

2. reduction of carbonaceous oxygen. demand, and

3. elimination of pathogenic organisms.
To these three objectives now was added the removal of nit-
rogen and phosphorus. The need for the removal of these
two ﬁutrients haswbeen based upon the following:

1. both nitrogen and phosphorus contribute to the

eutropﬁication of rivers, lakes and streaxlp\s}/7
'2.  ammonia nitrogen is toxic to both fish and
human beings, a

3. ' nitrate nitrogen is toxic to human beings, es-

pecially infants, ' '



3=

4. ammonia nitrogen exerts considerable oxygen de-

mand on receiving waters,

5. ammonia nitrogen exerts considerablé chlorine
demand which affects the cost of water and
wastewater disinfection by increasing both
chlorine requirements and contact time, and .

6. ammonia nitrogen causes corrosion of copper

fittings.

Phosphorus removal has proven to be relaﬁively
easy and economical to accomplish. Many existing activa-
ted sludge plants now carry out phosphorus removal eco-
nomically‘and most new treatment plants incorpprate it.

nNitrogen removal, howeveY, has not been as easy,
nor -as inexpensive to accomplish. Nitrogen occurs in
many cﬂZmical forms‘in‘raw muniéipal sewage: in organic
compounds in various valence states; as ammonia which is
the predominant form; as nitrites and nitrates, although
these are usually present in very small concentrations.

This multiplicity of chemical forms makes efficient re-

moval of nitrogen difficult. Three methods of removing

nitrogen from municipal wastewater have'received consid-
erable investigatioh:

1. air stripping of ammonia,

2. ion-exchange removal of ammonia, and-

3. biological mnitrification-denitrification.



0f these, biological nitrification~denitrification has
usually proven to provide the most economical and prac-
tical solution.

r s

Biological nitrification-denitrification is a two
step -process. The first step, nitrification, involves
the aerobic production of nitrate—hitrogen from ammonia-

nitrogen by the autotrophic bacteria Nitrosomonas sp.

and Nitrobacter sp. The second.step, denitrification, in-

volves the reduction of the nitrates to nitrogen gas. De-

nitrification is carried out anoxically by a wide variety

-
L]

of facultative heterptrophic microorganisms. In this
research, investigation has centered on the first stage
of this process,‘nitrification.‘

Union Carbide Corpération‘developed a new method
of producing pure oxygen in the early 1960's. In seeking
uses for this method, pressure swing adsqgrption, they
decided to investigate the use of pure oxygen in munici-
pal sewage treatment, a field’ first investigated by Okun
(1948). Thé result has been the UNOX system.

The UNOX system has. been a contreoversial subject
since the first full scale’re§u1ts were Yeported by
Albertsson et al (1970). The supporters of utilizing
pure oxygen for aerating suspended growth activated sludge’
processes claim that the following major advantages accrue
because of the use of pure Bxygen:‘h

1. a more active microbia;'méjf,

2. enhanced settling characteristics, and

-3-
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3. lower excess solids pgpduétion cempared to air

v

activated sludge sysgéqs.

In addition, the volumetric utilization of the aer-
ation tank will bé Higher as a higher MLSS concentration: .,
can be carried compared to air systems (Wilcox and Thomas,
1974). '

Other researchers state that there is no basic
microbiological‘aifference between air and oxygen acti-
vated sludges. Any differences which appear to favor the
oxygen ‘system are due to physical manifestations éf oper-
ational characteristics of oxygen aeration systems, such
as lower mixing intensities and higher sludée ages.

The efféct of qisgolved oxygen level on nitrifica-
tioﬁ is also controversial. Okun (1949), in his firét
experiments with the bioprecipitation process reported
that highgr oxygen 1eveis_enhanced nitrificationé‘ Le-
wandowski (1974), reported less nitrification at higher
dissolved oxygen concentrations. Both Albertsson et al
(1970) and Haug a;d McCarty (1971) report no diffqrences

in nitrification with changes in dissolved oxygen tension.

4

- “

1.2 OBJECTIVES

.

-

In this work, parallel bench-scale suspended growth
reactors were used to-investigate the effects of dissolved

oxygen upon a number of parameters in the activated sludge
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sy8tem. The ten litre reactoﬁé, located in a temperature
controlled room, were fed degritted raw sewage. Sludge
age was used as the major operational parameter. A mix-
ture of pure oxygen and argon wa; used as an aerating
gas with,?dditionai mixing being provided by‘threp~three—
bladed pr;Eelleré)in each reactor. Clarification was in-
tégral within each reactor. ‘
A The major objec£ives of this research were:
1. to determine if an? difference in nitrifying
. ability can be attributed to differences in
dissolved oxygen level,

2. to determine if any difference in removal of .
carbon’ (TOC) or oxyéen demand (COD) can be
attributed to-the difference in oxygeﬁ ten-
sion,:a;d .

3. to determine if any difference between the

+ viability of the activgted sludge, as measured
by mixed liquor volatile suspended solids or
adenosine triphosphate is attribuuablé to di;-
solved oxygen level. .
Equipment employed and oﬁerational prééedures.are
;resented in Appendix A. Analytical procedurés and
statistical procedures are given in Appendix B and C
resbectively, while analytical resul%s are presented in
-,

Appendix D.

N
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2.0 LITERATURE REVIEW

N

2.1 NITRIFICATION

2.1.1 General

Webstex's New Collegiate Dictionary defines nit-
rogen as a "colorless, tasteless, odorless gaseous element
that constitutes 78 per cent of the atmosphere by volume
and occurs as a constituent of all living tissues in com-
bined. form". Nitfogen has received considerable attention‘
by chemists since its discovery? partially because of its
preponderance in the b}osphere and partially because of
its complex chemistry.' .

Nitrogen has seven valance states (see.Figure*l)
and thus appears in a wide variet§ of chemical compounds
whﬁch vary widely in form and physical and chemical attri-
butes. This work is particularly concerned with three of
tﬁe dnorganic forms of nitrogen: ammonia, nﬁtrite and
nitfate, and the microbiofogical transformation of am-

~

monia to nitrate and nitrite.

2.1.2 The Microbiology of Nitrification

Figure 2 illustrates the various processes mediated
by microorganisms in the transformat&on of nitrogen and
shows species usually associated with each reaction.

The aerobié transformation of ammonia nitgogen to

nitrate nitrogen is termed nitrification and is carried

- \
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olit by a small group of organisms known as nitrifiers.
Several genera have been identified as nitrifying bac-

teria, on the basis of morphology and the particular

_.steps in the oxidation sequences they carry out. (Table 1).

It is likely that these genera are not.all closely re-

+

lated, (Brock, 1970), but they have been traditionally

classified into one group because of their unique auto~

. trophic way of life.

Painter (1970) found that a small number of het-
érétrebhic fungi oxidize ammonia to nitrite and that a
smaller number produce nitrate. He also reported that a
large number of heterotrophs, mainly soil fungi and bac-
teria, convert ammonia to nitrite or nitrite to nitrate.

Haug and McCarty (1971) stated that Eylar and Schmidt

(1959) found that Aspergillus flavus was able to form
limited amounts of nitrates. Doxtoder and Roviera &}96@)
and Schmidt (1954) also reported nitrate production by

L
this fungi. Fisher et al (1956) and Quastel and Schole-

field (1949) reported that a limited number of heter-
otrophic organisms can nitrify but that none possessed the

ability to produce the concentration of nitrate or nit-.

‘rite produced by the Nitrobacteraceae.

Painter (1970) expressed doubt that Nitrosospira sp.,

Nitrosocystis sp. and Nitrosogloea sp. actually nitrify.

Anthonisen et al (1976) stated that Bleed et al (1966)

gidentified seven genera of autotrophic nitrifying bac~



JTABLE 1. * NITRIFYING BACTERIA*

GENERA /a\ GRAM STAIN, MORPHOLOGY |

.- Ammonia Oxidizers

Nitrosomonas sp - polarly flagellated
‘ rods
Nitrosococcus sp + non-motile coccus
Nitrosospiras sp- - spiral shape
Nitrosocystis sp - ¢ polarly flagellated;
. ‘ cysts formed N
Nitrosogloea sp - - coccoid; aggregate
into encapsulated
clumps
,\/
\ Nitrite Oxidizers
Nitrobacter’ sp - ? polarly flagellated
- rods
s Nitrocystis sp - encapsulated rods
: aggregating into
clumps-

* After Brock (1970)

-10-
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teria but that Nitrosomonas sp. and Nitrobégter‘sp. are

responsible for most natgﬁil%y occuring, nitrification.

In the waste-treatment literature the procesg of
Nitrification is commonly ascribed to these last two men-
tioned bacteria genera although no identification is
qually carried'dht. Qpis praétice has been followed

in this thesis.

\

2.1.3 Kinetics

A Michaelis-Menton or Monod kinetic model is fre-
quently used by researchers attempting to describe the
rate of bacterial growth and uptake of substrate. This

model is usually presented in the form:

aF _ “w¥X® (1)
dt Ks+5 ’

-

wherex dF is the rate of substrate uptake per unit
a volume with respect to time,
u is‘the,maximum rate of substrate uptake
per unit weight of microorganisms,
X 1is the concentration of microorganisms,
KS iz{the half velocity coefficient, equal{y
'to the substrate concentration when
dF
at
- s is the concentration of substrate.

=H 1/2 uI‘“y and

Equation (1) reduces to a zero order model with
respect to substrate if S>:>Ks and to a first order model

if S<£Ks. Most authors have found the two nitrification

-11-
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- ' rea&tions to follow zero order kinei}cs‘in activated
sludge systems (Table 2)- gongf/pedelé based on their
obéervations, have hadyx9 values;in the order of 0.5 to
f2.0 mg/l. In domestic sewage q&%atmeﬂt where S (i.e.
NH4) concentrations are approxigi ely 20 mg/1, S>:>Ks
and the Monod model reduces to 6/22?6 order e%pression.

Nitrif%cation purportéglyfis carried out by two

differemt organisms; Nitrosomgnas sp., which.oxidizes |

ammonia-nitrogen to nitrite-nitrogen; and Nitrobacter sp.,

i
which oxidizes ﬁ&trite—nitrogen to nitrate-nitrogen.
& -

*

The respective reactions are:

nE,T + 2 0, Nitrosomonas sp. (NO,” + 2 HY + HO (2)
s Y29% > N9, 2

- v

- 3

- l .
NO, + 3 O, Nitrobacter SP. 3 NO, ‘ (3)

The energy }eleased in these reactions is used
by the. pbacteria ih cell maintenance and growth.
If bacterial cell composition is assumed to have

the formula C5H7N02‘the’autotrophic assimilation reac-

tion can be written as: )
e + + &
NH, + 2 H20 + 5 coz-————a H + 5 0, + C5H7NQ2 (4)

The overall equations for the formation of Nitro-

somonas sp. and Nitrobacter sp. were given by Haug and

McCarty (1971) as:

Nitrosomonas sp.

+ . .
29 NH, + 37 0, + 5 CO, —>

- + - N ,
28 NO, + 57 H + 26 H,0 + C.H.NO, : / (5)




/ \
TABLE 2
KINETIC MODELS
/ .
Author ) System Description¥

Zero Order

Bishop, Heidman and Stamberg (1974) Batch and continuous
bench scale and contin-
uous pilot scale on
domestic wastes

Jenkins (1969) Pilgt and £full scale
- on domestic waste
Poduska and Andrews (1974) Continuous bench scale’
on synthetic waste
Sawyer et al (1973) : Pilot scale on domes-
il . tic wastes
Sutton, Murphy and Jank (1975) ~~ Pilot scale on domes-
® tic waste
Wong-Chong and Loehr (1975) " Bénch scale on synthe-
tic waste (enriched
© culture of nitrifiers)
7—.—.-—\\.;
Wilson (1976) Pilot scale -on domestic

waste {rotating biolog-
ical reactor)

N

_First Order

Adams (1972) - Bench scale on indust-
o rial waste high in NH3
Anthonisen et al (1976) Bench and pilot scale
. on domestic dnd agri-

. cultural wastes
Stover and Kincannon (1975) Bench scale on synthe-

tic waste (rotating
biological contactor)

-13-
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TABLE 2 cont'd.... %
t
Monod

Lijklema (1973) ~ Literature data in
computer modelling

* Mixed culture, suspended growth reactor unless other=

wise noted.

prRpe
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and

Nitrobacter sp.

- + .
96 NO, + 43 0, + 5 CO, + NH, + 2 H,0 —>

+ , -
96 NO5 + H + CgH.NO, (6)
Stankewich reported these equations as:

Nitrosomonas sp.

+ .
55 NH, 76 O2 + 5 CO2 >

- +
54 NO, + 109 B + 52 H,0 + C5H7N02 (7)

Nitrobacter sp.

5 CO2 + 400 NO2 + 195 O2 + NH3 + 2 HZO _—>
.

C5H7NO2 + 400 NO3 (8)
Stankewich's equations (7 and 8) result in lower

yieid values than do Haug and McCarty's (4 ;nd 5):

0.114 mg Nitrosomonas sp./mg NH4+ oxidized versus 0.216

mg/mg and 0.015 mg Nitrobacter sp./mg NH4+ oxidized ver-
sus 0.063 mg/mg but all these values are within the
range reported in the literature (Table 3). The signi-
ficant point to be noted is that the yield values for
both organisms are much lower than those reported for
heterotrophic organisms. The iﬁpact of these“low'yield
values is reflected in the minimum sludge ages required
fo maintain nitrification. |
Equations 1 and 2 show that 3. 43 mg of oxygen are

requlred to oxidize 1 mg of ammonia- nltrogen to nitrite-

s —v—q—.—,—w—- ———p— N ’
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' TABLE 3

YIELD COEFFICIENTS FOR NITRIFYING BACTERIA*

Author

Yield Coefficilent

(mg cells/mg N oxidized)

Nitrosomonas Ssp.

Baas-Becking and Parks (1927)
Skinner and Walker (1961)
Nelson (1931)

Loveless and Painter (1968)
Winogradsky (1949)

bowning, Painter and Knowles (1964)
Meyerhof (1916)

Hofman and Lees (1952)

Downing, Tomlinson and Truesdale (1964)
Lawrence and McCarty (1969)

" Downing (1968)

Knowles, Downing and Barrett (1965)
Haug and McCarty (1971Db)
Stankewich (1972)

/

Nitrobacter sp.

Lees and Simpson (1957)

Boon and Laudelot (1962)

Gould and Lees (1960)

Baas-Becking and Parks (1927) -
Lawrence and McCarty (1969)
Knowles, Downing and Barrett (1965)
Downing (1968)

Meyerhof (1916)

Haug and MecCarty (1971b) *
Stankewich (1972)

i

0.054
0.06 .
0.13
0.04 - 0.1
0.06
0.05
0.05
0.068
0.05
0.29
0.05
0.05
0.29
0.114

0.02

0.02

0.04 - 0.07
0.019

0.084

0.02

0.02

0.06

0.084

0.019

% after Painter {1970)

and Stankewich (1972)

~-16~
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» nitrogen and 1.14 mg of oxygen is(§eguired to oxidize
1 mg-of nitrite-nitrogen to nitxatéynitrogen foxy a total
amount of oxygen required of 4.57 méwgér mg of onia
oxidized. However, some of the oxygen-is acquired:

. from the fixation of co, which results in an overall ¢
oxygen demand of 4.35 mg per mg of‘ammonia oxidized.
Wezernak and Gannon (1962) and-Montgomery ‘and Borne (1966)
regorted experimental values of 3.22 and 1.10 respec~

/ tively. This high nitrogenous oxygen demand is one

reason for removing nitrogen from wastewater.

A
»

- L 2.1-A Temperatufe Effects
' )

M

L]

The activity of both Nitrosomonas sp. and Nitre-~

bacter sp. is very temperature sensitive and most au-
thors examining biological nitrification have attempted
| N . N &

to model the effects of temperature. Tables 4,5, and 6

list ohserved Monod half velocity constants, substrate ™
. ) ¢
utilization rates and maximum growth rates' respectively.

. , / -
- Painter (1970) reported that little if any growth

¢

of Nitrosomonas sp. takes place below 5°C. ’he lower

Y

temperature limit of Nitrobacter sp. is reported to be )

% . \g°c by Nelson (1931) and 4°C by Deppe and Engel -(1960).

., Most authors report an Arrhenius type relation-’

1 | - ship between nitrification rate and temperature. Stan-

kewich (1972) reported that many authors havg‘utiliZed

-17-




TABLE 4

EFFECT OF TEMPERATURE ON MONOD HALF VELOCITY CONSTANT (Ks)

‘ . N Ks - . Tem€§é?ture * Reference
Nitrosomonas
. 1.0 mg/1 20 © -+ Lijklema (1973)
8.0 mg/1 ' 29 Lijklema (1973)
10.0 mg/1 30, ‘ Hofman and Lees (1953)
. : 3.5 mg/1 25 Ulken (1963)
1.0 mg/1 20 - Loveless and Painter (1968)
¢ 1.0 mg/1 Haug and McCarty (1971)
Nitrobactexr ) )
- 6.0 mg/l 30 ' Lees and Simpson (1957)K
5.0 mg/l1 - 28 - ' Gould and Leés (1960)
’ 8.4 mg/1 32 Laudelot and Van
X Tichelen (1960)
5.0 mg/1 25 ) Ulken (1963)
| TABLE 5 °

[

EFFECT OF TEMPERATURE ON SUBSTRATE UTILIZATION RATE (k)

k Temperature . Reference
; mg-N/hour/gm MLVSS (°C)
| 0.66-1.75 ' 15.5 Bishop, He;dman and
Stamberg (1974)

3.45-3.96 25.0 Ibid” )

3 4.58 | ‘ © ' 27.0 Ibid ,

- 5.00 26.5 Ibid

0.5-6.0 (avg. 1-5) ~ 15-20 Painter and Jones (1963)
0.6 o Jenkins (1969)

/r18=

i
L
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the following modified form of the Arrhenius relationship
for a limited temperature raﬁge:

!
A _A  x(T-15) '
U, = ;g€ (9)
where:‘G}.is the maximum growth rate at T°C,
A
15

is the maximum grd@th rate at 15°C, and
x is the coefficient.

. "X" for Nitrosomonas sp. was reported by Knowles,
.Downing and Barrett (1965) to be 0.095 and by Jenkins

(1969) to be 0.116. The most commonly reported value
%

was 0.12 (Downing and Knowles, 1966; Carlson, 1970; "
Downing, .1968; Eckenfelder, 1967; Downing and Hopwood,

1964; Downing, Jones and Hopwood, 1965).

The value of
'x" for Nitrobacter sp. is reporteg@ to be 0.057 by Knowles,

Downing and Barrett (1965), 0.069 by Jenkins (1969) and
0.056 by Lawrence and McCarty (1969).

The maximum growth
rate of Nitrosomonas sp. at 15°C 'is usually taken to be,

0.18 day T

and of Nitrobacter sp., 0.30 day“l, Stankewich
(1972). '

]
Other authors (Sawyer, 1973; Sutton et al, 1975

—

éutton, Murphy and Jank, 1975; Wilson, 1975) have uti-

lized the.following form of the Arrhenius formula:
K = K* exp (;E/R L &3 ) (10)
§-H ~

L,

Qhere: K is the reaction rate constant ‘(hr

K* is equal to A exp (-E/R T ),

A is €he frequency factor,
& | |

-20- -



. E is the actiVation'energy (cal/g - mole),

i
<

R is the universal gas constan£ (cal/g -
mole °K), .

T is the temperature (°K), and

To is the median of the temperature range 4
(°K).
This form is especially suitable for computer analysis of

data since its logarithmic form is linear.

¥

>
The half velocity coefficients are also known to
Se-a function of temperature. Knowles, Downing and

Barrett (1965) found the following models fit their

data: ' \
K = 0.405e"118(T-15)

S. (11)
Nitrosomonas

@
K = 0. gf5a/t46(T-15) (12)
sNit;obacter ‘

-

Slﬁdge age has a large effect on the nitrifying
ability of a sludge because of the very low growth rate-
yield values. Because of ?he ﬁaxked temperature sensi-
tivity of the ﬁi%rifying:baEtérﬁzzgény authors have at-
tempted to defi;e a relationship hetween sludge ége_and
temperature (Adams, 1972; Barnard, 1975; Poduska and
Andrews, 1974; Sutton et al, 1975; Sutton, Murphy and
Jank, 1975). A minimum sluage age{af four to five days
at 25°C ié usually reported. . Sutton g@?gl_(lQ?S) stated
that a sludge age of at least 10 days-i%“reqpired at

5 °C. Reduced temperature sensi£ivity with longer sludge

-21-
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ages was Observed by Sutton, Murphy and Jank (1975).
Wilson (1976) reported less temperature sensitivity with
a fixed film reactor (bio-disc) than a suspended growth

reactor.

