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“This manual presents theo'retiéal and process - désign criteria for the implementation "of -

" installations.

‘_ o  ABSTRACT B |

nitrogen control ‘technology in municipal wastewater treatment facilities. Design concepts
are emphasized as much as possible through examiination of data from full-sc':ale- and pilot

_ ,Des_ign- data are included on biological nitrification ‘and denitrification, breakpoint .
- chlorination, ion exchange and air stripping. One chapter presents the concepts involved in
" assembling various unit processes into rational treatment trains and presents actual case

gy . . . . . . : . - -
: examples of specific treatinent-systems that incorporate nitrogen control pro s. T
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The formatlon of the Umted States Envrronmental Protectlon Agency marked anew era of
f'env1ronmental awareness iy m nca This agency’s goals are national ‘in scope’ and

encompass broad responsrblhty _.J.he area of air and water pollution, solid wastes,

’pestrcrdes and radiation. A vitdl part of EPA’s national water. pollution control effort is the
4 constant development and dlssemmatlon of new techn010gy for'wastewater treatment

. °-e.

It is now clear that only the most eft;ective‘design and operatlon of wastewater treatment
facilities, using the latest available techmques will be adequate to meet the future water .
- quality objectives and to. ensure protection of the nation’s waters. Itis essentlal that this

new technology be mcorporated into the contem orary design of waste treatment faclhtles o

. to achreve maxrmum beneﬁt of our:; pollutlon control GXpendltures S e

;The purpose of thrs manual 1s to provide-the engrneel‘lng commumty and related 1ndustry4 ‘
wrth a new source ‘of 1nf0rmatlon to be used.in the plannmg and desrgn of present and .
_future wastewater treatment facilities. It is recogmzed that there are a number of design’ k ,
_ manuals and manuals of standard practice, such as those published by the Water Pollution -

o Control Federation, avarlable in” the ﬁeld that adequately describe and interpret current

englneenng practlces as related to traditional plant design. It is the intent of this manual to-
supplement this this existing body of knowledge by describing new treatment methods and.by
dlscussmg the ap, application of new techniques for more effectrvely removing a broad
spectrum of contammants from wastewater S
Much of the information presented is. based ‘on. the evaluation and operatlon of prlot
demonstratuon and full-scalewplants The desrgn criteria thus generated represent typical
 values.  These values should- ‘be ‘used as a -guide~and. should be.tempered with sound
‘ englneenng Jud{xent based on.a complete analysrs of the specrﬁc apphcatlon ;

s "

) This manudl is one of sewieral available through the EPA Ofﬁce of Technology Transfer to

" -describe recent technologlcal advances and new information. Future editions will be 1ssuetl‘ '

- as warranted, by’ advancmg e-of-the-art to 1ncll1de new. 1nformatlon as it becomes
-avallable and to revrse des‘l ntena as- addltlonal full-scale operatlonal 1nformatlon is -

= generated & . ~ ~ ;
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 CHAPTER1

™ " .., INTRODUCTION .

1.1 Backgro'lmd and'Purp.ose ' ‘

Man s mﬂuence on the envu'onment is recelvrng increasing pubhc and scientific attentron

" The" ‘quality of some of ‘the nation’s water bodies has been subjected to continuing
- degradation -as a result of man’s activities. Whrle there has been considerable success in

|

'reversmg this trend one roadblock to greater progress often has been the lack of the
" necessary technology to reliably and economlcally Temove the pollutants which are the -

cause of degradation of receiving waters. While conventronal technology is well developed

- for removing organics from wastewater, the: proceSSes for the control of rntrogen in -

~wastewater efﬂuents have been’ developed only recently C .

The begmnmgs of ‘the 1mplementatron of mtnﬁcatron on a srgmﬁcant scale ocCurred in the S

U.S. as late as the 1960’s. The practlce of nitrification was widespread in England- much
earlier. The first nnplementatlo‘n of full n1trogen removal was as late as 1969 at South Lake
Tahoe in California’ and even this installation encountered many problems A flurry of

; . research -and development activity on the various nitrogen control methods occurred very

.recently beginning in the late 1960’ and continues to date. Recent legrslatron and. state ’

- regulatory actrvrtles have spurred many localltles 1nto mtrogen control pro;ects

' N1trogen control technlques are d1v1ded into. two broad categones _The ﬁrst group of
* nitrogen control processes is involved with the conversion of organlc and ammonla nitro;

to nitrate ‘nitrogen, a less objectionable- form. These processes are termed ‘nitrification o
processes. The second category involves processes ghrch result in the removal of n1trogen
from the wastewater not Jﬁst merely the conversion® of nitrogen from one form to another‘

" form in the wastewater. This latter group includes biological mtnﬁcatron—denrtnficatron, ion

~a

exchange, ammonra strlpplng and breakpomt chlonnatron
- l

o ’I’he purpose of tlusmanual is the drssemmatron of the avarlable data on the mtrogen control '
' techmques developed to date. Further, this manual is not.simply an .assembly of data, -
rather, data from ‘a variety of sources has been scrutinized: and reasonable design criteria

drawn on the basis-of all available sources. ‘Where - design procedures come directly froma
smgle mvestrgator, appropnate reference is. made to the work. :

ThJs manual could not have been prepared five years ago because of the state of mtrogen
'control technology at that trme . It may well be that continuing research will require an
}Ipdate of this manual in the future. Nonetheless, the body of knowledge on nitrogen control
techmques is now well developed and municipalities and local agencies have' a firm basis upon

" which "to plan those wastewater treatment ‘facilities thch requu'e mtrogen control - |

techmques o T o e

2 .

.
sk
i
kIR

{‘?R
-

o

- ®



1. 2 Scope of the Manual

ThlS mmual presents theoretical and ‘process desrgn rnformatron on a number of nitrogen
oontrol processes. While all of the possible nitrogen removal processes are discussed, detarls a
are presented only on those ‘general methods which are- most technically and economically
‘feasible, as evidenced by their actual or planned full-scale apphcatlon One exception-to this
"is nitrogen control in ox1datron ponds matefial on nitrogen control in oxidation pond'
systems was not included because of the pauerty of genéfally dpplicable design information. - '
Another exceptlon is land treatment; n1trogen removal by land treatment systems is beyond _
the scope of this manual ' v k

The mformatlon in tlus manual was developed from the followmg sources: (1) the
experience of the individuals involved in the preparatron of the manual, (2):the EPA -

.research development and demonstration -program, (3) the hterature, (4) from- progress
%rts on on-going pr01ects (5) from private communication with- 1nvest1gators active in.
h&¥field, and (6) from operatrng personnel at ex1st1ng wastewater treatment plants

~

l 3 Gu1de to the User

.-

" A perusal of the table of contents erl give the reader a farrly complete picture of the
subject matter contained in this manual.. The following chapter-by-chapter descnptron is”’
: onented toward provrdmg a general descnptlon of the contents of each chapter
Chapter 2, Nttrogenous “Materials “in the Environment and the Need for-ControI in- .
" Wdstewater Efﬂuents describes the sources of nrtrogen compounds entermg water bodies,
the nitrogen transformations which take place in the ‘environgent, ‘and the effects “of
- nitrogen compounds as pollutants. Also given’in Chapter 2 is a general introduction.into- the
various' types of nitrogen control methods and their applicability to the individual chemical -
forms of nrtrogen Chapter 2-is useful for estabhshmg the rationale for nrtrogen removal '

Chapter 3, Process Chemtstry and Btochemzstry of Biological Nttrtf catton and Demmftca-,
tion, is a presentation of the basrc factors affecting the growth of nitrifying and denitrifying
organisms. Wrth an understanding of these factorp on a fundamental level, the design
concepts evolved in Chapters 4 and 5 can be better appreciated. However, should the reader
decide not to involve himself in basic theory, Chapters 4 and S are designed to stand by "
‘themselves without requiring reference to- Chapter 3 except when detarled explanat1ons of
1ndw1dual points are requrred .
Chapter 4, BtoI@gtcal Nltrlf catton presents design criteria- for a vwde vanety of nltnf cation- -
/ processes. - Since ‘it has been antrcrpated that the greatest | number of manual users will be
concerned with-ammonia oxrdatron, 'as opposed to nitrogen removal, Chapter 4 presents

more material than any other chapter. Both combined carbon oxidation-nitrification and - -~

separate stage mtnfrcatron systems are described with details, whether given on attached -
growth or - suspended growth processes. The altematlve methods for pretreatment for i

/I
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o orgamc carbon removal prior to separate stage nltnﬁcatron systems are presented. Sectlons
©are mcluded on aeratlon, pH cdntro] and sohds—hquld separatron “ :
‘ ‘ ' _
. Chapter 5 Bzologlcal Demmf catzon, completes the sequence of the three chapters on*the'
' "_’blologrcal approach to nitrogen removal Design mformatron is prov1ded for both attached,
X growth and’ suspended growth denitrification systems. For those systems: usmg methanol as
* the carbon source for demtnﬁcatlon, a section is included describing the methods’ for_'
chemical "handling. The mcreasmgly popular systems using -wastewater carbon sources are
described in detail- Chapter 5 concludes with a section on- sohds—hqurd separation and-a -
,quahtaﬁye companson of the a]tematrve demtnfrcatnon techmques o
. -Chapter 6 Breakpomt Chlormatlon is the first of a set of three chapters on: phys1ca]-
" chemical techniques for. nitrogen removal. Basic process chemlstry is presented along witha
_ 'host -of process desrgn considerations for breakpoint chlonnatron applications.- ‘Because of
- the 1mportance of process control details of methods are glven Informatlon is presented on '

_the removal of toxic ch]onne residuals. \ s R

. ""Chapter 7, Selectzve Ion Exchange for Ammom‘um Removal isa presentatlon of the des1gn )

- .. concepts- involved in the use of chnoptllohte, a natural zeohte exchange materla] for

ammonium. removal from wastewater Ion exchange fundamentals are dlscussed along with
' .c]moptllohte propertles Process loading and regeneratlon relationships are presented _
 Alternative methods of regenerant recovery are descnbed : '

_ Chapter 8, Azr Strlppmg for Ammoma Nltrogen Removal, descnbes the applrcatlon(ef
ammonia -stripping to wastewater treatment The. air pollutron aspects of-the method are '-_
" discussed and general conclusions drawn. The major factors affectmg design- and process.
performance are descnbed The problem of equrpment scalmg and. its ‘control is glven '
detar]ed consideration.” ‘Methods of - removmg ammowa and controlling the carbon droxlde
levels i in the stnpprﬁg air are, descnbed :

Chapter 9, Total System Deszgn, descnbes the concepts 1nvolved in assemblmg various unit
processes 1nto rational treatment trains that can accomplish not only nitrogen removal but
" ofganics’ remova] and phosphorus removal (where it is required). The main thrust of Chapter - °
" 9 is'to present actual examples of treatment systems that incorporate the nitrogen control "
_processes ‘described in the _previous chapters of this manual Design, concepts that evolved to

suit loca] cucumstances are giveft emphasrs ' : .

-
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CHAPTER 2

NITROGENOUS MATERIALS IN THE ENVIRONMENT AND THE '
o NEI?F‘OR CONTROL IN WASTEWATER EFFLUENTS

2 1 lntroductlon

''''' A.' o : L — T : L . :

' Vanous compounds cbntalnmg the element mtrogen are becommg 1ncreas1ngly 1mp0rtant in -
wastewater management programs because of the many effects that n1trogenous material§'in
wastewater effluent can hpve on the environment. Nrtrogen in its various forms, can deplete -
dissolved~ oatygen levels in" receiving waters, stimulate aquatic ‘growth, exhibit ‘toxicity™
“toward" aquatic ‘life, affe‘ct chlonne disinfection efﬁclency,, present a public health hazard,
- and’ affect the suitability:, of wastewater for reuse, Biological and’ chem1cal processes whrch..',- '
‘occur in " wastewater treatment plants and irf the natural env1ronment ‘can change the
chemical form in which nrtrogen exists. Such change may eliminate ore ‘deleterious effectof -
‘nitrogen while producrng, or leaving unchanged another effect For example by convertlng ’
ammonia 1n raw wastewater to nitrate, the oxygen -depleting and toxrc effects of ammonia -
_are ellmrnated but the brostrmulatory effects may not be: changed s1gn1ﬁcantly

. N : )

It is 1mportant therefore, prior to the detarled drscuss1ons of n1trogen removal processes
which form the pnncrpal content of this manual to review the chemrstry of n1trogen and o
the effects’ that the: various compounds can have. Several speclﬁc aspects are discussed i m :
~ this- chapter. Frrst .the mp'ogen cycle for both surface -water and sorl/groundwater
envrronments is descrlbed, mrﬁwemphasrs on the 1mportant compounds and. feactrons
associated w1th éach. . Second, 38 ‘sources -of nrtrogen, both natural and. man-caused are
discussed. - Important- elemen ".‘-"':Of the latter category include domestic and 1ndustr1al -
wastewater, urban and’ suburban off, surface and subsurface agncultural dramage, and
emissions to the, atmosphere which m may eventually enter the aquatic envj onment through.
preclprtatlon or’ dustfall Then, the effects of nitrogen drscharge' to surface water, L
groundwater, and land are summarlzed And ﬁnally, introductory to the followmg chap ers,
a brief . discussion is presented on the relatronshrp between the variglis nitrogen compodpds

' and process rem oval ef ﬁcxency ' ' '

2]

2.2. The Nrtrogen Cycle S

N1trogen exrsts in many compounds because of the h1gh number of oxrdatlon states-it can
assume. - In -ammonia or organrc compounds, the form most closely. associated with plants
-and anrmals, its-oxidation state is minus 3 At the other extreme its oxidation state is plus 5
-“when. in the nitrate form. In the envrronment changes from one. oxidation state to another
can be brought abox‘lt brologrcally by living organisms. The relatlonshrp between the vanous '
‘ compounds and the: transformations which can occur are often presented schematlcally ina

' diagram kndwn as the nitrogen cycle Figure 2-1. shows a common mariner of presentation. 1

" The atmosphere sewes as a reservoir of N gas from wh1ch n1trogen is removed naturally by

EESEA
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electncal dlscharge and mtr%en ﬁxmg orgamsms and. drtlﬁeldlly by chemlcal manufactur—

ing. N;trogen .gas is returned to the atmosphere by the action of denitrifying orgamsms In

: the - ﬁxed state, nitrogen can undergo the various reactions shown: A general descnptlon of
the mtrogen cycle is presented here, and aspects of par’tlc;ular lmportance to surface water

and soﬂ/groundwater environments are dlscussed in the following sections.

N . . a8
W] .

FIGURE 2-1 - \j\ e
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e Transformatlon reactrons of - 1mportance rnclude fi xatlon ammomficatron a5s1m11atlon,
. .. nitrification . and. denltnf' cation.2 These reactions can be camed out ‘by’ part1cular
- microorganisms. with e1ther a net gain or loss of energy,energy consrderatrons often play an
frmportant role in determining the reactio) which occurs. The - pr1nc1pa1 compounds of
concernt in, the, nrtrogen cycle are mtrogen gas, ammonium, organic n ytfgen and n1trate
These compounds and the1r oxidation’ sare shown below 7 :

¢ 3

-

R L #as
N N_H3/NH4- .N2 - Noz NO3 o SR
‘ IR - Organic ' . T
’ e ' Denvat1ves T oo A

- -

It is” 1mportant to note that at neutral pH values there is very 11ttle molecular ammoma B

~_’_(NH3) in wastewater as most is in' the form of the’ ammon1um ion (NH4) The dlstnbutron
of. amrnoma and ammonium. as a functron of pH is d1scussed in Sectron 6.1.1.

leatron qf n1trogen from N2 gas to orgamc n1trogen is accomplrshed brologlcally by.

speclalrzed .microorganisms. Th1s reaction” requires an 1nvestment of energy. Biologlcal, -

can be used by *plant ‘and. an1mal life. Lightning fi xatron has been estimated to account for"'- _
a approx1mately 15 percent of the total which occurs naturally 3. Industnal fixatlon was -
, initially developed in ‘the early 20th Century for manufacture of both fertrlrzer and .
'explosrves Presently, n1trogen fi xed by 1ndustry is about half the amount that is removed
-~ from, the atmosphere by natural means. L LR A L
e Ammomﬁcatron is the change from organic n1trogen to the ammon1um (NH3/NH4) form
This occurs to dead ammal and plant t1ssue and to ammal fecal matter I

Protein (organic N) + microorgamsms o NH3/NHZ v
Nitrogen in urine ex1sts pr1nc1pn11y as urea Urea is hydrolyZed by the enzyme urease to N
.ammoniom carbonate ' ' ' .
Enz me .
H2NCONH2+2H 0 —L—»l (NH4)2CO3 N
. . . . - . - o .

Ass1m11atlon is the use of ammon1um or. nrtrate compounds to form plant protein and other

' n1trogen-conta1n1ng compounds

Lo ’ NO; +CO2 + green plants +_sun1ight —-——— protein

NH,/NH; + CO, + gfeen plants + sunlight —— profein”

e

B . .
. L . [ : :

‘ fixatron accounts for most of the natural transfon'natron of -nitrogen to compounds which S



Ammals require’ prote1n from plants or from other animals. Wrth certam specrﬁc except1ons, - i
they are mcapable qf converhng morgamc nrtrogen forms into orgamc forms
o The term mtnﬁcatron” is applled to the brologlcal oxidation of ammomum, ﬁrst to the
nitrite, then to the mtrate form. The bacteria responsrble for thesg reactions are termed”
chemoautotrophlc because they use inorganic chemicals as their sourtsk.of ene . Generally,

the Nitrosomonas genera are mvolved in conversron of ammomum to ni # e under aerobic
' c6nd1trons as follows - ot ~

- "2NHZ+,302 bactena 2N02+4H +2H2O ot

C. [N L T ' v
«' -, . L . .

The nrtntes are in tum oxrdlzed to nitrate generally by Nztrobacter accorqlng to the
' followrng reactron .. .

o= . bacteria yo e
o NOFHO TEEEANOg -
Tt B
T Tlle ovéféll nitriﬁcatlon 'reaction is as follows:
e -v " . " M - 5 ) . p . . .
- u' N . +: ! - ) - + N .

oA

27

*To oxrdrze 1 mg/l of ammonra-nrtrogen requrres about 4.6 mgfl of oxygen when synt’hesrs of

_nitrifiers -is neglected The nitrate thus formed maly be used in assrmllatron as described .

~above to promote plant growth or it may. be u & m denrtnﬁcatron wherein through - _
blologlcal reduction, first nitrite and then nitrogen gas are ‘formed. A fairly’ broad range of BRTRY

: 'bacterra can- accomphsh denrtnﬁcat1on, including Psuedomonas, Mtcrococcus Achromo- ‘

: bacter and Bactllus In sxmplrﬁed form, the reactron steps are as follows:

'J

NO3+0 33 CH OH ——» NO2+0 33 CO +0 67 H20
" (organic carbon
_ source)

| NO2+05CH OH——-»QSN +05H20+OH +05co2 ‘_

2!
: - (organic carbon - . .. e
Cow . soyree) . . oo A
R A - - g :

. Hére methanol is used as thé example orgamc carbon source, although many natural and
synthetrc orgamc compounds can serve as the carbon source for denrtnﬁcatron



- -','.-\,"-.' . ) : R S . S
":Oxldatlon of orgamc matter to carbon dioxide and water fumrshes energy\for bactena
~ Either oxygen or. mtrate may be used for the oxidation,.but the use of oxygen results in the -
" release of more energy ‘When both: oxygen and nitrate. are present, bacteria preferenhally
' use oxygen " Therefore, use of mtrate for denitrification can only occur under anoxic
' condmons, an 1mportant cons1deratlon when attemptmg to remove n1trate from wastewater
”N:tnte, since 1t is an 1ntermed1ate in the mtnﬁcatron and demtnﬁcatron processes can lmk
the nitrification ‘and demtnficatlon steps dlrectly without passing through nitrate.. Flrst
- nitrite’ id formed" ‘from oxidation of ammonium by Nitrosomonas,, then- nitrite can’ be
denitrified to n1trogen gas. By th1s route less oxygen is requ1red for nittification.and’ less
organic matter (energy) i is ‘required for denltnﬁcatlon ‘This is a special case, hoWever, and

not broadly appllcable to mun1c1pal wastewater treatment e

N

z .

' In d1scussmg the nitrogen cycle it is useful to d1fferent1ate between the surface water and
4 © " gediment env1ronment and'the sorl/groundwater environment. This aids'in understandmg the . -
; roles' that n1trogenous compounds play i in each and the problems whlch can be encountered
| ( v . .

*“ o 2. 2 1 The Nltrogen Cycle m Surface Waters and Sed1ments |

e

[

A modlfied representatlon of the mtrogen cycle appl1cable to\tl\e—sé'face ‘water.environment |
is presepted in Flgure 2-2. 4 Nitrogen can be added by prec1p1tatlon and dustfall, surface ,
runoff, . subsurface ‘groundwater entry, and direct discharge of wastewater ‘effluent. In
-addition,” nitrogen from the atmosphere can be fixed by certaln photosynthetrc blue-green
algae and some bactenal specres ~ o :

-

"’ . \B

Wlthm the aquatic env1ronmcnt ammomficatlon, mtnficatlon assrmilatlon, and demtrlﬁca- Q\
tion can occur as shown in Flgure 2-2. Ammomficatlon of orgamc ‘hatter i is ¢arried out by.
, m1croorgamsms The ammonium thus forined, along with, nitrate, can be asmmxlated by
vl algae and equatlc~plants such growths may creatc watcr quahty problems

','Nltnﬁcatlon of ammonium can occur with-a rcsultmg depletlon of. the dlssolved oxygen
. content of the water. To oxldlze 1 0 mg/l of: ammdma-mtrogen, _4 6 mg/l of oxygen is
- o requued ' : -

‘Denitrification produces nltrogen gas wh1ch may- escape to the atmosphere Because anoxrc\’ .
. cond1tlons are required, the oxygen-deficient hypol1mn10n (or lower layer) of lakes and the
sedlment zone of streams and lakes are 1mportant zones of denltnﬁcatlon actlon 4

2 2 2 The N1trogen Cycle in Soil and Groundwater

Flgure 2-3 shows the major aspects of the nltrogen cycle associated wrth the sorl/ground-
'j & ,water env1ronment.5 Nitrogen can enter the sorl from wastewater or wastewater effluent,” N
artificial ferhllzers, plant and an1mal matter, - preclprtatlon, and dustfall. In addltlon, .' '

a

:
4+ : ° . -
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' mtrogénﬁxmgbactenaqo ‘f‘:‘_f't‘f‘f).itré'gg'h gas'info férms.a\‘.lable_ to plant life: Man has.. o
L fncreasedtheamountof nitrogen fixed biologically by cultivation of leguminous crops(€.g., 1.,
. -péas; and ‘beans). It is estimated that nitrogen, ‘fixed by - legurnes “n@W. accounts - for

L approxinately- 35 percent of the total fixed.3 ",

. sof
\ o

. LY

- N - “e

o . UsualIy o'x.fe'th_an' 90 péréen!;of the nitrogen present in sbﬂ is organic, either in living plants ,
"+ "--and:animals or in humus 'orfginatini from decomposition of plant and animal residues."Most L
- of the ‘rem:a\linder is ammonium (NHy), which is tightly bound to soil pzi’_xf_t;_iAcl_es._- el oy

"I‘ B . Lo

By

. The nitrate edntent is generally low due to assimilation by plant roots and leachinig by water " -

_pércolé:tih"’g"}ihmdgh the soil. Nitrate pollution is the principal ‘gr'oun_d“}hteij quality problem SO

M _'irj.'m;iny_:?;‘mh‘é.j;, enitrification, which is the dominating reaction below the aerobic top layeri

.., s+ ; ofsoil, rarely fémoves all nitrates addeg to_the soil from fertilizers or wastewater effluents. .

'+ -Thus; most of then:frogenwhlch is not assimilated by plant growth eventually enters the
",'_‘.".grouqclv?va_gér_'tébllé-' i.i‘l:-the’,',nitlfat:e_:.fprrn. o Lo N ' T

" e

. " 2.3 Sources of Nitrogé S / g
" Nitrogenous .m"at'é'ri;z'ﬂsf‘r,‘ri-ay%éi;ter-the ‘aquatic environment from -éi‘;théij-nat__(;ra']‘-'éi"‘h{z’i‘h}caii_sed -
sources, FUrtherj';'tllié.‘gﬁdé‘n‘tj‘t:iés from natural spurc_:_es'v'ar'e?'d\fteh,'ihéfédiéd."'bil fman’Sactivity. =~
. -+ For'example, while $ore’nitrogen may be expected in rainfall, the éombustion.of fossil
o . -' fuels or the application of liquid ammonia agricultural fertilizers with subsé_(fiiqntjrel_éase' to. ¢
' the air through_volati‘ljza‘ti‘ori can increase fainfall concentrations of nitrogen substantially. It
" is useful to have anunderstanding of the various sources of nitrogenous miaterials;and to

K
d

';'-"‘-._haye ‘an appregiation'_'c‘)'f fhe q}uz'mtiti'es of nitrogen which may be expected from .eaf'c}i L

BV A .

Although, the source of ‘nitrogen causing a spevific pollution problem 1sof?é vious,
Ny difficplty “may be encountered in determining which. of several ppssible'-sdu’rcés"is:_".m'cl),é't{.a""
‘important.’ As an example, if a stream ‘with'excessive aquatic growths due’ ﬁifrt}'één
.. receiyes effluent from a sewage treatmrent plant, drainage from fertilizéd cropland,” and
;. runoff from pastures or féedlots, the contribution of nitfogen from the treatment plant may ..
~ be a small fraction of that from the other:two sources. Thus, in analyzing a nitrogen = *
“pollution problem, care must be taken tq-,enlsure.vtﬁat}}agll -possible”sources are investigated
/" and that thg amount to be expected from ‘each it gequrately estimated. Once an estimate is .-
" *made; n_jlgrpge?rgl contro] measures can be oriented toward the more sighiﬁcant SOUrces., '

o N T o [N . .
ﬁ'] Lo 2.3, fital Sources B . TR :
L~y Ll T g : . ! . . NeaY

{of ral;'s‘o;ffées'éf nitfogendus substances include pr'ec'ipitaftgon,' dustfall, nonutban runoff, .
#dnd. biological fixation. Amounts from all may be increased in some way by man. It may be
quite difﬁ_cﬁlt 'tf) determine ‘quantities which might be expected undé};ricpmpléyely natura‘l'f: :
- ¥ conditions. : L% o RN

Lt

- . L - . oot
S - . o .
x . X o

., In ofder to find levels of nitrogenous substances in precipitation:which are as close to . |
" **natural” as possible, it is necessary to take samples far from urban. or agricultural-aireas.