2.1.5 pH Effects -

Nitrification‘reactions produce two moles of hy-
drogen ions per moie of ammonia oxidized (Equations 2,
and 3) and thus the pH can decrease when nitrification
occurs. The magﬁitude of gpe decrease will depend upon °*
’the alkalinity of the wasééwater. Since most domestic )
wastewatérs.have,pﬂ's in the.range 7.0 to 8.§¢‘bicar-
bonate alkalinity is consumed by the production of hy-
drogen ions‘according to the followiqg equation:

H' 4 HCO,” ———) €O, + H,0 (13) .
Thié would suggest that approximately 7 mg of bicarfj
" bonate a}kalinity are required to neutralize the hydro-
gen*idﬁg prodiiced in the oxidation of 1 mg of ammdnia _
nitrogen.

Haug and McCarty (1971) showed that if all éhe
co, produced rémained in'soluﬁion, thg‘alkalinitﬁ must
be 10 times the amount of ammonia nitrogen to be ‘oxi-
dized to ensure that the pH would not &rop below 6.0 and
thus inhibit the réactidn. They observed that nitrifi- .
cation ceased when the residual alkalinity decreased to

approximately 10 mg/l as CaCOB. q

'

-22-
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The accumulation of disso}ved €O, in the final
stages of UNOX system aeration tanks has been reported
by Lewandowski (1974) to inhibit nitrification by iower—
ing the pH. This phenomena was also reported by Stan-
kewich (1972) but he found that after an acclimatization
period of approximately one month, the nitrification
rate was re-established at maximum levels. He found
that changes in pH over short time periods drastically .
affected the nitrification rate.

Painter (1970) in his extensive literature re-

view, reported that the optimum pH for growth of Nitro-

somonas sp. and Nitrobacter sp. to be on the alkaline

side of neutral but optima were reported in the range

pH 6.0 to pH 9.0; Downin%* Jones ﬁyd Hopwood (1965) re-
ported a sharp decline in the first order rate constanE
below pH 7.0 but little affect ébove pH 7.0.

Sawyer etw-al (1973) found éperation of their pilot
scale equiBheAt at pH 8.4 prov%ifd optimum nitrification.
Wong—-Chong and Loehr (1974) reported that the maximum
nitrite oxidation rate decreased expon;ntially with de:
créasing bH in the ranée 8.5 to 6.0. The reaction rate
constant had an optimum in the range pH 7.0 to 7.5.

. Prakasam et al (1974) used nitrifying oxidatio;
ditch‘mixed liquor apclimatized at pH 6.1 and observed

little difference in total oxygen uptake from pH 5.0 to

pH 10.0. In this set of exper%pents, no oxygen uptake -

-23-
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D
was observedeqt pH 4.0 and the greatest total uptake
was observedtzt pH 11.0. The higher uptake at pH 11.0
was attributed to the hydrolysis of some substrate
materials making them more amenable to biological de-
gradation. In another set of expériments with a simi-
lar cultyre acclimatized at pH 5.7, they found the high-

est total oxygen uptake occurred between pH 6.0 and 8.0.

There was no significant difference in total uptake be-

s

&

tween the control culgure and one at pH 4.0. The al-
kaline cultures growing at pH 10.0 and 11.0 showed a
marked decrease in total oxygen uptake. Thegy concluded’
that it was not édvantagebus to control pH if a system
can achieve ﬁonjinhibitory pH levels by itself.

Prakasam et al (1974) cited a previous study by
Prakasam anﬁ Loehr (1972) who found the degree of nit-

rification to be independent of pH.

2.1.6 Inhibition . - ;

Painter (1970) has reviewed the work of some 19

authors who have examined a wide range of substances to
4

\gfizzmine their effect on both Nitrosomonas sp. and -

Nitdobacter sp. The findings of these authors are shown

in TAble 7. In most cases the inhibiting concentration
" determined but not the mechanism of the inhibition
nor whether the generai metabolic processes of the cell
were disturbed or merely the primary oxidation reactions

slowed or stopped. ;> -

~24-



TABLE 7

INHIBITORY AGENTS

Inhibiting Agent

Nitrosomonas sp.

Chelating agents (eg. thiourea and
allyl-thiourea)

2-chlorxo-6 (trichloromethyl) pyridine
Mannose

Hydrazine ~

f

Deionized water (passed through
Amberlite IR4B)

Various metals (see text)

Nitrobacter sp.

/Cyanate and chlorate

Cyanide, azide, various metal binding
agents, p-chloramercuribenzoate, ant-
imycin A, heptyl-4-hydroxyquinoline-

N-oxide

Nitrosomonas sp. and Nitrobacter sp;

Lipid soluble compounds
(eg. narcotics)

Peptone
Light -

Ammonia and nitrite (See text)

after Painter

-25-

Reference N

Lees (1952)
McBeath (1962) “
Jenson (1950)

Hofman and Lees (1953)

Gunderson (1958)

Meiklejohn (1954)
Tomlinson et al (1966)
Skinner and Walker
{1961)

Loveless and Painter
(1968)

Lees and Simpson (1957)

Aleem and Nason (1963)

Meyerhof (1916, 1917)
Boltjes (1935)
Ulken (1963)

Meyerhof (1916)
Lewis (1959)
Pokallus (1963)
Boon and Laudelot
(1962).

Aleem (1959)
Ulken (1963)

g1970)
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Many metals have been examined to determine at
what level they completely or substantially inhibit the

respiration of Nitrosomonas sp. and Nitrobacter sp.

eiklejohn'(l954) reported the following as the most

4

toxic metals to Nitrosomonas sp.:

Ag . 0.25 ng/1 . ]
Hg++ 2 mg/1

Ni 12 mg/1 )

Co 59 mg/1

oxic at 270 mg/l while 27,400 mg/Y of
barium was required to achieve complete inhibition.
Skinner and Walker (1961) reported much more severe in-

hibitions to Nitrosomonas sp.:

Ni 0.25 mg/1
Cr 0.25 mg/1 ’
Cu 0.5\mg/l

Jenkins (1969) reported inhibition of nitrifica-
tion in a full scale activated sludge plant treating metal
industrial wastes in Birmingham, England.

Painter (1970) cited the observations of several
authors who had examined the toxicity of ammonia and

nitrite to both Nitrosomonas sp. and Nitrpbagter sp. and

concluded that each organism is affected more by its own

product than by its substrate. "Nitrobacter sp. is report-

®

ed to be quite sensitive to even relatively low concen-

trations of ammonia (Ulken, 1963). - —



e

Anthonisen et al (1976) reported that un-ionized
‘Kammonia (FA) and un-ionized nitrous acid (FNA) concentra-
tions inhibited nitrification. They reported the follow-
ing inhibitory concentrations:

Nitrosomonas sp. 10-~150 mg/1l free ammonia

0.22~-2.8 mg/Y ‘ free nitrous acid

Nitrobacter sp. 0.1-1.0 mg/1 free ammonia

0.22-2.8 mg/1 free nitrous acid
_Both species were said to be able to acclimatize to FA and
FNA and inhibition was not pe;manent. Temperature was said
fo bé a factor as was pH. They presented the following

eéuatious for calculating FA and FNA:

. . pH
FA as NH, (mg/1) = 17 % total ammonia as N(mg/l) x 10 (14)
3 14 - Kb + lopH
"Kw

where: Kb is the ionization constant of ammdnhia

1
H

equilibrium equation,

Kw is the ionization constant of water, and

\ ”K% = exp(6344/(273 + °C)) , ‘
FNA as HNO, (mg/1) = i3 x fofal “itritepgs N(mg/1) (15)
: Ka x 10
where: Ka is the ionizatpon constant of nitrous
~ acid equilibrium equation and equal to -7

s exp(-2300/(273 + °C})

Inhibition b& FA and FNA is generally not a factor in
domestic waste treatment. 1In this study, FA and FNA
were founq‘not to be in the range of inhib;tion with one

exception, the FA value being 0.138 mg/1 and therefore on

’
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the borderline. .

Bishop, Heidman and Stamberg (1974) reported that
addition of methanol to their pilot scale aerobic-anaero-
bic reactor ap%eared to inhibit nitrification, although
recent Canadian studies do not support this observation.
Being unable to increase the available carbon in this
manner during periods of dilute wastewater flow would res-
trict the overall nitrogen removal performance of aerobic-

-

anaerobic single reactor process sequences.

2.1.7 Nitrogen Losses

Many researchers have reported apparent losses of

total nitrogen in the activated‘sludge process. Jenkins
(1933) reported losses of 13% to 14%. ‘Wuhrman (1954) ob-
served losses of from 24% to 32%, the losses increasing
with decreasing loading. Trﬁesdale et al (1961) éxper—
jenced losses as high as 33.6% during a one year experi-
ment on eight pilot scale filters. The Department of

. Scientific and Industrial Research (1962) reported losses
of 14.4% in labofatory scale activated sludge units and

} ‘ ‘losses of 8.5% in filters run at the same time. Wuhrman

(1963) reports_a 26% loss of tofal nitrogen in a system

operating at a dissolved oxygén concentration of 6.7 mg/1

while no loss of nitrogen occurred in a companion system

run at 0.7 mg/l dissolved oxygen. He observed that nit-

rification took place only in the higher dissolved oxy-

-28-
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gen level system. Painter (1970) cited an unpublished
WPRL report showing nitroggn lo:ges of 6% to 50% occurring
on lab scale filters. The data was obtained from 20 daily
tests over a three month-period. Stamberg (1972{ obsgrved
a 40% loss of nitrogen through the Washington, D.C., Blue
Plains UNOX plant during the summer when nitrification
was occurring but only approximately 10% losses during
the winter when no nitrification occurred. Wong-Chong
and Loehr (1975) reported a loss of total nitrogen during
batch experiments of about 50 to 100 mg/l. -

Painter ( 1976) reviewed some of the possible rea-
sons for these apparent nitrogen losses. Analytical limi-
tations such as'the TKN test not being comprehensive es-
pecially for heterocyclic nitrogen compounds and the nit-
rite and nitrate tests picking up other compounds, were
cited. |

During storage, samples could undergo bacterial
denitrification or hydrolysis of organic nitrogen to am-
monia. Ammonium and nitrite ions are known to react to
produce nitrogen gas. Acid inhibitors could cause nitro-
gen losses through chemical reaction while alkaline in-
ﬂibitors may hydrélyse organic nitrogen or cause a loss
of ammonia or volgtile anines.

Aeration in the experimental reactbr.could cause
stribping of ammonia or volatile amines. Jenkins (1933)

reported no loss of ammonia vapor and suggested that the

<



evoluéion of nitrogen gas céused the observed loss.
Wuhfman (1954) and Wong~-Chong and Loehr (1975) also attri-
bute their observed losses to bacterial denitrification
and the resultant evolution of nitrogen gas.

Painter (1970) also stateé that researchers gérely
account for the nitrogen in the sludge produced. Based
on the empirical formula C5 7 2, 100 pounds of dry sludge
contains 12,4 pounds of nitrogen. Adams (1972) stated
that non-degradable residual biomass will .contain approx-
imately 7% nitrogen by weight. Barnard (1975) stéted that
the nitrogen content of cells is 8% to 9% when carbon is
‘abundant and increases to 12% when ca;pon is limiting. He
also stated that the nitrogen content w1ll drop to approx-
imately 7% at long sludgenagqs. Recent Canadian studies
) g:;; found 5% to 6% nitrogen in.sludges.‘

Painter (1970) concluded ;hat‘imbalances of nit-
rogen must be greater than 10% before they can be used as
evidence for }osées or ga%ns by prpcésseg nét measured

~

directly.
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‘ from 0.2 to 0.5 mg/1l. ’

f/ 2.2 DISSOLVED OXYGEN EFFECTS

-
-

2.2.1 General -+

Aerob%c bacteria require a certain minimum (cri-
tical) level of dissolved oxygen to survive. Microbial
respiratory activity willdge inhibited at low diésolved
oxygen levels. The level varies with each bacterial
species. Pure culture disperseé growth experiments are
usually used in determining critical dissolved oxygen
levels. These have been fairly firmly established for
a large numberlpf bacterial genera an§ usually range from
0.01 mg/1l to 0.10 mg/l (Harrison et al, 1969).

The effects of dissolved'ox§gen on the'heterpggn-' R
eous flocculant growth cpitures which eiisg in activated
sludqe treatment plants ha§e not been firmly established
Ahd have been the subject of s&me controversy since the
late 1940's. Wuhrman (1963) stated that based on his
evluatioﬁ of thehliterature %e would conclude that .the
critical D.O. in activatéd sludée flocs is 0.1 mg/1. .

Others (Matsoh et al, 1972; Wuhrman, 1963; Pasvee;,
1956) have reported or calculated much higher levels of

b

bulk dissolved oxygen as Being rate limiting in the acpivéted

sludge process. Englande and Eckenfelder (1973) réported“

that the critical liguid D.O. for activated‘sludges ranges

-31-
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Transport phenomena‘can often pley a large role
in the activated sludge pgdcess and~ﬁaé often been over-
looked by researchers attempting to attribute varyiﬁg
degrees of treatment to different levels of oxygen ten-
sion. Schoberl and Engel (1964) reporteq that the lim-

iting dissolved oxygen concentration they observed was

directly proportionai to cell concentration. fheir reac-

tors were prbbably mass transfer limited and not oxygen
limited. Ball, Humenick and Sbeece (1972) attributed
all the reported differences between air and oxygen‘aet-
ivated sludges to differing physical environments in

fhe aeration fank.

L}

~

2.2,2 Transport gkenomena
1

'~

Figure 3 illustrates the mechanisms and reactions
involved in biological waste treatment. Of the nine
"reactions” shown only two, RS and‘Rg, are not physical
phenomena: R, the solubilization of substrafe, and Rg,
the metabo}ie processes of the microbe, can be severely
limited by any of theqseven transport reactions.

Rl’ theqtransfer‘of oxygen froﬁ the bulk gas phase
to the bulk liquid phase, is adequately coveredyby most
text books on transport phenomené and waste thLtment
engineering. Tﬁe rate of transfer is a function of the‘

difference between saturation concentration and ex%sting
b - * N - '

‘bulk liquid concentration. Pure oxygen aeration treat-

...32" . * K ’
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ment processes increase the rate of transfer by increas-
ing this driving force from about 7 mg/l to 37 mg)l or by
a factor of approximately five. |
) Rates R2 and R6’ the tgansfer of oxygen and sub-
strate from the 1iquidigas boundary to the liquid-floc
interface, are a‘function of mixing intensity. ' Kalinske
(1971) stated ﬂ§at increas?d microturbulencé produced‘the
" same effect on oxygen and nutrient uptake as increaéing
! ﬁhe dissolved oxygen concent£étion. It has ,been shown by,
many éuthors that increasing the degree of mixing increased
the oxygen uptake rate- (Finn, 1§54; Schfoepfer et gl,'lQSSL
Kehrberger et al, 1964; Norman 3ﬁa“§ﬁsch, 1954; Wise et al,
A B ’ 1969; Murphy, 1971; Matson et al, 1972).

.

Pasveer (1956) stated tkat surface rengwal §t-thé
liquid~floc interface is the rate limiting step in theﬁ
activated sludge process. He préposed higher'turbulencg
levels and increased dissolved- oxygen levels t; overcome
s this; Wise et al,(1969) showed that for relatively quies-

cvent systems (d:;Re<:2) tpe pre;ence of yiable organisms
had no noticeable‘effec; on bubble collapse rates. They
concluded that tﬂg effect of micraorganisms in a mixed
system was to diminish the guasi-static liquid surface
: £ilm sgrrouaging the gas bubble-ﬁhué decréa§ing the gas-
. liquid inte;face film thickness ané increasing the mass

transfer rate. It would follow that mixed liquors with

ﬁigher solids levels such as in bﬁre okygen<systems shbuld'

- N

f
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~activated sludge plants.

=4
exhibit higher mass transfer rates.

-

e

Finn (1954) reported that for a single cell, liqiid
film resistance was neglégible. Mueller et al (1968)
showed that for thehsﬁecific’type of flocculants culéu?e
they employed, %iquid film diffusion, (R3 and R, in Fig-
ure 3), was not a rate limiting phenomena. ‘ ‘

Wuﬁrman (1963) derived formulas from mass balances
on differential shells which'predict the maximumr dimension

of bacterial flocs assuming that diffusion, R and R

4 8’
is the only mechanism“whereby metabolites can be trans-
ferred througﬁ the floc. He'arrived at a maximum aerobic
floc size of 400 to 506 microns for bulk dissolved oxygen
concentrations in the range of 1.5 to 2.5 mg/l. He also
concluded that Oxkgen is not neceésarrif the r;te limit-
ing metabolite in the treatment of low strength domestic
wastes as léng as the bulk concenératioqf excgeded 1.5 }
mg/l to 2.5 mg/l. He stated that oxygen transfer could
be rate 1imitin§ for hiéh strength industrial wastes.
Matson, Characklis and Busch (1972); using almost
exactly the same diffusivities anq floc sizes, concluded
that oxygen transfer is rate limiting because of the lack

of sufficient mass concentration gradient in conventional

Mueller, Boyle and Lightfoot (1968) related a des- -

‘criptive floc dimension to the limiting oxygen concentra-

tion utilizing anoxic core eguations. They assumed that

é
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the critical oxygen concentration at the éell surface
was zero. Limiting bulk oxygen concentrations were found
to be in the range 0,2 to.4.0 mg/l for flocs of the sizé
usually found in activated sludge plants.
Englande and Eckenfelder (1973) concluded from both
“their own wérk and the work of others that oxygen diffusion

into flocs is not a critical factor in the activated sludge

systems.

2.2.3 . Effect on Nitrification' '

# Pure culture work has established that Nitrobacter sp.

is more sensitive to low dissolved oxygen tensions than

Nitrosomonas sp. (Painter, 1970). Growth of Nitrobacter sp.

-

was observed to be inhibited at dissolved oxyden concentra--

"tions below 2'mg/l.' No grow£h~was observed ‘at O.Q‘mg/l at .

32°C with KS reported at 0.5 to 1.0 mg/l at 32°C and Iy

.

0.25 mg/l at 18°C (Boon and Laudelot, 1962). Oxygen' was

. not growth limiting above a concentration of 0,9 mg/l at

30°C for Nitrosomonas sp. with a corresponding ks of

0.5 mg/l (Painter, 1970). Loveless and Painter (1968)

reported a Ks‘of 0.3 mg/I at 20°C for\Nitrosomohas sp.

No ammonia oxidation was observed at an oxygen tension of -
s

0.2 mg/l (Paintexr, 1970). Painter (1970) also reported
that although research showed that a minimum concentra-

. tion of dissolved oxygen was réquired for the growth of

2

autotrophic nitfifiers, the absence of oxygen for pro-

36
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longed peripds was not lethal. This is confirmed by the
work of researchers such as Prakasam et al (1974) who
alternated periods of aeration with zero dissolved oxygen
conditions in a single vessel to. achieve nitrogen removal
in suspenaed growth systems.

In activated sludge systems, e observed nitri-

. fication rate-limiting dissolved oxygén concentration

varies widely. Jenkins (1969) found that nitrification

‘ocacurred at D.O.'s of 0.5 mg/l1 and Painter and Jones

(1963) achieved nitrification at oxygen tensions much
below 0.5 mg/l. Downing an;‘Hopwood (1964) suggested a
minimum D.O. of 1 mg/l, while Haug and McCarty (197)
foﬁndﬁthe limiting D.O. to be‘in the rangé of 1 to 2 mg/l
for their submerged filter. Barnard (;975) reported the
rate 1imit;ng D.O. concgntration éo be 2 mg/1. Downing,
Jones and Hopwood (1965) reported that the optimum D.O. *
for nitrification is 2 mg/1 or slightly higher. Garret

(1961) found nitrification to be independent of dissolved

oxygen tensions greater than 3 mg/l. Wuhrman (1963)

compared pilot scale plants operated at 1, 4 and 7'ﬁg/l

D.0. and found that cohsiderably greater nitrification
took place in the plants run at 4 and 7 mg/1-D.0: than

at 1 mg/l D.0. Okun (1948) reported that nitrification

' qccufred in his high D.0. (11 to 25 mg/l) reactor but

- that none was obsérved in his low D.0O. (0 to 5 mg/l)

reactor. He attributed at least part of this observation

\/
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to denitrification occurring in the anaerobic upper part
of the sludge blanket in his upflow unit which reduced

all the nitrates forined in the main body of the reactor

to nitrogen gas. The Ministry‘of Technology (1965) ob-
served the same degree of nitrification at dissolved o#y-
gen tensions of 2, 4 and 8 mg/l but found a slower rate at
2 mg/1 D.O. than at 4 and 8 mg/l. Albertsson et al (19&0)
observed no difference in nitrifying ébilkty between their
side-by~side full scale units. Haug and McCarty (1571)
fourrd inhibytion of nitrif;Eation if less than the
stoichiometyic amount of oxygen was supplied to their sub-
merged filter.