'.,:.‘ . i a
‘

- . e
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. Even these values may be suspect however In one review of nutnent levels in precrprtatlon,
" total nrtrogen in rainfall in Sweden ‘was cited as 0.2 mg/l. 6 The average concentration of
nitrogen in western snow samples mainli in the Sierra Nevada Mountains, was 0.15 ppm of

: 4ammoma-mtrogen, 0.01- ppm of- nitrite-nitrogen and 002 ppm of nitrate-nitrogen. How
‘frepresentatlve such values ?are of “natural”, 'condltlons cannot be determined wrth any

'.". # 2 R4 "

Ve

R - ..
Y : X LR . . - . 3
* . i e A

: -The quantrties of trogen in nonurban runoff frorh nén-fertilizet land may be expected to . -
'vary greatly, dependmg -on the erosive characteristics, of the soil. One study found that -
runoff l'rom férested land in Washlngton contarned 0. l3 mg/l of mtrate-nrtrogen and 0. 20 :

"mg/l of total n1trogesn"Z . - .

Brologlcal,. ﬁxatlon. it

As much as 14 percent of ' the total n1trogen entermg eutrophrc Lake Mendota, W1sconsrn
‘was added by’ f1xatron'4"The role ‘6f n1trogens ﬁxatlon in ohgotrophrc lakes has not been
: establlshed S TR C . .

. 232 Man-'caused Sou"rces‘

3 -

The act1v1t1es of man may mcrease quantrtres Of n1trogen added to the aquatrc

env1ronment from three 2jof the sources d1scussed above: precrprtatron, dustfall and
, nonurban runoff.- These sources are. 1ncreased~pr1n01pally by fertilization of agncultural land
’ and the combustron of fossrl fuels .

.h
'Q

' Other man-r.elated sources include runoff from urban areas-and llvestock feedlots, munlcrpa’l

wastewater effluents, subsurface dramage from agncultural lands and from Sept1c tank leach
fields' and mdustmal wastewater;s : _

"»
Pk I Lond

. e oV
r \L i' -

N1trogen concentratxons in raw mumclpal wasteWaters are well docUmented 48 9 Values : .'

generally range from 15 to 50 mg/l, of which apProxuna,tely 60 percent_is ammonia-
nitrogen, 40 percent is organrc nitrogen, and a neghgrble amount (one percent)“bnrtrrte— and
nrtrate-mtrogen Uﬁless wastewater . treatment’ fac111t1es are . des1gned to remove nitrogen

'specrﬁ'cally, most . wﬂl pass thr'ough the treatrnent works to-the receiving waters or land

.drsposalwgte An estrmate for the total amount; of mtrogen discharged into sewerage systems
Rin, domestrc Wastevyater is 0.84 mlllron metrlc tons per year in the United States 9 -

~
.~ 5 ey

Nrtrogen d1scharged into 1nd1vrdual septic tank systems can also create pollutlon problems

It has been’ estimated that up to ?& percent of the national population utilizes individual |

systen;ls9 contnbutrng up to. 0.23 million megric tons of _nitrogen’ annually. In a
welLoperatmg septrc tank system, most of the nrtrogen leaving thestank will be converted to
'n1trate in ‘the leachmg field. Th1s may then percolate downwafd to'a groundwpter table.-

2-9.

'.

R

_add n1trogen to both sorl and surface ‘water envu'onments. Of .
- particular mterest is the'role of fixation in eutrophlcatlon of lakes. Certain photosynthetic * -
, - blue-green algae, such: as the specres +of Nostoc Anabaena, Gleotrtchla and Calothrix, are
S common mt):ogen ﬁxers ~ : ' .

/’.

<



Problems from hlgh nrtrate concentratrons occasionally, occur when septic tank waste
d1sposal is located near shdllow wells used for. water supply, particularly on the frmges of
- urban areas where the populatlon densrty may be fairly hlgh

-
v

The nitrogen content’ of 1ndustr1al ’wastes varres dramat1cally from one 1ndustry to the next.
~Among those industries whose wastewater ‘mtrogen -contents may be quite hlgh are meat
‘processing plants, milk- processing plants,* petroleum refineries, ice plants, fertrllzer.
manufacturers, certain synthetic fiber plants and 1ndustr1es usrng ammonla for scourn‘fg a,nd -

cleaning operatrons4 .~ S S
Feedlot runoff constrtutes a source of n1trogen which has become srgmﬁcant as a result ef s *'»;
the 1ncreased number of" concentrated centralized feedlots. Ammonium - is a major* "
constituent of feedlot waste as.a result of urea hydrolysis: Ammonla-mtrogen concentra- .. /
tions may reach 300 mg/l, 48,10 and organic nitrogen- concentratrons of up to 600 mg/l :
have been reported8 10 The. total annual nitrogen load fr0m_ hvestock in the U.S.

estrmated to be 6. 0 mrllron metr1c tons. 4 While the maJonty o',‘ the an1mals are apparently

steps are taken to prevent drarnage and runoff senous lo%allzed problems can occur.
- Urban runoff can contribute significant quantities of nitrogen to receiving waters durmg and
after periods of precipitation. Average concentrations which have been reported are 2.7 mg/1
+ total nitrogen in Cincinnati, 1171 mg/1 total nitrogen.in Washington, D.C., 1255 mg/l total
nitrogen in Ann Arbor, M1ch1gan,13 and 0.85. mgﬂ organic n1trogen in Tulsa, Oklahoma 14
Samtary or combined sewer overflows can’ also add. to the n1trogen load. )

k]

RTA R .
, The use of artlficral fertrllzers has increased ‘the n1trogen concentrat;ons wh1ch can be
" expected in nonurban runoff. In rural Ohio, runoff from a 1.45 acre. ﬁeld planted in winter
~ wheat contained an average of 9 mg/1 total nitrogen. IS For agrlcultural land in Washington,” _
. the. nrtrate-nitrogen concentration was 1.25 mg/l 7 On a 75-acre site in North Carolina
- which consisted of grassed pasture, wooded pasture ‘com field and orchard, the mean

n1troge3v""onceptratlon in the runoff was 1.2 mg/l 16

Subsurface 1rr.igation dramage f‘rom fertilized cropland can conta .
-nitrates in agrrcultural areas of California’s San Joaquin Valley, monrtormg of, subsurface

trle dra‘inage systems between 1966 and 1968 showed average n1trate-n1trogen concentra-

t10nsofl93mg/l 17 . oo

ln the same way that increased n1trogen concentrations in nonurban runoff and subsurface '

drainage have been caused by man’s activities, increased n1trogen levels in precipitation and ¢
~ dustfall have.also resulted For example, high ammonium concentratlons in spring rains'in

California aré due to the use. of liquid -ammoniumn), fertrllzers there.6 - Most atmospher1c

nitrogen (other than nitrogen gas), however, is; assoqat‘ed with soil picked up by the wind
" and can be retu{ned to earth by gravitational settllng (dry fallout) or in prec1p1tat10n, and

several studies have been conducted to -determine the quant1t1es to be expected from such

. o .. 9. .
N 2-10
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sources The lO-year average of ammonla‘ p:lus mttate-nrtrogen concentratlons 1n ramfall at
Geneva, New York;, was l l mg/f6 Snow samples from -Ottawa, Canada, over 17 years.
contamed 4an average of - 0_85 ppm morganrc nitrogen. 6 Ralnwater from the same area for
the same penod had: i 'ncentratrons of 1.8 mg/l ammon1a-n1trogen “and -0.35 mg/l

' rutrate-mtrogen In ramfall measurements at Cincinnati, Ohio, total and 1norgan1c nitrogen:
concentratrons were 1.27 and 0.69 mg/l, respectively. 15 For a rural area near Coshocton,

Ohxo, the respectl’Ve concentratlons were’ 1.17 and 0. 80 mg/l 15

P

study made near Hamllton Ontano, was crted6 wh1ch related dustfall to ramfall It was
found that the n1trogen fall totaled 58 Ib per .acre per year. Approx1mately 61 percent of
the nitrogen came: down on ra1ny days whrch const1tuted 25 percent of -the days’ momtored ;
diring the test ~ , o . e
‘In a study on dustfall' in Seattle18 the fall rate for soluble n1trate-n1trogen was. 0 63 b per
acre per; year The concentratnbn of n1trate-mtrogen in the total dustfall was 700 ppm.
As a summary to thls discussion of sources of n1trogen, Table 2-1 shows estimates of -
mtrogen quantltles d1scharged from various sources in the San Francrsco Bay Basin,
Cahforma 19 The bay basin has a populatlon of about 4, 500 000 people, a land area of
4 300 _square miles, anda water surface area of about 450 square miles. Because of the h1gh
populatron den31ty, the greatest amount of n1trogen drscharged is from municipal and
1ndustnal sources. This table is presented only as an. example Care must be taken for each -
case—to accurately evaluate the significance of each source.

.
L ' ¥ ' .

- o TABLE 2-1 - .
ESTIMATED NITROGEN LOADINGS FOR B
THE SAN FRANCISCO BAY BASIN
- St S I Nitrogen mass emission, - Percent
Identified Nitrogen SOUrce_a ’ thousand 1b per.year . - . of
: . B (thousand kg per year) = . « - total
Mu:n’lclpal wastewater, Before treatment 55,000 . (26,000) 1 49,
. Industrial wastewater, before treatment S "35,000. (16,000) . .30
" Vessel.wastes, before treatment ) } 130 ( - 60) 1. & 04l
- Dustfall directly on Bay . ) 1,300 - ( 5900 . 1.1
Rainfall directly on Bay . S o 870 - ( 390) - . e 0.8
Urban runoff ’ ) . ~ 3,100 (1,400) : .27
. Non-ufrban runoff . : b ‘ 4,100 ( 1,900) N Y, 3.6
Nitrogen applied to irrigated agrlcgltural land 2,000 (. -900) I G
'Nitrogen from dalries and feedlots : 1. 13,000 ( 6,000) ° N 11
Total = . : 118, 000 (53,0000 . | - 100
From Referencé 19 - T ' ' ‘ ' o : .

A major source not included'is biological fixation

bAn estimated 50 percent percolates to groundwater -

211 ‘g 3



2.4 Effects o,f Nitrogen Discharge_
' It. was previously noted that mtrogenous compounds dlscharged from wastewater treatment
facilitiés. can_have. several deleterious  effects. Alfhough brostlmulatlon of receiving waters
" has genetated the most concern in recent years, other less well pubhclzed impacts can be of -
‘major importance in particular situations. These impacts include toxicity to fish ' life;
reductlon of chlorine disinfection efficiency, an increase in the dissolved oxygen depletron' _
in receiving waters, adverse public health effects — prmcrpally in groundwater, and a
reduction in the Surtabrhty for teuse. : . '

. 2.4.1 BiostimulatiOn of Surface Waters
‘A major problem in the ﬁeld of water. pollutlon is. eutrophlcatlon, excesswe plant growth
and/ or algae “blooms” resulting from over-fertilization of rivers, lakes, and estuaries. Results
of eutrophication include detenoratlon in the appearance of prevrously clear waters, odor
‘problems from decomposrng algae and a lower dissdlved oxygen level which can. adversely
affect ﬁsh life..~ - . - . _ R - : - »

Four basic factors" arg required for algal growth: nitrogen, phosphorus, cirbon dioxide, and
light energy. The absence of any one will limit growth In special cases, trace micronutrients .
such fs cobalt, iron, molybdenum and manganese may be limiting factors under natural -

cohdltlons : B

Good' generalizations concerning which -factor is growth limiting-and at what concentration
are difficult to make. Light- -and carbon dioxide are essentially impossible tocontrol. Both
: n1trogen and phosphorus are present in waste dlscharges and hence subject to control: The
questlons which must usually. be answered when faced w1th a eutrophlcatron problem are: is
sitrogen or phoSphorus (or nelther) the lumtrng nutnent ‘and 1f either one is, can the
amount entering the recejving water be significantly reduced by removing that nutrient from
the waste stream? In some cases algal assay procedures may allow a conclusion as to which
nutrlent is lnmtlng Under some circumstances, however, . removal of both nrtrogen and
: phosphorus may be undertaken to limit algal growth ' :
EutrophJcatlon is. of 'most concern in lakes because nutrients which enter tend to be .
recycled wrthm the lake and build up over a period of time. 9 A river, by contrast; is a
flowing system. Nutrients are always entering or leaving any g1ven section. Accumulatlons'
‘tend to occur only in sediment or in slack water; and the’ effects of these accumulations are .-
normally moderated by penodlc flushing by ﬂoods~ ‘ ' -

In‘ estuaries' and oceans, nltrogen compounds are often present in very low concentratrons
"and may limit the total bromass and the{\Wpes of species it contains. 9 Thus, upwelling,
which brings nutnent-nch waters. to the surface, m‘ay result in periodic blooms of algae.or
- other aquatrc life. While in some estuaries discharges from wastewater treatment’ plants may
1ncrease mtrogen concentrations to the level where blooms occur, the high drlutron prov1ded-

- R . .‘\
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~bya direct ocean discharge probably eliminates the danger of !ﬁlgae blooms caused by such
discharges. In summary, while nitrogen in wagteWatér' treatment plant effluents can in
- particular cases cause undesirable aquatic growths, determination ‘of the limiting constituent
and other sources of that constituent (such as feedlot runoff or fixation) should be made
~ before the decision is made to require nitrogen removal from municipal wastewaters. '

2.4.2 Toxicity

The principal toxicity problem is frdm ammonia in the molecular fo,r_m.(NHg’,) which can
adversely ‘affect fish life in receiving waters, A slight increase in pH may cause a great .

“increase in toxicity as the ammonium ion (NHY) is transformed. to ammonia in accordance - *

_ with the following equation.”

3 tH

NH' +OH™ === NH

4 o

. 2
" Factors which may increase 'ammonia_"to_xici"ty';'at a given pH are: greater concentrations of
dissolved oxygen and carbon dioxide; elevated temperatures; and bicarbonate alkalinity.9 '
Reported levels at which acute'toxicity is detectable have ranged from 0.01 mg/l9 to over
2.0 mg/12.0 of molecular ammonia-nitrogen. S o '

'2.4.3 Effect on Disinfection Efficiency

Whéri chlorine, in the form of c‘hlorine‘ gas or hypochlorite salt, is added to wasteii(ater' .

containing ammonium, chloramines, which are less effective disinfectants, are fofmed:;;The
major reactions are as follows: - . T ' : '

R

-

NH} + HOCI 5= NH,Cl (monochloramine) + Ho+H™
f— o KR NH.C1 + HOCI == NHCl2 (dichlpramine)'+'H2O_:

2

_ b NHc1»24H6c1-,—-_: NC13 (nitrogen trichloride) + H20. .

i

Only after the addition of 1_argé quantities ‘of chlorine does free available chlorine exist. If

the effluent ammonia-nitrogen concentration were 20 mg/l, about 200 mg/l of chldﬁne
would be required to complete ! reactions with ammonium and organic compounds. Only
rarely in wastewater treatment 15 this level of chlorineaddition (“breakpoint” chlorination)
used. Therefore; §s a. practical matter, the less effective combined chlorine residuals -
~ (monochloramine 3nd dichloramine) must be relied upon for disinfection. This results in
increased chloring~dose requirements for the same level of disinfection. Further information

on the relative effectiveness of free chlorine and combined residuals is presented in Section

6.2.7.

e
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‘l l .. - ' ' ’ . ) l, . . - .
2 4 4 Drssolved Oxygen Depletlon in Recervmg Waters '

l.
K
¥

Ammomi‘lm can be brologlcally oxrdrzed to nitrite and then to nitrate in recervmg waters '
and: thereby add to the oxygen demand imparted by carbonaceous materials. Table 22,

" shows. a typrcal example of the removal of totgl oxygen demand obtamable with varying
degree§ o \treatment If either conventional biological tr .cmefjt or- physical-chemical
treatment i3 utilized to provide 90 percent BODg removal, uent will be discharged

: wh1ch still. cpntams over400 mg/l of oxygen. demand. This high level of oxygen demand
o .may cause s1gmf cant oxygen depletion in' the recervmg water- if .insufficient dilution is
available. Nrtriﬁcatron (or ammoma nitrogen removal) wﬂl reduce the total oXygeri. demand

of the effluent io less than 40. mg/l !
The Potomac Est\xary in the Umted States22 and the Thames Estuary in Great Bntam23 are '

: examples of estuanes which are greatly affected by nitrification. Figure 2-4 shows a$ a
function of e degre‘ of nitrification provided by wastewater treatment faclhtres the
estimated discharge. ‘j1to the Thames Estuary which ‘will cause the maximum oxygen
.depletion to be 10 percent of saturatron The calculatron assumes. an- effluen?n BOD5 of 20"
mg/l an effluent organi plus ammoma nitrogen- concentratlon of 19 mg/l, and discharge at
a pornt lO miles above London Bndge From the fig gure the allowable discharge for

- 'non- mtnf ed effluent is ab ut 12 mgd, while - for completely nrtnﬁed efﬂuent over 40 mgd T
can be d1scharged \ . . '

2 4 5 Pubhc Health ' \\

The pubhc health hazard - from ngg(n 1s assocrated w1th the mtrate form and is hmrted

'* prmapally to groundwater where hi concentratlons can occur. Nltrate in drmkmg water '

~¢ R

EFFECT OF AMMONIUM 'RE ' 'OVAL ON TOTAL OXYGEN

DEMAND OF WASTEWATER TRE\QTMENT PLANT EFFLUENT /f |
. : : . ) o Pinal effluent
_ : o " Raw a 7\ Oﬂgranlc carbon With ammonium
. . ' Parameter ’ . wastewater N removal . and organic carbon
C ’ ) \ only . temoval -
Organic¢ matter, mg/l’ 250 \ 25 - 20
Organic oxygeh demand, mg/1 375b o : A 37 e 30
Organic and ammonla nitrogen; mg/1 . ) 25 |- - 20 1.5
Nitrogenous oxygen demand (NOD) mg/1 115€ ; - \e2f 7€
Total bxygen demand (TOD) mg/l 490 . ‘ 199 . 437
Percent of TOD due to nitrogen 23.5 ° .3 - 18.9
Percent ‘organic oxygen demand removed - 9 ) ’ .92
Percent of TOD removed : : - ) 73\7 92.5
. . . \
E : After Reference 21 o o . ] :

Taken as 1.5 times organic matter ,
=) °'1'aken as 4.6 tlmes the nitrogen level .-‘

- c 214 46
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"_was first assomated in 1945 with. methemoglobmemla, a sometlmes fatal blood dlsorder.
- which- affects - infants Tess than three months old. When. water high in mtrate is-used for i
'4 preparing mfant fommlas, nitrate is reduced to nitrite in the stomach after mgestlon The
. nitrites react w1th hemoglobm in the blood to form' methemoglobin, ‘which is. mcapable of
catrying Qxygen The result is suffocatlon aCCOmpamed by<a bluish tinge to the skin, which
‘ 'accounts for the use of the term “blue babies” in conjunctlon with methemoglobmemla In
‘ suspect areas water should be analyzed for both nitrite and mtrate since either form wﬂl.‘* v
cause methemoglobmemna : S : - v

. ' e . . R

e - ;_‘ FIGURE 24 CEl e
ALLOWABLE EFFLUENT DISCHARGE INTO THE THAMES ESTUARY
- (AFTER REFERENCE 23) SR
£ BODs OF WASTE WATER EFFLUENT 20 mg/l
el 'POINT OF DISCHARGE : IOMILES '
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e J. ‘
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"0 .25 50 ~ .75 . 100
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, Smce 1945 about 2, 000 cases of methemoglobrnemra have been reported in‘the U S. anc
o Europe, with .a mortahty rate: of seyen to eight- percent Because of.difficulty in diagnosing

-~ the disease and because no reportlng is requlred the actual mcrdence may be many t1mes' X
hlgher 10 : :

1'_

- The EPA’s interim pnmary dnnkmg water standard (40 CFR Parf l4l) for nitrate is 10 mg/l g | ).
“ras mtrogen This standard is exceeded most often in shallow wel]s in rural areas. .- S L

P ' . . . >3 . ’ =

o — . - o ’

2 4, 6 Water Reuse o E

. -
'

‘7,

Wlnle d1rect wastewater reuse for domestlc water supply is not yet a reahty because of
publrc health consrderatlons plans for 1ndustr1al reuse are bemg carried out in several areas.

. When reclaiming wastewater for industrigl ‘purposes; ammonia may need 1o be removed in
order to. prevent corrosion. ‘Further, n1trogen compounds can cause bjostlmulatron m,
cooling towers and d1str1butron structures : . :

2.5 Treatment.Processes fOr'Nitrogen R'e\moval' )

e . .
. N .. . . . . v

_In the past several years the number of processes utlhzed in wastewater treatment has |
'f'-lncreased rapidly. Many of these, processes have been’ developed with the speclﬁc purpose of
transformmg n1trogen compounds or removing mtrogen from the wastewater stream. Others.
can remove several compounds, 1nc1ud1ng significant amounts of nitrogen. Stlll others may -
remove only a small ‘amount of n1trogen -ora partrcular form of n1trogen ‘which is 2 small
fpactlon of the total. ‘ s ce '

o

In determlnmg whlch, method is most surtable for a partrcular applrcatron, consrderatron
must be given to six principal aspects (1) form and concentration of nitrogen compounds in -
the process mfluent (2)/ requi’red effluent quality, (3) other treatment processes to be :
" employed, (4) cost, (5) reliability, and (6) ﬂexrblllty Great care must be taken in. |-
‘developlng and evaluatmg alternatlves ‘ S

"‘Presented below are - bnef descnptlons of the varrous rocesses employed ;n wastewater o
treatment” facilities which, to varying degree* Y 3 m;: the ‘Waste,_stream. -
_ Process characterlstrcs, compound select{\qiy,“ nd; nonﬁal .ange ‘of 8 e f cv\ are presented ;‘éﬁi’a& ’
i It is stressed that” this _discussion « «i§" descriptive and is mtejgded onl' A9 'provrde an. ‘
. 1ntroductron to the followrng chapters of this® manu,.

- . 4

¢ S

‘ 2.5.lConventional Treatment-Processes _

Nitrogen'in raw domestic wastewaters is pnnclpal].y in the form ¥both
soluble and particulate, and-amm onia. The soluble orgamc nrtrogen' s majey ¥
urea. and amino acids. anary sed1mentatlon acts to rempoye a portld'h
organic, matter.; This generally wrll amount to less than percent “.
entermg the plant ‘

L L 26
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Blologxcal treatment wr]l rémove more partrculate organ1c n1trogen and transform, some fo. .
ammonufm and other- 1norgan1c forms. A fraction of the ammonium present in the waste
- will be aSSImllated into organic materials of cells formed by: the biological process. Soluble.
- organic n1trogen is partially transformed to ammonium by m1croorgan1sms but concentra- .
o . tions.of 1 to 3 mg/l are usually found in biological treatment effluents. 24 Through these
~ .. . processes, an additional 10 to 20 percent of ‘the total nltrogen is removed when blologrcal'
" treatment ‘and secondary sedrmentatron follows primary sedimentation. Thus total nitrogen :
' removal for a conventronal pnmary-secondary faclhty will’ generally be less than about\/O
-percent o e
‘J\.\ C .;‘ - '’ v i
PERICEN 2.5.2 'Advanced Wastewater Treatment Processes

i . _ - !"_. . l" . . ¢ ‘," . . L '. o I’
_ Advanced treatment processes designed "to remove wastewater constituents “other than
. nitrogen often remove some nltrogen compounds as well. Removal is often restncted to .

E ,partlculate forms and overall removal efﬁclency is rarely high. ) , S o

-
0

' Tertlary ﬁltratlon can remove a s1gmﬁcant fractlon of the organic n1trogen pres t. -Overall
" removal depends pn the amount of nitrogen in the suspended organic form:. Adﬂ ed above, .
f most of the orge ie nltrogen in secondary effluent 1s insoluble, but ammomum usually-
: accounts for the majorlty of the total nitrogen. Carbon adsorption, used to' remove res1dual
'orgamcs will also remove organic nitrogen. The amount ‘of organic mtrogen remarnrng. at
that pomt in the' treatment scheme will generally be qunte small. :

RIS P

"‘:— B

B o .
Electrodlalysrs and reverse osmosis ate ter ;p,rocesses used pr1mar11y for reductron of

" total drssolved sohds Nitrogen entering such.isyst’ems is mamly in the ammonium or n1trate
form Electrodralysrs can be expected to remove about 40 percent of these forms; reverse '

- osmosis, 80 percent. However these processes are not currently in use for treatment of
municipal wastewater o = o R R

.Chermcal coagulatlon, often utrhzed for phosphate removal, also aids in rer‘noval of
particulate matfer, including partlculate orgamc nitrogen. Whrle chemical coagulatlon does
not remove ammonium directly, lime addltron is.used pnor to ammonia stripping. (d1scussed
in Sectlon.2.5.3.4) in order to ralse the pH and allow the process to proceed '

; '/Land dlsposal may be used to remove nltrogen Rémoval -occurs when the effluent is: used
. _for irrigation : ‘fpurposes,,, with :the nitrogen assrmrlated by growing craps which are
subsequently harvested However, n1trogen removal by land treatment systems is not within

“the scope of thrs ‘manual. : o . T :
2.5.3 Major Nitrogen Removal Processes o '

.

"u

. . : A
The . major processes consrdered in th1s manual are nltrlﬁcatron-demtrlflcatlon breakpomt
chlormatron (or superchlonnatron) selective 1on exchange for ammonium removal and air’




. . o,
_ '.-, ‘strippi] g for ammonia removal (ammoma stnppmg) These are the processes whrch are
' 'technr y and economrcally most vrable at the presen't time. .- .
2 _ 3.1\Brolog1cal N1trlﬁcatron‘-Denitriﬁcation : oo r
v Brologlcal nrtnficatlon does not increase the removal of nltrogen from the waste stream ovbr B
* - that achreved by conventional blologlcal treatment. The prmclpal effect of the nrtnﬁcatron .
treatment process is' to transform’ ammonig-nitrogen to nitrate. The n1tr1f1ed efﬂuent can .
- then be denitrified brologrcally Nitrification is also psed without subsequent blologrcal‘
demtnﬁcatlons when treatment requirements call for ‘oxidation of ammon1a~mtrogen
_ .Oxrdatron of ammomum can be as high as 98 percent. ‘Overall transformatlon to mtga&e -
depends on the exten‘t to which organic n1trogen is transformed to. ammonra-nltrogen in‘the. -
E .,_secondary stage or'is removed by another process. Nrtnficatron can be carried out i
- comunctlon wrth secondary treatment or in a tertiary stage; in both cases, either suspended A
. growth reactors (actrvated sludge) or attached growth reactors (such as tnckhng ﬁlters) can '
beused.” o - N S
. - .‘_" LR “ : e -
Brologcal denrtnﬁcatlon can -also be’ carr1ed out-in either suspended growth or attached :'_" "
< growth reactors As previously noted, an anoxic environment is required for the reactionsto Vv
_proceed Overall removal efficrency in'a’ nltnficatlon-demtrrficatrbn plant can range from 70
to 95 percent. :

4

B

2 5.3.2 Breakpomt Chlormlatlon
o Breakpomt chlormatlon (or superchlormatron) is accomplrshed by the addltron of chlorme _ 5
to the waste stream in an amount sufficient to ox1drze ammoma-nrtrogen to nrtrogen gas.. L
~ After sufficient chlorine is added to oxidize the organic matter and Sther readily oxidizable ~
. ‘substances present, a stepwise reactron of chlorine with ammonrum takes place The overall S
_theoretlcal reactlon is as follows S a - N ST
L o 3Cl2 + ZNH4 — N2 + 6HCI + 2H
!‘ - C ' ] - . . o .. - ) . .-.i.,.
In practlce approxrmately 10 mg/l, of chlorme is requ1red for every 1 mg/l of
ammonra—nrtrogen In addrtron acidity producéd by.the réaction must be neutralized by the. -
addition of caustic soda or lime. These chemrcals add greatly to the total dissolved solids and
‘result in a substantlal operatmg expense Often dechlormatron is utilized following
breakpomt chlormatlon 1n order to reduce the tox1c1ty of the chlorme res1dual in the .
-'_efﬂuent L s e : L

RN

“An 1mportant advantage of thrs method 'is that ammonra—mtrogen concentratlons can be

. reduced to; near zero in the effluent. The effect of, breakpomt chlorination on organic
. nitrogen 1s uncertarn with contradrctory results presented in the 11terature N1tr1te and .

: hitrate are not removed by thismethod. o o 7

Voo . . e R
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- passiig th’q.}’-’

- which has 2 High selectivity for ammonium ion. The ﬁrs‘t, % tensi
1969 by Battelle Northwest ina federally sponsored d onstrq,t ]

___f the c]1noptilohte is undertaken when al] the ,excharige sltes ﬁe utlllzed and breakthrough
;occurs, - : ST

1Y
[

' 2.5.3.3 Sele'ctive ion Exchange for Ammonium Re_moVa]

s

Selectlve 1on exchange for remova] of ammon1um from wastewater can be accomphshed by .

‘.;WasteWater' throu'gh'-a column of c]inop,ti]ojité

' turally occurring zeolife

udy was undertaken in
'v

. project Regeneratlon of

: 'Flltratlon pnor to ion’ exchapge is usual]y requ1red to prevent fouling of I;he zeohte

~ Ammonium removals of 90-97 percent can be expected N1tr1te nitrate, .and orgamc

n1trogen are not affected by this process

2.5.3.4 Air Strippi_l]g' for Ammonia Removal - -

Wy . C . .
s - ) - . Ly

Ammonia in the molecular form is"a.gas which.dissolves in water to. ‘an extent controlled by _

. the partlal pressure of the ammonia in the air adjacent to the water. Reduging the: partial

pressure causes ammonia to leave the water. phase and enter the air. Ammonia removal from

- wastewater can be effected by bringing small drops of water in contact with a large amount
of ammonla-free air. This phy81ca] process is termed desgx;ptlon but the common name 1s L

‘‘ammonia stnpplng

4

AIn order to stnp ammonia from wastewater, it mus be in the molecular form (NH3) rather '
‘than the ammionium ion (NH"') form, This is accomphshed by raising the pH of the -

wastewater to 10 or 11, usually by the addition of lime. Because lime addition is “often used

for phosphate removal, it can serve a dual role. Again, n1tr1te, nifrate, and organ1c n1trogen

are not affected.

, The prmclpal prob]ems assoc1ated with ammonia stnpplng are 1ts 1neff1c1ency in co]d

- weather, required shutdown during freezmg condrtlons and formatlon of calcium carbonate e ;

sca]e in the a1r stnppmg tower o , K R

Lt
\

'The effect of cold weather has been well documented at the‘South Lake Tahoe Pubhc

Utility District where ammonra stnppmg is used for a-3.75 mgd tert1ary facility. The -

stripping tower.is designed to remove 90 perce’nt of the incoming ammonium durmg warm
weather. Dunng freezing condltlons, the towt!r is shut down One mechanlsm of - scale

. formation is attributed to the carben dioxide in the air reacting with the alkaline wastewater
-+ and prec1p1tat1ng as calcium carbonate 22 In some instances, removal with a water jet has
been possible; in other appllcatlons the scale has'been extremely difficult to remove. Some .

" factors which may affect the nature of the scale are: orientation of air flow,wreclrculatlon of
.sludge' pH of the wastewater and chem1ca] makeup of the wastewater 22 -

' N .
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'_i,__forwelhoperated lagoons5 - _ a ‘

‘Lagoons 25

er.NitrogenRem‘al“BroCesses_' A

v e, . > \

< "'3'?'” -

™,

Use of ,amomc exchange resins for rémoval of mtrate was developed prmclpally for:
. treatment of irrigation retumn waters. 22 Two major unsolved problems are the lack of resins ;
o 'wh1ch ‘have a hlgh select1v1ty for mtrate over chlonde and dlsposal of mtrogen-laden'»
i regenerants cod Y : - :

R L
SEEAT

I S

Oxldatlon ponds can rem mtrogen through mlcroblal demtnficatron m the anaeroblc, :

‘ bottom layer or by ammoma emission to. the atmosphere. The"latter effect is essentlally ‘

moma stnppmg but is relatlvely inefficent due to a low surface-volume ratio and. low pH.
- §tudy of raw wastewater lagoons in California, removals of 35-85 percent were. reported‘

'.".,'

b'.;-Nltrogen in oxrdahon ponds is asmmllated by a’lgal cultures If the algal cells are remov*ed- |
from the- pond et?ﬁ’uent stream, nitrogen remoyval 1s thereby effected. Methods for® removal'.‘:f-'

of algae are summanzed in the EPA Technology Trans&,r Pubhcatlon Upgradmgqf.v :

It wasﬁnoted prevrous]y that 1h seeondary blologlcai treatment Znd' 1h h'itnﬁcatlon, some

-~ . nitrogen is incorporated in bacterlal cells and is removed from the waste stream.with the
v sludge. If an ‘organic carbon source such as ethanol or glucose is added to the wastewater, ‘

7
@

_-regulatmg the addition of the ‘carbon source, wrth hi
: mtrogen levels resultmg2 :

“on the types of umt pro

~ the solids productlon will be increased and’a- greater nitrogen removal will* be effected

Dlsadvantages are that large quantities of sludge ‘are produ d and that difficulties occur in . -

w _
’2.5;5 »Summ,ar,y L

]

. Table 23 summanzes the effect of various treatment processes on mtrogen removal. Shown

is the effect: that the process has on each of the three major formis: organic. nitrogen,
ammonijum, and ‘nitrate. In the last column is shown normal mmovaLpencentages which can
be expected from that process. Overall removal for a partlcular treatment plant will depend -
ozkes and their relation t6. each other. For example, while many
processes developed for nitrogen removal are ineffective in removing ‘organic nitrogen,

incorporation of chem1cal coagulation or: mlﬂtlmedra ﬁltratlon into the overall flowsheet

_can ‘result_in a low concentration of . - organic mtrogen -in - the plant efflue"" Thus, the

- mterrelatlonshrp ‘between processes must be carefully analyzed in des:gmhg for mtrogen
removal Further dlSCUSSlOl’l of process mterrelatlonshlps is presented in Chapter 9

E o 220

; ‘to the processes hsted above, there are other methods for mtrogen removal - =
_ which might usefully be dlscussed Most are m the expeqmental stage of deveiopment or °
occ1.r comcrdentally with another process I : "

effluent BODg—values or hlgh"-_: .




TABLE 2-3

- Effect on Eonstituent

.

’ e

Removal of

- total nitrogen

entering process,

"Q'qa‘ntc N oo 'Nl:lg'/NH_: i percent®
g 10-20% removed | noeffect ho effect 5-10
:15-25% removedb . <10% removed : | nil 10-20
| urea —» NHy/NH; '
Advanced wastewater treatmen; processes : T _ - Co
*  Filtration® ~ : S 30 95% removed: nil nii ' 20-40 ]
"Carbon sorption - -+ - - 30-50% removed’ “nit’ “nil - : 10-20; '
Electrodialysis . : - 1,00% of suspend - 40% removed\_,__m_ 40% removed' . 35-45
' .1 " orgap¥c N removed B -
Reverse osmosis " ]7100% of suspend . | °85% removed .'.B‘S% removed ' 80-90
. : N B 6organlc N removed PR Lov A
Chemtcal coagulatfBeC- .5 ~70% removed nil 3 nil ' 20-30" . i
nd appllcatton R a3 " B L. .
- NH3)NH4 - N03 —plant N ¢ o[, ¥ 40-90 :

“Irrigation
Y

‘1' lnftlu-auon/pprcolauon " o

N .- Nz ' { 0-50 .
Major nltroqen reméval prbcesses ! : o : .
. Nitrificatiolt . limited effect =% NO, no effect.

- ‘Denitrification T
" .Breakpolnit Ehlorthaﬂon T
.. Selective ton exchange fot ammont

B ‘Ammonia strtpptng ¢

- Jrno ‘effect

uncertatn

‘fome removal, un-
certain .
_n'_o'effect o

no effect
90~ 100% removed

90-9 7% remozeﬂ |

60 95% remove

i\o effect:
ef{ecg )

.'rno_\e.f-fe_gt

80-98% removed:

SR

—n -
Other nttroqen removal processes

Selective fon exchange for nnrate L

Oxidauon ponds

" oo Mga}strtpptng' L

Bactertal asslmtlatton

nll .r
) NH3/NH;

partial transformatlon
to NH3/NH4

no eﬂect

arual transformatton ]

all )
arﬂal removal
‘by stripping .~ )

- cells

40 70% removed

79+

cplls |

ltmned ffdcf

90% removed-
"partlal removal by
‘nifrification-" .
'eh!.t_rtftcat’tbq o

patment plant. X

v
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AR McGraw-Hﬂl Book. Co., 1967
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z'wn.]ﬂ;iepem:} on t.he fractlon of tnﬂuent nttroqen for whlch the process ts effectlve which may depend on ot.her proeesses

Solnble organtc nttroqen ln the form of urea and amino acids, is- substanttally reduced by secondary treatment
. May be used to remove partt(mlate organlc carbon\.m"plme where ammonla ‘or nitrate are removed by other processe

2 Chnstensen M H., and P Harremoes Bzological Demtrgfzcatton in Wastewatér
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. 7. cHAPTER3 . --:-',,-.'-‘_4 S
| '_q_,?_‘ S PROCESS CHEMI\STRY AND BIOCH,EMISTRY OF ST
L B NITRIFIQATION?\ND DENITRIFICATION -. .
"3l Introduction A ¢ o ! Y
. t' I “ - L ] 4 re

The pugpose of th1s chapter is. to present a. treatment procé@s—onented rev1ew of the _

chem1stry and blochemlstry of mitrification and dqmtnﬁcatlon An. l!ndersténdlng of. thrs .

subject is useful for developmg #n apprecraﬂon of.. the féctOrs affectmg‘the perf(tmance,

" design, and operatlon of nirification and dénitrificatior? processes Subsequent chapters dea] @
. with design aspects. of nitrification (Cha‘pter 4) and denltnﬁcahon (Cha&er 5). Sinee these
- #» latter chapters are laid out o be used without reference to th1s chapter, review of »‘the .

theoretlcal materlal in th1s chapter is not mandatory " o . . ‘

s . . P v ., Tyt *

Blologlcal processes fo.control of nltr6genous res1duals in efﬂpents can be cla831ﬁed in two '
broad areas, ‘First, a process deslgned to produce an. efflugnt ~where influent mtrogen,
(ammoma and - -organic "nitrogen) is s,ubstantlally converted to- mtrate mtrogen can> ~be .
cons1dered This - process, mtrlﬁcatlon, is carried out’ ‘by bacterial populatlons that
sequenti lly oxidize ammonla to n1trate with 1ntermed1ate formatlon of nltnte Nitrifi catlon R
'ffluent oF rece1v1ng ‘yater standards where reductron of residual mtrogenous o
oxygen demaNd dl},e to ammonia is mandated or where ammonia reduction for other reasons -
~is required for the treatment system.’ ‘The second ‘type of process, demtnﬁcatlon reduces
n1trate to nitrogen gas and’ can be used followmg nltnﬁcatlon when the total n1trogenous
content of the. effluent must be rediced.’
- 3. 2 Nrtnﬁcatlon o e EEEERE

s

°,

The two pnnc1pal genera of 1mportance in blologlcal mtrlflcatlon proeesses are Nztro- .
. somonas and Nitrobacter' .Both of these groups are classed as autotrophic orgamSms These "
© organisms- are . dlstlngurshed from" heterotrophlc bacteria in that. they "derive e.1ergy for .
_growth from the ox1datlon of . morganlc nitrogen compounds, rather than from the-
- oxidation of organic matfer. Another feature of Qese orgamsms is that inorganic carbon
(carbon dloX1de) is used for synthes1s rather than organic carbon Each group is hmlted to
+ tife oxidation “of spec1f1c species of 'nitrogen compounds. Nztrosomonas can Qx1d1ze
- dmmonia’ “to nitrite, but cannot - complete the oxidation to nitrate. On the other hand, ..
. Nztrobacter is limited to the ox1datlon of nitrif® to nitrate. Since complete nitrification i isa
*. sequential reaction, treatment processes must be designed to prov1de an’ pnvrronment
sultabl,e to’“the growth of both groups of mtnfymg bactena :

. a4 B P . ” . ) o ' . .
. 3.2.1.'Blochem1cal PathWays_ R 3 I o 5
. [} - ’ ’ ‘ ~4
On a blocherhlcdl level the nltrlflcatlon process is morg complcx than s1mp1y t‘he sequentlal

' ox1dat1qn of ammoma‘o mtnte by Nztrosomonas and the 5ubsequent ox1datlon of. nltnte to
: e e 31 2. |

e . . B) ) - . . . ) -

| oo . : L " R
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. nitrification. orgamsms to env1ronmentdl condltlons
3. 2 2 Energy and- Synthesns Rélatlonshlps

The stmchrometnc reaction for 0x1dat10n of ammnmum to n1tr1te by Nttrosomonas is:

-

g4 T2

Yo
. i

The loss of fr(ee energy by this reaction at physnologlcal concentratlons of the reactants hds?

‘been estimated by various 1nvest1gators to be between 58 and 84 kcal per mole of.
\c‘hmmomd L2 - ‘

>

t The reaction for ox1dat10n of nltnte fo n1trate by Nttrobacter s L
X

' ThlS reactlon has been estlmated to release between 15. 4 to 20 9 kcal per mole of nitrite
-under in vivo conditions. "2 ‘Thus, Nitrosomonas obtains more energy per mole of nitrogen

> oxidized than Nitrobacter. If it assumed that the cell synthesns per unit of energy produced

is equal there should be greater mass of Nitrosomonas formed than Nttrobacter per mole of
mtrogen ox1dlzed As will be seen, this is in fact the case. :

' ;'The overall ox1datlon of ammonium by both groUps is obtamed by addmg Equatlons 3 1‘- .

‘and 3-2;°

R}

~ ‘f"
’

4 7 ¥y -3 R )

, o i \ ;o

As prevrously mentloned these reactions fumlsh the energy requ1red for growth of the .~

nitrifying organisms. Assuming that the empirical formulation of bacterial cells is.
' €5H7NO?, the equations for the growth of Nttrosomonas and Nttrobacter are - shoWn 1n
Equations 34 and 3-S5, regpectlvely :

577
NttrOsomonas

-

. .' ‘ ! . . + . . .
. 5?92 + N:H4 + IONO + 2H20 —-,- IONO3 + C5H7NO + H' ., (3-5)
S Nttrobacter
. "‘" _ .
3_2 ‘. ‘ .

nitrate by Nztrobacter Vanous reaction mtermedlates and enzymes are 1nvolved I More -
important. than an understanding of these pathways is knowledge of the response of"

NH™ + 150, Ry +-H20 ¥ NOE @y

".N'02 + 0-5 02 — N03 e .- f\_\) | (32)

lscb o+ 13NH . — 10NO, +. 3C.HNO, + 23H" + 4H,0 (3-4);

57 -
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-Equat1ons 3-1, 3-4 nd 3-5 have terms show1ng the product1on of free ac1d (H'*') and the
'consumptron.of gaspous. carbon "dioxide (C02) In én‘,tual fact, these reactions take place in
aqueous systems in_the context of the carbonic acid system. These reactions usually take
v place at pH levels less than 8.3. Under this circumstance, the production of acid results in-
1mmed1ate reactron w1th bicagbonate ion (HCO3) with the production of carbonic acid
(H2CO3) The consumpt1on of carbon dlox1de by the organisms results in some depletion of
the. dissolved form of. carbon dioxide, carbonic acid (H2CO3). Table 3- l_ presents the
“inodified forms of Equations 3-1 to 3-5 to reflect the changes in the carbonic acid system.
- As will .be later descnbed in Sections 3.2.3 and 3.2.5.6, the variations occurrmg in pH

resulting - from changes 1n the carbonic ac1d system can s1gn1ﬁcantly affect nitrification o

process performance i _ s

. : R T
The equatrons for energy yielding reactlons (Equatlons 3-1 and 3- 2) can be combmed with
the\ equations - for organism synthesis (Equatlons 3-4 and 3-5) to form: overall syntheS1s-
.~ oxidation relat1ons ‘by knowledge of the y1eld coefficrents for the nitrifying érg isms.
o Exper1mental y1eld values for Nitrosomonas rangeé from 0.04 to 0. l3 Ib VSM& 1b
: ammonia nitrogen oxidized. 1 Expenmental yields for Nitrobacter are in the r rom 0.02
to 0.07 Ib VSS grown per Ib of n1tr1te nitrogen oxidized. I Values based on thermodynamic

theory are 029 and. 0.084 for Nltrosomonas ‘and Nltrobacter respgctwely2 The . *

'_ 'expenmentally based y1eld' may: be lower than theoretlcal values due to the d1vers10n of a
portion of the free energy released by oxrdatlon to m1croorgan1sm mamtenance funct1ons 2

- - > R

"Equations for synthesls-ox1dat1on us1ng representatwe measurements of y1elds and oxygen, _'
consumpt1on for Nitrosomonas and Nltrobacter are as follows 3, 4

- . . ;o
L. : B

| 55NH+ + 76 0, + lO9HCO — C H NO + 54NO‘ + 57H O - (36)

4 % 3 22
. S ' » Nztrosomonas : L S
+ 108000, L
400NO * NH4 + AH2CO3 + HCOg # 195 0, —>05H7N°2 e
‘ ‘ Nztrobacter .

+ 3H2O + 400NO;

Using Equations 3-6 and 3:7, the oVerall‘synthesis and"oxidation reaction is:

1

+ . . . . ) _ | : | . N ‘ | I . ‘ . ) . . ‘ .‘
NH, + 1830, + 1.98HCO; —w 0.021CGH,NO, + 1.041H,0 )

+ 098NO3 + . l'.88H2_CO3_ " | . :



In these equations yields for Nitrosomonas and Nitrobacter are 0.15 mg cells/mg NHZ N
and 0.02 mg cells/mg N02-N respectlvely On this basis, the removal of twenty mg/l of -

' ammonia nitrogen would yield only 1. 8 mg/l of . mtnfymg organisms.” This relatively low

yield has some far reaching implications, as will be seen+m ‘Section 3.2:7. Oxygen’
~consumptlon ratios in " the equatlons are 3.22 mg O2/mg NH4-N ox1dlzed and 1.11. mg
o (i/mg NOZ-N ox1dlzed whlch is in agreement with measured values.4

3.2. 3 Alkalmlty and pH Relatronshrps

T -

_ Equatlon 3-3A. (Table 3-1) shows that alkalmlty is destroyed by the oxldatlon of ammonia - )
and carbon dioxide (H2CO3 in the aqueous phase) is produced. When*synthes1s is neg]ected _

it can be calculated that 7.14'mg of alkalinity §s CaCO3 is destroyed per mg of ammonla,_""_;'
nitrogen oxidized. The effect of synthesrs is rdJatively small m Equatron 3-8, the ratio is- " °

..7.07 mg of alkalinity per mg of" ammonia nitrogen oxrdlzed Experimentally determined
ratios are presented in Table 3-2; dlfferences between the experlmental and theoretical
ratios are due either to errors in a]kalmlty or nitrogen analyses or the inadequacy of theory .

. . _ ‘ . e '
TABLE 3-1 .
* RELATIONSHIPS FOR OXIDATION AND GROWTH IN NITRIFICATION
"REACTIONS IN RELATIONSHIP TO THE CARBONIC ACID SYSTEM

Equation

epeton | puaen
Oftdation = - NE' 41,504 2Hco' e NO- 4+ 2H.CO. +H.O | :3-1A
Nitrosomonas 4 T2 3 R P 2 e
" Oxidation - - - - : ' . S P
) . . . . . . 3_2
Nitrobacter |. qu +0.50;# NO; o _ .
Oxidation - | ot o R alap
overall . NH_4 + 202 t 2HCO; - NO, + 2H,C0, * H0| 3 3_A‘ <
-Synthesis-- e - : L ‘ i _
' Nitrosomonas 13N_H4‘+ 23-HCC.)3_—"~8H-ZC_03 * 10N02 o ‘ ‘3 4A o
3 CSHZNOZ.+ 19HZO
- Synthesis - 1 ' + - _ - P - Cen
Nitrobacter: NH, +:10 Noz t 4H2003 +HCO, —* 10NO, + | 3-5A
° B 3HZO + gl:5H7NO2 - .
W _ ﬁﬂ% o S o
N LA - ;:J .,. .
C 34 ;
i




o % [TABLE 3-2 :
- - . " . ',«

ALKALINITY DESTRUCTION RATIOS IN EXPERIMENTAL STUDIES

» -

— - - —— = = . P
spsen, | msemedn® |,
2% . .
"Suspended, growth B - 6.4° 5
Suspended growth . v" ' ,' : 6.0 6
. /Suspended growth © || Lt 1
~l"_.“_‘;i;htl.‘jtached growth . - .3 .6 5 I - g
_F;'ﬁt}éched growth , o _ 6 3 to 7. 4 ‘ 9 ¥
Attached growth | B ’ 13 - ' A . .;‘2
?.’:‘:’.

' 5 GéCO ; the theorétical valué is7.1 0 i T e

“to completely explam the phenomenon A ratlo of 7"14 mg alkalm destroyed per mg of ‘.

ammoma nitrogen oxrdrzed may be used for engmeermg calculatlons ' u}

.

These changes may have a depressing effe/ t on pH in the mtnﬁcatro system,_ as the .

relationship for pH in the system is:

s s

o - (H)C0,)
- pH = pKl - log — '
o (Hco3)

e

Since mtnﬁcatron reduces the HCO3 level and increases the H2CO3 1eve1 it is obvrous that . ,
the pH would tend to be geduced. The effect is mediated by stnppmg of carbon dioxide

“from the liquid. by the process of aeration and the pH'is qlb,vated upwards If the carbon
. dioxide is not stripped from the liquid, such as in‘enc high i

pH can be depressed as low as 6.0. It has Jbeen calc) i1
‘than 6.0 in an enclosed system, the alkalinity of the

“.than the amount of ammoma mtrrﬁed 2 G <
e »

. ‘,’ ‘y .
'\f..‘ -
I"

Even in open systems where the: carbon dlox1de is contmually stripped. from' the liquid, -

: severe pH. depressron can occur when. the alkalinity m the wastewater approaches de-

' pletlon by~ the acrd produced in the mtnﬁcatron process. For example, if in a wastewater
20 mg/l of ammnionia nitrogen is mtnfred 143 mg/1 of alkalinity as CaCO3 will be destroyed.
In many was waters there is insufficient alkalinity initially - present’ to leave a sufficient
residual for buffering the wastewater durmg the nitrification process. The srgmﬁcance of pH
depressron in the process is that mtriﬁcatlon rates are rap1dly depressed as the pH is reduced

(39) -

teWater must be 10 times. greater o



. below 7.0 (sge ‘Sectlon 3.2.5. 6). Procedures for calculatmg the operatmg pH m aeratron
systems are ;esented in Section 4.9. : : . :

3.2.‘4-,0xy.gen Requirem'ents .
" The’ theoretlcal oxygen requrrement for nitrification, neglectmg synthesrs is 4.57 mg Oz/mg )
NH4-N (Equation 3-3) Synthesis- has an effect on oxygen requirements; the oxygen

* requirement is calculated to be, from Equatron 3-8, 4.19 mg Oz/mg NH‘Z-N An oxygen .‘
. requirement sufﬁcrently accurate to be used in engineering - calculatrons for aeratron
requrrements is 4. 6 mg 02/mg NHZ-

The oxygen demand for nrtnficatron is srgnrﬁcant for instance if 30 mg/1 of‘ammonra
nrtrogen is oxidized by the nitrification system about 138 mg/1 of oxygen will be requrred
Caution: in virtually all practrcal nrtnﬁcatron systems oxygen demanding materials other
‘than ammonia are present in, the wastewater, raising the total" oxygen requrremen‘ts of .
nitrification systems even hrgher (see Sectron 4 8)

-3.2.5 Kinietics of-'Ni-triﬁcation L

*x,

A complete review of the lémetrcs of biological systems is beyond the scope of the manual
Ky hoyvever several exicellent reviews are avarlable 10, 11 12 Rather the basics of brolog1cal

anﬁnOnla and nitrite. In. the succeedmg portions of this section, the impact of a vanety of ‘
environmental factors on the rates of growth and nrtnfrcatron are consrdered A combmed 'l !
- kinetic- expression is then formlﬂated which accounts;’ fé;' the . effects .of”, mmon"
concentratron temperature pH and dissolved oxygen concentranon'

At several pomts reference is made to data developed from vanous types of nrtrrfrcatron oe :
‘processes. Comprehensrve descrrptrons of the various nrtrrﬁcatron processes are presented m, S
Chapter 4 and will not. be reproduced herein. One distinction that needs to "be clearly- : :f”
understood in discussions in. thrs chapter is the difference between combined. Carbdh
- oxrdatron-nrtrrﬁcatron processes and separate stage nitrification. processes, The’ combmed

" carbon’ oxrdatron nitrification processes oxidize a high proportron of influent” orggnrcs‘
(BOD) relative to the ammonr%mtrogen content. This causes relatrVely low\populat‘rons of
nrtnﬁers fo be present in the biomass. Separate stage: nitrification systems, on the' other
hand ‘have a relatively low BOD5 load relatrve to the influent ammonia lodd: As a résult‘. :
higher proportions of- nitrifiers are obtamed Separate stage nitrification can, be prov1ded m:"_-_ o
munrcrpal treatment applications ‘when a high level of organic carbon’ removal is- provrded-; :
pnor to the nitrification $tage. This level of treatment.is generally greater then, provided- by
prrmary treatment. Other drfferences between these classes of processes can’ be drawn, but'_ o

2

' these are left for detailed discussion in Sectron42 o ; R P

3.'2.5.1 Effect OfAmmonia Concentration on Kinetics s

1 . * T . ) [ . e R
3

A description of ammonia and nitrite oxidation can be derived from an examination of the. . " 7.