The effect of high dissolve§ oxygen concentrations
on nitrification is not clear from the literature. Okun
and Lynn (1956) cited five researchers 'who observed nit-
rification inhibiéion at high D.0.'s. Fewson and Nicho-
las (1961) reported that high dissolvéﬁ oxygen tensions
ingibit nitrate production. Okun (1948) found no inhi-
bition effects at dissolved oxygen concentratiéns upito
33 mg/l. _Haug and McCarty (1971) found no inhibition at
D.O.'s up to 60 mg/1. _ ‘

Stankewich (1972) postulated a«Monqd—type rela-
tionship between growth rate‘;nd dissolved oxygen concen-

tration: .
/o

- u _[Dpo] :
Y(po) © K, + [D0] : (16)
. 2 .
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where: K02 is the oxigen saturation constant
and equais the dissolved oxygen concen-
tration when the growth rate i; one
half of its theoretigal max imum.
He stated that Ko2 is also temperature dependent and
from his own data and literature data, derived the follow-

ing relationship:

KOZ(T) = K02(15°C)eXP(0‘069[T_lsl) (17)

where: K02(15°C) = 0.21 mg/l -

Figure 4 illustrates this relationship for a single

temperature.
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2.3 PURE OXYGEN

El

2.3.1 History

The idea of using‘ﬁigh purity oxygen in the acti-
vated sludge sewage treatment process dates back to 1946

when Malcolm Pirnie wrote a memo suggesting its use and

&

outlining a method which he thought would employ oxygen

to advantage. This process, termed "Bio-precipitation",

»

L4

was investigated at the bemﬂxaﬁmle by Okun (1948 and

1949).

Okun used an upflow reactay similar to the one

shown in ﬁigure 5. The sewage was saturated with oxygen

prior to its introduction at the bottom of the reactor

)

the activated sludge.
4

Recycle ratios of 3.2 to 23.2 were

'aﬁd effluent was recycled to provide enough oxygen for:

required. This was a major failing of the system.

Okun reportea that he could consis£ently maintain\\\

greater concentrations of organisms in the reactor uti-

lizing pure oxygen. He attributed this to the greater

amount of oxygen available through the use of pure oxy-

.

gen. He predicted possible savings of 75% of current

aeration tank volumes.

Following Okun's work, little appeared in the lit-

erature until the mid-1950's, although Dérr—Oliver Ltd.

did market small package plants utilizing.the bio-preci-

pitation process.

-41-
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Okun and Lynn (1956) reported gn the results of
batch tests using three purities of oxygen (100%,60%,
21%). They observed bgtter BODg removal with increas-
ing oxygen tension. THeY‘attributed_this to the differ-
ence in the period of anaerobicity during settling rather
than to anx'effects of higher oxygen tensions on the
activity of the microorganisms. Okun (1957 in further
studies drew much the same conclusions. Okun (1957)
also stated that oxygen was rate~limiting in conventional
activated sludge systems.

Budd and‘Lambeth’(1957) feédrted on results ob-
tained with Dorr—Olivér Ltd.'s package plant. They re-.
duced Okun's aeration tank volume reduction prediction to

30%- but claimed that the "bio-precipitation” configura; ’
tion would f;sult in 50% less toé 1 tank area thanlcoﬂ~
ventional activated sludgé. The efficiency of oxygen - ,,/f
transfer was 20% to 25%. The operating horsepower.for
the "bio~prqcipitatioﬁ" process was said to be eqﬁiva—
lent: to.that requifed by a conventional activated sludge

-

unit. c
Little wPrk was done from the mid-50's to the mid-
60's when Union Carbide Cdrporation began behch and pilot
scale egperiyents into the use of .pure oxyggn for the
U.S. Federal Water Quality Administration.j The results
6fﬁ§his work were so encouraging that the\fWQA\funded the

~
i

‘conversion of one half of the Batavia, New York activated

-43-
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sludge plant into the new oxygenation system, termed

i
|

UNOX. "

*

ThelUNO& system, shown schematically in Figure 6,
consists of a series of completely mixed tanks. Pure
oxygen flows cocurrently with the wastewater. The gas is
drawn from fhe air space above each tank, compreséed and
introduced into-the waste through a sparged turbine.

The air space .is kept under:a pressure of 1 to 3 inches
of water and pure oxygen is introduced into the head end
“of the system when the head space pressure drops below

a given.set point. The system thérefore works in a man-
ner similar,ﬁo a r&spirometer. Waste gas, characteris-
tically composed of 50% oxygen, is drawn off the down-
stream tank and released to the atmosphere in order to
prevent build;up of Co,- ‘

) The héart of the system, however, is the oxyéen
generation unit. The development of this process; Pres-._/ .
sure Swing Adsorptioﬁ (psn), first feadAUnion'Capbide

to the waste treatment field in searcﬁ of a market. PSA
employs a series of 3 or more ;eactors filled with gran:
ular molecular sieve arranged in parallel, followed by

a surge tank. The rate of oxygen production can be con- °
trolled withﬂthis procesi/such that only as much oxygen,

is produéqﬁ as is required.

The Batavia report prepared by Albertsson et al -

“ (1970), hgs led to a vast amount of research into the

—~44-
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fiéld of oxygenation in the 1970's. Albertsson:EE é£
(1970) formed ;hfge major conclusions:
1. Oxygenated sludge was morg,eas{ly settiable
than aerated sludge,
2. oxygenated sludge had lower yields than aer-

ated sludge, and | »

]
-y
3. significant capital and. operating cost savings
could be made with the UNOX system.
The first two conclusions unleashed a storm of

controversy whi2h will be examined later in more depth

-but the large number of UNOX plants currently in the de-

sign, construction or operational phaséé attest to the ver-

acity'gf their final conclusion.
The popularity of the UNOX system led other re-
searchers into examining ways of utilizing existing aer-—-

ation tanks as oxygenation tanks. Las Virgenes  Municipal

_Water District (1971) proposed to cover their existing

spiral roll tank and inéroduce oxygen via conventional
spargers. The U.S. Environmental Protection Aéenc& sub-
sequently extended aid to this project (Stamberg, 1972).
Lewis and Bays (1974) reported on the use of ceramic dif-"
fusers used to intronCe oxygerf into brewery waste. brob-
lems with biological growth clogging the diffusers has
sgspended further research. ‘

various authors have repofted on the ?esults of‘

pilot and full scale UNOX planté'on‘wastES rangingffromg~

- . ’ s 4'5‘46"
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domestic, (Gray et al, 1976; Nash et al, 1974 and 1977;
Stamberg, 1972; Newton andcWilson, 1973), to kraft mill
effluent, (Peterson, 1975), to 1em6h processing® wastes
(Tolanéy,{1975), and to phenolic wastes (Englande and

Eckenfelder, 1973).

2.3.2 Major Advantages

The use of pure oxydgen as an aerating gas is
claimed to offer three main aévantgges over conventional
deration systems:

1. more active sludée{

2. lower net yield, and

“ 3. better settling sludge.

2.3.2.1 Sludgé Activity

Okun and Lynn (1956), were among the first re-
searchers to r:port increased BOD5 removals yith in-
creasing dissolved oxygen tensions. K They suggested the
lower BOD5 removal in gir systems could be related to )
theafludge settling period when the‘sludgg wen£ anéero—
bic. They Ee;ieved that this beriqd of anaerobicity
was less at the higher dissoived oxygen tensions. They‘
were able to decrease the difference in BOD removal by

shortening the settling times in their batch f£fill and

draw reactors. They_spggesfed that the higher D.O. levels.

prevented anoxic conditions from occurring in areas of



~

e g

high cell concentration, such as flocs. They observed

i ‘ . no difference in oxygen utilization at the different.

dEssolved oxygen tensions they used. From their re-~

{ sults they concluded that the dissﬁlved oxygen level

} ‘ does not influence the activity of the ﬁlcroorganisms.

, ‘ ’ Okun (1957), reported that higher dissolved oxy-

| gen levels gave better BOD5 removals after two hours

i in a series of batch fill-and-draw experiments. He at-

‘ tributed this, as he had previously (Okun anq Lynn, 1956),
to shorter periods of zero dissolved oxygen during the
settling period at the higher dissolved oxygen levels.
To examine further the effects 6f anaerobic conditions,
Okun let the contents of his batch reactors settle for
perioés varying from 10 to 120 minutes. With the oxy~
gen aerated systems, no difference in BOD5 removal ef-
ficiency with settling period wﬁs noted. However with
the air aerated éystems mueh poorer efficiencies were
noted at the longer settling times, even thoﬁgh the

i peripd of zero measurable D.0O. was only 10 to 15 minutes

ﬁr’ I Ionéer for Fhe air systeﬁs than for tﬁe oxygen systems.'
He hypothesized that the -oxygen was somehow bound—uﬁ

;" in the floc structure or in'the cytdplasm of the bac-

.teria themselves, He observed no differences in oxygen

utilization rates with D.O. level and again concluded

that»there was no difference in the activity of the micro-

‘organisms -themselves.

-48- .
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Rickard and Gaudy (1968) found no correlation be-
tween Qissolved,oxygen level and oxygen uptake rates al-"
though they observed increasinngOD and glucose removal
efficiencies with ing;eaéihg dissolved oxygen tension.
They used bench scale continuous flow activated sludge
units fed with synthetic waste. Tests were perférmed at
a constant temperature of 30°C and mixing levéls were
kept constant by providing a constant flow (1 litre/min)
of aerating gas.

'Bail and Humenick (1972), in evaluating the data
of Albertsson et al (1970), found no difference in unit

substfate removal rates with respect to dissolved oxygen

:

- level.

Sherrard and Schroeder (1972) found,noudiféerence
in BOD, removal efficiency with dissolved oxygen level
for the same sludge age.

Stein et al (1972) reported that the oxygen up-
take was greater for their air systems than for their oxy-
gen systems. They were investigating aerobic digestioq
at bench scale in both continuous and batch reactors. No
dissolgeé oxygen levels were mentioned.

~ Ball, Humenick and Speece (1972), using bench
‘scale apparatus and a synthetié feed, found no signifi-

cant diffe;encé in substrate removal kinetics with D.O..

level when compared at the same solids concentrations,

sludge ages and mixing levels. They also found no differ- .

%
2
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. ences in 33y of a series of sludge characterization para-

meters: dehydrogenase activity,\égiraceilular carbohy-
drates, cellular bound watexr. No différences could be
found by microscopic examination. They conéluded that
the use 6f high dissolved oxygen levels did not cause
any significant fundamental cbanges to the organisms.

Usiﬁg an activaﬁed sludge culture and a glucose-
yeast extract feed, Ba;l and Humenick (1973) observgd no
differenﬁe in substrate removal kinetiés between thgir
air and pure oxygen units.

Engl;nde and Eckenfelder (1973) observed no dif-
feren?es in substrate removal rate, oxygen utilization or
dehydrogenase activity level with dissolved oxygen level
with their activated sludge culture grown on a phenolic
wasge.

: Drnevich and Gay (1973) suggested that thé;e are
microbiblogical differences between air actiwvated and
oxygén activated sludges. They stated that oxygen acti-
vated sluages contaiﬁed a greater amount of ﬁigher life

f?tms such as rotifers and ciliata. and that therefore

kinetic differences existed.

McCormick (1974) also noted an increased popula-
tion of rotifers and ciliata with increased dissolved

oxyden tension.
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2.3.2.2 Yield '

One of-the major conclusions of Albertsson et al
(1970) was that the process sequence utilizing tonnage
oxygen praduced less exqéss.solids than the parallel air
system. Their correlations provided yields of 1,38 1lbs.

of excess volatile sofghs produced per pound of BOD_. re-

5
moved for the air system versus a figure of 1.05 for the
oxygen system. Decay coefficients were reported at

0.17 day-'l for air and 0.27 day %

for oxygen. These fig-
ures are significantly higher than those normally re-
ported in the literature. Ball, Humenick and Speece (1972)
attribute this to the effect of high influent solids levels
coupled with the lack of primary sedimentation at the

Batavia installation.

Drnevich and Gay (1973), reported statistically

y siéhificant dﬁfferenqes in, sludge production between two

systems operated at dissolved oxygen levels of 0.5 mé/;

and 5.0 mg/l respectively. The nét mass yield rate ex-
pressed as pouhds of VSS formed per pound of COD removed
was 29.3 per cent lower at the higher D.O. level. The
reasons for this difference in yield were said to be per-
iodic 6xygen lié%tation periods in the air system plus ﬁore
auto—~oxidation oc¢curring in the oxygen system, especially
at night, besauSe of the high MLVSS conce tratiops and
therefore longer periods of metabolite "sgarvatiop".

-~

Lewandowski, (1974) stated that the UNOX system produces

-
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less sludge than air activated sludge systems because
the effect of endogenods respiration was greater with
the higher MLSS concgntrations carried in UNOX systems
and because the sludge activity was higher with higher
D.O. céncentratzsn.

Drnevich and Stuck (1975) utilized the data of
‘Ball, Humenick and Speece (1972) to show a reduction of
the endogenous degéy rate, ké, with D.0. below a dissolved
oxygen level of 3 mg/l. They élso cited the work of a
number of other authors who reported.lower sludgé pro-
duction in high D.O. systems (Hegemenn, 1973; Wuhrman,
1964; Water Pollutioq Research ‘Laboratory, England, 1973).

Nagh (1954 and 1977) in‘E New York Ciéy full scale -
side;by—side'comparisbn of a modified aeration system'
and UNOX system, reported up to 36% less sludge produced
by the UNOX system Auring summer conditions and up to 34%
less siudge p;oduced during winter conditions when fila-
mentous growth was rampant in both systems. Stamberg
(1972) reporte? on four U.S.E.P.A. larﬁéfgpale tests on
pure oxygen systems and found that lower §3elds Qere
found with the systems than are usually reported for air
activated sludge systems. Wilcox and Thomas (1974), in
a U.S.E.P.A. ;echnology Transfer Seminar éublication(
claimed the UNOX system produced less excess solids for
the same lééding as an air sys;em because ofla highly

aerobic floc and because the food-to-mass ratio decreased
‘ -

!
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thréhgh the plant therefore achieving higher degfees of
stabilization in the latter stages of the system.

- .Jewell and Mackenzie (1973) reported yields up to
29% less with high D.O. levels in side-by-side bench
scale suspended growth reactors utilizing a glucose feed
mixture. The low level reactors ran at D.0.'s of 2 to
6 mg/l and the high level reactors were run at D.O.'s
of 12-22 mg/l. At comparable sludge ages the high oxy-
geﬁ‘tension sludges consistently produced less sludge.
They hypothesized that the reason for the lower yields
is that more of the floc is ae¥obic. That part of the

floc which is aerobic, (comﬁﬁred to an air system floc),

. may not be able to get other metabolités because the con-

centration gradient is not great enough to driQe them
to the center of the floc. These microorganisms would
undergo aerobic endogenoué respiration which would lower
£he net yield.

okun and Lynn {1956) reﬁorted little difference
in sludge production between three reactors run at dis-

/

solved ox;éen levels of 25.25 mg/1l, 13.95 mg/l and 6.50
mg/1l. |

Ball and Humenick (1972) reviewed the data on the
Batavia study of Albertss&ﬁ et al (1970) and concluded
that there was no differenée Ain solids p;oduction be-
tween the aif and 6xygen systems for equivalent sludge

ages. They attributed the low solids production levels

-53- -

»
A\ .
- R

~

K]



of the UNOX system to the long sludge ages maintained.
Sherrard and Schroeder (1972) concurred, noting.that their
experiments showed Qecreasing yields with increasing
sludge ages.

. Poon and Wang (1972) ran parallel batch reactors
using synthetic feed at 2 to 9 mg/l and 15 mg/l D.O.
and observed greater average yields ;t the high D.O.
level except at the highest F/M ratio, (3.0), at which
they conducted their experiments. However there is a
large overlap in the reported yields and one cannot tell
from the data presented that whether any statistically
significant differences were observed. They also report-
ed that the yields in the igh dissolvéd oxygen system )
decreased with increasing loading while the yields in
the low D.O. system increajéa\witb %ncreasing loading.

‘Rickard and Gaudy (i968) found no correlation be-

tween D.O. levels and cell mass yield. Stein et al
(1972) also found n; significant differences in yield
between air and oxygen systeﬁ} although they did not'
state the D.O. levels ‘at which they ran their beneh

scale experiments.

Experiments run with a syﬁthetic glucose-yeast

extract feed and activated sludge cultures bysBall and

Humenick (1973) shoyed no significant differences in
cell production and decay rates between air and Skygen

systems.
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~was closely controlled. -
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Englandé and Eqkenfelder (L973) concluded that

."D.0. had no effect on the.yield of an activated sludge

-

treating a phenolic industrial wéste. .
No significant difference in sludg%'yield was
found by Ball, Humenickvand Speece (1972) when-their’
bench scale, syntﬁetic feed systems we;g*compared at the
same solids.concentrations, sludge age and mixing levels.
They stated :Lnthelr ‘lite,rature review that the Albertsson
et al (1970) data do .ot give truelyield values and
£hat the results are biased because ;f the lack of pri-

AN

mary sedimentation in the process sequence.

-

2.3.2.3 Settling g ‘ TR

A}

Okun and Lynn (1956) were probably thé‘first to
report that activated sludge settling was affected by
d&gsolved oxygennlevelg. They found slightly, but con-
sist;ntlx better sludge»sett%ing‘wiéh increasing D.O.
from 6.5 to 25.25 mg/1l

Albertsson gglgk (1970) s&qted that the UNOX sys-
tem produced a highly flocculant and readily settdable

sludge which requiréd no thickening prior to further

ﬂbrocessiné fo; disposal.‘ Approximately 3% to 4% re-

cycle solids were obtained when the clarifier operation

s

Adams (1972) reported that dissolved oxygen ten-

sions®in the range-of 6.0-10.0 mg/l produced denser

-
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sludges than conventional activated sludge systems. d
More of the floc was said to be aerobic and therefore
no gaseous anaerobic by-products were given off to de- -
crease: the densgity of the flocs.

Wi}cox and Thomas (1974) cléimed‘that the UNOX
system produces a highly aerobic floc with enhanced
settling characteristics. . Lewandowski (1974) also re-
ported that the UNOX system préducgs a better settling
and more eagily ‘dewaterable sludge than conventional
activated sludge systems.) |

‘Peterson k1975) feported on a pilot plant study

ésing kraft mill effluent where a UNOX system was run

in parallel with an air activated sludae unit. He stated

that the UNOX syétem produced a better settling sludge

although no comparétive data is given.

e Ball, Humenick ahd Spégce (1572) found no signi-
ficant diffgrenceé in sludge initial,settling velocities
with dissolved oxygen level when they were compared at
the same solids concentraticns; sludge ages and mixing
levels. They ciai@ed'that the Sludge Volume Index is not
a_perfectly valid way of comparing sludge'settiabilities
since tﬁe'higher #hé original MLSS concentration, the
lower- the S:V.}. wili be, They attribute this to lower
initial settling’ velocity and a greéter,weight.of over- i »
burden.

No significant difference in sludge settlabili y

-56-



was observed by Ball and Humenick ll973) on their ac-

~ tivaégd siudée culture feed on a gludose—yeast extréct
mixture. They s;ggested that the differences noted by
other experlmenters could be due to the lower mixing in-
ten51t1es, (and therefore larger flocs), in ghe pu?e ox-

\
ygen systems as compared to conventional air systemsR>
at

Englande andeckenfelder (1973) concluded th

B

neither dissolved oxygen level or turbulence intensity
had any significant effect on system performance or
scale-up considerations, including sludge settlability.