61 |




growth kmetrcs of N:trosomonas and ‘Nitrobacter. Nitrosomonas’ growth is. hmrted by the
- concentraﬂon .of ammonia mtrogen, -while Nztrobacters growth is hm1ted by th,e

concentratlon of mtnte -

The kmetrc equatron proposed by. Monod13 is used to descrlbe the kmetrcs of brologrcal )
growth of e1ther Nltrosomonas orN:trobacter L . N

o= ‘A‘ _S_ . e ;}‘...‘ o e @10 .
: + K '+ S N Lo . ‘ _
.. where: . po= grthh rate of microorganisms, day-.1 :
. N . 7
SR = -maxrmum growth rate of : m1croorgan1sms, day l .
KS" ‘= . half velocity constant = substrate concentratron mg/l

at half the max1mum growth rate and :

~

S = growth lrmrtmg substrate doncentratron, mg/l

‘ Smce the maximum growth\ rate. of Nltrobacter is consrderably larger than the maxrmum
growth rate of Nltrosomonas and since K values for both organrsms are less than l mg/lN

.at- temperatureS/B'eLow 20. C, mtnte does not accumulate in large amounts in biological
treatment systems under steady state condrtrons For this reason, the rate of nitrifier growth

SRS can *be ’,modele’d with Equatlon 3 _lO_psmg the rate limiting step, ammoma conversion to.

: ';m,_ mtnte For -cases where - mtrltea-.- accumulatron does oceur, qther approaches are

14 15f16’

) ol _ mmonia oxidation rate, Ib NHZ -N
. ‘oxidi df]b VSS/day, S
ey ate, Ib NH,. - N oxidized/lb VSS/day"
, 1b Nltr'osomqn_as grown (VSS) per "
L YRy t, mg/I NH} =N, mg/l .
% P ‘ .‘ ‘ 4 . -
e R
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- In Equations 3-10.and 3-11 , only 'the effect of ammoma concentration s, considered in Ihter S

secﬁ)ns the effects of temperatune pH, and dissolved oxygen are c’0ns1dered , o
;3.2.5.3. Relationship of Growth Rate to Solids Retention‘Time

The growth rate of organisms can be related to the design of: activated sludge systems by

noting the inverse relatronship between solids netention time and growth/rate of. n1tr1f1ers I

ol Ty - 1 SRR SR ¢ B T))
where:‘ ' Oc. = solids retent'rgn__?tim,e,_days:;A : . ‘f ' ‘},‘ " » :

'
- Y ' . k-’

The solids retention t1me can. be ealculated from system operatmg data by d1vrd1ng the iy
1nventory of microbial imass in the treatment system by the quantity of blologlcal mass PR
wasted dar]y Equations applicable for th1s calculation are presen‘ted in Sectlon 4.3.3. ?
N o 3.2.5.'4AI_{1nletic Rate Consta'n‘ts for Tem'peratu're and Nitrogen Conc‘entra‘tion
The most w1dely accepted kinetic constants fcr the n1tr1fers are those presented by Dowmng |
and cowotikers.! 7,18 Their results are presented in Figures 3 l and 3-2, As can be seen, both
the .maximum growth rate, u, and the half saturation constants K for Nitrosomonas and ek
Nitrobacter are markedly affected by temperature Further the m&xunum growth rate for'_ '
Nitrosomonas in actwated sludge was found to be consrderably less than for Nltrosomonas -
in pure culture . - oo T J;’ |
Kmetic constants found by other 1nvest1gators are summanzed in Tables 3 3 and 3-4, The
" observations of max1mum growth rates . of . Nttrosomonas of GuJer and Jenlc.lns4
Wuhrmann19 Loehr,ﬁ et al 22, Poduska and Andrews15 ‘and Lawrence and Brown2 are.
closer to the plure culture values of NrtrosOmonag rather than the activated; sludge values in
Figure 3- 1. This suggests that some additional: parameter such as dissolved oxygen (DO) may
have been: llmiting Downmgs activated sludge meas'urements4 The influence of DO is
discussed in the next section. For illustrative use iri*this manual the pure culture values of
"Dowmng, et al: for Nltrosomonas are used for consrdenng the effect of, tempei‘a‘ture and :
' ammionia’ on growth and. nitnﬁcatlon rates. The expre.ssrons for the half saturation constant‘ o
§ for oxidation of ammoma-mtrogen KN, is:

et . R i ‘-, . N . .
. o .o ; .

T kg =

. 0“)51T TS gy eIy
T ='_te,mperature,C.'. o %3,, t,‘__ . .

The expressi'on for the effect' of temperature on the maximum growth rate'of'Nitr‘osom'onas
, o .« o
ﬁN' = _.0".47e0'Q:;9'BC:T'15)day_1 3-14) -/
3-8




FIGURE 3- 1
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TABLE 3-3

MAXIMUM GROWTH RATES FOR NITRIFI_ERS o
IN VARIOUS ENVIRONMENTS ' B S

I

, ;N' déy-1 at stated température, C

Organism : — — Ref. Environment
S - e - T N R S O < I L ' .
v Nluosomones .- | o.404 : . 1-0.85 o ..'-4" Activated sludge wash7out i
. - N B 0.34) -* I "0.65 ' - |"" 4] Activated sludge, math model !
: o 0.7 - |-~ : Actlvated sludge

-Activated sludge
Activated sludge
‘Activated’ sludge .

* 0.21, Synthetic river water - .
R . Y Actlvated sludg"?‘ -
. 0.25 | S SR Activated sludgg: - o
“Nitrobacter: | - |- [lo.28] ¢ Synthetic river water - 0,0

Actlvated sludge

! HALF—SATURATION CONST ANTS FOR
NITRIFIERS IN.VARIOUS ENVIRDNMENTS

|

. P L |- N
- ' Ks, mg/l N at stated temperature C ,4' K L .
_'Organism - — — . Refyry Environment .
: b 15 : ZQ : 25 | 28] 30 320" - i ST e
.. Nitrosomonas |’ - o 0.37 4 ° T _ : ! -
e * 1o o2.8 . 36 ‘3.4 "Synthetic river watér
' ~ oL N 10 Lab culfure
. 0.5t0150 | 0.5t0 1.0 , : . Warburg ‘analyses - )
A, L C 3.5 : Lablculture L
o 1.0 . |7 Lab culture and actlvated .
i ’ L o o Lo 2 . |7 sludge -
P : ' 0.5 7 - " 28 | Lab culture '
Nitrobacter |-’ R e 10,25 ol - 20 Activated sludge - _ _
R T D A T U S i PO N N 11,23 | Synthetic river water =~ " *
' o o , a ' s 6| . ‘| 1,29 | Lab chlture- oL
S - - : : 14 TR ) 5| - . 1,30 | Lab -culture
-,°._-¢ e " VR N ! 8.4 1,31 | Lab culturg
e ] oo 5 . . 1,26 | Lab culture. )
SRR ! R 007 I 1 A 28" | Lab “culture -
il |- . _ S ) -
‘\ . F"TV‘ . N ) : :
o ' : .
3 N

'Somewhat drffermg temperature..?jeffects have been found for attached growth systems
Huang and Hopson’s summary, ‘with some modrﬁcatlo is shown in Flgure :3-3 for attached .
* growth systems. 34. Downing and coworkers’ relatlonsﬁ}p for Nltrosomonas\ﬁEquatron 3- 14)
- is also ‘shown {for comparrson purposes, Comparmg the suspefided’ growth and- attached
mtnfrcatron data, one can conclude that attached growth systems have an advantage in
wrthstandmg low - temperatures (<15 C) without as ‘severe losses in mtnﬁcatlon rates.
However measurement of mtnﬁcatlon rates for suspended growth systems are not nonnally
made on the same basis as attached growth systems. In suspended growthwsystems rates are

T s
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. .expressed on a per umt of- b}mass basrs (MLVSS is used) T’récrse méasurement of bromass :
" is normally: riot possrble in attached growth systems S0 ot@r parameters are used such as
reactiori rdte” per umt surface or. vdlume Therefore, attached ~growth. - systems can”
compensate for colder tempevaturé‘ con'drtrons by the effectwe slgne growtl;,growmg\' s

thicker. T} ,,,1f rates codld be expressed on a umt blomass _basis fbr both system types

» .vaqamn wrth temperature mlght be more srmrlar

ed that compensatron for low temperature m suspended growth systems. o

I ’-"by an mcrease in mixed 11quor level; mu; lias am mcrease in shme growth'--_ .
: 'ach% grthh systems However, suspended’ rowth: systems are hmrted by

eﬁﬁt n tank mteractrons whrch at’cold tempera}ures mrght prohibit thrs due: =

to reductron of thrckenmg rates of the sludge (cf Sectron 4. 10)
- "y .3/' ',_'-.. LR 5

'b y *

R -'Other dlfferences in’ reactlontrates sh'own in Frgure 3-3 may ar1se from the fact: that some’

determmatrons were - On' Se; rate ‘stage. mtnﬁcatlon systems whlle others were made on

combmed carbon oxrdatrovﬁ trrﬁcatron processes : ~. SRURIE L | , )
| | Q' -.: ‘ . ’ ‘ ' . .’ ' ., : .. . K . . L AN
| R r F-IGURE 3-3’ e e

. COMPARISON OF EFFECT OF TEMPERATURE ON NITRIFICATION N R
SUSPENDED GROWTH AND A’ITACHED GROWTH SYSTEMS (REFERENCE 34)
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. Bntrsh 1nvest1gators found that the. K02 va]ue was about l3 mg/l at an" unSpeclfred
. temperature.35" One U.S. investigator has suggested a relatlonshlp that would- cate :
' half-saturatlon constants of 0.15 mg/l.at 15 C and 0. 42 .mg/l at .25 C, but did niot provrde

N ‘Pomona Water Renovatlon Plant represent one of the’ most careful attempts\to evaluate the.' '

n1tnﬁcatlon plant. Sludge samples. were w1thdrawn, dosed w1th ammonla, and aerated a‘t

. lower. degrees of nltnﬁcatron than plants he]d at 4 and ¥ mg/1.37 When small scale actlvated

o mtnf cation was complete 35 Pilot 1nvest1gatrons at the Metro Sewer D1str1ct of C1ncmnat1
_ .Olno showed that when the DO was .held at 2 mg/l, only about 40 percent nrtrtficatlon:

The concentra‘tlon of dlssolved oxygen (DO) has a- s1gn1t' cant effect on the rates of mtrlfier i

‘ growth and nnt,nﬁcattdn in blologrcal waste treatmem systems ”The Monod relatlonshlp has

been used to model.the effect of - drssolved oxygen, __consrdermg oxygen to be a growth

hmltmg substrate, ‘as, follows B _
“where:  : DO = dlssolved oxygen m 7I d T : ‘:
. KO = half-saturatlon constant for oxygen mg/l R

supporting-data. 14 Studles conducted by the Los Ange]es County Sanltatlon Dlstrlcts at 1ts
effect of DO on n1tr1ﬁcatlon rate 36 Thls faclllty is" a comblned carb(m oxidatlon-

various DO levels Nitrification rates determmed from the data collected are shown m Flgure
3-4.36 Fitted to this data is a Monod expression for nltnﬁcatlon rate as a functlol‘f ofDO

"+ The K02 determined fronr th1s data is .2.0. mg/l Temperature was .not speclt'ed but
» indicated to be above 20.C. L L : AR S e

‘ N ., RO ‘ . - .-.'.'_ T

.'\'

Several 1nvest1gat10ns have prov1ded 1nd|rect evrdencc of the lmportance of the effeqt of DO
on n1tnﬁcatlon rate. A treatment plant ‘operated contlnuously at a. DO near |- mg/l .gave -

sludge plants were held at 1, 2, 4, and 8 mg/l. . Bntlsh 1nvest1gators found that the mtnﬁ-
cation rates at 2.0 mg/l were. about 10 percent lower than’ ati higher | levels of- DO althOugh

occurred, but when the DO was 1ncreased to 4 mg/l, about 80 percent mtnﬁcatlon took
place.38 Murphy foung that in two, parallel adtivated sludge plants,-that mtrrf' catlon was: -

enhanced in the plant maJntaJnrng the DO at 8 mg/l COmpared to the plant where the DO

7-‘1 ‘.. :

was ma1nta1ned at1 mg/l 35 B

‘The 1nﬂuence of DO on nltnt' cation rates has been somewhat controversnal as examples of
~ - plants can ‘be found with. comp]etely nitrifi ed ‘effluents with operating DO levels of 0.5

mg/l. H0wever, this type of evidence does not indicate that n1tr1f' cation rate was unaffected
merely that nitrification could be completed in. the presence of a low DO level. Low

" nitrifi catxon rates, depressed by, low DO levels, ‘.‘an ‘still be suffi c1ent to cause complete
-'nltnf' cation 1f the aer'ntron tank detentlon time is large enough -

! H ' o N RN ’
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: ,Whnlc the gene'ral effect of DO on k1net1cs 1s ﬁnnly estabhshed there needs to be further
) f;',’ oy study to.determme the: factors affectmg ‘the values of: K02 All of the \/hrlous estnnates are”.
o from: systems where combined carion. oxrdatlon-mtnficatlon is practiced and no zmeasure*; ,
. ments have been made on separate stage mtnf' canon systems Koy values for separate stage N
 niteifi cation - systems®: may very wcll be drfferent than  those fer combﬁned carbon :f‘ -
' ox1dat10n~n1tnf catron sy, stcms Further ref' nenient ‘of | <o)} Values can ‘be eXpected For” a
) 1llustrat1ve use: 1n°th1s manual a'value of KOy of 1 3 mg,/]has been assumed Thrs value falls st
- in the middle’ of the range of K02 observatlons (0 15 to 2 0 mg/]) and is of a magmtude ,
' ,:such that 1f ‘the Operatmg PO is 2.0 mg/l or less, the mtnf' catlon (or mtrlffer)growth rate is' .
' '_60 6 percent (or less) of the peak rate Thrs order-fef reductron in- rate could account for '

._n’, 7.

{‘.'"Phe hydrogena 1on Concentratlon (pH) has becn generally _fouB(? to. fmvc .ﬁ strong effect on .
- the . ratc of nitrifi catron Frgure 3-5- pgesents typrw_JH~'f ionshrps £rom a 'number of’;;.’i .

e A,44 ‘There is-a w1derg
'thc pH moves to thc acid xg




" to moderate pH effects The f1nd|ngs for an attachcd growth rcactor (Curve E, Flgure 3'5)
are’ very similar’ to- the fndlngs for an actrvated sludge . (CurveC) In neither case were the
cultures accllmdted to -¢uéh’ pH value prior toftemnnmg nitrification rates. When a

o three—week acclimation period ‘was provided for dttdchet;l gfowth reactor, it, was found

that the. rate at- pH 6 6 rose- to-85 percent of the optrmum r(lte at-pH 8.4 to 9.0. 34 v

Vanous 1n‘vest|gators have reported the 'effects of pH depression on nitrification" For

instance,. in dn activated sludge with 1nsuff1c1ent wastewater alkallnlty, pH values 6f 5 to5.5 -

were attained. This high acid concentration resulted in a cessation of nitrification; at the

‘same time sludge bulkmg oecurred The pomt dt ‘which the rate of n1tr1t"cat10n decredsed :
-Was pH 6316 7. I Parallel 1nvest1gat10ns on air and high purity oxygen-activated sluﬂge

systems at the Blue Plains Tredtment Plant, sthmgton D.C., have shown that depressed

¢ pH values in the last oxygen dctrvated sludge’ stage produced slightly lower n1tr1fcat10n rates -

" than when the system - was operated at-higher pH. 45 Further information on the EPA -
L 1nvcst1g,dtlons dt the Blue Plains Tredtment Plant is presented ldter in Section 4. 6.5.

.

"In a study of the cffcct of dbrupt ch‘mgcq in pH ft WdS found that an abrupt chdnge in
reactor pH from 7.2 to 6.4. caused no adverse effects. However, when the pH was abruptly -
.changed from, 7.2 to 5.8, nitrification performdnce deterrorated markedly as effluent
“ammonia levels rose from approxrmatcly zero to 11 mig/l NH4-N A return to pH 7.2 caused .
rapid 1mprovcmcnt indicating that the¢ lowered pH was only inhibitory and not toxic. I5.

' Haug and McCarty showed that nitrifiers could adapt to nitrify at pH levels as low: as 5.5 to
6.0.2 However, since the concentration of biomass in their column was not defined at each
. pH level, no concluslons can be drawn from their work as to the cffcct of pH on thc pcak

~ ammonia oxidafion rate, aN- : :

\ . ) ' . a

.~ For rllustratnve usc in thls mdnual th‘~ cquatlon of Downmg, ct al 43 showmg the effect of
pH on nitrification is ddoptcd Far: pH values- < 7 2 oo
my = by (- 0833(77 Tewy o . (3-16)

For pH levels bctwu.n 7.2 dnd 8.0. tlu~ tate is assumed constant. This exprcssron was |
“developed for combmcd carbon oxndatron nitrification systems, but its appllcdtlon to
scpardtc stugc llltI‘lllLdthll systcms ls probdbly conscrvatlvr, }

‘Becausc of theeffect. of - pH on- nltrlllcdtlon rtltL |t is Lspecmlly important thdt thcrc bc
sufficient alkalinity in the. wast\watcr to balance the acid- produccd by nitrification. _
_Equatlon 3-3A (Table 3-1)-indicates tHat 7.14 mg of alkalinity arc destioyed. per mg of
‘ammonia ‘nitrogen. Caustic or lime addition ‘may be required to supplement moderdtcly _
alkaline wastewaters; D¥sign considerations for pH control are prescntcd in Section 4.9. - ’
'3.2.5.7 Co_ml)incd Kinctic Expréssions

_‘i
N

1In previous scctlons, the Lll\(,[ ()l tlmmonm level, te mpcrdturc pH dnd dissolved oxygen on
nitrification rate has been presented. . ln all practical systems these parameters act to affect

o T . . o ;
. ‘,.3_‘14 . .
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K

hmltmg factors on blologlcal growth can be mtroduced as a product of) Monod—type

" factors: 36

" where:

Ky K;

A L - N - " N (317) .
My T M : R ‘ .
N N (_KL-.FL\). KN+N)KP+P RN n
| L = concentration' of growth lirniting substance L, .
'N = concentration of growth limiting substance N,
e P o= . concentratlon of growth llmltmg substanceP and .
N’ and KP = half-saturation constants for substances L, N, and P, respectlvely

~

3-15

«

PO

| (1) .
@owyer et al. (42) ,' S
: Downlng,et al.
. tguo’ng ond-Hopson (34)_'_

e,



. This concept has also been dpplied to the analysrs of algal growth kinetic data47 and to
demtrlﬁcatron k1net1cs 48 S : .

.

Takmg thrs approach for nitrification, the combmed kmetrc expressron for mtnfrer growth

would take the form . . A RN R
" ‘ Ky +N/ 4K~ +.DO /- _ . _ _ _
' . N (0] . ) | »
M ) 2 . - . ‘ . L .‘
" where: :‘\N = rﬁaki)'nu_m'nitriﬁer_'growth rate,att‘tem'peratore; T, an_d pH. o
. R . 0. . v‘ v . '

"

Dowmng, et al. 43 used this procedure to descnbe mtrrﬁer growth rates,’ exceptmg that no
term for DO was included. Using specific. values for temperature pH, ammonia and oxygen,
adopted in this manyal in Sections 32.5:4, 3. 2.5.5.,and 3.2.5. 6, the following expression - *

do -

- rcsults for pH <7.2 for Nttrosomonas val;d for temperatures betw,een 8 and 30 C S
s ' ] ) B v . _ . o e
C - 0w [80.998“@—1 S)J [1 " oss1a .'“P_H)]- e
» ' PR N K . - . . . - . B

. . . . N ‘ . DO - _ ._l ...’,\. '._.-
X — day 3-19)
: [N+1000§1T ITSS][D0+13 J s , i

P

The first term in “brackets accommodates the effect of temperature. The second ferm in
brackets considers the effect of pH.. For pH > 1.2, the sccond quantity in Urackets is taken
to be unity. The thrrd term in brackets is the Monod expression for the effect’ t'of ammonia
mtrogen concentiation. Smﬂlarly, the.fourth term in brackets accounts for the effect of DO
itrification rate. Equation 3-19 has been f,rdopted for illustratiye use in' thrs manual. As" .
, more reliable data becomes avarlable “Equation 3-19: ‘cag be modlfed to ,suit partrcular..-
circumstances. L %\' _ -
L An examplc evaluation of [*quatron 3-19atT= 20 C pH=17. 0 N 2.5 mg/{ and: UO equal REAR
" t02.0 mg/l is as follows: a

-

. ' ) o {( o ) . 7_*.'. - o
© . my = 04711631 [.833] [0.775] [0.606] = 0300 day”l ' . .
& o . ] '. . : . : . [3 '
J The ammonia removubr_zitc is dcfmﬁd as do'rrc_ previously (Equation 3-11): -
o, ' A N W, (SR>l (1 - 0.833(7.2 - pH))  (3-20) "
ST T Qg ‘ (i -o0. 2-p 2 :
N Yy NKy& N K o+ DRt .
e e . o = L] ¢,
. \. " ' PR “ o . ’ ¢ . »
AT I A SRS ,




where:v_ _ aN = T L | o o (3;2‘1_)‘._'
In the numencal example above, with a yield coefficient of 0. 15 Ib VSS per.lb NH4-N
-removed, the nitrification rate’is 2 1b NHZ-N oxidized per 1b VSS per day. This rate is
: expressed per unit. of mtnﬁers assuming. that there are no other types of bacteria in the
" population. Nitrification rates of a comparable magnitude have been found expenmentally '
. bya number of, investigators for laboratory enrichment ‘cultures of mtrlﬁers 2,23, 28 As will

be seen in Section 3.2. 7, mtnﬁcatlon tates in m1xed cultures are much lower§

)
BN

3 26Populatron Dynamxcs R ,' BN IR

e
[N

In prev1ous sectlons the kmetlcs of the growth of mtnﬁers have been presented In all
practical . applications "in wastewater treat’ment nitrifier growth takes place in waste
treatment processes where other types of biological growth occurs. In no case are there
opportunities for pure cultures fo develop This fact has S1gn1ﬁcant. unpllcatlons ir process
deslgn for mtrlficatlon : :
In both combmed carbon ox1dat10n-mtr1ﬁcat10n systems and in separate stage mtnﬁcatlon
systems, there-is sufficient organic matter in, the wastewater to enable the growth of -
o heterotrophic bacteria. In this situation, the y1e1d of heterot phic bacter1a growth is gréater
than the yield of the autotrophlc mtnfymg bacteua Becau,se of this dommance of the culture,
’ there is the danger that the growth rate of the he.terotrophlc organisms will be estabhshed at .
a value exceeding the maximum possrble growth rate of the nitrifying organisms. When this -

occurs the "slower growing nitrifiers will gradual]y diminish in proportion to the total,' S

populatron and be’ washed out of the system 43

Thus, for‘onslstent mtnﬁcatlon to occur, the followmg deslgn condition must be satlsﬁed

.. -assuming pH and DO do not limit mtnﬁer growth: . L C . ' -
BNy . . O NG2)
"where: - ‘?N = maximum growth rate of the nitrifying population,

. "h, = growth rate of the heterotrophic popui.at,ion.

Reduced DO or pH can act to depress thé peak nitrifier growth rate and cause a washout
+.condition. An expression for th1s possrble reduced rate of growth is:

_ . = 0 DO_ - 1-0.83‘37.2-- H) . (323
. o Ey My < Do A ] ( pH)) ( )
. 02. )
. v
u-)-lu'?..
. . &
3-17
g0
~




=" maoiimum possrble nrtrrﬁer growth rate under envrronmental
ondrtrons of T; pH, DO and N >K

0‘.

o where: ’.iN'

v
.‘,

As before the . last expressron in brackels is taken to be unity above a pH of 7.2.- The )

relationship between actual nitrifier. growth rate dnd maximim possrble nrtrrFer growth rate
can easily be seen, from Equatlons 3-8 and 3-23: '

. . ' e /| ‘
S ~“N’W(§FN

A more rxgorous condrtxon for preventxon of nxtrxﬁer washout than Equatxon 3-22 i is:

.
i v
. ay -

& - )

ﬂ.,%z% )

A .- o | k | . (324)

" More typ10dlly, Equdtlon 3- 25 is expressed in rccrprocal form in terms of sohds retention :

time as: 11 £ :
. ot r . . . ! . .
pd >gm . o C(326)
- c c : S
* .
. whélrae: 62 =.' . solids.retention,time of design, days, and. . ?
G(r:_n = minimum sohds retentron tlme days for nitrification at given pH

EES

temperature and DO.

Since it orognis fixed by the environmental conditions (T, pH and DO), Equations 3-25 or, '

3-26 is satisfied by modifying My or6d The various ways of satisfying these relationships can

be established: by examining the followrng growth relationship for the heterotrophrc .

populatron 10,11, 17

= = - . 27
My ~d Ypp ~ Kyg o - @2
c .
.: where: | -Yb = heterotropluc yield. coefﬁcrent 1b VSS grown per lb of substrate ~
S o g &r COD) removed, and
ey = ’rdtetof“s'ubstrate:removal Ib BOD {ér COD) removed/lb VSS/day,
. f»“ Kd’ =. “decay coeffrcrent day 1,'and
. X ‘ N .
A % M = net growth rate for heterotrophlc PO ulatron
e Py

e
g Y . T 3-18°

»
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The rate of substrate removal is defined as: R o o SR
s -8 . o
o 0~ O1 -
=7 ; - . 3-28
% T X HT ‘ (3-28)
 where: ZSO \F} ~ influent total BOD (or.COD), mg/l, = - o o .
| S, = effluent soluble BOD (or COD), mg/l, - o
“HT = hydraulic detention time, days, and \
X, = MLVSS, mg/l .

’

) Srnce both Yb and Kq are assumed to be constant the only way #b or 0 ‘can be

+ » manipulated" 1s by altering qp. One way the substrate removal rate «an be reduced is

~ to place an organic carbon removal st¢p ahead of the nitrification stage, creatmg a “separate -
stage nitrification process The result of this procedure is to reduce the food available to
“the heterotroph1c bacteria and to lessen their dominance.in controlling the solids retention
t1me Separate nitrification stages can have very ‘long solids retention times ( 0d-" 151025 _
days) Another procedure for reducing the substrate removal rate, without separating the /

. carbon ox1datron and nitrification processes, is to increase the biological solids in the ' "
system. Thls can be done by 1ncrea§ng the concentratlon of bro]oglcal solids under aeration
(the MLVSS in the activated sludge system) or by 1ncreasrng the volume of the oxidation
tank whrle maintaining the concentratron of brolog]cal SOlldS ‘at.the same concentration. '

, The level set for biological solids retention tirne 0c , establishes the biological solids
. * retention time (or growth rate) of the nitrifiers, since selective wasting of the heterotrophic
: population is not practical. Therefore, the design solids retention time can be related to the -
effluent ammonia level through the Monod relatronshlp and the inverse relationship between-
* nitrifier growth rate and solids retention time (Equations 3- 12 and 3-24). With specific
values of 6 ¢ d , T, pH and DO, Equations 3-12 and 3-24 can be solved for the effluent -
* aminonia level Figure 3-6 was developed by such. a procedure, with the assumption of T>
15C, DO =12 mg/l, and pH >7.2 <8. Also plotted is the nitrification efficiency, assumrng, ' o,
‘an influent Total Kjeldahl N1trogen (TKN) concentratron of 25 mg/l and that all of the o7
.influent Jqitrogen is available for nitrification.’As can be seen; srgnrﬁcant breakthrough of
o ammonia from the system does not occur unless the solids retentron time is reduced below 5
days At that point, ammonia nitrogen breakthrough is very abrupt, rising from 1 mg/l at
O = “4.9 days to 1§ g/l at 0 . =3.6 days. The pfincipal cause of the sharpness of the™ .
' ammonia breakthrough is due to the low value of KN (0.40 .mg/l NH} — N in this case) A .’-‘f‘ "3 o
number of investigators have experimentally determlned very s1m11ar relatronshrps to t‘hat ‘\ «

*
4

-

K

shown in Frgure 3-6. 19’~0:‘-1 ' f
b Lawrende and McCartyll have introduced the concept of a safety factor (S i the - '?_»' : ‘ ‘,
applrcatron ‘of brolog]cal treatment process kinetics to. desrgn 'The safety factor wﬁ“s deﬁr&d «ff o
o o . ' 319 o _".’.‘ ‘




v

‘as the ratio of ‘the design solids retentron time- to the minimuin solrds retention time; the

safety factor can also be related to the nitrifier growth rates. through Equatlon 3-12. The
expressron for the SF is:. o

. - ‘ 0vd . ﬁ ._~: :f o h "
: | SF = —& =N . 329y,
' ‘.. .. ] ~' v , c .

~ A conservatwe safety factor.was" recommended to mlmmlze,process varratlons caused by pH

A

ERIC

Aruitoxt provided by Eic:

. m thlS Monod expresslonds deﬁned as the level of substrate Wthh w1l causetthe orgamsm to

‘.

extremes Jow DO: concentratlo’ns and toxrcants 1 Also, the SF can beused to ensure that
ammoma brea’k through does not océur dunng diurnal peaks in load (see Sectlon 43, 3) L
TN 0' ‘01 v : \‘ : ; A ' - S
lnterestmgly, Equatronl 3- 24 &3n- bgﬁaplpuhted toishow that the speclﬁcatlon of a SF of 2 ’7 .
wrll estabhsh an ammonia- levelJ equql to, KN in’ the efﬂUent of a complete m1x actwated At
sludge plant T there is a high DO lpvel (DO not: 11m1tmg) ThlS is because the process will be C
operatmg at one half its maxrnlum growth rate, Recall that the half saturatron constant KN

e »31' e e W _' TN

h ”EFFECT OF SQLIDS ‘RETENTION TIME ON EFFLUENT AMMONIA
W CONCENTRATI(DN AND NITRIFICATION EFFICIENCY

R :-. :

v ) . o o . .- ';_‘v. . . % ,\i
2k RENTHREMOVAL = % o s
20 i N E ,

o TN
.'-g’. y
. 2 ;’é. L
. ., . B g;\ 'l;i . J
N 3%
[« "y
- Y.
T LT
| : L :
* . .
I‘? '10 g ,
_.Z, ! <.
. ZI' y —
w o
S8l i
g ¥ | :
z =
" 3
‘n
o
0:
!



-\ fo : 1 lmaxrmum rate Many nrtnfyrng actrvated sludge plants have been observed
6 hav ,rkg/l of ammonra in therr effluents, values close to the theoretical value of
‘ \‘?““ ot i .
Criteri& stablrshrng the safety factor are presented «in Chapter. 4 Furthermore speclhc -
exanf of"- the ‘use of the kmetrc expressrons developed in thrs section are presented in

i .‘-‘33 and435 D -

€ 18 Ct.lce freqUently has b ean to base reactor srzrng for separate stage systems on the b srs'- -

gql} rtnf' cation rate&tg erms of Ib NHI N oxitized/l1b MLVSS/ day. 5:42,49 However, it will ,
‘? be *wmthat thrs ba@ueter is fundamentally related to the nrtnﬁcat on kinetics prewously
teclij”n tluhapter S, -

wdon rate canq be calculated from the ammonia oXidation rate, an» by
ttaftthe nrtnﬁers are only a fraction of the total mass of biological solids in a
g ; , ' tem The other biological solrds 1in the system result from the growth of the '
LT e ROt R opulatron On this basis, the nrtnﬁcatron rate, Iy is as follows: ' :

STy N S Gs0

“r . . . . . ‘h

‘o nrtrrﬁer fractron of the mixed liquor solrds and

S

mfrrﬁcatron rate, Ib NH' 4 ~N oxrdrzed/lb MLVSS/dgy

O ‘ ‘ ‘ - .>°1 o ) - ] e . ) . oL
‘ K R A similar exprésslonlfor the p_eak‘nitriﬁcation*rates(in activated sludge) st . A
. ’:... '.! .' o 4 . - M'_‘: ' ‘I: P ) . - . -. N . A ‘w. o
where: Ty =, ‘peak nitrification rate, b NHZ" -N oxidized/Ib MLV_SQS/day L

T

~ This. ldrtter rate is normally determrned experrmentally m actrvated sludge systems, as wrll be
' descrrbed 1n Sectron 4 6 3. , : ..

v
R

- Specrfrc analytrcdl technrques for determrnatron of the nitrifier fraction have not as yet been
."developed However, f can be estimated from knowledge of the brologreal yrelds of the -
,:-autotroph;c and heterotrophrc popuhtrons as follows S . N v

Ty

Fan « - - NN X
PR . LR LN [N . . . o



B v N =~ 0
R MU S e
where: | MN = nitriﬁers-grpwn through o'xidation of _arnmon}a',_ and o~
. M, = j_-heterotrpr;hs grown through oxidation of organic carbon;.

‘ M'N‘and_'Mér can be -estirna_ted as fol_lows:

1 .

My =Y

NT NN mNp o 399
- , e o L o . _7;:1.{'
. where: NO’ = TKN in the influent, mg/l,and - = - R
k T N, = NHZ}-'N in the effluent, mg/l. - | o
M =Y G ms) I :(3‘-34‘)‘

-~ where: 8y = carb'on(BOD5 or CODj in the influent, mg/i

S] = carbon (BOD5 or COD) in the effluent mg/l and

- Yb = net. y1eld of VSS of heterotrophs per unit of carbon (BOD5 or
o '-COD) removed : ‘ y

Thls proLedure neglects thc ammonia asslmllated by heterotrophlc growth and therefore is

approximate. A further approxrmatlon is that the net yield of the heterotrophs has becn

‘ assumcd constant whereas itis known that it varles with sohds retentlon t1me

be: %

hal

Several examples: can be drawn for separate stage nltl'lfl(,dtIOH systems as compared to
combined carbon oxidation- n1tr1l"catron systems. In a separate stage -system, ”lllustratlve
values of BODg removed and TKN- oxidized- would“be 50 mg/1 and 25 mg/l, respect1 ly A

‘reasonable estimate for YN is 0.15 lb/lb NH4—N rem. (Section 3 2. 2) and for Yb (
, 0 55 lb/lb BOD5 removcd Thus, for th1s separate stage example “f can be calculated to be

C_ oases) L P
ts 053(50 + 0.1503) 92 | |

_ R O ;v . .
A Slmlldl' c,(ample can be drawn for combmed carbon ox1datron-mtr1f1catlon-systems
Assummg 200 mg/1 of BOD5 removed and 25 mg/l of TKN oxidized, f ¢an be calculated to

- .
-~ Sy
i

PR _ oases) : R
s 035C00) + 0.T5G3)” 0033 L

_3-2'2'"" 7'7 . _.’ | |



. o .

- Thus, it can be seen that the fraction of n1tr1ﬁers is lower in~ comblned carbon
S ox1datlon-n1tr1ﬁcatlon systems that in separate stage n1tr1f1'catlon ’systems ’
Equatlon 3-327can be reexpressed in terms of the B0D5/TKN ratlo m the 1nfluent by :‘
assummg efﬂuent BOD and ammonia are neghglbly small : : :

. .l | 0 3 . NO YN _?V" T .:. .
. q e }' p e : . ) B [N

Table 3-5 presents numerlcal values for the fractﬁyn of nitrifiers, usirig Equatlon 3-35 and a’
COndlthI_l' where YN.— .0.15 and Yb (BOD5) 55. For most séparate stage: n1tr1f1catlon
systems, the B0D5/TKN ratio is greater than I. 0 and less than 3.0 (Séction 4~2) Thus even

“in separate stage systems,” the fraction of nitrifiers is relat1vely low. For the assumed yleld

+ values, the fractloh is less than 20 percent and greater than 8 percent. 1t must bé emphasized

" -that the values of nitrifier fraction given in Table 3-5 are estimates only, and not supported

. by actual measurements.of nitrifier. fractions. Table 45 does have valie in that it shows, at:

" least qualltatlvely, the impact of influent BODszKN ratlo on the fractxon of* nitrifiersina . .

++ nitrification system. The 1nf1uence of this ratio on nltnﬁer fraction and nltnflcatlon rates'_ »
was recognized as early as 1940 when Sawyer showed that the BOD5/NH3 ratxo correlated o
< w1th the n1tr1fy1ng ability of vanous actlvated sludges 50 o . S

: 'The effect of ammonia concentratlon on the nitrification rate is portrayed in Flgure 3 7 -
S The assumptlons made, were: f =.0.1, pH > 7.2 <8, and the DO'=2,0 mg/l; Equatlons 3-20,
- 321, and 3- 27 were employed to construct the ﬁgure As dan. be seen the nltnﬁcatlon rates =~

oy St ' ' : L .
s oy ) . . . .. W Lo $

S TABLE 35
' \ - L RELAT;ONSHIP BETWEEN NITRIFIER FRACTION
S o AND THE BOQS/TKN RATIO

g —

o Nitrifter - | - @ 0 Ntrifier |

?ODS/TKN ratio . '.'fractiona b .'V'BQ].DS/TKN ratio: A fractiona-
0.5 o 35' . .5 o l’ 0,054 .
_ I N P21 ) 6. .o 0043

R 2l eaz 7o |7 0037
. . '3 | 0,083 8" . 0.033
4 . 0.064 "9 0,029

® Using Equation 3-35 and Yy=0.15, ¥ = 0.55.

oo . 33
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, NITRIFICATION RATE, LB NH-N 0x1D1zED/LB MLVS

are re]atrvely unaffected [)y ammonm concentr 1bove 2;@;“:mg/l‘ammonia N. As the |

; 'mtrrﬁeatron rates approach their plateau values thication’ ﬁg)proaches a zero grder rate, .
) unmﬂuenced by ammonia level. It has been shown that for suspended growth processes, the
. ratec.of removal approxrmdtes a,zerp Order reaction. 42 A5, 51 However, in' none of these' .
cases” were mtrrﬁcatron rates. determiried at ammonia concentratlons at or below the va]ue of
KN where non-zero order rates effeets would be évrdent g
2 o - - FIGURE 3 7 o L o L : ‘ |

-

- EFFECT OF AMMON‘PA@CONCENTRATION ON NITRIFICATION RAIE R

2 L . - ' . . A

A f—OI PR E
‘,A DO 20mg/l A
' pH >72<8
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. The fractlon of mtrlfiers has a. marked effect on’ the mt*xﬁcatmn rates. Flgure 38,

. .~demonstratmg this effect was.developed similarly to Figure 3-7, exceptmg that the effluent-' o
' ammoma nitrogen concentranon was assumed to be 2.5 mg/l, A 'principal. means of

" increasing the nitrification rate is to increase the fractlon of nitrifiers: From Table-3-5, it can -
'be seen that this can be accomphshed by IOWermg the BOD5/TKN ratio.” In terms of plant e

FIGURE38 v .',.__f |

~.'

EFFECT OF TEMPERATURE AND FRA@TION OF S
NITRIFIERS ON NITRIFICATION RATE . S

,t?
o

"DO 2.0 mg/l DR L
" No =2.5'mg/I NHg~ N . |
pH >72 <8

: ' Ca . L .

R

—~—
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e
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des1gn, the BOD5/TKN ratlo can be a]tered by mcreasmg the orgamc carbon removal ahead
; ‘-ofthe mtnt‘catlon unrt '

R -'v.. L. v . N
el T e
N - . \ -

‘-"nkIt must be emphasrzed that the mtnﬁcatlon rates deve]oped in thls sectlon are only -
estrmated relatlonshlps based on theoretlcal consrderatmns Actual measured values are -
fgwpresented in Sectlon 4 6 3 e e R : ’

%ﬁr,-E- ey

-As a practlcal examp]e ‘of the effect of* theBODS/TKN r'a‘tlo on n1tr1ﬁcat10n rates rate data-. |

for an’attachéd growth system44 are plotted against the BOD5/TKN ratlo in-Figure 3: 9 The'r s .
- effect of BOD5 in the synth&tlc waste was.to displace nltrlflers WIth héterotrophlc bacterla in

‘ _-'the bacterral ﬁlm, thereby reducmg the nitrifiey. fraction. tmd the” mtrlﬁcatlon ‘Tate.

. Interestmgly, a small dmount of BOD5 \NIO mg/l) waé”"found to enhance the nltrlt"catlon"_f:- IR
"f_rate : : . : : ,

B | | HGURE39 . “
T ".;.: ' i C R
B EFFECT OF BODS/TKN RATIO ON NITRIFICATION
. RATE EXPERIMENTAL ATTACHED GROWTH SYSTEM
100 t -
R .
S. gof- —
L 1t ST D
w. ' :
Q'
Q- . .. SR ) B :
e SR IR L . - .
S B0 T e et TN T
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gl | A P S
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- .‘-,.J_’3.2'y.8;_;1\:_1itriﬁcat_i.on ._'Rates. it Trickling '_Filters -and Othér At,'tached-,G_row,th Systems

. ) s R . .

:'.,--;Dlscussmn of klnetlc rates in- the prev1ous sectlons has been pnmanly onented to ,
C ‘mtnﬁcatton in act1vated sludge type (suspended growth) nrtnﬁcatlon systems, although '
f~.'some compansons have been drawn ’ w1th attached growth system measurements for
.’comparatlve purposes. - The growth and ox1datlon rate relatlonshrps presented in Sect1ons’ it
03,257 and 3.2.6 are d1rectly apphcable to deslgn of suspended growth systems, as w111 be '
shown in Chapter 4, While these relatronshlps are operatlve in' attached growfh systems thelr ‘
. . _apphcatlon is compllcated by the fact that oxygen mass : transfer hmltathﬂS through the
B ‘bacterial slimes may - hmrt reactron rates in . some - s1ttt'atrons :A" biofilm - model Has' been
T 'developed 'whlch yrel,ds 1nsrght mto whlch factors are controlhng52 53 ‘but. it has*lot yet
T ‘been extended to ‘the point where 1t can :be apphed d1rectIy to: desrgn apphcatrons As a,
l X consequence, ‘the’ design relatronshlps presented for attached growth nltnﬁcatlonqrn Chapter
Fi 4 -are empmcally based and therefore less theoretrcally preclse than those deVeloped for
i suspended growth sytems Though the desrgn relatlonshlps _presented are: empmcal where co
{ . possible the loachng relatlonshlps are: presented on-abasis that: _'at feast consrstent w1th the -
: bloﬁlm model For rnstance ammon.la mtrogen 0x1datlon rateS\ -e-expressed on a, surface

bxologrcal dlSC process(Sectlons 4 7 l and 4 7 25

".j"Some -of- the conclusxons that can be drawn from the bloﬁlm model arelof mterest 1n
. ,.'cons1den urface ammonia- removal rates in. at;ached growth systems The bloﬁlm model
shows thaNithe ‘ammonia ox1datron rafe in attachecf growth systems should not be c'lecreased-‘..
R ’-_'.as drast1cally under’ adverse env1ronmental cond1t1ons as qn sli’spended growth systems
;‘Thls finding is conslstent wlth the - observatron made’ in Sectlon 3.2.5: 4 namely that
i : attached growth systems have. an advantage over suspended growth systems 1n wrthstandmg
sl lowerwtemperatures wrthout as severe lt)ssesmh1tnﬁcatron rates A

. ;
f -
: ‘,_l o ] '».. .
=

/ Y 1 The bloﬁlm model also shows that the drssolved oxygemponcentratlon must be’ 2.'7 trmes =
e L the ammonia n1trogen concentrathn to prevent oxygen transfer from Ilmmng nrtnﬁcatlon
A rates in attached gr SYSt ms. 52‘ Two operatronal procedures have b estedf__‘to:. R

o ';.n_(2) 1ncrea$1ng the‘ oxygen transfer thr ugh the use of hlgh punty.'.roxy"‘ 2Thefirst.
hed recommendatlon has been made in th;s m .HUal in Sectlons 4 4. 1 4 and 4.7.1 RN

3 2. 9Effect of Inhlbltors on N1tr1ﬁcatron :'-; ;_ | o RN

L o 0} . et . e e R e B
o Certarn heavy metals and orgamc' compounds are toxrc to n1trrﬁers ,To da’te these effects A
s ‘have not been: quantltatlvely mcorporated mto the klnetlc deScnptlon of: nltnﬁer growtlr
ulthough sugh approaches have bgen: used to descnbe toxicity.in- other brologlcal systems A

hstmg “of substances toxic to unaecllmated nitrifying organ1sms lS presented in Table 3—6

e whrch 1s drawn pnmaqu from the rev1ew by Parnter.l: ERERE S

Io‘ B
ot o N q
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Sawyer, on -reviewing the Enghsh h,terature suggests that 10 to 20 mg/l of heavy metals can .
be - tolerated due to the low romc concentrations at high pH values of 7.5 to 8.0.56 It has
also been pomted out that preclpltated ‘metals (such as hydroxides) that concentrate in the

» sludge can be disastrous to the sludge. if the pH falls and the precnpltaté dissolves. Such

* conditions’ may  occur in the sludge collection zone of the secondary clarifier where

.. continuing organism activity may  cause low pH values: Altematlvely, low pH values may
w2 oceur when pH control systems fa11 ' " : o
Dav1s57 found that s11ver (Ag) was extremely toxic to nitrification ofsecondary effluent on*
a plastlc media trickling f]ter Levels of 2 ppb in the 1nfluent to the filter were concentrated
- to 5 ppm in the biomass on the media. “This inhibitory effect was found to- severely reduce

'7-.7
et

allowable loadlng rates and result i in only partial’ mtnfcatlon . i
e ‘TABLE 3-6
. . - . .b-- ? -7 X
e LD COMPOUNDS TOXIC TO NITRI " _ S
Y. - . it. 7 - (AFTER PAINTER(1) ~-° . . =~ = .
¢ l].“ . q-..i -’ — . > — __ ‘. '~ . . . ‘ o
.2 .o~ - 4. ~Qrganics Inorganics™ ‘ -
o > . Thiourea. .4 2Zn 1 S _
. T AlLyL—thleurea R IQCN’-I o : o |
SR ' - 8- hy,droxyqd’inoline . ,C‘IO.4 : -
oo Sallcyladoxme . Cu B L CEE
,A, ’ 4 Histidine . : Hg =~ =~ . e
' Amino acids -:- - | ¢Ccr .- . e S
Mercaptobenzthiazole Ni P
’ L Perchloroethyleneb S Ag L S,
. ‘ . Trichloroethgglene o :
v ,‘ * Abietec acid . .
a- . “- .. + - . . '. \ .
R : Also reference 54 4 . T L
. LU, 7 _4 b Reference 5 i R - Ty
¢ Reference 55’ ) .

-."" et .ol

The rate y}d change of mdgmtude of cnvnronmental condmons are. nedrly as critical to the
blomass a8~ the conditions- themselves It has been shown that nltnflers can adaprto toxic
substances when they are conslstently present at concentrations hlgher than cause toxic -
effegts in. slug dlscharges 1,58" Unfortunately, slug dlSChdr;,(,s are often present-in mumupa]
systems and can result from 1ndustrml dumps> or from urban stormwater inflow.

'-.,, ~ A

Under thc unusudl*condltlons of dnsdrarge of hlghly concentrated 1ndustr1al wastes’ 1nto .
mumc]pal systems that contain either n1tr1te of ammomaa ‘the resultmg high concentratlons
of ammoma on nitrite in the mumcnpal waste cnn be femporanly toxnc -to the mctrlfylng

it 134 . 4l
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populatron 59 When these condrtrons are suspected the reader is feferred to reference 59 )
" which contains &aerts which allow the identification of - the. regions of tolxrcrty Under

normal ﬂ'runrcrpal conditions of pH and concentrations complete nitrification will occur.
When concentrated 1nd1&tnal wastes,ﬁe present, slug discharges should be avoided; rather,

‘.storage facilities should be provided -so that wastes can be metered into the collectron _'
. system at arate sufﬁcrent to ensure dilution to safe lo%'ds

A3
~

f-c.

E ln sum,bthe possrbllrty oﬁ«toxrc inhibition must be recognized in ‘the desrgn of nrtrrﬁcatron
'_systems Erther 1mp.Pementatron of sourCe ‘control. programs or- 1nclusror; of upstream
- toxicity removal processes maybe requrred partrculg;ly in those c!ses where srgmﬁcant

1ndustr1al dischargers are tr'butary to the collection syétem ¢ ' o _
A e '. AR |
3.3 Den‘rtnﬁcatron : N : - Y ,

The brologrcal process of denrtrrfrcatrovr 1nvolves the conversion of " mtrate nrtrogen to a’
gaseous nrtrogen Species. The gaseous product is p arily nitrogengas but also. may be

" nitrous oxide or " nitrie . oxrde‘Gaseous nitrogen #§ relatively unavaildble for. brologrcal,

growth, thus denitrification converts nrmgen which may b' an objectionable form to-one :
whrch has no srgmﬁcant effect on envrronmental qualrty

v ) -‘ ) T ﬂ ’ -

-

As opposed to nrtrtrﬁoatron, a. relatrvely broad range of bacterra gan accomplish = -
denrtnﬁcatron including Psuedomonas, Mzcrococcus Archromobacter and Bacillus. These '
‘groups accomplrsh n1trate réductron by what is knowﬁ’ as a process of nitrate dissimilation :
whercby nitrate-or nitrite replaces oxygen in the respiratory processes of the organism under j '
‘anoxic conditions. Because of‘he ability of these organisms to use either nitrate.or oxygen
as the terminal electron acceptors while oxrdlzrng organ1c matter, these organisms are
termed facultatrve heterotrophlc bacteria. ' _ T B

Con fusron has arisen 1n the literature in term1nology the process has been termed anaerobic

denrtrrﬁcatron However, the. principal blochemrcal pathways are not anaeroblc but merely E
minor modlﬁcatrons of aerobic biochemical pathways The term anoxic denitrification is
" preferred, smce it describes the envrronmental condltlon of the@bsence of oxygen, wrthout |

" implying the nature of the blochemrcal pathways ' - °

L

l

33.1 Biocl_remical Pathways e s T o
Specrﬁc information on - the specrﬁ.c brochemrcal reaction 1ntermed1ates involved. in
_denitrification are. avarlable in the lrterature60 and only certain, doncepts aré of 1nterest in-
process-desrgn appllcatlons Denitrification is a two-step process in which the first step is a’
conversron of nitrate to.nitrite. The second step carries nitrite through two 1ntermed1ates to.
nrtrogen gls Thrs two-step process is normally termed “drssrmrlatron

“ : - N | .
Denrtrrﬁer& are a]so capable of an assrmrlatlon process whereby: nitrate- (through n1trrte) is -
‘converted tb ammonia. Ammonra is thcn used fot the bacterral cell’s nltrogen requrrements

i . g LI

~
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’

+ . donor in the U.S. (see Section 3.3.4). Using methanol as an ejectron donor and ne

.