2.3.3 Other Advantages

Okun (1949) reported large masses of)filamentous

" organisms in his low D.O. reactor, whilg none were pre-
sent in his high D.0. reactor. Adams (1972) stated «that’
high dissolved oxygen levels substantially eliminate
filamentous growth. Adams (1972) implied‘that filamentous
growth problems in conventional plants could be substant-
ially reduced by increasing turbglencé levels thereby
producing smallér flocs and reducing the locations of .
low D.O. tension within the sludge. Hi; statement was
supported by the work of Nash et al (1974 and 1977),
who reported on a~side-by*Sideﬂcoméarison of an extended

aeration plant and a'UNoxsplant at Newton Creek in New

York City.. The plants were serlously hampered during
" winter operatlons by fllamentous organisms but the UNOX

=

-57~




[

plant gave c¢onsistently better performance in terms of
BOD¢ removal and sludge yield.‘ _

Ball, Humenick and Speece (1972), reported that
their search of the literature produced the following
list of causes for filamentous takeover: |

1. low oxygen tension,

2. high oxygen tension (one case only),’f

3. low pH,

4. high carboh?drate level, .

5. low mixing levels,

6.1 high Coz coﬁcentrations,,and

7. certain FAM ratlos. :

Lewandowski (1974) , reported that UNOX systems
tend to depress the pH of the waste because of high CO2
concentratlons, espec1ally 1n the last c0mpartments of
the‘aeratlen basin.

| one of the advantages claimed for pure oxygen
systems is lower mixing intensities than conventional
air activated sludge plapts. -

It can therefore(:e ‘stated that pure oOxygen sys-
tems are more likely t¢/ suppdrt filamentous growth if
reasons 2., 3., 5., and 6 of/Ball, Humenick and Speece

(1972) are considered.” The conditions listed as 1.., 4.,

. and 7. are more likely to occur in conventlonal air sys—

tems. Until more 'experience is gained in this aspect

of pure oxygen systems, the issue ‘of filamentous' growth
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will probably remain a conteatious, if minor, issue.

| Adams (1972) listed the ability to withstand
shock loadings as an attribute of pure oxygen systems.
This is a reasonable claim because of the higher MLSS
carried by oxygen systems,

Perhaps the greatest advantage of pure oxygen
systems is the reduction in aeration tank volume. Budd
and Lambeth (1957) suggested that the "bio-precipitation"
process required 30% less aeration tank volume than
conventional activated sludge systems. Albertsson et al
(1970) also concluded that the UNOX system afforded re-
ductions in aeration tank volume although no'percentage

figure was given. . The Las Virgenes proposai (1971) sug-

] gésts that plant capacity can be upgraded by a factor of

2.4. The reason for ‘this reductlon in volume i§ The abil-
ity of the pure oxygen systems to carry high concentra-
tions of organisms in the aeratlon tank ThlS allows the
maintenance 6f proper F/M ratios while reducing tank

volume.

Ball and Humenick (1973), concluded that the chogzé

between-a pure oxygen system and a conventional air acti-

'vated sludge system is purely economic. They did, heRe-

ever, list four advantages‘bf a pure oxygen system:
1. ability to meet high oxygen demands at the

head end of the plant,

2. odor control because of the covered tanks,
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,
significant amounts of dissolved oxygen in the

effluent, and .

efficient oxygen transfer at low mixing velo-
cities.
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2 . 4 SUMMARY - |

2.4.1 Nitrification

Nitrification, the oxidation of ammonia to nitrate,

is most probably carried out by Nitrosomonas sp. and Nitro-
bacter sp. in the actiQated sludge process. These bacteria
have lower growth rates and lower yield values than the ’
heterotrophs generally found in activated sludge. Thérer
fore longer sludge ages are required to maintain ammonia
oxidation than to maintain carbon oxidation. Growth of
both species is‘a strong function of temperature.\’They

have wide pH optima. Nitrosomonas sp. and Nitrobacter sp.

are inhibited by a wide variety of substances including
metals, free ammonia and free nitrous acid. Nitrogen
losses of ten per cent and greater are common in systems .

where nitrification is occurring.

2.4.2 Dissolved Oxygen Effects

Systems which may appear to be oxygen limiting

.may,“in fact, be mass transfer limiting. The literature

~is not unanimous on the critical dissolvéd oxygen level

required for nitrification in tﬁg activated sludge pro-
cess. The effect of the high dissolved oxygen level is

also in dispute.



R LT

N 2.4.3 Pure Oxygen

; - The three major advantages claimed for the use of

f high dissolved oxygen 1eve;s; greater microbial activity:;

X | lower yield; gre;ter settlability, have not been proven
conclusively. Physical characteristics oflpure oxygen
systems\such as lopger sludge ages and lower mixing in-
tensities have been identified as factors contributing
ggéexperimental observations. Pure oxygen systems do
gave the ability to carry higher MLSS concentrations and
therefore require less aération tank volume than air sys-
tems and may have greater ability to prevent filamentoué

growth and withstand shock 1oadiﬁgs.

-

A
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3.0 RESULTS AND DISCUSSION

3.1 INTRODUCTION

% 4

It was felt that ‘the levels of the various opera-
tional parameters: dissolved oxygen level, temperaturegand
sludge age, should be equivalent to 1e§els found in prac-
tice. Therefore two oxygeﬁ levels were chosen, 2 mg/l and
10 mg/1l, these being valugs'normally found in air activated
sludge systems and oxygen activated sludge systems res-
pectively. Figure 7jillustrétes the dissolved oxygen levels
recorded during the experiment. The tempera?ure extremes,
(5 ¢ and 20 C), are commonly experienced sewage tempera-
tures in Canada with Fhe‘midgange temperature, (12.5 C),

chosen as the mid-point for experimental design purpases.

¥

‘siudge ages were chosen such that in a complete 32 exper-

imerital design nitrification was expected to cease at the
low temperature-low sludge age condition, up to expected-

complete nitrification at the high temperature-high sludge

4

age condition.:
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3.2 EQUIPMENT AND OPERATIONAL PROCEDURES

3.2.1 Reactor Design

~

At the outset of the experimental period, it was

decided to employ reactors similar to those of Okun (1948)
as modified by McCormick (1974). Because of difficulties
encountered by McCormick (1974) in achieviﬁg good clar-
ification, various combinations of internal baffle and
clarifier arrangements were tgsted on a prototype. A
suitable configuration was found and the two identical
reactors were built. Neither of these reactors achieved
satisfactory solids separation and considerable time

was spent in ach%eving good élarification.

Each réaéfor was built of 6 inch diameter plexiglas
with a total vqlume of 9.80 litres. The.volume of the__
infern;l clarifier was 0.50 litres with the reaction
zone volume being 9.30 litres. _The wall of the clari- .
fief and the baffle were"construcéed of high density
polyethylene; because it was found that biological growth

AN
would not adhére to thigw;igktance to thé same extent as

o

plexiglas.
. - \
Mixing was provided by a Canlab heavy duty var-

.iable speed laboratory stirrer, model RZRl. Each reactor

had its own stirrer. The high torque arm of the stirrer
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provided speeds from 45 to 220 rpm. A speed of 100 rpm

; was found to provide a’constant MLSS throughout the depth
- - \\
i of the reactor and was used throughout the experiment.

The speed was set by utilizing a strobe 1&ght/and was checked

. weekly. Each stirrer consisted of. a stainless steel rod

e

with three four-bladed propellers. One of the propellers
' ¢

o

was positioned -approximately three inches from the reactor

o

bottom; one was just below the top of the baffle and one was

v

aéproximafely three inches beldw the top water level in the

reactor. The high mixing intersity, characteristic of bench
scdle reactors, .produced small flocs. These small f;pcs
have,minof D.0. gradients cqompared to floqs in full scale
réactors'and therefore woﬁ}d\gg)more aerobic:

3.2.2 Reactor System Operation N

, The feed was saturated with oxygen prior to its
introéuction to the reactor. This saturation was achieved
in a counter*curreAt gbsorber siﬁilar to that used by
McCormick (1974). Additional oxygen was introducéd into
the reactor in thegeye of the bottomipropeller mi#ern

Egrly experimentation demonstrated that adding only
pure oxygen iﬁtq'the reactor did not provide enough control
over the dissolved oxygen concentfation to achieve the Ewo‘
distinct levels requiréd'for the ypfk; It was féuﬁd that

the introduction of-argon -into the aerating gas allowed

much closer control of the oxygen tension. Dissolved bxy-

gen levels were checked six to'eight‘times per day.
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The ‘two reactor systems'were installed in a tem-
perature controlled room in the Wastewater Group labora-
tory in thelEnginegring Building on the McMaster Univer-
sity campus. The‘temperature was maintained at the set
point + 1°C over most of the expérimental period. 1Icing ,
of the coils was a constant problem at 5°C because of the-
high humidity in the room. Occasional building power out-
ages; circuit breaker replacement; a compressorngfilure
;nd one instance of severe coolant leakage alf.served to
cbmpound any other problems which happened to occur.

Raw waste was fed tq the ‘saturator-reactor systems

by a Cole-Parmer variable speed peristaltic pump. Cons

siderable difficulty in.maintaining a constant feed rate

.was encountered. Switchihg fPom a separate pump for
eacﬁ system to ;‘single pump with a "twin head" lessened
the variations in flow but did not eliminate them. A low
pump rpm was necessary to attain the reguifed flow rate
through-the largé diameter Tygon tubing used. Therefore
sméll changes in pump spee@ would produce significant
éifféiences in flow rate. Flow rates varied from i4 to
27 ml/min over the experimental period despite frequent
checks.

B}

§ ' It was initially planned that a synthetic.feed

A "~ would be used to remove one variable from the experiment.

It was felt thdt a mixture of yeast extract, glucose and

© g
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ihorganic nutrients would be suitable. Considerable

-~

experimentation showed that the mixtures produced a rapid_
™ -

growth of filamentous organisms with subsequent loss of

0

‘clarification ability. In*some,cgses, the entire reac-
tor contents w;qld go "over the weir" within a period of
6 hours. T .

‘ To OVe;ébme this difficulty,‘raw degritted domes-
tic sewage was used as feed. For the first three experi-
mental runs (February 14 to Marcﬁ 18, 1975) the sewage
was obtained daily ﬁgoﬁ tpqﬁ?ity of Buflington SkyWay
Sewage Treatment Plaﬁ? at the CanadaeCenﬁre‘fof Inland
Waters Technology Development Building. * The logistics

of utilizing this feed were almost unmanaéiiiie from the
2

!

fifst and over the period March 18 to Marc , 1975 a

change was made to raw degritted domestic sewage from
the Town of Dundas Pollution Control Centre. - Analyses
‘of Total Organic Carboq, Chemical Oxygen Demand, Total
Kjeldahl Nitrogen and Nitfate plus Nitri?e Nitrogen in-
dicated no significant differences existed in these
parameters between the two sewage feeds.

The sewage was tfansported to the laboratory in
five‘gallon plastic containers. It was screened throﬁgh
two or three layers of cheese cloth to remove the larger
solids and poured into a two hundred:li£re plastic éon—

tainer-in the ‘temperature controlled reactor room.

From this container it was pumped into the reactor systems.
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All the effluent from eadch reactor was collected
.&l (
in a plastic container for each 24 hour .period, The .

container was vigorously stirred for two or three min-

<

utes.prior to taking a total domposite sample. Although -

biological growth was always present on the bottom and
sides of the container, it is felt that no significant
growth occured in the container because of. the low B.0.D.
of the effluent. '

- Tygon tubing (R 3603 formulation) was used ex-u
’jclusively for carrying both liquids‘and gaseé.’akll tub-
iﬁg carrying liquidé was cleaned every week by immersion:
f;% 20 to 30 minutes in denatured alcohol. It was -then
rinsed with tap wafer and aif dried at room temperature.

s

3.2.3 Daily Procedure

The daily procedure wag :-4obtain the raw feed

during the period 1 PM to 2 .

been filtered through the 4 séféloth, the feed pumps
were tu?hed of £ and sampleés of bééﬁfthe old feed and the
. ne; feed were taken and filtered.? During this time £he1
solids in the clarifiers’ﬂad settled out into the main
© .body of the reactor. Samples‘Qéré'theh»tagen'f}om'éach

reactor and the ‘composited effluent and ‘suspended solids-

measurements carried out. While the filters were being

dried, the old'feed was drained off and the new feed

LI
»

€ :}' %
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poured into the 200 litre container. Once the sugpended
_ solids measurements were complete, the required wasting
was performed from each reactor by syphoning off the re-
quired volume of mixed liquor and filtering it through
Wh;tmann No. 5'filters. The filtrate was_then‘returned )
to the reaétors; (not into the clarifiers), and the feed
punmps were restarted. puriné this filtration process sam-
ples wére taken of the composited effluent from each
reactor. The remaining éffluent was drained away and the
. containers were rinsed with tap water. The effluent sam-
Q%gs were then filtered and preserved for later analysis
- as time pefmitted. The total shut down time varied from
30 tow§0=minutes and depended in large part on the' amount

of solids which had to be wasted from the reactors.

3.2.4 Sampling Day ﬁrocédufes

"sampling days" were carried out for each set of
experimental conditions to obtain finstantaneous“ values
of parameters being-meaéqred. These values‘were used in

" establishing subétréte utjlization rates and gave an in-

dicatiqé of the variability of the parameters measured

‘o

in the daily composiée-sampling.‘t
< ¥

»

Two sampling déys were cargied,out for each’seé
fofvexperimentaI‘conditions; Forty eight hours elapsed,
'betweeﬁ theAétart of one sampling day and the start éf
the neﬁé, This time period allowed & complete chépgé

i



i of active cells in the mixed liquor and thus independent

experiments at the set conditions were carried out,

ol On sampling days the following procedure was u'sed:1
é . 1. the flbw rate from each reactor was deter-
5 mined, i
; \ 2., effluent saﬁples were collected from the reac-
‘ . tor éverflow, |
% ' ' 3. influent samples were obtaiqed fromoimmediately
% J upséream of the saéur;tors, '
J ~ 4. the D.0O. and éH in each reactor was measured,
. 5. Samples were filte;ed if necessary and pro-
sérved for future analysis,
6. dissolved nitrogen gas aﬁalysis waé carried.
’ . o ~ out on each saturator eff&ﬁeﬁt_aﬁd-qach reac-

tor ekflugnt, "

7. réw feed was obtained,

8. tﬁe oxygen uptake experimept‘was carried out,

9. during the oxygen uptake:experiment the raw.

- sew%ge was canée filtered, and the old feed:

éhanged for the new feed, and B .

10. fimﬁediately'fbllowiﬁg;the end of the oxygen®
uptake experihent the remainder of the daily
procedure described above was.carried out.

Between the two sampl%yg_days the “ATP analyses

. , 'were~carried‘0ut and the M.P.N. nitrifier, inoculations

»

.were done in addition to the normal daily ﬁrocedure.
. . ¥ .




M.P.N. nitrifier inoculations were done prior to daily
sludge wasting.

=
e

3.3, NITROGEN BALANCE

{
A nitrogen balance was calculated for each reac-
tor on sampling days. The following equatioﬂ was used in

determining these balances:

Accumulation = Total Nitrogen In - Total Nitrogen Out (18)

@

-

Total nitrogen Qas taken to be the sum of Total
Kjeidahl Nitrogen in unfiltered samples plus nitrite-
nitrogen plus nitrate-nitrogen plﬁs nitrogen gés. The
unfiitereé TKN ag@lyses account’ for soluble organic nit-
rogen compounds includihg ammdnia as well as mosﬁ nitro-
gen quponents in thé non~soluble materials entering and
léﬁviéz the reactors. Nitroqen gas was not found. in the in-
fluent as it left the‘séturatoéé immediateiy prior to en-

tering the reactors or in the reactor effluents.

o,
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The mass balances are shown in Table 8.

A1l 14 of the mass balances on the low dissolved
oxygen level reactor were within + 10% of‘balancing,
with the range being & gain of 8.4% to a loss of §:5%.
This is within the range of experimental eXror suggested by
Painter (1970). There was'an average gain ovér the 14
experimental runs of 1.06% or 0.60 mg/1 total nitroqen.d

The mass balances on the high dissolved oxygen
level reactor exhibited a wider range of values th;n those
of the low D.O. reactor, from a‘gain of 10% to a loss of
15.8% although only 3 runs exhibit gaiﬁs or losses great-

er than 10%. Th?{g was an average percentage loss of

1.59% although an average gain of 0.24 mg/1l total nitro-

gen was calculated. This can be accounted for by noting

that the large percentage losses occurred when the in-

v

fluent total nitrogen concentration was low. There does

not appear to be any reason to suspect-dgnitrification

as a caﬁse of -the observed losses.

in‘addiéion to the error sources discussed pre- .
viously in the lite;atufe review seqtién, the Technicon
Auto-analyzer was subject to sampling errors when ab-

s;iaqting.the unfiitered_TKN samples from the sample‘cgps.
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A "t" test at the 99% confidence ‘level reve
that no difference exists in the calculated balances
tween the high and low level dissolved oxygen reactors.

£

3.4 INHIBITION

The data taken on rate days was sufficient to cal-
cblate the concentrations of free ammonia (FA) and freg
nitrous acid jFNAf, both shown to be inhibigzry to the
nitrification p;ocess. The formulae developed by Anthon-
isen et al (1976) and presented previously in the liter-
ature rev{ew were used. The results are presented in
Table 9. -

A review of the results shows that FNA was never
at inhibitory concentrations. Inhibitory concentrations
of FA occurred only once, on Feb;uary 18 in the high DO
reactor. The concentration, 0.138 mg/1l, is considered by
Anthonisen gg al (1976) to be on the lower boundary of
the inhibition level. None of the other analyses carried
out during this work implied that the nitrification pro-

cess on February 18 was inhibited and it is concluded

that né inhibition by FA or FNA qccurred during this work.

3.5 NITRATE PRODUCTION

3.5.1 Generél ) ' .

. *
Daily .24 hour composited effluent nitrate plus

i Q.. '

a -79"

o Tt

pa e e R

£

e




.- b w4 - . . e N P B O S

(9L6T) T® 3@ uasTuOYUY IIIIVy -
000°0 z°0 610°0 §°9 €°L 2000°0 1°0 800°0 L9 6°9 § zz *ady
000°0 €°0 £€00°0 €°C S6°9 9000°0 T°0 100°0 S°€ i £°9 S 0z °*ady
100°0 L'0 - aoeIy SL°9 8000°0 €°0 2000°0 Z°0 9°9 6°ZT ST °advy
0000 £°0 S000°0 ¥°0 L'9 S000°0 z°0 T000°0 T°0 . 9*9  §°ZT €T *xdv
000°0 V0 6T0°0 €°TT 8°9 8500°0 L0 - aoea3 1°9 6°CT '8 ‘=xdy
000°0 6°0 £L0°0 8°92 0°L 8500°0 §°0 1000°0 9°0 66°S §*zt- 9 ‘ady
000°0 $*0 8L0°0 0°€2 $8°9 ¥000°0 £°0 ¥90°0 T°TZ 8°9 02 LZ °a®R
100°0 T°1 LY0*0 L'6T L9 LZ00°O S*0 Z00°0 L°T AKX 02 Gz *Iey
200°0 8°¢ Z90°0 §°02 S0°L LY00°0 z'€ ¥EO°0  6°LT . §8°9 §°2T -81 "3®H
T00°0 v°1 Iv0°0 0°2T . TI°L ST00°0 8°0 €10°0 §°8 © GL'9 6°ZT 9T °*aew
¥00°0 S°y E¥0°0 L°ST 0°L T9T00°0 6°V 2T0°0 8°€T §*9 6°TT. TIT "%
000°0 8°1 TL0°0 Z°S1 'L €000°0 p°0 V€00 0°€T SZT°L S T ‘"aeW
200°0 S°1 00°0 6°€ SL°9 TV00°0 zee p00°0 6°T . SL*9 §°2T 0Z *qeg
000°0 S°0 190°0 0°0Z S0°L €000°0 9°0 8€T°0 8°2Z 6E°L 6°ZT 8T *qea
(3usnt33ze) € (3uantzze) ' (3uantFza) (3uantzyze) )

- HN , . .
ONH (R-T/bw) -1/6m) (N-T/Bu) (oNn (N-T/buw) Can . (n-1/Bw) (9,)
./bu) . -1 /6ur) -1/Bu)

y°N3 ToN Tvior- °v'a fmn qvior  md |v'nca Pom Tvior - ‘v'd. ®mN qvior.  nd dWaz qIva

*0°q MOT *0°q HOIH

(*¥°N°J) AIOV¥ SNOYLIN FTUJ aN¥ (°¥°Jd) VINOWWY g3Yd 40 SANTVA JILVINDTVOD

6 ITHVL

-80-



A

nitrite analyses were used to determine the concentra-
tion of nitrate plus nitrite produced during each 24
hour period in each reactor. | '

A "t" test at the 95%.,confidence level indicated
that there was no significan;'difference between the
total flow through the high D.0.' level and low D.0. level
reactors'(Appendix C) and therefore concentration dif-
ference rather than total weight of nitrate plus nit-
rite produced was used.