If ammaonia is already :)resent asslmllatlon of nitrate need not oceur to satlsfy cell
‘requirements.” : : _ _ '
N . , - ‘ < .o .
~As w111 be . shown in Section 3. 3.2, electrons pass from the carbon source (the electron -
donor) to nitrate or nitrite (the electron acceptor) to promote the conversion to nitrogen -
~ gas. This involves the n1tr1f1ers ‘electrom transport system” and is involved with the release

of energy from the. carbon source for use in. organism gro&vth It hdppens that this electron

transport system is zdentzcal to thgt used. for respiration | by organisms oxidizing’ organlc"’f"

matter aerobically, except for one en yme Because of this close relationship, many .
facultatlve bacteria can shift between usmg oxygen g nitrate (or nltnte) raprdly and
"without difficulty. .

3.3.2.Energy and Synthesis Relaftionshi_ps _

The use of oxygen as the final electron acceptor is more energetically faVOred'thdn the use .

of nitrate. Table 3-7 compares the energy yields per mole of glucose when oxygen and.
nitrate are used as clectron acceptors. 61-The- greater free energy released for oxygen favors

its use whenever it is available. Therefore den1tnfcatlon must be conducted in an anoxic -

nvrronment to ensure that nitrate, rather than oxygen, serves as the final electron acceptor

s s ?TABLE 37 R
COMPARISON OF ENERGY YIELDS OF NlTRATE DISSIMILATION
. - ' VS OXYGEN RESPIRATION FOR GLUCOSE '
v} e . . ) a
. T ) . Energy yield
- Reaction . . , per mole glucose,
Nitrate dissimilation o . : ’ . o
5C. H O +24KN03—>3OCO +18H O+24KOH+12N2 -~ 570
Oxygen respiratlon ' SRR S “ .
~-06H1206+60 —6CO, + 6H,0 AR 686 -

a. "Refefencle .61

B
..

. Methanol, rather than glueose or any other orgdnxc. has\seen widesf use dS, the é]eetron

synthesls for the moment, denntnf‘catlon can be represented as a two step process as®
ln Equatlons 3- 36 and 3-37:

G 330
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Frrst‘Step “ v
NO3 + 033 CH30H = N02"+ 0.67 H2O ' | IR (3-3.6).

.Second Step L - " : ) oL
_N02_ + 0.5 CH30H '= 0.5 N2 + 0.5 CO2 .-{- 0.5 H2'O + OH = (3-37)

The overall transformatldn is obtamed by addition of Equatlons 3-36 -and 3-37 to yreld
Equatlon 3-38: .

NO3 + 0. 833 CH3OH 05N + 0 833 CO2 + 1.167 H’ZO + OH . (3-38)

'd

~In this equatlon methanol serves as tt€ electron donor and mtrate as- the- electron acceptor

" This can be shown by splrttmg up Equatron 3-38 into the ¢ followi ng oxrdatron-reductron half
reactions: :

NOp + 6H + 56 —= 05N, + 3H)0 » - (339)

(electron acceptor) ' - ' o

. "7 .0833CH;OH + 0833H,0 — 0.833C0, + st + 5o (340
. " (electron donor) - - ' -
5 . .. .. . ‘_ B . ‘ . . . S {/ |
' l:quatlon 3- 38 can be obtamed by addlng Equatrons 3-39 and 3-40 and the followmg .
Yoy L eqhdtlon for water: ‘ | .
. .« /~ - o - ‘ . . ,‘ . ‘
! ‘ : H,0 = H + OH"

' . . o _. R N

y
From Equatlons 3-39 and 3-40 the ‘meaning of the terms of electron donor and acceptor are
“clear. Nitrate gains electrons and is- -reduced to nitrogen gas, hence it is the electron accepto?. .
. The carbon source, methanol loses electrons and 1s oxrdlzed to carbon dloxrde hence it.is .
the electron donor.

' ’ As mentioned in Sectrﬁr 3.2.2, these reaetrons take place in the context of the carbomc acid

' ' _system. Equations 3-36 and 3-38 have been modified in Table 3-8 to reflect the fact that
' ;‘? hydroxide (OH™) produced reacts .with carbonlc acid (carbon ‘dioxide) to produce

p brcarbonate alkalinity. AlsO‘ shown in Table 3-8 isthe equation of synthesrs for those
: orgamsms denvmg energy through mtrate reSprratlon 62 . '
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The equations for energy. yreldlng reactions (Equatlons 3 36 and 3-37) have been combined

with the equation for oganism synthesis (Equatron 3-41, Table 3-8). through knowledge of

organism yields and are summarlzcd in Table 3-9. “Also, shown for completeness is the

combined ex&essron for oxyggn. respiration (Equatron 3-44) since, if any oxygen is present,

it will be used preferqntrally Srmrlar expressions can be. developed for other organrc sources
" serving as electron donors if organism ylelds are knawn. 63.

.

: CTABLE3S

. RELATIONSHIBS FOR NITRATE DISSIMILATION AND GROWTH IN
‘ DENITRIFICATION REACTIONS

e

v ) e - » e . . .
"React'ion' ¥ - Equation i Eouation
- -":No.,
Nitrogen dis‘simxlatlrﬁ’ 4 . .
_ Nitra.te t§' nitrite , . 'No; +'0'.33CH3OH'= - 3-36At
ido ) o ‘a . s ) -
R NO. +0.33H,C +0.33H.CO
. e, ) 2 2773
. 3 Y I _ g ‘
Nit¥ite tbl.nltrogér‘r'gasv '?No; +0.5 CH, OH + O.SH‘ZCO3 = | .73-378
* ! e ' ‘ ‘
v ¢ "5’} 0.5N, + HCO, + H,0
o, I
ry . ‘- . . . .
| Nitrate to nitrogen gas | NOj +0.833 CH,OH + 0.167H,CO,| . 3-38A
S =0.5N, + 1 35 H o'-L HCO. |
SR ) Y3
'Synthesis - denitrifiers - | 14cn3on + 3NO + 4H co3 '3-41
- 3CSH OzN + 20 Hzo + 3HCO3

The theoretrcdl methanol requlrement #r nitrate reductlon neglecting synthesis, is [.9 mg
methanol per mg nitrate N (Equation 3-36, Table 3-9). Including synthesis (Equatxon 3-42), N
“the requirement is increased to 2.47. Slmrlarly, Equationg 3-43 and 3-44 in Table 3-9 allow
‘calculation of methanol requirements for nitrite reduction and deoxygenatlon to allow a

com blned expreqqron to be formulated for the methdnol requrrement :62 '

[

2.47; No3 -N + 153NO -N + 0.87D0O

.u

Cn =

(3-45)




; - ’ i
. where: C'm ' =  required methanol cOngentratiori'-, mg/l_,-_ . ":\.‘.'
'l . ' NO. -N = nitrate concentration removed, mg/l, - .= | R
. . . o, ’,‘ﬂ .g' ‘ . ) L o noa
v : 'NO-; -N = gitritg coneentration removed, mg/l,and . s
\ (3-46)
415-;. l. e . ..“ .t :
- 7
. DA
3 \'v ¥ l'. (
AN '
o ‘” &

- Equatfon |

“ No.

," 3% 42

- \.' L

3-43.

"-.'.-.ﬁ..»;ﬂ '. " T
‘:i Nofi' 1 L

3-44

Bt e.xpurmiental dagd is ucpresscd in’ tqmg of t‘he&M/.
reqmrem)cn b&mtnte”"md O?en w}ncl‘f aré_ﬂsual
'requlrement_ iggtance for a NO3; y‘lue bf_ 7 iy
3, Od,mg/l dlSSOlVLd oxyg&x thc moth;mol reqm {

p

v ' .-. for Lomplete,demtr‘,atlon range fron? ;th'é' levels ,
estnmdted hom Equdtlon 345} 15. 2’5'1 ethano] per Ib-of nitrate n;trogen removed up. to
.30 lb metlmnol pcr Ib of nltrate 4 remové . 64 65 6@ Departurw of mcthanol
.y .
Q : ' . K T T '

ERIC

Aruitoxt provided by Eic:

: a .Whlbh -.Is the mg of “
,m;thanol per,mg of’ Mitiul mtmte mtrogen: concen't tlbn* 3 ratlo mcludes the -
mall relaﬁVe to the mtratu'




E requrrements fr0m Equatron 3 45 dre ‘most. Irkell/"ldue to varmtrons in sludge ylelds\

d.m on

tRﬁrrmental systems\ lt\hds ‘been’ suggested thdt column demtrrfrcdtlon systems requlre 1 o
loiler M/‘N ratio th@suépended growth systems due to the hrgher‘coneentraﬂon ot‘"‘brqmass . :
A K v
'malntalned in the offumn systems.$ 67 Hrghcr biomass levels produce longcr sollds re-temtroh i " T
v“ q o

W
rati. 07 e i T LI,
LTS W AT . o '
}legeneral ah M/N ratro of 3 0 wr]l em{ble “complete demtnfrcatron (95 percent removal ]

o mfrate) and this valué may be used for desrgn purposcs wnen methanol rs empleed' ay;; he

ea;bon sgurqe l’br demtnfrcdtron e Lo : vty

g’ ¥ ~ L : e ;\"_j '.'-'_:- '
] 338 ledlrmty .md"pH Relatronshrps L \_

J * ‘_. ] ) ,6 . - . ’ R

‘ 'Equatrons%-42 dll(l 3-43 (TJEK 3- 9) show thdt brcarbé}‘r‘mte lﬁroduwd angd .al%omc"’?f' i

»oopceptr%tron is reddled whcﬁ’evcr nitrate or nitrite is, demtryﬁed to m _

. 'storchLometrrc qBuintity of dlkdlrm;y prod\t\ced is 31 57 mg ﬁlkalrmty.ds CaC®3 \prod‘ucedﬁmcr : ~

_mg‘of.mtrate or,nrpnte N redueed tnb mtrogem g,as ‘. ‘-'_,‘.“ - «W’ ;..*‘,-’
.}' n "Q ‘,‘

‘ "\ /.
/ \ i

Smoe b’oth .tléa dlkdhnlg concehtratrdnn,é 1ncreascd dnd ‘the carbomc acrqd concgntrat;on is
rcducech thé- te ency "ol demtrrﬁcaylon is: to at least paptmlly reverxﬁ,thggffects of ’
v _mtnﬁc,atror'?.and «%c pH ‘6 'the’ brologx&‘al reactro:n (Equangn 3-9) Dfnrtr)ﬁcdtlon only .
pariially offsets tife alkhlinity loss caus/ed by mtnf&ttlom srnce‘fhe alkalrmty garn per.mg of -
' mtrogenqs onle?Bn'e-half the los caused 'by m’mﬁcatron (see $ectron 3»’3" coDa
S - ;*_ ,3(4 e S TR e
Measured alk‘;lrmty p ductrowas been - rcported to be so,me‘what lower tha‘n,‘mdrcated e
, theoretrcalby pE)ﬁ)crlm%rrts with an att.rehcd growth pro es? éhéwcdf ‘tﬂdtglﬁe alkalinity
o produced ‘averaged 2. 95$,rng as CaCO3 per fmtnpgen refl;u{_cted 65 Srmrlarly,i the ratig for
..a suspend%d”grov&h -€ystem MZ 89.6 Def; tures. fr(‘)m:th‘e ) -vma‘y_ be due 'the fact that -

__"Equatrons‘.BB42 sind (Talle 39) represcnt,,.ouer-'slmplrcdtn'oﬂs of he biological
transformdtronNkmg ¢ and lo not mclude all f«ctorsraffectmg q}kahmty produ(.tron .

_‘tgnes and redqce orgamsm yu,lds due to 1n(,reased endogenous metabolrsm In'

o

A valuc lor llmty p 0 ctrgr}, surﬁble for engmécrmfg cdlchldtltfhs would be 3. 0 mg
'alk"llrmty asgCu(O pcr mg mtrogen reduced @ ; ‘;. ; :

» . : L.

3 : 1

s e T ’

.‘-.n-- L ci
s . Lo

3 3. 4 Alternzttrve Elcctron Donors f' ’ "' " ',; v S 5. ; _' .
. N . . L)

. Although metl\ar&él h?f lound a@fredommdnec ‘in U S. practrcc as the clectrm ‘donor of
choice, the srgn;fredn;,e g&the’eost of the orgamc sen Br: the process has led to thc
consrderatron of altqrnat% electron .’J§'- arlable partlcularly those from waste sources.
Consrdermg altem'lt,e‘ c mterual §0llrces methanel sgetns to continue to be the ‘most

e economrc (.horce bccduse‘prrec 1n3’c§s in. dltcrndtk sources have. paralleled those for’
S :meth'mol ‘ _ : e s
o e R AR | o
o et gg |




' -,"'be modrﬁed to ensure that thes

X

"
L

A vanety of compounds that can substltute for methanol have been experlmentally"" o
evaluated 60 but design data are available only for municipal wastewater orgamcs, volatile

o »acrds, brewery wastes, and molasses The 'usé of wastewater orgamcs for dénitrification is
U .drscussed extensively 'in Section 5 5.2 Denltnﬁcatlon rates ‘with wastewater Qganics are
_'apprommately one-third ef those when methanol*i¢ employed Therefore denitrification

- reactors must be proportionately larger. Since using wastewater organics adds amthonia and.

s vorgan1c nitrogen to the wastewatergthe sequence of n1tr1ﬁcatlon-denltnﬁcatron steps must-»

compounds do not escape from the - system:- Thus,

'wastewater .organics are not completely interchangeable with methanol their attraction,.”: :
o however, is the possible feduction in operatlng costs with- the elimination: of the need for .-

: methanol in the treatment plant o

: . YA
In studres conducted for the development of the City of Tampa, Florida’ s treatment plant,
it was’ shown that brewery wastes. could substitute for methanol when.used in both

- suspended growth and column denitrification systems. .68 Bench. scale studies exhlblted'

denitrification rates of 0.25 to 0.22 ib. NO3 -N rem./lb MLVSS/day with brewery wastes
compared t0 0.18 Ib N03 :N rem. /lb MLVSS/day with methanol at a- temperature in the

range of 19 to 24 C. Solids production was found to be greater with brewery wastes than

" methanol, but values were not given. Removal ‘efficiencies were similar in a parallel test of o

-brewery wastes and methanol us1ng columnar denitrification.68 "

Volatile acids have also been -used as a'carbon source for denitr’iﬁcation' In studies of
nitrate reduction in- wastewaters generated in the manufacture of nylon intermediates, it was
found that a mixture of C| to C5 volatile ac1ds was very effective as a carbon source for
denitrification.69 Denitrification rates with this mixture were 0.36 Ib. NO3 -N rem./lb
.MLVSS/day at 20 C and 0.10 Ib NO3 -N rem./Ib MLVSS/day at 10 C. These rates compare
'favordbly with those measured for use with methanol (see Section 5.2.1). Volatile acids can

be produced from wastewater orgamcs by. anaerobic fermentatron or by low temperature wet
oxidation. In ‘either case, the product w1ll .contain varying amounts of ammonia n1trogen'
whlch may have to be removed in the prodess (as descnbed in Section 5. 5 2) or removed' g

prior to use by ammonia stnppmg L

Molasses was tested at the Central Contra Costa Sanitary D1str1cts Advaficed Treatment

: “Test, faclllty as a substitute for miethanol. 70 Peak denitrification rates at 16Cina suspended
" growth reaction were found to be only 0.036 1b NO3 N rem./Ib MLVSS/day In addition to -

having a slower reaction rate with molasses; the sludge tended to bulk to a greater degree

than, with methanol‘ rising from a sludge volume index (SVI) averagrng 164 inl/gram to one -

havrng a SVI averaging 257 ml/gram. This caused a decrease in the settlrng rates of ‘the
sludge when molasses was employed ' @9

Some of the alternatrves cause greater sludge productlon than othefs For 1nstance about
twice as much. sludge is produced per mg of nitrogen reduced whe@ saccharose is used than’

when methanol is employed On;the other hand‘i acetone, acetate. and l‘ethanol produced.

-

similar quantrtres of sludge to that produced wheh methanol is employed @2
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Methanol has certaln’a(zfv*antages over wastewater éarbon sources. It is free of contamrnants
:such as nrtrogen ‘and thereﬁ)re can.be used directly.in the process without taking the special-

~ precautions that must be made fo,r,use of with-a waste carbon source. Second, the product is
of consistent qual;. hile was@water sources may vary 1n strength and- composrtron either
daily or seasonal?xcgmplrcatrng process contro] and optrmrzatron Use of: wastewater o
sources .will requir egd]ar?ayrng of the seurce to che'clc its punty, strength and biological -

- availability. Methanol also has the advantage of bemg natronally distributed while surt‘tble_‘ :
waste carbon sources may not be geographically close to ‘the pornt ‘of use. Nonetheless, the
significant drsadvantage of methanol is its cost and thrs alope mandates the neCessrty of
economic comparrsons of alternate carbon sources.

3.3_.5 Kinetics ofDenit'rification - ‘,
Just as in the case of nrtnfcatron (Sectron 3. 2 S), environmental factors’ have a S1gn1fcant' o

“ effect on the kinetic rates of denitrifier growth and nitrate removal. Factors, consrdered in

* subsequent sections are temperature, pH carbon concentration and nitrate c0ncentratron A €
combined: krnetrc expressron in corporatrng all these factors is presented

- » . O )

3.3.5.1 Effect of Nrtrate on Krnetrcs

’
-/

The absence of srgnrfcant quantrtres of nrtnte 1n denrtrrﬁcatron syfstems60 71 has led to-the " -
_ descnptron of the krnetrcs of denrtnfrcatron as a one-step process from nitrate to nitrogeh
) ’gas. The Monod expression is employed to describe the rnfluence‘of n1trate on growth rate:

“ ¥ XKy + D N C

) Ep.

where: Hp = growth rate, day_ -1
) , ﬁD = 9 maxrmum denrtrrfer growth rate, day” -1
- '°D = go%centratron of mtrate nrtrogen mg/l and
N
) KD = half sa atron constant mg/l NO —N
1 3.3.5.2 Rela nshrp of Gro;vth Rate to Removal Rate . o
Denrtnﬁcatron rates can ‘be rclated ‘to the oganrsm growth rates by the fo]]owrng i
: relatronshrp , ,
9 T “D/YD . 3
Qwhere: -‘Q‘D' = nrtrate removal rate, Ib NO3 —N rem. /lb VSS/day, and . -’
» YD‘, = - denrtrrfer gross yreld lb VSS grown/lb NO -N removed. .




Snmlarly, peak demtnﬁcatron rates are related to maxrmurp demfnﬁer growth rates as

follows . 'g‘“}': SRR
’ PN ] oL ) “ . ) . . .
’ : 'qD “D/YD Y : 5(3.49) .
3.3 olids Retention Time S “ _} S T s
Consideratio ds productxon and .solids retention t1me is an 1mportant design -

t cons1deratlo,’ sls .balance of the blomass 1n a completely mrxed reactor 'yields the -

e

- solids retention time, days, and -

S 'Kd = ',,d,ecay'coefﬁcient,- day"l.‘.-- ) . A
'3-"’,»',3.3.5=.4.anetic Constants for Denitriﬁcation L -2

:The value of the half saturatron constant, KD, is very low. Investxgators at the Unxversrty of
California - at Davis, found Kp for suspended growth systems to be 0.08 mg/l NO3 -N ‘
without solids recycle and 0.16 mg/I NO3 - N with solrds recycle at 20 C.71,48 For attached - -
growth systems the value of Kp wa' found to be 0. 06 mg/l NO3 -N at 25 C.72,73 1¢ can be
seen from examination of Equatxon '3-47 using thesc values of Kp that nitrate has almostno ,
effect on denitrification above 1-2 mg/l. mtrate =N and approaches a zero order rate. The *
: observatrons of several investigators sufbrt: these lowwalues of KD, as they have reported
e zero order rates above 1-2 mg/l nitrate -N.60, 74 75 7. :

3

Y

o ' ' .

: "Yreld and decay coefﬁcrents from data of a number of 1nvestrgatrons are shown in Table
3- lO In most cases only net y1elds are reported or can be calculated from the data reported
The relatlonshxp between the gross-yield in’ Equatron 3 5 0 and the net 3,'1el:"" :

. Ry

3-51)

. :2‘_ : - :»YDqD - Ky o Yy ) Rk e
L D B - q‘D-‘ —‘ ." (I ~+ _’QcK_d)‘_;‘ | -
_where: ¥ = denitrifier net yield, [bVSS/b NOg <Nrem. " <

Il " . : Pyl e
- \ . \ .
A . . ) ' : .
L. - ) . ,
g Kl

The data of Stensel et al 74 for Kd has been used m somhe, cases to denve calculated ‘ﬁ
* values for those cases where none was-»’reported (Table 3- lO) Data from another study4

1 L4




: allow calcuIatlon of both YD and Kd dI 20 C: The value of Kd of 0. 04 day'1 is cons1stent'
wrth Stensel’s. findings at 20 C. Values surtable for_use in engmeerlng calcuIatlons are YD =
06tolZOande 004day‘1 L F
It is notable that when an aeroblc stabrhzatlon step was 1ncorpor.1ted 1nto ‘the process after

: anXlC demtrlﬁcdtlon net yields reduced by atimost an order of magmtude 78,80 This effect

was attnbuted to. enhanced endogenous metdbohsm where oxygen is proV1ded as an. .

- " electron- acceptor 80 Table 3-1 shows a cdlculdted value for Kq under these conditions of _:.

Y ¥ 019 ddys'l, almost five timffs- the rate when nitrate serves as. the electron acceptor for .

endogenous metabohsm Thigf

concept is supported by the results of other 1nvest1gators"

e whoSe data show that the endogonous respiration rates when- expresscd on- an equivalent. e

" basis are slgﬂrf'c.mtly greater when oxygen serves as the electron dcceptor than when n1trdte}
dees\SI 82 -

v
ol

Both orgamsm growth ‘rate and ‘nitrate removal- rate\{dre °s1gmf1cantly affectcd by -
temperdture Only one 1nvest1gator has- reported growth rates, 74 a1l others have reported -

. removal rates. To show- thc effect of temperature on: growth and demtrlfrcdtlon rates, the . -~

avallable data have been summ.lrlnd in Figure 3-10 on a basis that is nonnahzed with
respect to the rate at'20 C. It can be seen that demtrlﬁcdtlon proceeds ata reduced rdte as .

‘i-v o . , o . . .v;' N
‘ -. TABLE 3- IO
. e . o
we R VALUES OF DENITRIFICATION YIELD AND DECAY COEFFICIENTS
- .FOR VARIOUS INVESTIGATIONS USING METHANOL
L i{ — - — — m';!‘ » -
R T D2 A T I
Lo o 1 otk T '
e Process description Ref. days_l 1b YSS “1b N v‘days—l Temp, C
AT S o % ] 1b NO3-N rerii| 4b NO3-Nrem =
. . Co. 3 — - . . - < . — - - - - <
* Suspended growth no SOlldS 74 Variable’ ‘Variable 0.57.° . 0,05 10 \
recycle continuod’s 74 | \{artable ¥ | « Vvarlable ). 0.63 0.04 20 4
: P . 174 1. Variable . ‘Variable . - 0.67° | 0.02. 30
T 71| 0.17t00.32 | 0.55t01.4 - - .20
. SO B & ‘0.1~6 to 0. 9 © 0.57.t0 0.73 - - 20 -
 Suspended growth, batch 758 0.24103:8 | 0.45t01.43 [© = | - | stw27
L [ Y variable S0.53 - - - 20
e R ) - . b . ) - - Cc - d e
sSuspended growth. solids - 5 : - . 0.58 - 0.77 0.047 .} 10to 20
. recycle, contintous., 48 | 0,131 t0 0,347]'0.542 t0 0.703 : 0.84c i 0.Q4d 20
X T 78 | 0.25 ;0.9 ¢ 0.65. 0.04 7 .16ito 18
Tl e L S el o e 0.7to1.4 [0.83t01.67|0.04° | §
Suspended growth, soltds 178 | 7 n.30 . 0.061 - . 0.65d 10,197 . t_ljg;'to 20
2, recycle continuous, i T . ' L -- )
©* aerated stabilization., . I RN C, : o T
, Substrate was. sodium citrate Co - o . . .
_-bqnotgiven\butec-a o B ' - o R . '~’.
N _ CaIFuIated v ' " . . . . ' .
4 pssuined’ '-“‘
€6, =316 days o
e T 4
3-38
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"PERCENT OF DENITRIFICATION RATE OR GROWTH RATE AT 20C = -

FIGURE 3- o
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EFFECT OF TEMPERATURE ON DENITRIFICATION RATE
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:'4low as 5 C QAbovq 20 C four out’ of seven sets of data 1nd1cate that the demtrlﬁcatron rates_ :
. 'ffnd plateau values at ‘some - t’emperature and do not keep clrmbrng The paral-lel systems'l' o
,".j;study oFMurphy bt'al 80 is 1nterest1ng in that it. shows attached- growth systems to be less. -
affected by cold.. temperatures ‘than’ ~suspended growth systems Drfferences between e
attached growth systems and. suspende(f rowtb 'syistem's may- reﬂect drfferences in, the'
_.-\'.method of measurement.rather, than differetices i in. orgamsm reactron Tate. Attached growth - )
system removal rates were exptessed on.a unit surface basis wlnle suspended growth sytstems' S
- were expressed per_unit of - biomass (M}LVSS) in Murphy s. study. 86, It is: probable that,_ e
sur‘ace slrmes m\attached growth systems expand in. cold weather and" compensate for
i reduced reactron rates. f.the biomass level could be measured the rate per unit Sf biomass - s
may very well be similar. Fo\r’\mstance in one study para&l tests ofsuspended and att:}ched o
’_ '-gro.wth sys.tems were at 30 C. Bromass greasurements wefe made in-both systems and peak f
(,lenrtnﬁcatron rates were found to be comparable‘O 38:l6NO3 N'rem. /lb MLVSS/day for'

the suspended growth system and 0 45 lb NO3 -N rem: /lb MLVSS/day for the attached

o 'f A ,ﬁD;-.?M-_+ﬁ' R TRPRE ad
' LS . o o = . M " : . K "_. . . .
' Whe§ M = E _methanol concentratron mg/l 1 _
' 's& ’ o KM = half satura’t’ron consl;ant Jfor methanol mg/l ’ S
ik Lo of methanol ; Ry S
» : : ‘,s o .