Only those results from March 10 to the end of the
experimental period were used. The concentrations of
nitrate plus nitrite prior to this date were determined
by use of an Orion nitrate probe. Starting on March 10
samples were taken for analysis by the Technicon Auto-
analyzer and compared to the probe results. After a ‘
period of two weeks it became obvious that a low cor-

relation existed between the two sets of results and the

-

use of the probe was discontinued.

Y

3.5.2 Hypothesis Testing

Hypothesis tests were used to determine if there
was any significant difference in nitrate production be-
tween high and-low level dissolved oxygen reactors at

each éet of pseudo-steady-state eiperimental conditions.
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The tests used the paired "t" statistic as follows:

HO:xH-xL=O or D=0 (19)
‘ ;Hl:xH-XL>O or D>O0 ! (20)
where: Xy is the average daily concentration of

NO3 + N02 produM D.O. level

reactor, and C _>

~

L is the average daily concentration of
L4

NO3 + N02 produced in low D.O. level

reactor.
<~ t = D/S-I')' (21) \;
’ . - - . ~ ¥
where: D is %— = D, (22)
i=1 / {
D, is x ‘—x“,\' (2/3)
i Hi Li y .
.n is the number of paired data points, - -
. 2 1 2
§p is [=Db;" --p (F=D3)" | ana . (24)
n(n-1) ) w7
t has n-1 degrees of freedom.
For. the pooled data: /’ ‘
D
P ,/ n
b — * .
* where: D is % S__Di, (26} .
D, is x_ - . (27)
i Hi xLi o
n is the total number of paired data points,

[3



{n, - 1)S=
S— is 3 Dy

n3+n4+n5+n6+n7-

2 2

7

+oooot (n7- l)Sﬁ
(28) -
5

t has 20 degrees of freedom.

The results of these "t" tests are summariged in

the following)table togethér with the conclusion at the
95% confidenQé_iﬁyelz

A

TABLE 10

SUMMARY OF HYPOTHESIS TESTS

DAILY NITRATE PRODUCTION

»

Run Sludge age " Temp t af Conclusion
(days) (°C) @ 95% C.L.
. ‘ 14
Pool 17.079 22 Reject Ho
3 4 }2.5 5.399 6 Reject ﬁo
4 g “ 20.0 5.850 3 Reject H_
5 12 12.5  3.211 6  Rejeet H,
6 8 12.5 -.614 2 Accept Ho
7 R: 5.0 .591 5 Accept H

The pooled "t" value indicates that the higher dis-
solved oxygen level sludge produced significantly mére
nitrates plus nitrites during the experiment. This was
true during 3 of the 5 separate runs. Tempeiaturgimay
have inhibited nitrate production during Run 7 to such an
éxtent as to mask the dissoléed oxygen effect. The lack

of steady state data during Run 6 tends to reduce the

-83~
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validity of. the computed "t" value.

3.5.3 Temperature and Sludge Age Effects

Variances were calculated from the data for each
run; first without differentiation between results at the
two dissolved oxygen levels and then with {esults from
each dissolved oxygen level separated. A series of "F"

tests were then carried out. The results of these "F"

tests are shown in Table ll1l. Those results that are sig-

- ——
~

nificant at the 95% and 99% confidence limits are indi-
c;tgd.\ |
) Ssignificant differences at the 95% confidepce
%9%%1 (C.L.) occurred between most undifferentiated runs
aﬁd it was therefore félt that onl¥ significant differ-
ences at the 99% confidence level could be utilized in
this aﬁalysis.
There were significant (99% C.L.) differences be-
tween the mid-point run, (Run é{j\hpd Runs 3.and 5, i.e.
at differing sludge ages , but a coﬁmon temperature indi-
cating that sludge age has some %ffect on the ability
of a sludge to convert TKN to NO,-N. The lack of
(99% confidence limit) difference between Runs 3 and 5
could be due to the relatively wide scatter in the data.
There were significant (99% C.L.) differences be-
tween Run 4 and Runs 6 and 7, i.e. at diff;ring temp-

eratures, but a common sludge age indicating that -temp-
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TABLE 11

SUMMARY OF "F" TESTS

. %\ NITRATE CONVERSION

(a) Undifferentiated Data

Run 3 4 5 . 6 7

3 - 534 2.835% 0.046%*%  0.247%
4 , - 0.503 0.008**  0.044%*%
5 - 0.016%*%  0,087%*
6 ’ - 5.327*
7 ) -

(b) High D.O. Level Data

Run 3 4 5 6 7

3 - 2.312 3.547 ©  0.250 1.001

4 - 1.534 - 0.108 0.433

5 - 0.070% 0.282

6 - 4.010

7 ¥ -

(c) Low D.O. Level Data

Run 3 s 5 6 7

3 - 1.004 3.439 0.017* 0.324

4 | - 3.424 0.017% 0.323

5 \ - 0.005 0.094*
6 - 18.828

* Significant difference at 95% confidence level.

** Significant difference at 99% confidence level.

<
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" erature has some effect on the ability of a sludge to

- convert TKN to N03~N. The lack of difference (99% C.L.)
between the lower temperature Runs 6 and 7 could indicate an
Arrhenius-type temperature dependency.

The other significant (99% C.L.) difference occurs
between Runs 5 and 7, i.e. bétween the low temperature
run and the high sludge age run. In view of the evi-
deﬁce in the literature a;EJ;n this work regarding
temperature and sludge age effects, it appears reason-
able to expect such a difference to occur.

There is a lack of significant differences be-
tween runs when the data from each dissolved oxygen level
lisrconsideredufeparately.-BThis together Qith the differ-
ences exhibited by the undifferentiated data supports

_the conclusion reached in the analysis of the hypothesis
test’s that dissolved oxygen tension affects the Qbility
of a sludge to convert organic nitrogen to nitrate nit-

. ‘i\
» 4

]

3.¢ NITRIFICATION RATE

L
-

'

3.6.1 Determination of’Reaciioﬁ Order

For the purpose of this work the rate of nitri-
fication was taken to be the.rate %igformation of nit-
rite plus nitrate nitrogen. Those data where the concen-

tration of nitrite plus nitrate nitrogen formed exceeded
. )
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the concentraﬁépn of unfiltered TKN in the inf}uent
(i.e., where the apparent copversion was grea&er than i
one) were excluded from the analyses. : !
There is no significant differencekgt the 95% -~
confidence level between either thé MLSS or MLVSS levels
-in the éwo reactors at any temperature or sludge age
or during the overall experim;nt. It was felt that ex-
pressing rates as unit ratés served no purpose in this
work and because of the lack of significant difference
in lids levels, unit‘xates were not used.
Kﬁji> In order to determine the order of the reaction it
was firgt necessary to eliminatebtemperature effectg.
This was accomplished by using dimensionless fates. The
ﬁ}mensibnless‘rates were calculateévby dividing each . ' A
valuelat a particular temperature by the average rate at
that temperature. Similar transéormations were carried J
out on the iﬁfluent TKN concentrations and fhe effluent
nitrite plus ni;;ate nitrogen concentrations.
Froﬁ Levenspiel (1972) the following expression

can be derived for the nitrification rate in a single

Eompletely mixed reactor:

. .
Nltriflcatlon2R5€;\3 Cc - Co (29)
. . ;;j??‘"’ .
) where: Co is the influent concentration of

nitrite pldis nitrate nitrogen,
C is the effluent concentraﬁion of
, nitrite plus nitrate nitrogen, and -
‘ 58
-87-
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t is the theoretical detention time.

Both rates determined from the,24 composited samplés ’
and the "instanfaneous" samples were ;sed in the analysis
of rates. Both the Fates and the dimensionless rates
are shown in Table 12.

o« In order to dete&mine if the reaction rate could
'be approximated by é first order model, the dimension-"
iess rates were plotted versus the dimensionless effluent
unfiltered TKN concentration in Figures 8,9,10 and 11.
No significant correlation was found to exist at the
high dissolved oxygen level. At thé low dissolved oxXy-
gén,level'the daily xates were siéhificantly negatively
correlatéd at the 99%\confidence level and the instantan-
eous rates were\significantly neg;tively correlated at
the 95% confidence level. The correlations at the low
D.O. level, althouah’§fatisticaliy~significapt, are weak,
and this together with their negativity lead to the con-
clusion that a first order model does not fit the data.

A zero order madel was t;sted by plotting dimen-
sionless rates versus dimensiodleés influent unfiltered
TKN concentration as shown in Figureg 12,13,14 and 15.‘\
The only statistically significant correlation oéchrs
at the high dissolved oxygen level daily rates; This
correlation coefficient‘(O.SOI) was quite weak and it

was felt that the data as a wh&le supported the éonclu—

sion that a zero order kinetic model was adequate to

describe the data.
\J

3
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TABLE 12
NITRIFICATION RATES

DAILY NITRIFICATION RATES

RUN TEMP HIGH D.O. LOW D.O.

. (°C) DMLS DMLS

RATE RATE RATE  RATE

7 5 738 1.127 631 1.000

.598 .913 .661  1.048

.847  1.293 .702 © 1.113

.524 .800 .518 .821

.704  1.075 . 628 .996

.518 .791 .645  1.022

Avg. .655  1.000 .631.  1.000

3 12.5  1.839  1.221  .914 480
| 1.444 .958
f 1.497 . 994
1.637  1.086

B 1.160 .30 .879  .943

s 1.565  1.039 .980 1.051

1.543 - 1,024 .666  .714

5 12.5  1.041 . 691 .396  .425

| T 1.569 1041 1.131 1.213

1.454 . 965 1.437 1.541

1.218  .808 1.250 1.341

) 1.518  1.007 .812  .871

1.869  1.240 .510  .547

w
-
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TABLE 12 cont'd...

. RUN TEMP

HIGH D.O.
RATE DMLS
RATE
1.4}ﬁ . 940
2.653 1.761
* 2.357 1.564
6 ¥2.5 .937 .622
. 961 .638
.950 .631
Avg. 1.507°  1.000
4 20 5.325 1.190
4.190 . 936
3.910 .874
Avg. 4.475 1.000
8 INSTANTANEOUS RATES
RUN TEMP” DATE
HIGH
RATE
2 5 Mar 1 0.157
5 Mar 3 .562
7 5 Apr 20 l .782
5 Apr 22 .637
Avg. .535"
1 12.5 Feb 18 1.855
. 12,5 Feb 20  2.117
3 125 Mar 16 1.112
12.5 Mar 18 1.428

LOW D. O.
RATE  DMLS
- RATE
~ 320 ' .343
.903  .969
1.976 2.119
1.034 1.109
.823  .883
<fl-063 1.140
.932 1.000
2.406  .995
2.509 1.038
2.338  .967
2.418 1.000
RATE
LOW
DMLS RATE
.294 0.458 .
1.051 .569
1.463 1.014
1.192  .615
1.000 .664
1.057 1.336
1.206 2.020
.633 .887
.813

. 999

N

DMLS
.690
. 857

1.527
. 926

1.000

.906

1.370
.602

.678
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TABLE 12 cont'd....

RUN TEMP
5 . 12.5
6 12.5
4 20

20
L . )

DATE

Apr
Apr

Apr
Avg .

Mar

Mar

Avg.

.8

13

15

25
27

s

HIGH
- RATE

3.086
1.524

1.167
1.756

4.521
2.529

* 3.525

-91~-

RATE
DMLS
1.758

. 868

.665

1.000

1.283
. 717

1.000

Low
RATE

2.213 -
1.564
1.301

1.474

2.736
2.068

2.402

DMLS
1.501
1.061

.882
1.000

1.139
.861

1.000

.~
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3.6.2 Hypothesis Testing

Table 13 below shows the results of hypothesis
testing on daily nitrification rates using the paired
"t" statistic as outlined in Section 3.4.2 aqﬁ\sﬂgwing
the conclusion at the 99% confidence level. The results
are similar to those of the hypothesis tests on the total
nitrate production. The pooled data indicates that over-
all, the high dissolved oxygen sludge nitrified at a fast~-
er rate than the lgw D.0. sludge. Temperature inhibition
may have masked this effect during the 5°C run (Run 7) .
and lack of steady-state data during Run 6 reduces the
validity of th%s analysis. During Runs 3,4, and 5 the

oxygen level eFfect was clearly evident.

| TABLE 13
i

* SUMMARY OF HYPOTHESIS TESTS

DAILY NITRIFICATION RATE

Run Sluéée Age Temp t -' af Conclusion
(days) (°C) . o
Pool ! 17.380 27 Reject H
3 %4 12.5° ’ 5.440 6 Reject Ho
4 :8 20.0  4.763 2 Reject H_
5 }2 . 12.5 3.540 8 Reject Ho
6 ’ 8 12.5 -.296 2 Accept H
7 8 5.0 . 561 5 Accept H_

° ~100~
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3.6.3 Temperature and Sludge Age Effects By Analysis of
N »

L]

vVariances

The procedure set out in Section 3.4.5 was used to
analyse the data for temperature and sludge effects. The
results of the "F" tests are shown in Table 14.

Analysis of the results of the undifferentiated
data indicate that both tempe?ature and sludge age affect
the nitrification rate and that the?e appears to be a
strong interact%gn between the two parameters. The high
temperature run (Run 4) is significanﬁly'different at the

99% confidence level from both Runs 6 and 7 at the same

sludge aée but differing temperatures. Because Runs 6 and

7‘were not significantly different, an Arrhenius-type
temperature-nitrification rate dependency was indicated.
The midpoint run -(Run 6) was significant;y different from
both Runs 3 and 5 at the same temperature but differing
sludge ages. Runs 3 and 5 (high ané low sludge ages),
are significantly different at the 90% confidence level
but not at the 95% confidence level. All the "perimeter"
runs are significantly different at either the 95% gr
99% confidence level indicating that a strong sludge age-
temperatu?e interaction exists.

When only the results at the high dissolved oxy-'
gen level are considered, the results are similar to the '

undifferentiated data. Runs 3 and 7, and 4 and 5 are not.

significantly different indicating that the temperature

7

<
-101~-
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TABLE 14

SUMMARY OF "F" TESTS

NITRIFICATION RATE

(a) Undifferentiated Data

-

Run 3 o 4 5 6 7

.3 - B.726% 2.330 .041%* .056%**
4 - .267% .005** .006**
5 - .018** x024**-
6 . . - 1.358

7 -

(b) High D.O. Level Data

Run 3 . 4 5 6 7
3 - 13.283**  6.570* .003%* .404
4 - . .495 .0003%*  _030%*
5 - .001¥* .061**
6 - 118.247%*
7 -

(c) Low D.0O. Level Data

Run 3 4 s 6 7
3 - 099 3.891 <3230 .051%%
"4 - 39.250%  2.315 510
5 - .059 L013%%
6 - .220
7 ‘ _

* Significant difference at 95% confidence level.

**% gignificant difference at 99% confidence level.

-
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~
and sludge age effects cancel eagh other out, i.e. that
they are of approximately equal magnitude,

The "F" test results on the low D,0. data differ
considerably from fhose of both the high dissolved oxygen
1evel\3pé the undifferentiated data. These results indi-
cate that the temperature-sludge age interaction is rela-
tively strong but that neither parameter by itself exerts
much influence. The lack of a statistical difference be-
tween Runs 3 and 4 may be due to the low number of degrees
of freedom for Run 4.

It is concluded that decreased dissolved oxygen
tension inhibits the sensitivi%y‘of an activated sludge

systems nitrification rate to both temperature and sludge

age.

3.6.4 Polynomial Model " \

19

To assist in determining whether differences in
nitrification rates were due to differences in dissolved
oxygen level, an empirical polynomial model was construc-

ted, based on the experimental design:

2 2
1 x1 + B2x2 + Bllxl + 822x2 + B3x3

13%1%3 T By3¥p¥3

where: y is the nitrification rate,

y = B, + B

+ B

xl is’ the temperature, 7

X, is the sludge age, and
/ﬁ3 is the dissolved o§¥gen level.
/

The 3feragé daily nitrification rates for each

Y
.(‘ (
{

Y
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t
run were used to evaluate the parameters, The mean square

of the residual was used as an estimate of the variance
and the 95% confidence intervals of the parameters cal-

culated. The results are shown below in Table 15.

TABLE 15

<

NITRIFICATION RATE POLYNOMIAL !NODEL

Parameter vValue 95% confidence Limits
Lower Upper
@0 0.961 .578 1.344
@l 1,402 1.131 1.673
Qz 0.064 -.207 .335
/B\ll 1.084 .614 1.554"
) 0.299 -.171 .769
22 - —tr
B, 0.342 171 .513
A
313. .508 .237 .778
" -
8,5 .012 ,259 .283

[

) Because of the lack of daily data on Runs 1 and
2, no lack of fit test could be carried out.

The 95% confidence limits indicate that the sludge

s

age parameters,ﬁ? B,, and’§53 do not differ significantly n

2t
from zero. This suggests that sludge age was not a major
factor over the range of sludge age used. The work of
other authors hasnshown that majaé losses of nitrifyihg
ability occur below sludge ages of 4 to 5 days. The ef-
fect of sludge age could be expected to be more pronounced

at lower temperatures acéording to the literature.

«. The values of the other parameters indicate that
P

;\

Y
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temperature has a greater effect than dissolved oxygen
level on the nitrification rate. The model indicates
that the higher dissdlved oxygen system nitrification
rate was approximately 0.7 mg/hr/1 higher than the rate
in the low dissolved oxygen system,
An extra sum of sguares evaluation was used to
\ determine whether excluding the dissolved oxygen level
)terms, would have a significant effect on the fit of the
'*/// polynomial model. An "F" test conducted at the 95%
confidence level on the mean square of the residuals of
the two models showed that exclusion of the dissolved
oxygen term had no significant effect on the fit of the
model.

. Although the extra sum of squares evaluation shows
no significant differences between models wiéh and. with-
?ut the D.O. term, the predicted difference of 0.7 mg/hr/1
)
is greafér than the average daily and average "instantan-
eous" rates under low temperature conditions (Run 7).

Had the full experimental design been carried ount, the use-
fulness of the polynomial modelgas a predictive tool would
probably be enhanced. With the data available the model
predicts that temperature has the greatest effect on nit-
rification rates, dissolved oxygen tension lesser effects

and sludce age no effect.

~-1N8. 4
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3.6.5 Temperature Dependency

3.6.5.1 General

It has been shown earlier in this work that tem-

P ture has a large effect on the rate of nitrification.
<F§q The Arrhenius temperature-rate model has been
shown by many authors to adequately describe observed
nitrification rates and was therefare used in this work.

To eliminate any possible sludge age effects, only
those rates from runs having an 8 day sludge age were
used. Rates were determined from 24 hour composite

samples except for Runs 1 and 2 where the rate is the

average of the two rate day values.

3.6.5.2 Arrhenius Model

The Arrhenius rate model is quite difficult to

" fit in the form usually presented in chemical engineering

texts because of the interaction between the frequency

factor, and the activation energy:

K = ne E/RT (31)
where: K is the rate eOnstant,
A is the frequency factor, and
E is the activation enexgy.
A form .of this equation'has been developed
which minifiizes this interaction: \ )
K = k* e E/R( %“ - %o’ (32)
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where: K* is Ae—E/RTo

}

, and
T, is the median temperature in °K.
A logarithmic transformation was used to produce the fol-

lowing simplified ejuation:

AN E 1 _1 . B
In = R(T ,—r—-)+1nK* (33)
o
This equation was used to produce "best fit" lines
for both the high and low dissolved oxygen results. These
lines are shown in Figure 16. "F" tests at the 95% confi-

‘dence level showed no lack of fit of either of the lines

fitted to ﬁhe hi b and low dissolved oxygen level data.
However, there was no significant difference at the 95%
confidence level between the activation enérgies at each
oxygen tension.

Thefefore one "best fit" line was produced as
shown in Figure 17. This single }ine for both sets of
data exhibited a_lack of fit at the 95% confidence level
but no lack of fit at the 99% confidence level. The, 95%
confidence limits for the activation energy of the single
line contains the activation energies of both the high
and the low D.O. "best fit" lines. This value of E is
almost identical to that reported by Downing and Hopwood
(1964) .

It may be poséible that at lower temperatures the
effects of dissolved oxygen are hidden by the inhibiting
effect of those low temperétures.

The Qlo from 10°C to 20°C was found to be 3.53,
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based on the single "best fit" line, 4.17 for the high

D.O. and 2.99 for the low D.O. "best fit" line. The single
"best fit" Q10 is close to that of 3.42 reported by Wilson
(1975) at a sludge age of 7 days in a two stage activated
sludge process. The 40% difference in Q10 nitrification
values between the high D.O. and the low D.0O. sludges,
again suggests that low temperatures may hide any D.O.

effects.

3.7 MOST PROBABLE NUMBER OF NITRIFIERS

3.7.1 General ’ N

A multiple tube technique (See Appendix B) was
used to determine the most probable nﬂmber of nitrifiers
(MPNN) in each reaétor during each run. Spot tests were
done on each tube at the end of the incubation period to
test for the presence of ammonia, nitrite and nitrite
plus nitrate. All tubes showed positive reactions for
both ammonia and nitrite and thus the results of the nit-
rite plus nitrate test were used in determining the MPNN.
The detailed results are shown in Appendix D. Tiple 16

v

summarizes the results.
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Run

TABLE 16

SUMMARY OF MPNN RESULTS ~ R
D.O. Level
High . Low
2,300, 000/ml 430,000/ml
56,000 1,700,000
330,000 230, 000
350,000 1,300,000
150,000 " 1,300,000
13,000,000 1,100,000
%,300,000 ~ 64,000

Hypothesis Tests

A hypothesis test was conducted on the paired

)

data shown in Table 16. The results are shown below.

Ho: Bb=20
Hl: D> O
wvhere: Di = MPNNH. - MPNNL.
i i
t = 1.012 af = 6 5
t = 1.943 at the 95% confidence level.

crit

This test shows that there is no significant dif-

ference between the MPNN at the two oxygen levels,

3.7-3

Correlation With Nitrate Production and Nitrifi-

cation Rate

The MPNN and 1og10 MPNN were plotted versus nit-
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rate converted and nitrification rate. See Figures 18,
19, 20, and 21. All relationships showed a lew level
of correlation. None of the correlations were found to
be significant at the 95% level of significance.

One reason for the low correlations found may
be that the range of MPNN was limited, from 0.05 x 106/m1

£o 2.3 x 10%/ml, except for the high D.O. level MPNN dur-

ing Run 6.

3.8 TOC REDUCTION

3.86.1 Hypothesis Testing

TOC analyses were run daily on the 24 hour compo-
site of the effluent from each reactor. This paired data
from each run was subjected to hypothesis testing to de-
termine whether any differences existed in the daily TOC
reduction between the high and low dissolved oxygen level
reactors. The results of these tests are shown in Table
17.

The hypothesis tests show that, with the excep-
tions of Runs 3 and 7, the high dissolved oxygen level
sludge reduced more TOC than the low dissolved oxygen -
sludge. This reduction is statistically significant at
the 99% confidence level when all the data is'pooled.
Pooling of the data from Runs 1 and 6 also indicates a

significant difference at the 99% confidence level. How-
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Run

Pool

N

\I‘O\ 943 [ w

7.507

. 889

. 270
-.064
2.158
2.651
1.380
-2.484

TABLE 17

SUMMARY OF HYPOTHESIS TESTS ]

DAILY TCC REDUCTION

daf ' t

crit .
= 0,95 = 0.99

45 1.645 2.326

. 6 ' 1.943 3.143
4 2.132 3.747

10 1.812 2.764

6 1.943 3.143

9 1.833 2.821

6 1.943 3.143

4 . 2.132 3.747
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7

evér, no sincle run exhibits significant differences at
the 99% confidence level and only during Runs 4 and 5 was
the TOC reduction significantly greater by the high D.O.
sludge at the 95% confidence ‘level. The data from Run 7
ipdicates‘that the low dissolved oxygen reactor reduced
TOC to a significantly greater degrge than the high D,O.
reactor: ’ . :

It was concluded that over the long term, an act-
tivated sludge reactor operating at a dissolved oxygen
tension in the range 6 to 10 mg/l, will reduce more TOC
than a reactor operating at a more normal dissolved oxy-

<

gen tension of 0.5 to 2.0 mg/1,.

3.8.2 Polynomial Model

A polynomial model similar’ to the one previously
described for nitrification rate was used in evaluating
the effect of dissolved oxygen, temperature and sludge
age on the effluent TOC gquality. see Appendix C. The
model showed no lack of fit at the 95% confidence level.
Table 18-lists the values of the parame:ers and their res-
" pective 95% confidence intervals. It indicates that the
temperature, dissolved oxygen and dissolved oxygen inter-
action parameters éo not differ significantly from zero
and that sludge age is the largest factor in TOC reduction.

An "F" test on the extra residual sum of squares:

f the model created by dropping the dissolved oxygen

.

4 \.,',,\o
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TABLE 18

DAILY TOC REDUCTION POLYNOMIAL MODEL

Parameter Value 95% Confidence Limits
) Lower Upper
) . 18.48 16.75 20.21

o , »

1 (temp.) 1.30 ~0.19 2.79
’s\z (sludge age) 11.46 9.73 13.19
B, (temp.) 0.84 -1.44 3.12
ﬁzz(sludge age) 9.70 7.26 12.14
%, (0.0.) 0.89 -0.05 1.83

- - D
. B, ;(temp-D.0.)  0.91 0.53 G 2.35
B, . (sludge age- 1.42 -0.31 3.15
23 )
D.O.)
K
| “ o
/
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termsshowed no significant difference in the residuals

at the 95% confidence level. There was no lack of fit of
the model at the 95% confidence level without the dis-
solved oxygen term.

The model is in agreement with the results of the
hypothesis tests. The high sludge age data (Run 5) indi-
cates a significant difference in foc reduction. One run
at the middle sludge\age and the pooled data of the two
centre-point runs show significant differences while the
low sludge age data shows no difference in TOC reduction

»

performance. )

K

'3.8-3  Correlation With Process Parameters

Adenosine triphosphate (ATP) analyses and oxygen
uptake rate determinations were carried out on each reac-
tor during each run. The results of the ATP analyses
were plotted against daily TOC reduction in Figure 22.
Thg/p@trelatign coefficients between effluent TOC levels,
and other process indicators, and ATP concentrations,
MLVSS levels and oxygen uptake rates are listed in Table
19.

Dail§ TOC reduction was significantly correlated
at the 99% confidence level with ATP concentration at the
low dissolved oxygen level and with the pooled data. “The
limited range of TOC reduction evidenced by grouping of

g
data around 20 mg/l, reduces the value of the comparison

-

. . . <
with ATP concentrations.
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QB TABLE 19

ATP, MLVSS AND OXYGEN UPTAKE RATE CORRELATIONS

WITH PROCESS INDICATORS

High D.O. Level

Parameter ATP ATP/VSS  MLVSS Overall Unit
{ D.0O. Uptake D.0O. Uptake
TOC Reduction  .659 -—.304 .757 ~.222 -.329
(97.5%)
TOC Rate .260 ~-.409 .598 .615 .468
Effluent COD .337  .378 ~.131 ~.455 -.456
£ COD Rate ~.097 =-.080 . 082 .665 ) .037
x‘ .
. Low D.O. Level
e 5
“ROC Reduction  .853 ~-.182 683  -.574 -.528
- (99%) (95%) ’
& .
T@C Rate .738 -.219 . 661 -~.042 -.281
: ; (95%)
i _Effluent COD  -.066  .310 ~-.177 ~.335 ) -.130
COD Rate .263 -.377 .390 -.630 ~-.699
Pooled

S

TOC Reduction  .743 -.236 .701 .386 045
‘ (99%) (99%)
! TOC Rate .487 -.305 .607 .489 .147
' (95%) (99%) (95%)
Effluent COD .166  .354 -.151 ~.542 -.434
COD Rate .025 -.001 .188 -.005 ~.283
~121-




3.9 TOC REMOVAL RATE

3.9.1 Hypothesis Testing

TOC removal rates were calculated for each reactor
from the data obtained daily on the raw influent and the

composited effluent as follows:

Removal Rate = Co ~ € (34)

t
where: CO is the influent TOC,
C is the effluent TOC, and
t is the theoretical detention time
based on 24 hour total flow.

The paired data were used in conducting hypothesis
tests similar to those previously described. The results
of this testing are given in Table 20.

The hypothesis test results are similar to those
of the daily TOC reduction, i.e., the pooled data indi-
cates a definite increase in TOC removal rates at higher
dissolved oxygen levels but no one run shows a significant
difference at th¥ 99% confidence level. Runs 4 and 7 in-
dicate significant differences in the removaaﬁrates at the
95¢% confidence level, run 4 showing increased rates at the
hig&bg:o. }evel and run 7 showing decreased rates at the
high D.O. ievel. It was concluded that, over the 1ongf

term, greater TOC removal rates would occur at dissolved

-122-
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TABLE 20

SUMMARY OF HYPOTHESIS TESTS

TOC REMOVAL RATE

Run t daf tcrit
= 0.95
Pool 4.178 40 1.645
1 0.898 6 1.943
2 0.082 4 2.132
3 0.066 9 1.833
4 2.547 3 2.353
5 0.979 8 1.860
6 1.699 6 ©1.943
7 -2.435 4 2.132
)
v
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= 0.99

2.326
3.143
3..747
2.821
4.541
2.896
3:143

3.747



N

oxygen tensions in the range of 6 to 10 mg/1 than at dis-

solved oxygen tensions in the range of 0.5 to 2.0 mg/l.

3.9.2 Polynomial Model

A polynomial model was constructed similar to that
used to assist in the evaluation of the nitrification
rate. ‘There is a wide scatter in the data. Calculation
of. the confidence intervals on the individual parameters
shows that none of the parameters differs significantly
from zero at the 95% confidence level, indicating no

)
correlation within the data.

3.9.3 Correlation With Process Parameters

Thg TOC removal rate at the low dissolved oxygen
level was significantly correlated at the 95% level of
significance with ATP concentration (Figure 23)+ The
pooled TOC removal rates were significantly correlated
at the 99% significance level with MLVSS concentration
and at the 95% significance level with ATP concentration
and overall dissolvea oxygen uptake rate. 1In contrast
Nutt (1974) found that the TOC removal rate was signi-
ficantly correlated at the 99% significance level with A

ATP concentration, but was not significantly correlated

with either MLVSS concentration or oxygen uptake rate.
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3.10 COD EFFLUENT QUALITY AND REMOVAL RATE

3.10.1 Hypothesis Testing

Effluent COD was determined only during rate days
and therefore only two data points per run are available.
Therefore all the data were tested as one set rather than
testing the data from each run sepérately.

The hypothesis tests indicates that there is no
significant difference at the 95% level of confidence be-
tween COD effluent quality or COD removal rate at the two

dissolved oxygen levels.

3.10,2 Polynomial Model

An analysis of the polynomial model for COD ef-
fluent quality indicates that there is no lack of fit in
the model. However fhere is a large amount of scatter
in the data as evidenced by a large residual mean square
(89.21). Consequently none of the parameters are sig—(
nificantly different from zero at the 95% confidence
level. This indicates temperature, sludge age, and dis-
solved oxygen level are not important parameters for
predicting COD effluent gquality.

The polynomial model for COD removal rate also ex-
hibited no lack of fit. However because of the scatter
~in the data, only the'GL parameter was significantly dif-

ferent from zérao at the 9%% confidence level. This indi-

\
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cated tﬁat an average should fit the data just as well
as £he polynomial. An "F" test at the 95% confidence
level between the variance of the observed rates and the
variance of the predicted rates showed no significant
difference. Therefore it is concluded that the COD re-
moval rate does not vary significantly within the range

of conditions studied.

3.10.3 Correlation With Process Parameters

Effluent COD ality was not significantly cor-
\related at the 95% confidence level with any of the pro-
cess parameters measured, (i.e. ATP, MLVSS and oxygen up-
take) . ’

CcoD remTval rate was not significantly correlated
with any of the process parameters at the high dissolved
oxygen level. At the low D.O. level the unit oxygen up-
take was significantly, (albeit negatively), correlated
at the 95% confidence level but not at the 97.5% confi-
dence level.

It is concluded that none of the process parameters
is a reliable indicator of the ability of a sludge to re-
move COD within the range of conditions studied in this'

work.
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3.11 OXYGEN UPTAKE RATE

3.11.1 General

The oxygen uptake rate was determined from data
gathered on each rate day. Linear regression was used
to determine the rate as mg-D.0./l/min. These rates
were also converted to mg—DTO./mg~MLVSS/day. The data

is presented in Appendix D. Table 21 lists the calcu-

lated rates.

3.11.2 Hypothesis Testing

14

- Oxygen uptake rates are often used as an indica-
tor of process performance and it was thoﬁght that if a

more active microbial mass existed at higher dissolved

oxygen levels it may be reflected in higher uptake rates.

The hypothesis tests outlined previously in this

work were carried out on the calculated rates shown in

Table 21. The hypothesis tests showed that there was no

significant difference at the 95% confidence level be-

tween the ratés at the two D.0O. levels for both the over-

all rates (mg-D.0./1/min) and the "hnit" rates
(mg-D.0./mg-MLVSS/day) :
straight rates 't = -1.45

-1.78

H

unit rates t
t(95%) = 1.78

The negative "t" values indicate that the rates
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DATE

Feb.

Mar.
Mar.
Mar.
Mar.
Mar.
Apr.
Apr.
Apr.

Apr .

18

20

le

18

TABLE

21

OXYGEN UPTAKE RATES

D.O. LEVEL

o N R T s < B o Y- - B = B - - o B~ - J o B < “HPR o N B < N - = I

b

|

)

-128-~

RATE
.198
.117
.261
.136
.077
.090
.085
.084
060
.182
.111
.118

-334

.133,

<377
-170
.258
.144
. 346
.082
. 062

111

$112°

¥
D.O. UPTAKE
UNIT RATE

.263
.148
.284
.160
.121
.128
.140

132
.169
.624
.291
.347
.641
.351
.835
.195
.290
.171
.477
.144
.095
.188

.154

g
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TABLE 21 cont'd....

DATE

Apr. 20

Apr. 22

D.O. LEVEL

| S B <

RATE
.138
.188

.082

g 120

~129-

D.O. UPTAKE
UNIT RATE

.225
.320
.124

232
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at the lower D.O. level tend to be higher than those at

the higher D.O. level.

3.12 ADENOSINE TRIPHOSPHATE

Y

3.12.1. General Q

The results of Ehe adenosine triphosphate (ATP)
analyses are listed below in Table 22 in two forms: the
first is the actual concentration of ATP measured; and

the second is in the form usually found in the literature.

TABLE 22

ATP RESULTS

—
Run ‘ ) ATP Concentration
mg 1 | ug/ (mg VSS)
High D.O. Low D.O. High D.O. Low D.O.
1 : 1.25 1.45 1.30 1.27
2 1.60 1.32 1.75 1.50
3 1.62 1.17 3.60% ”2.85,
4 . 1.00 0.97 1.53 1.46
5 2.12 2.09 1.56 1.52
6 1.48 1.42 1.48 1.55
7 ‘. "1.40 1.38 - 1.99 1.38

»

* Assumes MLVSS = 0.8 x MLSS

The concentrations as ug/mg VSS are in the range
generally reported in the literature although most are
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somewhat lower than the average of 2.0 to 2.1 ug/mg VSS
reported by Patterson et al (1970).

3.12.2 Hypothesis Testing

o

Hypothesis tests similar to those déscribed pre-
viously were éarried out on both the ATP concentra-
tions and the unit concentrations. The results showed
that at the 95% c¢onfidence level no significant differ-
ences existed between the ATP goncentrations observed at
the high and the low dissolved oxygen levels.

However, the unit ATP concentrations were signi-
ficantly different at éhe 95%‘confidence level although
they were not significantly différent at the 99% confi-
dence level. This sugéests that in the high D.O. sludge,
a.greater percentage of the microoréanisms were viable .
than in the low D.O. sludge. This difference in viability
does not appear to be large as in a period of approximate-
ly one week for an average run, no(significant difference
Yas usually detecﬁzd in the TOC effluent guality. But 'ﬁ\\

as shown in Table 19 this’difference in viability could

be significant over a long period of time.

3.12.3 Sludge Age Effects

Figure 24 illustrates the correlation' between ATP
/ .
unit concentration and sludge age. This correlation is

negative, indicating that the viable fraction of the MLSS
. I
<

# ] -131~
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}\ -
drops with increasing sludge age, This is in keeping
with conventional descriptions of the activated sludge

process as the lowger sludge ages represent a culture

moving towards the death phase.
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4.0 CONCLUSIONS

Over the temperature range of 5°C to 20°C the high
dissolved oxygen level sludge produced significantly
more nitrite plus nitrate nitrogen during the course

— -

of the experimerit. An-increase in sludge age in the

’

range of 4 to 12 days also increased nitrate produc-

. * »
tion. e

Within the temperature range of 5°C to 20°C the rate
of nitrification was significantly greater overall
at the high dissolved oxygen level. At 5°C virtually

no difference was observed but a significant difsfer-

5

ence was apparent at 20°C,

The majpfit§ of the nitrogen ﬁass balances were within
10% which is within the range of experimental error
indicating no loss of-nitrogen; there was no signifi- -
cant difference in the balances between the two dis-

solved oxygen levels.

No significant difference in effluent COD quality or
COD removal rate was observed between low and high dis-
solved oxygen over the range of sludge age and temp-—
érature investigated. No process parameter measured
was a reliable'indicator of COD effluent quality or
removal rate. 9
v
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Significantly gréater overall TOC reduction and TOC
removal rates were obtained at the high dissolved
oxygen level although no one set of conditions showed

a significant difference at the 99% confidence level.

Overall ATP concentration was significantly different
at the 95% confidence level indicating that the high
dissolved oxygen sludge may have been more viable.

The most probable numger of nitrifiers was not signi-
ficantly correlated with either the nitrification rate

or. total nitrate converted.

No significant difference in overall or unit oxygen
uptake rates was observed between the two dissolved
oxygen levels over the range of sludge ages and

temperatures investigated.
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5.0 RECOMMENDATIONS

The following is recommended for further study:

1.

\

A more extensive comparison of the relationship be-
tween nitrification rate and dissolved oxygen level,
with the object of substantiating that oxygen ten-
sion affects nitrification rates and determining

the mechanism for this interaction. Work should be
concentrated at temperatures above 10°C and at sludge

ages in excess of 8 days.

~136- v\



ATP
BOD
°C
COD
D.O.

hr

mg/1
MLSS
MLVSS
S.A.
TKN
TKN-F
TKN-UF
TOC

ug/mg

..

..

.0

1)

ABBREVIATIONS AND SYMBOLS

adenosinetriphosphate

5 day biochemical oxygen demand
degrees celcius

chemical oxygen demand o
dissolved oxygen

hqzi//

litre

milligrams per litre

mixed ligquor suspended solids

mixed ligquor volatile suspended solids

sludge age

total Kjeldahl nitrogen ‘

filtered (soluble) total Kjeldahl nitrogen
A
unfiltered total Kjeldahl hitrogen
L
total organic carbon

microgram per milligram
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REACTOR MIXING CHARACTERIZATION
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The reactor configuration is shown in Figure 25.
1
Tracer studies were carried out on each reactor
: " P

to ascertain whether in fact they were completely mixed.

Dilute-out curves were determined for .the minimum and the

" maximum flow rates measured during the study.

Each reactor was filled with tap water containing

glutamic acid at approximately 1,000 mg/l TOC. Tap water

‘was pumped into the reactors and samples of the effluent

taken at various time intervals.
A mass balance on the reactor yields the follow-

ing relationship between concentration and detention.

time:
Change = In-Out + Reaction ~ Sinks + Sources (40)
where; In, Reaction, Sinks and Sources are zero
am _ » _ =a (vCc) _
then qr - Qut = It = QC (41)
-~V dC _
FE-X (421
=9 ¢ =
or ln(C/Co) = V.t Dt . (€3)
where: D is the dilute-out rate (hours—l),
CO is the initial TOC (mg/l},
C is the TOC at any time (mg/1),
Q is the floerate‘in influent (litres/hour)
and,
*
V is the reactor volume (litres).
. . ] % . .
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EXPERIMENTAL APPARATUS
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Ahe results, shown on Figures 26 and 27, indicate
that the detention-times calculated from the dilute-out
curves are within about 3% of the theoretical sp;ce
time at the lowest flow rates and within approximatéﬁy
7.5% at the highest flow rates. It was conclud%d'thép
the reactors could be considered completely mixed for\§%1

/
- flow rates used in this work.

The pumping rate increased approximately 3 ml/min-
ute during each tracer study. The average of the initial
and final pumping rates was used in calculating the
theoretical space time, i.e., it was assumed that the rate
of increase in the pumping rate was linear. This is a
source of experimental error in addition to sampling
error and analytical error.