_metlfanol need ‘be,

K A '.4 'I'ﬁ .

growth system 88 CL SR _.- E— ST .
.Further 1n£ormatron on the etfect of temperature on denrtrrﬁcatron rates Js presented m

' . - - -

ChapterS T N R SR el ERRELEEE
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3-.3.5.5 Effect of Carbon‘ Concentration on Kinetics
The effect of carbon concerrtratrgn on the rate of’ denrtrrt‘catron has been modeled in terms
of a Monod type of expressrcm When methanol serves as the carbon source ‘the expressron
74 89 ‘ .
is: :

. . 'F.I,
PR :

The earllest 1nvést1gators used a nOnspecrﬁc test for methanol COD 74 As a result thc mrtral

tvaluatro’n of KM was épmcwhat obscured: A later morL defrnrtrve investigation eV"lluatmg‘, -
- KM used a speclﬁc test: for methanol 89 A chemostat system operatmg ata solids retﬁ?ron . '

trme“of ﬁve, da)‘?s and & temperature of 70‘C was operated in a manner whereby rea&tron, '
" rateswverc lrmrted by 'mcthanol and not mtrate The value.of KM was found to be vcry low,
: 0 k) mg/l as methanolr Thc practrcal implication- of this: ﬁndrng 1s'that to- aclneve 90 percent. '_ .
. of"the: maxrmum dcnrtnﬁcatron rate in a suspénded growth reactor only about’ 1 .rng/l of oo
n - the pfﬂuent In. other' words great excesseg: of methagnol dbove . -
‘."storchrometrrc requrrcme,nts ncecl not\ be «if the efﬂuent from A suspende}l growth‘ Sy

'\ -

‘-'denrtnﬁcatron prOcess to 3clucve nearly thelmaxrmum denrtrrfcatron rates

W e
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3 3 5. 6 Effect of pH on Kmetlcs

Representatrve observatlons 1of the effect of pH onrdemtnﬁcatlon rates are shown on Fagure

'..'_3-11 While there are some anomalies; it is apparent that demtnﬁcatlon rates areédepressed _.
. below pH 6.0 and’ above pH 8.0. There.is some dlsagreement about the
< but the ‘data show the hlghest rates of demtrlﬁcatlon are at least w1thm the rangqéf pH 7
‘ _'to75f wooU . TN : : . ,

. PERCENT OF MAXIMUM DENITRIFICATION
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3.3.5.7.Combined 'Kinetic Expression '

The same approach as employed for nltnﬁcatlon can be used for demtnﬁcatlon to estabhsh 3
the effects.. of env1ronmental cond1t10ns on - the rates of denltnﬁer growth (and n1trate, ,
removal): : :

- (3:53)

Al

peak ra

-7 pH,and ", : .
Bp = actual rate of demtnﬁer growth affected by nitrate, methanol & '
. T,and pH - : SR

‘where: - pf demtnﬁer growth at gwen temperature T, and‘gl‘,

Relatlonshlps for temperature pH n1trate and methanol- establlshed in Sectlons 3. 3 5. 3
- 3.3.5.4, 3. 3.5.5, and 3.3.5.6 can be. employed when using this equatlon to predlct growth

:-rates or: removal rates Ordmar,lly, Jhe term for methanol can be neglected (Sectnon 3.35. 5)
Removal rates can be related to growth rates through Equatlon 3-48

e

The safety factor c&ncept presented in Sectlon 3.2, 6 can be apphed to demtrlﬁc:atlon as well -
' as to nitrification, as the concept has general vahdlty for blologlcal systems.. Restatmg the
concept for demtnﬁcatlon - e

A
| | . og o | .'_,-.,r .'I.
Lo sE =-.~em' e T e

. . . R Q-,. : ) c - . ] e ) ‘ 5 -

»

»In: the case of denltnﬁcatlon the safety factor can be related to nitrate removal rates . ‘
through Equatlon 3:50 and the Nt:g‘}_owmg s1mllar equatlon for the m1n1mum SOlldS retentron Co
t1me Tt _ o - ._.. =

Ce L T T Ytk (3-54)

The use of these equatlons for design of suspended growth systems is given in Sectlon 5 2 2
in terms of 1llustrat1ve examples ol L N
The above equatlons cannot be d1rectly applled to attached growth demtnflcatlon because .
the reactions take place in a more complex: #€nvironment than is present in-suspended growth _
systems.\Rates of nitrate removal in the bacterial films developed in denitrification systems '/ -
- may be :%zted by the mass transfer of nitrate or methanol through the bacterial film. A (

bloﬁlm 1 has 'been developed52 53 that may be used to describe denltnﬁcatlon in




»

. - ‘ oo

bacterial slrmes but its use has not ‘yet been extended to the pornt where 1t can be, used in
system design. However, the model indicates that removal rates are most usefully expressed

- on a unit surface area- ‘basis and this'is the procedure adopted in Sectron 5.3.1 to descrrbe .

. demtnﬁcatlon in the vanous attached gi{)wth systems ‘ ¥

: ",The biofilm model usefully predrcts certain propert1es of attached growth denrtnﬁcatmlh
.that are significant in de81gn The model shows that the nitrate removal - ‘rate in attatﬁed\
growth sytems should not be drastlcally affected by adverse environmerital coﬂ'drtrons
compared to effects in suspended growth systems. 521n ection 3. 3 5.4, for instance, ‘it was

shown that. attached growth systems are less affected by. cold temperatures than susgended, o _'

_"growth systems Another interesting prediction of -the broﬁlm model is that methanol will

" normally :be film- transfer hsmrtlng rather than nitrate, unless’ the methanol is supplled in

_concentrations five times as large as the nitrate conce,ntratron_52 (an 1mbract_1cal_ srtua_tlon). '
oty SN . ) ‘...°).. .... et . L
3.3.6 Effect of DO on Denitrification Inhibition - |

The role of dissolved- oxygen in denitriﬁcation is generally to suppress 'denitriﬁcation “This

has been explained on: the ba81s that the rate. of dissimilatory nitrate reduction is . . -

- considerably slower than the rate of aerobic respiration. 71 While it has been observed that |
~ denitrification can occur in “the presence of low levels’ ‘of DO6 66 the mechanism. of .
: denrtnﬁcatron is a‘ttnbuted to'an oxygen gradient in the system whereby some cells are at

S zero dlssolved oxygen and thus able to re »Lce nrtrate L691 . .
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' CHAPTER 4
( © ., BIOLOGICALNITRIFICATION = = - '

v

: 4llntrop{lctlon . o ST T L o
The apphcatron of blologlcal nltnficatron in mumcrpal wastewater" tmatment is partrcularly B
applicable to ) those cases where an ammonia remoyal requlrei‘nent exists; wrthout need for °

" complete nitroger removal.. Blologlcal mtnficatlon is also the ﬁrst step. of the brologloal :

) ‘{utnﬁcatron-d'enrtnﬁcatron approach to nrtrogen removal. '

o

N 4.2 Classification of Nitriﬁcation PtoCesses

"The first means of categonzmg mtnﬁcatron systems concerns the degree of separatlon of the '
. carbon removal and. mtnficafion processes. The ﬁrst mtnficatron procuses developed'
.. .combined the functions.of carbon.eéXidation and nitrification in one process. The extended: .
aeration, modification of the activated sludge process is an example of a combmed carbon
- oxrdatlon-mtnﬁcatron process. . Combmed carbon oxrdatron-mtnﬁcatwn processw generally
«. have low populatrons of nitrifiers due to a. hrgh ratio of BOD5 to Total Kleldahl Ni trogen
(T KN) in the mfluent (se¢ Section 3.2.7 for a(dlsqussron of this effect) The bulk of the
v oxygen reqmrement for this process co)mes from the oxldatron of orgamcs. .
o LT N L . . o . )
- Separate stage’ mtnﬁcatron is the other category of mtnﬁcatlon processes. In this process, -
- there is a lower B0D5 load relative to the influerit ammonia load. As a result, a higher ~
S proportion of mtnfiers is obtained, resulting in higher rates, of nltnﬁcatlon The bulk of the
' 'oxygen requrrements in the n1tnﬁcat|on stage derive from ammonia oxldatron To obtaan
.. separate : stage - mtnficatron, pretreatment is reqmred to lgwer the orgamc load or
; B0D5/TKN ratro in the mﬂuent to the mtnﬁcatron stage

' '.Both the combined carbon omdatron-mtnficatlon and separate stage mtnﬁcatron processes ’

-.can be further subdrvrded into suspended growth and attached growth processés. Suspended'
‘growth processes are ‘those whijch suspend the brologtcal solids in a mixed liquor by some° .
mixing mechanism. A subsequent clarification stage. 1s required for returning these solids to.

~ the nitrification stage. Attached growth proeecses, on ‘the other hand, retain the bulk of the

" biomass on._the media and therefore do not require a solids separatron step- for-retummg the - |
solids t6- the mtnficatron reactor. In separate stap processes operated in the attached
‘ growth mode, a clarification step may not.be required srnce sohds synthesrs is low and the

sloughed sohds are /often low in conoentratron

g There are many dlfferent conﬁguratrons of suspended and attached'growth reactors; these
are described in subsequent sections of this ma}xﬁl For suspended growth reactors refer to '
. Sectrons 4, 3 and 4, 6 for attached growth reactors refer to Sections 4.4 ard 4. 7

~ .
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* Using the éléssification &eséfibed above,‘,.r'ebrgséﬁta_tiv'e nitrfficafid,n prdcess‘es have been _
- classified -in Table 4-1" according to the degree of separation,”of the carbon' removal and ,
nigriﬁcafiorl proceises. Many of these facilities are described in further detail ip either this
. _chapter or Chypter 9. Each facility listed has beén-categoﬁ;qd_according to the BOD5/TI§N
. ratio. of the wastewater influent to the nitrification process. Interestingly, the processes

listed Can all be categorized gccording. to whether the BOD5/TKN ratio is less than 3.0%or
greater than 5.0, If the BOD35/TKN ratio is less than 3.0, the systent can be_classified as a
o sepalrafe stage nitrification process. If the BODs/TKN is greater than 5.0, the process cah be
- classed as a combined carbor oxidation-nitrification process. Alsqshownin Table 4-1 is the
~ distribution of total oxygen.demand' in the process betwee'r_1 carbonaceous sogrcés ('BOD5), e
and nitrogenous sources (NOD). It can be seen that in separate stage processes, the -
proportion of nitrogenous oxygen demand is at least 60 percent of the total: In combined -
carbon 'oxidétioh-nitpifi'Cation‘ brocesses; the b‘f_oporjtion of nitrogenous oxygen demand is
~ lower than 50 percent. e o '

>

~

. .
There éxis(l.s a range of B(_)D5/TKN ratios between 3.0and 5.0 where no practical e'xampfe_‘s
7 currently exist. F acilities in this range could be considered.to provide an intermediate degree -
- of separation of carbon removal and nitrification. ' 2 oL
. e a B L . :
4.3 Compined Carbon Oxidation-Nitrification in Suspended Growth Reac’tqrs' -

The conventionall activated 'slédge process "has seen relatii'éfy wide épplica_tion.i-n ‘Great

Britgin for use in obtaining effluents low in ammonia nitrogen. Much of.the U.S. practice

de’i‘ivﬁes from that. experience. Recent- U.S. - design brac_tic;e has provided ,arﬁpl.ifyi'gg-.' ‘

* “information. .. . _ . ~ L

! . : _— . o ’ : . ‘ .

v Gereral design  concepts for-the activated sludge process are covered in the Technology .-
';T_ransfe pub.lil:ation2 Process Design Manual for Upgrading Existing Wastewater Treatment *.
o Plants. 4°. The t”.ollowing:sections ‘provide an extension of these f:on’cepts to combined carbon

s oxidati(in-nitriﬁca_tion appHcations, = - IR o

- .

4.3.1 Activated Sludge Modifications - / o : o
-Not all of the various -medifications’ of ,the activated sludge process are appropriate V'for," .
nitrification applications, although some see use where only »pa‘f'tial.ammohia- removal'is =
required. Figure 4-1 gives pictorial representations of four commgen modifications.
T e e : ¢

a

4
.
\

A -

v o v ) . »._-_‘,i‘..- . . . .
. A3.11Complete Mix Plants: ./ -
_ :V'Many_;plantg are- designed fo oper_at§ on the com’plets%_niigc principle. -S:hdw;n on Figure 4-1 is
-..an example of't‘he*fee'd and .WithAd;awal,farrang_ement,_fo‘r a complete mix plant. The complete
" mix design provides uniformity of load to all points within the aeration tank, easing the -

. problems of oxygen transfer presented.in thé head end of the conventional plants. Complete -
\\ mix plants can be designed for complete nitrification at loading rates' comparable to" .

0
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b - TABLE4~J L |
” CLASSIFICATION OF N}TRIFICATION FACILI’HES
: Oxygen Demand ClaSslflcatlon - ,
W ol Dlstrlbuttonln | Degree of separation | !
e . Lo o ercensge o —— '
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'.BluePlatns.DC pllot, design |+ lato:!.o 22t039 G1ta78| 7,8 ' % |, Activated sludge . N
- L ' o R d _ t e .
| “WhlttlerNarmws. LACSD Ca. A DY ' 6.6, --a.t. L O TR E X Prlmarytreatment
Jackgon, Michlgan b F N SR X - | Primary breatment
f‘ Tempd, Florlds ~— -~ > . - pliot 3.0 {40) u 0 | 1 X Actlvated sludge- " -
S K Y NS S o ! ,
SouthBend, bflaa . | pilet SLe | B o 12 S O Actlvated sludge ;
" New Market, Ontarlo, Canada ' 2.4 VR I B 6¢ | I ' x\ ‘Lime primary treatment.
Clnctnnatl Ohlo ptlot 72 | 6| -3 U ; t | Primary treatment '
. i pﬂoi‘ oL | 1 . g2 15, x' .| Activated sludge - .
. Fitchburg, Mass.' Joptlet | Lo, P18 82 16 & 1. Activated sludge’
Marboro, Mags, .~ - v pllot 3.6 o | 60 RUR X " Trickling filer
Amberst, N, Y. Copllet AT 08200 2 ) T 1 ;| Activated shudge
- gDenver, Cl.. . opllet AT 3 . 63 19, 20 o X | Activaled sludge
‘ttac'hacicmwm [ S T S
Stocklon, Ca. - ., pllot 5.3 s | o4 |4 X Primary treatment
Lo deslgnﬁe x S R X L
. -Midland, Mich, - pllot w119 | 2 ¥ | Trlckling filter
" "Unlon Clty, Cs. - . f pllot i L n (R A 2 x| Activated ludge
.. Alleatown, Pa; : S IRV (R . A X B, x + Trickling filter
Lima, Ohlo Sy | pllet 0,78 15 85 2,2 | X -.’ ,Acttvated shidge
3 -
1mgd 0044m/sec 5 .
b . Calculated from efﬂuent \
© Apbroximate, calelated from 0D da - . c
4 oD/} - N ato BOD/TKN woul b sott 3.0 : ; |
g
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conventlonal plants As wrll be shown 1n Sectlon 4. 3 3.2, complete mix plants may have

slightly higher effluent ammoma contents than conventional plants Jue to increased short. . -

_* circuiting of the influent to the effluent. Desrgn procedures for nrtnﬁcatlon wrth complete
mix- plants are presented m Sectron 4.3. 3 :

4.,3.1.2 Extended Aeration Plants .

. Y

Extended aeratron plants afe similar to complete m1x plants exceptmg that hydrauhc
- retention times range from 24 to 48 hr instead of the 2 to 8 hr used in complete mix plants.
"Extended . aerafion plants are operated to maximize endogenous resplratron, consequent]y
solid retention times of 25 to 35 days are not uncommon. Because of their long aeration _
-perlods they suffer from unusual heat losses and low temperatures. Extended aeratron-'
plants, because of thejr low net growth. rate, can be expected to nitrify except at the’coldest
-of temperatures (<} C). Unless the sludge inventory is kept under control via intentional
~sladge wasting, solidé are pcnodrcally lost in the effluent and ngrrﬁcahon efﬁcrency wanes.

' Sectron 4.3.4 mcludes a drscussron of design procedures for extended aeratron plants..

[ . ‘.

43, 1.3 Conventlonal or Plug Flow Plants '

o

e e

N

1 . . . .
. Conventronal plants consist of a’series of rectangular tanks ‘or passes wrth the total tank 3

; length to width ratio of 5 to 50.25 The. hydraulrcs of the system have rbeen loosely termed a. |

plug flow conﬁguratlon, so called betause- the mfluent wastewater- and return act1vated _
, sludge are returned to the head end of the process and the combined flow must pass alonga
long narrow aeration tank prior to exrtmg from the system. The degree- to which the process
actually approaches plug flow is dependent on the amount- of longltudmal mixing in. the
process. Conventional plants can be designed to dependably nitrify using the desrgn
approach presented in Section 4.3. 5

4.3.1.4 Contact'Stabilizaﬁon Plants’

& g

The ‘contact sta’bilization ‘mo'diﬁcation 'of the. activated sludge process derrves from the

-alteration of the feed pattern to the process Instead of mixing the 1nfluent wastewater with ~ '_ 4
the return sludge, the return activated sludge is separately aerated in a sludge reaeration tapk .

- prior to mixing wrth the influent wastewater. Backmixing between the contact tank and the
sludge reaeration tank. 1s prevented - by pro-vrdmg overflow weirs . or pumps between the
tanks. BODg removyal can take place in the contact tank which has a relatively short
"detention time, 0.5 to 1 hr based on avérage dry weather flow (ADWF). BOD5 removals can
be fairly high because the bulk of the organics in domestic wastewater are part1culate or -
o co]lordal and can be adsorbed to the brologlcal sohds for later oxrdatron m the sludge
reaeratron (or stablllzatron) tank . » 4

- The pro‘ccss‘is not 'w'ell suited ’for complete nitrification, even though relatively hrgh solids
retention times ‘can be ma1nta1ned in the process ‘because oche 1nventory of solids in the
sludge teaeratron tank. Nonetheless, msufﬁcrent brologlcal mass 1s;present in the contact
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, tank to completely mtnfy the ‘ammonia and smce ammoma is not adsorbad on thé
. biological- floc, ammoma will bleed through to the efﬂuent Partlal nitrification can be

obtained at levels whrch can be predrcted by methods presented m Sectron 4.3, 6

4 3 1.5 Step Aeratlon and Sludge Reaeratron Plants ' o | -
\ LS A
‘A typical step aeratlon plant is 111ustrated on Flgure 4-1' Like" the conventlonal plant, the '
return sludge is introduced at. the head end of the aeratlon tank. However, the step aeration * -
plant differs from the conventional plant in that influent wastedvater is introduced at several =~
pomts along the aeration tank. This distribution of influent flow reduces the mrtlal oxygen I
demand usualry expenenced in the conventional plant 25 ’
‘A vanatlon ‘on the step® aeratron _plant that has .been popular on the West Coast is to',
introduce no feed into the first pass whlle d1rect1ng the flow into the remammg downstream L
passes A sludge reaération zone is established in the first pass and this vanatlon has become
known as a “sludge reaeration plant.” Normally, no provision is; made to prevent back _
mlxmg between the sludge reaeratron pass and the downstream passes o
'The ammoma bleedthrough charactenzmg contact stablhzatron plants is avorded in-a step'
aeratron plant because of the greater contact t1mes employed and backmlxmg of mﬂuent
. occurs. Nonetheless some . bleedthrough of ammonia as well as organic. mtrogen can occur. -
This breakthrough results from shoft circuiting of mﬂuent to the:effluent and- msufﬂcrent-*"' -
contact . time: for complete organic mtrogen hydrolys1s (ammomf catlon) and ox1datlon of =
'ammoma . _ R e T _ : _ e
/ ‘ . R

N

4 3. l .6 ngh Rate and Modified Actlvated Sludge .
Hrgh rate acthated sludge processes (hrgh MLSS) and modlﬁed act1vated sludge (low MLSS) -
“processes are characterized by low solids retention times-(0.5 days). Under these conditions,
a mtnfymg activated sludge cannot be developed. The high rate and’ modlﬁed activated -
“sludge Processes are acceptable: pretreatment techmques for separate stage nitrification _f.
processes (Sectlon 4. 5) : . R . o -

-

4. 3 1.7 ngh Purlty Oxygen Actlvated Sludge Plants

Both. covered and uncovered rc'}ctors have been used with pure oxygen actrvated sludge, but‘
_only the. forrner techmque has seen actual 1mplementatron in full-scale plants.: 28 The |
" covered reactor approach involves the recirculation 'of reactor off-gases to achieve efficient" )

' oxygen utilization. As a consequence the carbon dioxide. which is present in the of£—gas 1s'_
returned to mM1d ‘The end result is that high carbon droxrde concentrations burld up in.

" the mixed liquor and recycle gases, depressmg the mixéd- liquor pH pH levels as low as 6.0

are not’ uncommon This effect can. have a depressing effect on mtnﬁcatron rates (cf.

T Sectnons 3.2.5.6 and 4.6.3), resulting in the requirement. for somewhat longer solids,
. retentlon tlmes formtnficatron than would othervvrse be the case. - N




SR have been for separate’ stage nitrification apphcatlons (Sectlon 46), rather than for
combmed carbon ox1dat10n~n1tr1ﬁcatlon appllcatlons b c

ertually all appllcatxons of the hlgh purlty oxygen actlvated sludge process to nltnﬁcatlon

o .

;;’;".4»
e
The n1tr1ﬁcatlon ki etic theory presente"d in Chapter 3 may be d1rectly applled to ‘the design™
of those activated sludge modxﬁcatlons compatible‘with nitrification. The equations must be
adapted to the hydraulic conﬁguratlon under cons1derat10n, but in all cdses this adaptatlon
s relat1vely stralghtforward R DIRER :

“
-

| .4.3.2 Utility OJ Nitriﬁcational(inetic Theory,.'in' Deslgh .

Nxtnficatlon kmetlc theory can be very usefu]ly applled to defme the follow1ng parameters
) l. The safety factor requlred to handle dm{nal “transxents in loadmg to prevent
sigmﬁcant ammon1a bleedthrough under peak Ioad cond1t10ns o ‘o

W
K

2.' : .The des1gn sohds retentlon tlme under the most adverse condltlons of pH DO and
‘ temperature oo c , -
3. -The allow’able orga,nic: loading on‘“the.combined carbon oxidation-nitrification:
Cestage. 0 F R |
. '4.' .' The.required hydraulic detention time in the aeration tanlc at ADWF.
. 5. The excess sludge \;asting schedule.

The followmg sectxons present the- desxgn procedures in terms of a number of speclﬁc
examples. ’l’he procedure developed for each case has’ ‘often been termed the “SOlldS‘

: retentlon t1me des1gn approach

4 33 Complete M1x Act1vated ﬁludge K1net1cs -

“

- (oY

As a design example, cons1der } 1 mgd trea‘tment plant that must ach1eve complete ‘

-

nltnﬁcatxon at 15 C. The plant -incorporates pnmary treatment anary effluent. BOD5 is -
150 mg/l including solids handlmg return streams to the primary. Total Kjeldahl Nitrogen = ..

(TKN) is 25 mg/l as N. As a simplifying assumptlon, neglect that portion of the TKN that is

assrmllated into blomass or associated -with refractory orgamcs The wastewater has an "

alkallmty of 280 mg/l as CaCO3 The'procedure is as follows A

: l ‘ Establlsh the safety factor, SF. The SF is affected by the desired efﬂuent qualxty

B Assume a minimum- SF of 2.5 s requlred due to transxent loadmg condltlons at
this partlcular plant (see Sectlon 4 3 3. 2) o oL

2. ., Estabhsh the nummum m1xed llquor d1ssolved oxygen (DO) concentratlon

'
2 .’



s

C0nsrderatlon of aeratlon efflclency at the peak hourly load is required (see o

Sectlon 4.8). Assume a minimum DO of 2.0 mg/l is selected -as a compromrse o

between power’ requirements and a consrderatron of the depressmg\effects of low] .
DO levels on the rate of nrtnﬁcatlon as dlscussed in Sectron 3 2 5.5. :

. . c L4 . . S . . -

3 Estlmate the process operatrng pH (see Sectron 4. 9 2). Approx1mately 7. 14 mg/l o
of alkallnlty as CaCOg3 is- destroyed per- mg/l of NHZ;+ -N oxidized. Neglecting the. -
1ncorporatron of nitrogen into biom ass ‘the alkalmlty remaining after nrtrrﬁcatlon__ .