\ .

WASTEWATER CHARACTERISTICS

The raw sewage feed .was analyzed dai}y for Chemical
Oxygen Demand, Total Orxganic Carbon, Total Kjeldahl Nit-’
rogen (filtered and unfiltered samples) and nitrate plus
nitrite. The results of these anaiyses are shown in the
form of probability plots in?Figures 28, 29, 30, and 31.

The waste contained Kjeldahl nitrogen and nitrate
plus nitrite nitrogen in quantities considered normal
fog domestic sewage by most authors.  However, it contained

much less organic carbon and oxygen demanding substances

than are usually reportéd for doméstic_sewége.‘
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FIGURE 26

DILUTE OUT CURVES
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EXPERIMENTAL DESIGHN

The experimental design was originally conceived

as a full 32 factorial design. Howeveyr external constraints

dictated that the number of runs be reduc and a subset
of the original factorial design was carried™Qut. Re-
plicate runs were done at the center point and the low
temperature point to provide an estimate of pure error.
Three temperatures, 5°C, 12.5°C, and 20°C, and -
three sludge ages, 4 days, 8 days, and 12 days, were
selected to provide a symmetrical design and because
they represented values which might be encountered under
Canadian climatic conditions. Identical sludge ages and
temperatures were maintained in each reactor for each
exper imental run, the only difference being the dissolwved

|

oxygen level. | <« 7
The effect of differences between the reactor sys- J

tems was eliminated by ran@omly selecting which reactor

would have the high dissolved oxygen level. Because of

the biological nature of the system it was not possible

to fully randomize the selection of either temperature

or sludge age. However, parameter selection was random

as possible.
Table A-1 summarizes the conditions of each run.

Figure 32 illustrates graphically the experimental de-

-

"sign.
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Run No.

TABLE A-1

EXPERIMENTAL DESIGN

Sludge Age
(days)

8
8

~162-

Temperature

(°C)

12.5

5.0
12.5
20;0
12.5
12.5

5.0

High D.O.
Reactor

1
1

N

NN N
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Temperature

20°C
12.5°C

5°C

FIGURE 32

EXPERIMENTAL DESIGN

4 days

0
00

00

\\;\i/)e days

Sludge Age
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APPENDIX B

ANALYTICAL PRQCEDURES
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TOTAL KJELDAHL NITROGEN (TKN), (Ferrari, 1960)

The analyses for both filtered, (0.45h membrane

filterf, and unfiltered Total Kjeldahl Nitfogeﬁ*were car-

ried out on a Technicon Auto Analyzer utilizing Indust-
rial Method 30-69A. Analyses were carried out in the
range 0.1 mg/l to 40 mg/l. Samples with concentrations
higher éhan 40 mg/l were diluted with ammonia-free dis-
tilled water until the concentration fell within the
analytical range.

Standards were‘made from a stock solution of
ammonium chloride, 105 mg/1 ;; N (382 mg/luNH4C1).

To help ensure representative samples, air was
pumped into the sample cup at the same time as the sam-
ple was aspirated. This provided enough agitation to
completely mix the contents of the sample cup.

Samples were preserved by the addition of 1 ml
of concentrated sulphuric acid per 300 ml of sample

followed by storage at 5°C.

AMMONIA NITROGEN (NH,=-N)

Soluble (passing a 0.45u membrane ﬁilter) ammon-
ia nitrogen was analyzed by bypassing the digestion
process of the Buto Analyzer Industrial Method 30-69A.
Samples were filtered immediately after they were ob-

tained. Analyses were carried out in the range 0.1

~165~
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mg/l to 40 mg/l. Samplesytzgéaining'more than 40 mg/1

ammonia nitrogen were diluted with ammonia-free dis-

A .
tilled water until the concentration fell within the ana-
lytical raﬁﬂb.

Standérds were prepared from the same stock as
the Total Kjeldahl Nitrogen standards.

Samples were preserved by the addition of 1.0 ml
of“chlofoform per 300 ml of sample. Samples were vig-
orously shaken and then stored at 5°C until they were

analyzed.

_NITRATE AND NITRITE NITROGEN (N03—N and NO,-N)

All nitraté and nitrite analyses presented were
analyzed by a‘Technicon Auto Analyzer utilizing Indust-
rial Method 33-69W. Using this metﬁodqlogy, nitrate
plus nitrite concentrations were first determined. Thé
nitriﬁe concentration of the sample was then ascertained
and the nitrate concentration obtained by subtraction of
the two results. Samples were analyzed in the range
0 to 20 mg/l1 as nitrogen. BotH nitrate and nitrite stan-
dards were érepargd.in accordance witb*the Technicon
ﬁethodology. Samplés were pxegerved py addition of 1 ml

of chloroform per litre of sample and storage at 5°C.

¥

DISSOLVED NITR N GAS

A Fisher zzéeétific Clinical Gas Chromatograph,

-
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Model 99, was used to measure the concentration of dis-
solved nitrogen ga#.

Sample aliqdots of 0.5 ml were obtained from in-
side the stem of thk funnel in the saturator and from
below the water surface of the outlet tube. A sample
consisted of at leaét 3 aliguots. Sample size repeat- -
ability was maintainéd through the use of a Chaney ada-
ptor on a Hamilton gés—tight syringe. N6 more than five
seconds elapsed betwéen Eaking the sample and injection
into the apparatus.

The aliquots w%re injected into a glass chamber
with a fritted glass %isk. Helium carrier gas stripped
all dissolved gases frbm the liquid. Water vapor was
removed by passing the%stream through one foot-of % inch
I.D. Tygon tubing packe;d with 14 to 25 mesh CaSO4
(Drierite). This drying column was replaced after six
injections.

' Oxygen and nitrog?n gases were separated in ;he
chromatograph's two coluﬁns, their guantities being de-
teéted by a pair of match?d thermistors (Keulemans et al,
1957).

Samplesaof air—sat&rated water ‘at different con- -

-
v

stant temperatures were used as standards.

¥ .
The output from .the chromatograph was recorded

on a Phillips- PM 8100‘f1at bed recorder receiving power

through a Sola 120 VA constant voltage transformer.‘' Re-

._1.67..
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corder gpeed was 25 nm/min and sensitivity was 1 mV.

For a more detailed description of the analytical

equipment and procedure see Swinnerton et al (1962),

and Dawson (1971).

NUMBER OF NITRIFIERS

~

The number of nitrifiers was determined by a 5

tube most probable number technique.

Media Preparation

- Winogradski's media (Selibera, 1962) was used to

grow the autotrophic Nitrosomonas and Nitrobacter. The

ingredients are listed below:

(NH) ,50, 2.0 g/1-
K,HPO, 1.0 g/1
MgSO, - 7 Hy0 0.5 g/1 \
NaCl 2.0 g/1 |
t
|
FeSO, « 7 H,O0 0.4 g/1 :
) CaCo, , 2.0 g/1
) MnCl, . 4 H,0 ‘ trace
distilled water A " to make up volume
pH before- autoclaving 47.2
after autoclaving 7.3

Five ml of Winogradski's media was pipetted into

_each of a large number of 50 ml test tubes. ‘The ;ubés

©
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were stoppered with foam rubber plugs and the tubes were

autoclaved for 15 minutes at 120°C (248°F).

~

Buffer Preparation

The standarg microbiological buffer soquion as
described in Standard Methods, page 650, was used to pre-
pare the necessary dilutions. Ninety ml of dilute buffer
(1.25 ml/1) was\poured into a number of 180 ml capacity
bottles and 250 ml of dilute buffer was poured into a
number of 500 ml capacity erlynmeyer flésks. The bottles
had plastic screw-type caps with rubber seals. Theséiwerg
put on loosely. The flasks were stoppered with nonabsor-
bent cotton and the mouth covered with tin foil. Bogh

bottles and flasks were autoclaved for 15 minutes at

120°C (248°F).

Inoculation Procedure ‘|

®Using a sterilized,wiée mouth 5 ml pipet,’Z.Sﬁml
oflmixed liguor was pipettéé directly into 250 ml of dil-
ute buffer. (The pipets were s£§ri1ized at 170°C, (338°F),
for 2 hours{} The mixture was blended for 15 minutes at
Nthé highest speeé of a Waring "“Futura 750" blender‘to
‘bréag dowq the activated slpdge.flocs and'prevént their
.reforming. This was also uséd £o ensure a uniform‘concen-

tration of microorganisms in the mixture,

Serial dilutions of 1073, 1074, 1075, 107% ana 10-7

-169-
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ml/ml activated sludge were prepared by pipetting 10 ml of
the lower dilution into 90 ml of sterilized buffer. Ster-
ilized 10 ml disposable plastic pipettes were used for this
operation. The bottles were shaken vigovously for 2 to 3
minutes prior to -making the next dilution.

Sterilized 1 ml disposable plastic pipett?s were
then used to transfer 1 ml of each dilution to each of 5
tést tubes containing Winogradski's m?dia. The bottles
and flasks were vigorously shakgn freéuently during this
operation to maintain as consistent a microordanism con-
centration as possible. This transfer to the test tubes
was done {n order from the highest dilution to the low-
est dilution to avoid gross contamination of the’inoc—
culated media. The foam caps were replaced and eaqh
set of 30 test tubes,-plus two uninocculated blanks, was

incubated at 16°C for 30 days.

Nitrifer Determination Procedure

>

Three séparate spot tests Were'uéed to detect the
presence of the following:

1. .ammonia nitrogen,

2,. nitrite nitrogen, and - i

3. nitrite pl&s nitrate‘nitrogen;

Fqllowiﬁg the incubation period, a few drops from

each test tube were placed in 3 depressions on a white

glazed ceramic spot plate. The presence or absence of

D ot = b PR
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each chemical species was determined by observing the

color change (or lack of color change) which occured in

each sample upon the addition of a small amount of the

chemical (s) involved.

The table. below outlines tlie chemicals used in

each determidation and the color change involved: 1In

all cases, no color development indicated a lack of that

‘particular form of nitrogen.

Form of Nitrogen

° |
Chemicals Used

Color

NH

NOZ'

NO, + NOg

—

4

Nesslers Reagent (Koch
and McMeekin) Fisher
Chemical No. Sy-N-24

Sﬁlfanilic Acid Testl
Solution (Selibera,
1962) (see below)

plus
Alpha~Napthylamine

Tegt Solution (Seli-
bera, 1962) (see below)

Brucine Sulphate
plus

Concentrated Sulphuric
Acid .

Sulfanilic Acid Test Solution

£

yellow to dark
reddish brown

pink to dark
red

yellow

Put 14.7 gm of glacial acetic acid in 15.ml of dis-

[PPSR
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tilled water. Add 1.0 gm of sulfanilic acid. Heat to

dissolve. Siowly add 270 ml of distilled water.

-

Alpha-Napthylamine Test Solution

Put 14.7 gm of glacial acetic acid in 25 ml of
distilled water. Add 0.2 gm Alpha-Napthylamine. Heat

to diseolve. Add 300 ml of distilled water.

The reactions involved in the formation of the

A o
colored reaction products are presented by Feigl and ﬁf

Anger, (1972).

ADENOSINE TRIPHOSPHATE (A.T.P.)

Firefly Extract Preparatlon

Firefly extract (Worth:ngton Biochemical) is sup-
,vplied in.dessicated form in v%als wﬁich, when:;ecohstit-
uted with 5 ml of distilled water, produces axsuspension
of pH 7.4 containing 0.05M potassium arsenate buffer
-and 0. 02M magnesium sulfate. Before use,; the recoheti-
tuted extract was dlluted.to 2530 ml with a dlluent made
up of equal volhmes of‘O.lM sodium arsenate, (3.12 gm of
Na HASO * 7H20 per 100 ml, pH 7.4), and 0.04M magne51um
chlorlde, (0.81 gm of MgCl '+ 6H,0 per 100 ml, PH 7.4).

The extract was made on the day qf the procedure. .The

dlluted extract was,kept in an jce bath erlng use.

A
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A.T.P. Standards

100.0 mg of adenosine triphosphate disodium salt,
(K and K Laboratories), wés dissolved in 1.0 litres of
© 0.025M tris buffer (3.062 gm tris (hydroxymethyl) amino-
methane per‘litre adjusted to pH 7.75 with concentrated
HCl). This solution wag pipetted in 25 ml aliquots into
test tubes, parafilmed and frozen atR-EO'C until needed.

At the time of the A.T.P. assay, a test tube was
thawed and the contents diluted with 0.025M tris buffer
producing a stock of 10.00 mg/l. Standards wére made by

-

diluting this stock with 0.025M tris buffer.

Extrattion Procedure

A.T.P. was extracted from the activated sludge by *
pipetting 5 ml of mixed liqpoi into centrifuge tubes con-
taining 35 ml of 0.025M tris buffer, which was at a temp-
erature of at leaft 95°C (Patterson et al, 1970). The
centrifuge tubes were then hé}d in a boiling water bath
1for 10 minutes with occasional shaking. ' .

The centrifuge tubes were rapidly cooled by placing
them iq an ice bath and centr;fuged,.(Lqurdes Instrument
-Company), for 15 minutes at 6000 rpm to bring down cell
debri%. ‘The supernatent was then made pg’to 50 ml with

. L 3
0.025M tris buffer.

<«

A.T.P. was extracted erm‘thg standard solutions

by pipe€tihg 0.25 ml of standard solution into test tubes

1
e

Ta

e
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containing 2.25 ml of 0.025M tris buffer at a temperature.
of at least ?560.- The test tubes were held in a boiling
water bath for 10 minutes with occasional shaking and then

allowed to cool to room temperature.

JA;T.P. Assay Procedure
An American' Instrument Company "Chem Glow" photo=-.
meter (Cat. NO. 4-7441) was used to measure light emiss@on.
A Phillips PM'8100 flat bed recorder connected through a
Sola 120 VA constant voltage transformer'wasgused to mea-
sure the llght 1nten51ty 30 seconds after initiation of the
bioluminesence reaction. ’The recorder sensitivity was 50
mV and the chart speed was 10 mm per minute.
The analytical procedure used was the following:
1. pipette 0.2 ml of diluted’firefly extract into
a6 mmx 56 mm cultufe tube, /
2. start a stop watch, ' !

3. pipette 0.4 ml of the solution bein§ assayed

s
- . . into the culture tube "after 5 seconds have
elapsed, | %
4. place a piece of pa;afilm over the culture
: tuoe and mix the contents by inverting twice

while shaking vigorously,

5. Femove parafllm and placé’culture tube in
‘photometer sample holder,

6: 'rotate the culture tube 1nﬁb the ‘reaction

chamber after total elapsod time of 35 secr

-174-

-

PR

LR R

- Aa m o=
¢

»
S Dl el A



\\\
\
\
onds (i.e., 30 seconds afté; initiation of the
reaction), and record the 1i§§; intensity.
The A.T.P. content of the activated sludge was det-
ermined from a calibration chart derived om A.T.P. stan-

dards analyzed the same day. \
At least 3 aliquots of each standard\gpd each sample
were analyzed. Three separate samples were téken from each

\
reactor. ' B

Total Organic Carbon (T.0.C.)

\

Total Organic Carbon was calculated by subtraction
of Total Inorganic Carbon from Total Carbon as determined.
by a Beckman Model 915 Total Organic Carbon Analyzer.

Samples were filtered through a 0.45u membrane fil-
ter, (Sartorius Cat. No. 11306), prior to injection. Twen-
ty microliter saqfle aliquots were used.

‘Stock1§oiutions forZboth Total Inorganic Carbon and
Total Carbo; were prepared éccording to Beckman instruc-
tions. Standards were preparéa-at least every 3 days.

A

Chemical Oxygen Demand (C.0.D.)

Chemical Oxygen Demand was determined by using a .
Technicon Auté—Analyzer, Industrial Method 2&-69@, moedi-
fied as outlined below. |

‘ A working digestion solution;;as¢pr§pared by dii-‘,

uting 30 ml of stock digestion mixture to pﬁé liter with

Knere

debgn A > e



concentrated sulphuric acid. This allowed analysis) of
samples containing C.0.D. concentrations up to 50\mg/l.
Samples containing higher C.0.D. concentrations were dil-
uted ‘with double distilled water until they fell within

this range.

bPissolved Oxygen (D.O.)

14
Dissdlyed oxygen levels in the reactors were deter-

-

mined by using a Precision Scientific galvanic cell dis-
solved oxygen probe (Cat. No. 68850) attached to a micro-

ammeter ,(Armaco UM-3, Class 2.5).
{

[
¢

The D.0O. probes were calibrated by placing the prgbe
in air-saturated distilled water and reading the current
produced after approximately 5 minutes. This reading was
plotted against the theoretical dissolved oxygen valﬁé-
obtained from Standard Methods (1971), corrected for at-
mospheric pressure. The resultant one poinf calibration
curve was used to determine the dissolved oxygen concen-
tration. The probes were replaced at least once a week.

-

Dissolved Oxygen Uptake Rates

The Precision Scientific galvanic cell. dissolved
oxygen probes were used to determine dissolved oxygen up-
take rates. All oxygen uptake rates were carried out

in-situ.

Immediately prior to the commencement of the test,

4
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the feed flow to the reactors was cut off. 1In the low

D.0. reactor, the dissolved oxygen concentration was

raise% to the level in the high D.0O. reactor before the

gas flow to the reactors was shut off. The falling D.O. vy
level of each reactor was then monitored/until a D.O.
concentration of 1 to 2 mg/l was reached, at which time the
oxygeg supply and the feed flow to the reactors were again

turned on.

Solids Determination

Suspended solids levels were determined by the meth-
od outlined in Standard Methods (1971). The filters and
solids were dried for one hour at 103°C and weighed on
an analyticql balance.

Volatile suspended solids were determined by igni-
tion in a muffle furnace at 550°C for 15 Ainutes.

Sartorius glassfibre filters (Cat. No. 13400) were
used.. All filters were drieé at 103°C for one hour prior
to use and stored in a dessicator until needed.

| The glassfibre filters lost weight during igni-
tion in the muffle«furnace. Ten filters which had been
previously dried at lOBJQ for one hour were placéd in the
mﬁffle furnace for 15 minutes to determine the weight loss. ,
Both the median and the average weight loss was 0.0040 gm.
The range was 0.0036 gm to 0.0042 gm. This amount <

(0.0040 gm) was subtracted from the apparent filter and



solids weight loss when determining volatile suspended

solids levels.

Hydrogen Ion Concentration (pH)
L}

The pH in the reactord was monitored by a Fisher

Scientific Accumet 230 pH/ion meter and a Fisher Scienti-
fic Standard Combination electrode (Cat. No. 13-639-90).
The meter was calibrated at pH 7.0 and checked at pH 9.0

prior to use.
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STATISTICAL PROCEDURES

General y
N\
A Hewlett-Packard HP-25 was used to carry out the
statistical procedures for tﬁgs work. The programs are

outlined on the following eight pages.
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CHAPTER 6 STATISTICS

CURVE FITTING-LINEAR REGRESSION

\i—CI
.
-

\

w
Y
.

7

L

When investigating the relationship between two varnables in the real world, it
is a reasonable first step to make experimental observations of the system to
gather paired values of the variables, (x, y). The investigator might then ask
- a’ “"TXH¢ question” What mathematical formula best describes the relationship

between the variables x and y? His first guess will often be that the relation-

ship is linear, i ¢ , that the fogn of the equationisy = a; x + ap, where a; and
- E ay are constants The purpose of this program is to find the constants a; and
2o, which give the closest agreement between the experrmental data and the

equation y = a;x + ap The technique used is linear segression by the method
of least squares.

| Hllldl.“l“““‘l“‘\ﬂ'

1}

The user must input the paired values of data he has gathered, (x;, y)),
i=1, ,n When all data pairs have been input, the regression constants ay
and a, may be calculated A third value may also be found, the coefficient of
determination, r* The value of r? will lic between 0 and 1 and will indicate

how closely the equation fits the experimental data the closer r* 1sto 1, the
better the fit.

i LAl

Equations:

L

y=a,x+a°

' 1
| ‘ \Mlm \ii“\

il

All summations below are performed fori=1, ..., n.

~

Regression constants:

{m

2y hlxéé‘
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88  Chapier 6 Statistics

Txy - Ix Iy .
By " _
zxi_(zx):
n
23 =y -2; X
where 7=ﬂ
n v
- _ Ix
x=—-———.
n

Cocfficient of detcrmmination:

2
[Exy _ Exzy:l
? . n

g - -

[Exz ] (zﬂ [zy, _ (zy)’] -
n N

The values for a; and a; aie stored in Ry and R, respectively. After the

calculation of a,, a,, and ¥, the cstimated y value, 9, corresponding to any
x-value may be calculated by y = a; x + a,.

Note:

Programming Remarks:

The intermediate value C = Zxy - (ExZy/n) 1s first calculated at line 14 but
is also nceded near the end of the progiam to find 1?. Since all registers Ry
through'K,; are in use, the only place to save this value 1s 1n the stack. Hence
C is prescrved in one or morc of the stack registers from lines 14 through 36,
when it is used It is duc to the prescnce of € in the stack that users are
warned not to disturb the contents of the stack after calculation of a, and g,
(sce step 4 of User Instructions).
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90 Chapter 6 Statistics

fsror WSTAUCTIONS OATINTS xevs , l o Qutrut
KO I i ]

2 Jinttiolize ¢ J[ nea J[ PROM

3 |rtemioriey, . n "

o I SR - —

4 |c 199 e1800n ~GT0 o8 NS [V

1

§  [Compute costlicient of derer

i T -

8 | To colcudstie o projected vy velue, E:‘ ";__Jl ‘

o b nvi A R W
M I DR S R S
T [Perform step 8 s many Yimes s Cj‘ “ “ l .

gt CC 3

8 [Forenewcne gotqitep 2 L ][ ]r JL__J

I |

* Thw contents of the stack l " ][ Jl___J
thould not ba distwibed st theve ) [::]E:j[:j[:j
poion. L JC _1C" 30 4.

Example: - e

An eccentric professor of numerical analysis wakes up one morning and feels
fevensh. A seaich thiough his medicine cabinet seveals one oral thermometer
which, unfortunately, 1s.in degrees centigrade, asscale he is not familiar with
As he stares disconsolately out his window, he spies the outdoor thermometer
affixed to the windowframe, This thexmameter, however, will not fit com-
fortably into his mouth. Still, with some ingenuity....

The professor suspects that the relationship is F = a; C + a5 1fhe can geta
few data pairs for F and C, he can run alinear regression program to find a;
and 2, then convert any reading in °C to °F through the equation So tossing
both thermometers into a sink of lukewarm water, he reads the following
pairs of temperatures as the water cools:

-

C 405 38.6 3719 36.2 35.1 346
F 104.5 102 100 | 975 95.5 94

LY

If the relationship is indeed F = a;C + a,, what are the values for a; and a,?
What is the coefficient of determination? &
t
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COVARIANCE AND CORRELATION COEFFICIENT

/ .
For a set of given data points ((thl). i=1,2, ., n}. the covariance and the
correlation coefficent are defined as:

\ 1 1
covariance t, -76— Ixgy, ~ < Ix;Zy,

1

. !
or Sy =~ Exm-; Ixi Ly,

. Sxy
corrclation cocfTicient £ =

S
where s, and s, are standard deviations

Zx? - (Ex)/n / Iy - (Zy))/n
g, = s, = ————— e
* n-1 . y n-1

¢

Note:
-1 . *
DISPLAY DISPLAY .
UNE | cODE exTRY uNe| cooE oY . ReoisTens
00 DOROANMGRTNNNY | 28 i+ Ren«t
ot 31 it 28 74 tnss Ry thed
0 1502 [ gx® 27 1422 {15 Ay Iy
03 238102 | STO+2 28 [237101 ISTO+1 | [Rsn
04 . 2 8 20 2402 JRCL2 ReIy
03 21 | x3y 0 2404 fRCLA Re Tay
26 | £ 3 1502 {gx? ReXIx?
o7 1300 | GTO OO 3z 2403 JRCL3 Ry Ix
os 2405 | RCL S 33 n |+
o9 2404 | RCL 4 34 4 |-
10 2407 | RCL Y 13 2400 fRCLO
11 61 | x 38 7§+
12 2403 J RCL 3 37 1402 Y114/x
13 7]+ 38 1237101 [STO+1
14 41 ] - EL) 240t {RCL Y
15 2403 | ARCL 3 40 1300 lGro 00
16 o111 41
17. 41 |- 42
18 2300 | STOO. 43
19 i+ a4
20 2301 | sTO0 1 45
zn {iRs 48
22 2400 | RCLO 47
23 BY | x 48
24 2403 | RCL 3 49
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DISPLAY KEY; DISPLAY KEY REG
ONE] cooe | ENTAY | FONE] cobE | ENTRY ISTERS
oo AW | 28 R, E
o1 al- 26 R,
02 25 | X 27 R,
03 1300 | GTO 00 28 Ryn
04 1422 1y 20 R, Used -
Y 2403 | RCL 3 30 R Used
" 08 1402 | 1 a1 R4 XD,
o7 |+ 32 R 30} E
08 1423 | (% 3D
[+, ] 21 | x3y 34
10 nls as E
11 74 | RIS 36
12 2403 | RCL3 37
L3 01]1 a8
14 a1 ] - 39 E
18 1300 | GTO 00 40
16 4 .
L a . E
18 43
19 [ ~
20 4s
2 46 E
22 47
23 48 }
24 49 E .
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IR C_JC_JC
2 |inislre ] REG [Q PRGM E
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I R BN s e S 3
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8 [Computetanddl . I G0 " o.j[ nrs jl l ' E
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"t" Test Results

The following values of "t" were calculated from
the program on page 186 and 187 . il

Nitrogen balance:

i) concentration difference t = -,516
af = 13
£(958) = 1.771
ii) % differenice  t = -1.214
af = 13
t(958%) =1.771 a.

Daily Nitrate effluent concentration:
Run 3 t = 5.399

af 6 -

il

i

t (95%) 1.943

Run 4 t = 5.850

df = 3
t(95%) = 2.353
Run 5 t = 4,141
df = 10
t(95¢%) = 1.812
Run 6 t = -.614
df = 2
t(95%) = 2.920 .

Run 7 t = .591

daf

i
n

t(95%)

2.015
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"Instantaneous COD" effluent concentration:\
t = 0.407
df = 13
t(95%) = 1.771

"Instantaneous" COD removal rate:

t = -0.110
df = 12

]

L t(95%) = 1,782

Daily total flow through reactors:
\g§= -1.081
* df}= 56
t(95%) = 1.645
MLSS

A}

i) temperature

5°C t = -0.19 df = 17 t(95%). = 2.110
12.5°C t = +0.92 df = 38 t(95%) = 1.96
20°C t = +1.25 df = 7 t(95%) = 2,365
ii) sludge age ”
4 days t = 2.03 df = 14  £(95%) = 2.145
8 days t = -1.05 df = 38 t(95%) = 1.96
TT) - 12 days t = -1.43 df = 10 t(95%) = 2.228
MLVSS
i) teﬁ%erature
5°C t = 0.479 df = 16\ t(95%) = 2.120
12.5 t = -0.093 df = 31 t(95%) = 1.96

20°C t -1.736 daf

1
I

6 ©(95%) = 2.447

. -190-



i1i) sludge age

4 days t

I

0'

805

8 days t = -0.948

12 days t

Polynomial Model

1.

193

df
df
af

V%The following polynomial model

- ' .
* the experimental design:

f

y = Bo +:lel + Bzx2 + Bllx
* By3X)X3 * By3XpXy

or

Y = BX

The values of plus one,

2

1 +

= 10 t(95%) = 2.2228
= 34 t(95%) = 1.96
= 9 t(95%) = 2.262

was generated from

2
BypX, + B3Xj

N

zeroc and minus one vere

assigned to the various levels of sludge age, tempera-

ture and dissolved oxygen

tate matrix manipulation:

e e

Assigned Value
Sludge age (days)
Temperature ( C)

Dissolved Oxygen level

level as follows to facili-

-191-
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The X matrix genemted by the experimental désign

was as follows:

Run D.O. Level Xq Xy 0 Xq X1 Xq X4
. 1 High + 0 0 0 0 +
Low + 0 0 0 0 -
2 High + - 0 + 0 +
Low + - 0 + 0 -
T3 High + 0 - 0 + +
Low _,, + 0 - 0 ~+ -
4 High + o+ 0+ 0+
" Low - + +’ Op. * 0 -
5 \ High\. + 0 + 0 + +

1 ~/ Low . + 0 + 0 + - -

6 fj‘ High T+ 0 0 0 0 +

Low + 0 0™ 0 0 -
7 Eigh [ + - 0 + 0 +
Low + - 0 + o -

A )
The "B"'s were calculated from the following:

1 x/y

B = (x'x)°
‘where: X/is the transpose of X.
‘This equation was solved by hand methods.

Where daily composite data only was available

first four rows of the above X matrix were not used.
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0 0
- 0
+ 0
0 -
0 +
+ 0
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\°d

As an example, the following values were calcu-

lated for the TOC effluent guality model:

P
Bo = 18,48
. ~
Bl - 1030 a
B, = 11.46
P
Py
Bfﬁi\9'70 .
By = 0.89 g
£ A -
:3 Bl3 0.91
A _
/,,

A " , /

L
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APPENDIX D

ANALYTICAL RESULTS
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TABLE D-3

DAILY MLSS AND MLVSS RESULTS

HIGH D.O. LOW D.O.
DATE MLSS MLVSS MLSS MLVSS
Feb. 14 2000 - 2000 -
15 2070 - 1795 -
16 1760 1350 1850 1405
17 1710 - 1670 -
18 1500 1085 1615 1140
19 1435 965 1740 1140
20 1690 1325 1600 1225
21 1720 1275 1565 1090
22 1625 - 1445 -
23 1390 1000 1265 915
24 1360 1145 1190 925
25 1185 850 . 1135 835
- 26 1115 870 1170 885
27 1125 970 1165 965
Feb. 28 1350 1040 1120 910
Mar. 1 1160 920 1175 1015
2 1060 915 1050 880
3 1065 875 1030 915
4 930 855 1050 855
5 830 710 980 720
6 720 635 840 680
7 785/1880 -/1420 1045/1765 -/1465
8 1725 1320 1870 ‘1395
9 1385 1085 1420 1100
10 1035 810 . 1085 835
11 960 770 935 725
12 810 - 935 -
¥13 620 - 210 -
14 785 720 745 650
15 710 580 735 535
16 680 510 650 420
17 565 - . 545 410
18 640 550 . 645 490
19 - 810 £30 850 585
20 845 660 -800 655
21 - - - -
22 1395 1070 1385 1115
23 1230 - 1185 845
24 1110 . 735 : 1120 785
25 995 680 1005 750
26 970 655 885 665
27 790 \ 545 « 175 650
28 865 620 670 425
29 -/1975 -/1415 -/2075 -/1455
30 1960 1345 1915 1360

-203~
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TABLE D—-3 cont'd...

DATE

Mar. 3
Apr.

VoSN WN K-

Apr. 22

NOTE: All results expressed in mg/1l

-

HIGH D.O.
MLSS MLVSS
1720 1280
1800 -
1735 1155
1775 1395
1740 1265
1755 1370
1580 1255
1565 1360
1425 1215
1340 1085
1190 1035
1095 835

980 860
1105 820
1130 1000
1005 850

965 800
1005 810

985 780

975 930
1005 885
1065 705
1075 850

~204-

MLSS

1875
1720
1570
1615
1600
1510
1560
1600
1415
1490
1255
1170
1020
1045
1125
1070
1070
1105

855
1070
1010
1105

930

LOW D.O.

MLVSS
1430

1220
1150
1260
1225
1280
1375
1045
1230
1105
875
870
940
915
1050
865
1025
755
880
845
1000
745



TA%ﬂE§D?§

RESULTS OF MPNN SPOT TESTS

FOR NITRITE PLUS NITRATE NITROGEN

-

RUN D.O. LEVEL

L1 High
L

~
-

—~——

1l Low

2 High

10”7

1076

107°

1074

1073

1072

DILUTION

Blank

10
10~
10
107
10
10

10
10

10
10~
10~

10

Blank

-205-

TUBE

3

4

+

5

+

+

4,

2,300,000/ml

430,000/m1

56,000/ml



’

TABLE D-4 cont'd... '

RUN D.O. LEVEL-— DILUTION

3 High 10~

Blank

-206-

MPNN

¢
1,700,000/ml

330,000/ml

230,000/ml



TABLE D-4 cont'd...

RUN D.O. LEVEL DILUTION

4 High
4 Low
5 High

107

107°

107

1074

1073

1072

Blank

Blank

-207-

TUBE
2

+

v +

A

'3

MPNN

350,000/ml

1,300, 000/ml

350,000/ml



TABLE D-4 cont'd...

RUN D.0. LEVEL DILUTION TUBE MPNN

1 2 3 4 5
- g
5 Low 10”7 - . - - -
1076 - - - - -
i 1070 - - - - -
1074 + + o+ - o+
1073 + + + o+ +
. 1072 P+ o+ 4 1,300,000/ml
6 High 1077 - - - - -
. 1078 - - - - -
1077 + + o+ o+ -
1074 + 4+ o+ o+ o+
1073 + 4+ o+ o+ o+
. 1072 + 4+ o+ o+ 4
Blank -

6 Low 1077 - - - - -
1076 - - - - -
. 107> - - - + -
1074 + - 4+ - +
1073 + o+ + o+ 4+
1072 + 4+ + + 4
7 . High' 107’ - - - - -
1078 - - - - -
107 - - - - -
1074 o+ o o+ 4+

-208-



TABLE D-4 cont'd...

RUN b.0. LEVEL
7 High
7 Low

DILYTION

1073

1072

Blank

2,300,000/ml

64,000/ml

[ PG R IR



DISSOLVED OXYGEN UPTAKE DATA

Run pDate

1l Feb. 18
—

1 Feb, 18

TABLE D-5

D.0O. Level

High

Low

-

Time
(minutes)

0.0

23.0
31.25
38.0
0.0
1.75
6.5
11.25
19.5
24.5
33.0
42.0
49.0
58.5

70.75

D.0. Concentration
(mg/1)

10.0

3.15



D~-5 cont'd... ) *

Date D.O. Level Time ~ D.O, Concentration
s (minutes) (mg/1)
‘.

Feb. 20 Hi;% 0.0 . 8.2
l.s t 7.0

6.75 6.0

9,25 - 5.2
11.5 3.95
16.75 3.15

) )
22,75 2.15

Feb. 20 Low * 11,75 7.0
195 * 6.15

25,5 5.3

32.0° 4,3
37:75 & ©.3.55

45,5 ° 2.5

50,5 , 1.8

N - 4
Mar. 1 © HRigh 0.0 <. 15.35
’ N,

it 12.0 . 15.0

30.5 13.1

55.0 11.2
82.0 9.1.

98.0" 7.4

/ . .

) 128.0 ; 5.55

152.0 . 3.9

18000 -~ 109

-211~-



TABLE D~5 cont'd...

Run Date D.O. Level Time D.O. Concentration

- (minutes) (mg/1)

2 ﬁar. 1l Low 0.0 17.9
12.0 17.5

‘ 33.0 15.5

56.0 13.1

82,0 10.9

i 98.0 8.9

128.0 6.5
152.0 4,55

180.0, 2.4

2 Mar. 3 High 0.0 15.2
28.0 15.0

52.0 12.7

. 76.0 9.7
N 120.0 5.55

141.0 3.9

162,0 2.6

172.0 2.05

2 Mar, 3 Low . 0.0 18.8
‘ 4 28.0 " 17.05

52.0 14.85

76.0 13.1

120.0 9.1

141.0 7.55

/ 162.0 5.6

172,90 4.55

-212-
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TABLE D-5 cont'd...

Run Date
3 Mar. 16
3 Mar. 16

3 Mar. 18

D.0. Level Time D.0O, Concentration
(minutes) {(mg/1)

High 0.0 14.2
14.0 13.1
25.0 ' 12.85
40.0 l2.7s
50.0 12.2

* 61.0 [jj—\\ 11.55

70.0 11Ji,/
80.0 10.9 A\\
97.0 9.5
105.0 8.4
120.0 5.6

Lf>w 0.0 ‘} 15.2
14.0 14.2
25.0 12.7
40.0 10.4
50.0 ‘7.6
61.0 5.2
70.0 3.0
80.0 1.7

High 0.0 16.6
15.0 14.5
29.0 13.05
43.o'° 11.0
63.0 ¥ 8,9
72,0 7.95

~213-
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TABLE D-5 cont'd...

Run Date

3 Mar. 18
3 Mar. 18
4 Mar. 25

Fd

D.0. level Time
(minutes)

High 90.0
104.0
117.0
136.0

Low ) 6.0
15.0
29.0

43.0°

63.0
72.0
90.0

lo04.0

25.5

30.0

35.0

57.0

<\e.o
65.0

-214-

D.0O. Concentration
(mg/1)

5.95
4.4
3.4

1.55

13.2
11.8

<

10.3

9.0
8.75
8.1
7.6
6.7
5.85
4.65
3.6
1.8
1.2

0.75



TABLE D-5 cont'd...

Run

Date

Mar.

Mar.

Mar,

Apr.

25.

27

27

1
D.0. Level

Low

High

Low

High

Time
(minutes)

0.0
4,5 *
9.5
14.0
19.0
25,5

N

+

D.O. Concenﬁration
(mg/1).

10.1
8.5
6.35
6.2
1.8
0.9

Probe Not Working

0.0
10;0
14.0
18.0
22,5
25.5

31.5

0'0 M

7.5

11.25

17.25
21.5
28.5
37.5
42.5
47.0

57.0

15.7
12.8 3
11.5

9.9

7.45
6.05
5.7

4.95

3.7

'
———
»

et e, e 7



TABLE D~5 cont'@d...

Run- Date " D.O. Level Time D.0. Concentration
(minutes) (mg/1)

5 Apr. 6 High 61.0 . 3.6
65.75 2.8
71.75 2.45

5 Apr. 6 " Low 0.0 13.1
. 7.5 11.45
11.25 10.55

17.25 8.8

. 21.5 ,} 7.7

28.5 ‘ 5.3

-37.5 3.45

42.5 ’ 2.4

47.0 1.3

5 Apr., 8 High 0.0° 17.7
5.5 17.0

12.0 ‘ 15,75

19.5 14.8

23.5 14.0

27.5 13.5

31.5 . 12.8

37.75 12.2

41.0 11.7

. 44.0 11,0

42(5 10.45

’ 54.0 : ‘9.9

- 58,5 - 9.3



TABLE D-5 cont'd...

Run Date D.O. Level
5 - Apr. 8 High
5 Apr. 8 Low

o S L
J
6 Apr. 13 High

4

Time
{(minutes)

72.5
77.5
83.0
95.5
113.0

0.0

5.5
12,0
19.5
23.5
27.5
31.5
37.75
41.0

44.0

0.0

4.25

17.5
24,0
29,0
37,0
44.5
53.5

62.5

D.0. Concentration
{(mg/1)

7.2

14.7

9.55

- ————————
o
P

i




D-5 cont'd...

Date D.O. Level Time D.O0. Concentration
(minutes) (mg/1)
Apr. 13 High 730 2,4
' 76.0 1.8
Apr. 13 Low 0.0 12.3
4,25 11.3
9.0 10.6
17.5 YT
24,0 8.7
» 29.0 | 8.4
‘ 37.0 7.3
44.5 6.3
53.5 5.8
62.5 4.6
73.0 3.6
76.0 ' 3.3
84.0 2.3
89.0 2,1
Apr. 15 High 0.0 11.2
) 4.0 10.8
11.0 10.2
22.0 9.2
38.0 7.8
45.0 7.2
70.0 5.3

;> - 76.0 4.8

82.0 4.2



TABLE D-5 cont'd...

Run Date D.O. Level
6 Apr. 15 High
6 Apr. 15 Low
!
7 Apr. 20 High

Time
(minutes)

91.0

97.5
107.0

118.5

0.0
4.0
11.0
22.0
38.0
45.0
70.0
76.0
82.0
91.0
97.5
107.0
118.5
130.5
141.0
162,5

0.0
8.0
18.5
27.0

39.5

D.O. Concentration
(mg/1)

3.7
2.85
2.5
1.4

12.0



N

TABLE D-5 cont'd...

Run

7

Date

Apr.

Apr. 20

Apr. 22

Apr. 22

v

D.0. Level Time
(minutes)

High * 53.5
71.0

87.0

Low 0.0
8.0
18.5
27.0
39.5
53.5
71.0

87.0

High 0.0

Low 0.0.

21.0
37.0

53.0

-220~

D.0. Concentration
(mg/1)

5.7
3.0

1.35

18.2
16.4
14.2
12.8

10.0

17.7

T~

e A o o
-



TABLE D-5 cont'd....

Run Date D.O. Level Time D.O. Concentration
(minutes) (mg/1)
7 Apr. 22' Low 71.0 15.5
83.0 13.7
93.0 12.8

~221~-