-, will-be at least: S , = ‘
e S 280 17 14(75)]- 102 mg/l

If a ooarse bubble actation system is chosen, the pH should remain above pH 7. 2:-‘ b

“‘and chem1cal additlon is not requlred for. pH control (see Sectlon 4. 9. 2)

. 4 Calculate the maxlmum growth rate of n1tr1ﬁers at 15 C, DO Q2 mg/l and-
' pH >1.2. The appropnate equatlon to be used was presented in: Sectlon 3.2.6 and
is as. follows ' ; S -

o ‘“N = #N -_— .l\.'r 8.33(7.2 - pH) o - (3'23_) :
where: :‘ ’:N -5. : ‘~max1mum possnble mtnf fer growth rate day ]
N, T

env1ronmental cond1t1ons of pH temperature and DO

' ,’}N "-‘- . max1mum mtnf ier growth sate, day ],and

4

KO = "'half-saturatlon constant for oxygen mg/l
O } ' . r s

.,5' ’ . : L : ~
b ) Al

The last. bracketegl term is- taken as unlty at a pH above 7.2. Usmg the speclﬁc _
‘values adopfed in Section 3. 2 5-for "N and K02 leads to the follow1ng expres-

_ ,.__ 0098(T-]5) DO [ ) ] e
: 047 NS o ..
I [ }L)O+l 3]‘ 0833(72 o co e

“ . Usiné the number_s giye_n above: -

[T Ce PR : -l
s uN-=(0-47)(0.61=2 70285 day

5 Calculate the mrmmum solrds retentlon trme for nrtnﬁcatlon From Equatron'
.3-15, the correct expressron is: e : . '

~
e

'slon:-’ . : B . ) DR
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where: - = rmmmum solids retentlon t1me, days for mtn»ﬁcatxon at pH _
S : temperaf]ne and DO, - "~ - : :
For thjsexample: -

. m AP 1
Bc 0285 3‘51days

- 6 Calculate the des1gn sohds retentlon tnme From Equatxon 3 29 the correct
‘ expressmnls e EOR oo

N /302%81%-0;“ N X )
' v _é : _Sollds retenition time of des_igh, day_sf |

Eorthig'_e:'(ample:. oy DT o /-
e o ="2_.5(3.'51)'="_8.'78days.

\

7 Calculate the" des1gn mtnﬁer growth rate From Equatxon 3 12 the correct
S expressnon is!. : . .

. ‘ . - . ) . v - . . v ) ) . 9 »'- . } V . ) . . N ] - l' . o .~ . P . \}: X ‘.
- where: . ’ BN, = nitrifier growth rate Nitros'olmonas' , day-l-, .

' I_*‘of_ this exatnole:' :

».:l._' .hl.'
#N 878 —Oll4day

8 Calculate the: half-saturatxon constaxrt for ammonia ox1datxon at 15 C The proper
expressnon ist '_ , . ‘

' ~0. 051T - l 158

I _.-~.Where: ~ KN . half-saturatlon constant for NH =N, _'l'ng/l-; and

T

=10 RES 3)

Temperature C

For.thisei(amplét A IR

= Ky= =10 '0393-0405 g/l

Va S s

T
RPN

S
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9 Calculate the steady state ammonlascontent of .the effluent Equatlom 3- 24 1s
dlrectly apphcable to complete mix actlvated sludge systems where Nl is tl}e
- efﬂucnt ammonla-nltrogen content:

NTEN A
where: N, = efﬂuent‘l\lHZ-_N,-rn‘é/_l
‘E-Fo'r'tlﬁsease:_s‘r" ST o R
- L =0.014=0285 ~—L - .
Tl LT N =027 myll
F o R v .. e L \ »

Transrent load1ng effects on effluent quahty are presented in Sectxon 4 3 3 2.

b 10 Calculate 'the orgamc removal rate The des1gn solids retention t1me 0d apphes to
_boththe mtnﬁer populatian and the heterot oph1 populatlon Equatlon 3-27 can.
‘be apphed to determlne substrate removal rate , o e L
_4“/ ( e
' »‘ 'wh"er_'e:-. "_Yb. ' = -heterotrophrc yxeld coefﬁcrent Tb VSS grown perlb BOD5
' ' L : .removed , P o
Gy = ) rate of substrate removal Ib, BOD5 removed/lb VSS/day, and

Kd = '“decay coefﬁcrent day 1

Assume represéntatxve values for Yb and K d 29 L |

Y, o= 0 65 Ib VSS/lb BOD rem.:
R . 1
K - ’950 05 day
' Therefore: o | |
0114 = osgqb-oos _
g =0 25215 BOD rem. /lb MLVS day R
4—10 oo '
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In the above calculatlon of qp, it is assumed that the fractiofi: of mtnﬁers is low-,
and can be neglected (see Sectxon 4 6. l for a discussion of thjs pomt) '

Determme the hydrauhc detentlon t1me at AUWF In. th1s analys1s, the MLVSS_A
‘ Q content and effluent ‘soluble BOD must be known. The effluent soluble BODs-

the mixed liquor total suspended solids, which is in turn. dependent on..the

{1~ purposes of this éxample that the design’ mixed liquor content at 15 C IS." |

! 2500 mg/l.~ At a volatile: content of 75 percent the MLVSS is/0.75 (2500) = .
~ 1875 mg/l. From Equatlon 3-28 the expresslon for - h?raqltc detentlon t1me is:

CHT=— =T e @)
.;g, dﬁ” \

"hydrauhc detentlon t1me, days, ' -
‘ nuxed hquor volatlle suspended sohds, MLVSS mg/l L
mﬂuent total BODS,mg/l and " '

efﬂuent soluble BODS, mg/l
-~

HT'"’—'h -0313 days ‘

(1875)(0 252) e

= 7.5 _ho_l.;;s ‘

'A‘._Y.olume—Q HT—1(0313) 0313m11gal - 41 844cuft

can ‘be assumed to be' very low (say 2 mg/l) ‘The MLVSS content is dependent on . : h

l. operatxon of the nitrification sed1mentatlon tank \(Sectlon 4.10). Assume for’ the . A.-'



L >
o _' The BkD ‘load perl000 cu ftls

o 3.
LT e
K

- -_-299lb B0D5/1000 cu ft/day BN

13. ,Determme the udge wastlng schedule Sludge is wasted from the syf em from
two sources: a solids. contamed in the effluent from the secondary sedimenta-

‘tion’ tank, and (2 1ntentlonal ‘sludge wastlng from the’ return sludgé or mixed 3
. liquor. The sludge’ to be wasted under steady state condlhons can ‘be calculated

from the sohds retentlon tlme The total sludge wasted per day is:

' S_=8.33_(Q-X FWeX)) L (46)
~ where: '& Co=l "total sludge wasted in lb/day, : .
_:' _ . A = .waste sludge flow rate mgd - o
o ; X2 = 'effluent volatlle -suspended sohds; mg/l, and _
e Xw- = waste sludge volatlle suspended sohds, mg/l

' The mventory of sludge in the system is:

S 1—833(x vy @7

',wher'e: - I . mventory of VSS under aeratxgn lb and -

,.'_g R ~,':V,_. volume of aeratlon tank{rml gal
- The solids ret_ention_time is;‘g]eﬁnedas;

'.In tlus case, apphcatlon of Equatlon 47 y1elds ,' o :

L 1 833(1875)(0 313) 4889lb vss
A
Usmg Equatlon 4—8 and a desngn Od of 8. 78 days, the sludge wasted from the

system is: -

§=4889/8.78 =557 Ib/VSSday © ' -




. - - . N

e

. -
R The sludge oontamed in the effluent at 1 mgd can be calcu}ated assummg that the efflu-
. ent volat:rle suspended sollds is equal to 12 mg/l ‘ B e _. ) . e

o 833(1)(12)—1001bVSS/day,

By dlfference the 1b of MLVSS to be wasted from the mrxed llquor or retum sludge is:
557 - 100 457lb VSS/day s
' 4.'3.3'.1 ) Effect of Temperatur“é 'and Safet'y Factori .onDes_ign L

o The desrgn example presented in the prevrous sectron provxded one’ solutron to. a ‘set of
stated conditions. Alteration of ‘the lowest temperature at which nitrification will be
' supported or. the design safety . factor, or the. wastewater strength or the assumptron of

. d1fferent kmetrc constants can matenally alter the desrgn " o -
' To gwe one ﬂlustratron, Table 4-2 has been prepared usrng d1ffenng safety factors (2 0. to-
3.0) and drffermg minimum wastewater temperaturesr with design calculatrons to derive the

R 'cOmputed quantrtres shown Assumptlons have been made for illustrative purposes as to the
-'all.owable MLSS. Allowable mixed hquor levels are a function: of sedimentation tank
o operatron The mixed Jliquor level that can. be mamtamed will be affected by reduced

‘sedimentation efﬁcxency at-lower temperatures Conslderatron of aeratron tank-secondary
'sedrmentatlon tank mteractrons is presented in Sectlon 4 10. :

s ‘As ¢an be seen from Table 4—2 low temperattu*e apphcatlons (10 C) of combmed carbon
‘ oxxdatron-mtnficatlon in complete .mix activated sludge systems require very long hydrauhc

. X -residence times to achieve favorable conditions for nitrification. This factor was one ofihe
- reasons for the development of separate- stage mtnﬁcatron systems As temperatures rise, -

requrre‘d residence times are materially reduced: At 20 C, less than five haurs is required for °

- virtually complete nitrification i in the specrﬁc case exammed While. it is possible to demgn

for nitrification using the relatwely low. detention times given'in Table 4-2 for 20C, specral

‘ attentron must’ be givén to oxygen’ transfer asa very high oxygen demand is- expressed per
. unit \;olume Conslderat;ons for. oxygen transfer are glven in Sectron 4.8. ' :

3

4.3.3._2 “Consrderatmn in the Seleetron of SF = . .'.‘

t

In mtroducrng the safety factor coneept to the demgn of blologrcal trea systems, .
‘Lawrence and MoCarty29 noted that the SF' was necessary to achieve hr efﬁcrency of -
, treatment, to insure process stabllrty and to provide resistance to toxrc upsets Excessively
; _hrgh safety factors resulted in higher operating and ¢apital costs. It was noted that the safety .
factor concept had been unphcrtly mcorporated mto treatment plant desrgn practnce by the
selectmn of sohds netentron trmes in exeess of 0 T .

f .
g
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Because the SF. concept is relatively new,. there is no plant scale’ experience with its""
apphcatlon accumulated as 'yet .on ‘which to base broad recommendations. Rather, k1net1c._

theory 1tself is used in this section”to establish-minimum factors of safety considering the

desired degree of nittification under steady state and transient load conditions. It must be-

emphasized that these are minimum values and individual deslgns may exceed these values

for a variety of reasons For instance, the presence of industrial wastes may adversely affect' -

mtnﬁcatron rates requmng conservatlsm in the selectlon of the SF.

Figure 4-2 prov1des a w1der array of safety factors for the des1gn example presented in Table o

42, As may be seen, the selection of the SF has a marked effect on the calculated steady

§:

(at steady-state) resulting in 0. 5-2 mg/l of ammoma mtrogen in the efﬂuent -a minimum SF

of 1.5 is,appropriate for apphcatlon to complete mix actxvated sludge systems Further,
efﬂuent values for a'comparable plug flow system are also shown in Figure 4-2 (see Section ;
435 for ‘plug flow data). As»may be seen, complete mix systems have h1gher efﬂuent .

ammoma levels than plug flow systems at the same SF o
] . B v - ¢

In all practical apphcatlons, waste treatment plants do not operate at “steady state.”
Slgmﬁcant diurnal vanatlon in the mtrogen loading on such systems. occurs Figure 4-3

shows the diurnal vanatlo'hs in mﬂuent flow and TKN loading experlenced at the Chapel L

H]ll N.C. treatment’ plant The ratio ‘of the maxunum TKN loading to the average was 2.17,

while the ratio of the maxmum to m1mmum was 6 72. The Chapel Hill system isa relatlvely '
small system (l 8'mgd) w1th high peak to average ratios for all constltuents 307 The variation
in load for- each community : w1ll be a- function of the uniqué characteristics. of - that

o
.y

- A
TKN load i'arlatlons hav

bléedthrough can OCCUF il _ . peak load situations.31,32 Kmetlc‘theory can be applied to
“these s1tuatlons, however, wd the ‘safety factor estabhshed -at levels wh1ch will prevent_
: ammoma bleedthrough from causlng slgmﬁcant detenoratlon of ef‘fluent quahty

commumty (see Sectlon 4.8), and' data thust be 1nd1v1dually developed for each situation.

e

A mass balance on: mtrogen in the orgamc and ammonia form éan be made at any t1me
during a dlurnal cycle wh;ch states. that. the mﬂuent TKN load is equal to the effluent

ammoma load plus that mtnﬁe‘d in the complete-m1x reactor dunng any t1me, At
«z e L

ST R '. ; R T
o N QAt=q fx. VAt + N QAt-_ o o ©(49)
‘where: N, Co= e mﬂuent TKN concentratlon mg/l
' Nl"" = efﬂuent ammoma mtrogen concentratlon mg/l ’
Q- = mﬂuq(ﬂ or effluent ﬂow rate mgd o w o
At L= };tlmE’lncrement, o _ f\ . S o

415 - .

astateawalues of ammonia in.the effluent. If relat1vely complete mtnﬁcatlon is'to be obtained

%zéymgmﬁcant 1mpact amtnﬁcatlon k1net1cs, and ammoma‘z‘ia

ot
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' mtnﬁer fractlon of the mixed hquor sohds _'

AMMONIA LEVELS IN SUSPENDED GROWTH SYSTEMS
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© .0 FIGURE43

DIUBNAL VARIATIONS AT THE CHAPEL HILL N c. .
TREATMENT PLANT (AFTER HANSON ET AL (30))
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- This equatron neglect\s synthe51s terms, assumes, all 1nﬂuent organ1c N is hydrolyzed, and
: ,neglects terrns relating to the rate - of change of ammonla concentrat1on m the reactor.
Numerical solution techniques are available to handle transient load effects more exactly 32

- Equation 4-9 hOWever is useful for approxnnatmg the effects o,f trans1ent loads.

: Equat1on 4-9 may be solved for*N 1, by substitution for the terms for. n1tnﬁcatlon rate, aN
and 'the term X[V, represent1ng the inventory of n1tnfy1ng orgénisms. The inventory of

vnrtnfymg orgamsms can be related to the solids retentlon time through the follow1ngl )

. equatron S o .
: "gf=‘- = l—"' - { o ‘ 4-10)
~where: ‘Nof = 24 hr-average inﬂnent.TKN, mg/l AR S
W : ﬁl = 24 hr-average"efﬂuent NHZ - N, m'g/l L
. 6 = lmean ﬂow rate (ADWF) megd, and’ o o ‘
) YN = -mtnﬁer y1eld coeff c1ent lb VSS/lb NH -N re'rnoved..-

-

o The term QYN(N —Nl) represents the quantlty of nltnﬁers grown per day, whrch must be
+ wasted each day to establish a steady-stage solids retent1on time, 9 d The average terms N0 )
‘and Nl, are flow werghted averages of nitrogén concentratlon of "an. éntire day (the _
equlvalent of cémposite samples) Q represents the, average dry weather flow (ADWF).

‘The mtrlﬁcatron rate from Equatlons 3- 20 and 3- 24 is:

L R :-_ “N - “
Wy, (K+N> o G

]

Substltutlon of Equat1ons 4-10 411 and Equat1on 3-29 into Equat1on 4—9 y1elds

+

=N -N Q.SF _\L_l R o
No (No Nl)i’Q : KN+N1 +Nl L “@12)

. Equatlon 4—12 can be used:to solve for N1 over a 24—hr cycle since all other quant1t1es in
Equatlon 4-12 are known or can be estimated. Initially, Nl can be est1mated to be the. -

e calciilated steady-state value: Once Bquatlon 4-12 has been applied to generate a 24-hr cycle .

~ of Ny 'values, a new value of N| may be calculated If Ny differs 51gn1ﬁcantly from the
initial assumptlon the calculation process can be. repeated

*

.



Equatron 4-l2 has been applied to the. vanatmns in load obserVed at Chapel Hlll and using
. the desrgn 1nformatlon used to generate Table 4-2 at a temperature of 15 C. The results of
- . this analysis are plotted in Figure 4-4 for three diffé: rént assumed safety factors, 1.5, 2. 0,
- and 2.5.-As may.be seen, the assumptron of the safety factor has a marked effect on the -
average effluent ammonia content, Nl For this particular case, the ratio of peak to average
" TKN loadmg was 2.2; the SF had to exceed this ratro (2 5) to produce an efﬂuent that had
on the average, less than 1 mg/l ofammonra-N .. S A
The apphcatron of“Equatlon 4-12 to several other such 6ases‘. showed the same effect
) namely, the minimum safety factor should. equal or. exceed the ratio of peak ammonra load
- to average load to prevent-high ammon1a bleedthrough at peak loads This statement may be '.
L used as “a rule of thumb” for. desrgmng suspended growth mtnﬁcatlon sys'tems operated in
the complete m1x mode ‘ _ T DR S e

[SE

A flow equahzatxon procedure apphcable to reducmg drumal peakmg on nrtnﬁcatlon
systems is presented in Chapter 3 of® the Process Design Manual for Upgradzrtg Existing
Wastewater Treatment Pkmts 25 By 1ncorporat1ng flow equahzatlon 1nto treatment. plants,

o, . " '4'
N
- L e - -
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' '. the safety factor used in kinetic design of the mtnﬁm tanks may be reduced: Case -

examples for ‘treatment plants mcorporatmg flow equahzatxon are presented m Sectlons
.95119512and9521 ' -

R
.

'/-

ST 4 34 Extended Aeratlon ActLvated Sludge Kmetrcs

' The procedure presen:’fed m Sectlon 4 3. 3 for complete mix actxvated sludge kmetlcs is
. dlrectly applicable td" extended aeratxon activated slhidge. Extended aeration systems are ;
usually .operated at such long: solids retentron t1mes that ~except dunng cold tempemtures_, -

~(5-10 C) mtnﬁcatlon i usually obtamed in prop 1]y gperated systems . ' T
4 35 Conventronal Actlvated Sludge—(Plug Flo A) Kmet1cs ‘

The approach, for conventlonal actlvated sludge plants is similar . to that for complete mix
‘_.plants W1th the exceptlon of the,equatlons used to predlct efﬂuent quallty The plug flow .
.model may be applied to ‘approximate. the* hydraulic reglme -in these plants The Monod-
expression for substrafe removal rate (Equatlon 3-24) must be 1ntegrated over the penod of
time_an element of liquid remains in the nitrification tank. The followmg is a solution for

plug flow kmetrcs that can be adapted to th1s problem as shown 29 ‘ "-'_;
: " .A'“(N"N)' o [
, . 1'. = N. 90 ~.1 . forr <1 L (4-13)
. T o . rNo A § . L
}3_'wher'e':. ‘r = recycle ratio (or return sludée ratio)., o '. Lo
R . Cdrrel. L i
,(;No.‘Nl)f'.KNI“'ﬁ’l'

Equatxon 4—14 is evaluated in Flgure 4-2 for the desrgn example presented in Sec’tlon 4.3, 3

‘Comparing the safety,, factorto the-safety fact'or producing the same efﬂuent ammonia in’
the complete mix case, it can”be seen that lower values of the SF are requrred for plug flow _
. mtnﬁcatlon processes than for complete mix nitrification processes. This means that plug .

. flow processes theoretically can be more efficient at the same SF, or altematlvely, require - '

less aeration tank volume for the same level of nitrification efﬁc1ency However, plug flow

- -type reactors have the drsadvantage that the carbonaceous oxygen demand is concéntrated

" at the head end of the tank makmg it difficult to supply enough. air in that area.for-both .

- carbonaceous ox1datron ‘and _nitrification. Air diffusion systems ‘must be spec1ﬁcally .
.desxgned to handle this. concentrated load. Otherwise, the first ‘portien of the tank will not

. be avallable for mtrlf’lcaﬁon and-thus effectlve volume for mtrlﬁcatron will be reduced

) . [\' . .

C'.’



A typrcal DO and mtnﬁcatron pattern for plug ﬂow tanks where aerat:on capablhty s+ :

limited in" the front end -of the tank is presented: in- Frgure 4-5, where an aeration tank

: _proﬁle for. DO and ammonia n1trogen is plotted As/ may be seen, mtnﬁcatlon is mh1b1ted in - -

- the first portion of the tank, because. of the DO suppression due to carbon ox1dat|on Once
~ the DO rises, the ammon1a level falls at-a reactlon rate that approximates zero order, a

_':-reactor order- pred1cted by kinetic* theory (Section 3.2.7)..It is notable that if _sufficient

. aeration capability had been available in. -the head: end of the tank v1rtually complete

4 nitrification probably would have been obtamed o '

Thus, the ﬁrst portlon of plug ﬂow tanks may be meffectxve for mtnﬁcatxon reducmg the _'

4 effectlve contact time for nitrification. If oxygen -sapply limitations are present in the’ head P

., end of-the tank, the plug flow type reactor’s advantage over the complete m1x reactor 1s

- reduced. S R D /

- The degree to wh1ch full-scale mtnﬁcatlon tanks approach plug—flow operatlon, can be

) examined through reactor diffusion theory 34,35 Reactors can be ch«lracterlzed by\an. axial B

A d1sperson number, D/uL, where D is the axial disperson coefficient in. square ft per hr, u is B

T4 .. the mean drsplacement velocity along the- tank length, in feet per hr; and L is the ank

- length ft In the calculatron of the axial dxsperson number, u‘and L are known fo any

L. e - .
Y .. . -

FIGURE4-5 o

DO AND AMMONIA NITROGEN PROFILE IN A PLUG-FLOW SYSTEM
(AFT ER NAGEL AND HAWORTH (33))
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partlcular plant desrgn and D must be measured. A Vahd empmcal relatlonshrp for D for
both fine and coarse bubble drffused air plants is as, follows 35 s

.. b= 3118W(A)°346 @y

| V.?’hé_rétl tank-width ft and

FN

> =
}|(

= . air. ﬂow per umt tank volume in
. standard cubic feet per mmute
perlOOOcuft '

""The axial d1sperson coefﬁcrent D/uL is zero for true plug flow plants and 1nﬁn1te (oO) for
true complete mix plants. Plants with D/uL between 0'to 0. 2 are usually classed as plug flow -
- readtors while for complete mrx systems D/uL is usually in the range from 4 0 tooco, 36 '
As an’ example calculatioan, the Central Contra Costa Sanitary Drstnct (CCCSD) plant s
mtnﬁcatron tanks (Sectron 9 5 2. l) have the followmg characterrstlcs : :
C~ . Airflow. (av’) 5I.1 SCFM/lOOO CF =~
. Width=35 ft L, '
o Area of-tank = 525 sf A : A
, Length (all 4, passes) = 1080 ft o
T _Flow each tank (4 passes) @ 50% recycle =225 mgd

’_ From the above data, the mean d1splacement velocrty can be calculated to be 239 ft/hr
: ~From Equatlon 4—15 the dlffusron coefficient is: w_"

L

D 3. 118(35)2(51 1)0 346 = 14 989 ft2/hr

‘ ,,'Th efore: \ ‘
: D/uL l4 898/239(1080) 0058

n

| erefone the CC SD nltnﬁcatron tanks closely approach a plug flow reactor

: Equatlon 4—15 can e utrhzed to. evaluate mrxmg in- actual plant designs to determme e
-~ whether- they approgch plug ﬂow closely epough to -allow use of Equatlon 4-15 to describe
nitrification. It is p bable that most plants operated in the conventlonal mode do approach '

plug flow. For thfse. plants with 1ntermed1ate values of D/uL complete mrx k1net1cs can be

- . N . v

' employed whrch yleld conservatlve answers. . - o cL s S N '

-
T

«The‘ hy 'draulic‘ : nflguratron of mtnficatron tanks can also be desrgned to d1scourage back
" mixi fg. A serieq of : complete mix tanks can approxunate a plug flow ctor In the case ,
.example for Ca berra Australra (Sectron 9.5.2.2) complete(,rmx reactors ‘ate used in series -
. for nitrification. Absolute preventron of back mixing is ;S'r0\>1ded by virtue. of the mixed
it ‘hquor overflowing® werrs between reactors Avarlable head at the site qwas utrllzed

Ry




ehmmatmgthe need formrxed hquorpumpmg. L T R
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4.3. 5 1 Cons1deratxons in the Selectlon of the Safety Factor .
‘ B \
The factors affectmg the cho1ce of the SF for'plug ﬂow activated sludge are sumlar to those, ‘
for .complete mix apphcatrons Drumal peaking in load has an important influence on the

._ - choice of the SF, although kinetic models have not been extended to handle diutnal loadsin -
7 plug flow systems at the present ‘time. It can be expected that the effects of drumal loads on "
- plug flow systems will be similar to those for complete mix systems .as. when the efﬂUen‘t

:~-'_..ammoma mtrogen level rises to 2- to 3 mg/l or above ‘the rate of removal becomes a zero. .
“ordex: reaction. (unaffecfed by ammonla mtrogen concentratron) ~In ‘zero order- reactron

. situations, - differences between plug flow ‘and complete mix kinetics are’ negligible. .

. -Therefore, - the adoptron of the cr1ter1a advanced for complete mix systems (that the
o minimum SF equal or exceed the ratio of peak ammonia load to average daily load), should
. prevent lugh ammonia bleedthrough during d1uma1 peak loads. .The problem of.low
: ,dlssolved oxygen due .to carbonabeous load in the head end of plug flow systems should-be
considered- in aeration’ desrgn for comb1ned carbon - ox1datlon-n1tnficatxon apphcatrons
mdeed this’ factor alone would Justlfyaconservatlve safety factor ’ e
. 4352K1net1cDe51gnApProach s : o

o

| The krnetrc *desrgn approach for plug ﬂow (conventronal) plants is. 1dent1cal to that

S presented in Sectxon 4 3.3, excephng 1n Step 9, where Equat1on 4-13 is used 1nstead of-

-‘Equatron 3-24.If a- portron of the nltrrﬁcatron tank -is rendered ineffective by DO -
. _“suppression at its head end ‘then ‘only the sludge.inventory mamtamed under adequate DO

/

" ; 'condmons should be used in the calculatlon of Gdor the SF L R U R 1

4 3 6 Contact Stabrhzatron Actlvated Sludge Kmetrcs O ) o
Gujer and Jenkms3'7 38 have developed the krnetrc des1gn procedure for nrtnficatron in
-_contact-stabxhzatton activated sludge plants. The procedure described herein is a summary
. of their approach and the reader is referred to the1r publ:catlons for theoretrcal bases
.- ' ’ : “
- The overall mtnfier growth rate in the contact stabrhzatron process is the ‘weighted mean of
the1r growth rate in the contact tank- and in the stabhzatron (sludge reaerauon) tank:

]
.-\. . . - . . ’

L where: J‘“’N" ,pc, }zs»» = _growth’ rate of the mtnfiers in the overall process
B L - inthe lcontact and stabilization tanks respectrvely
' (day ). : | |
"C,B = the fractions of total sludge in the contactand
' -~ stabilization basins respectively. . - '
4

. Vo .
. N - . e
4 . -~ o .
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'«Gujer and Jenkins’ used Equatron 4-16, and Monod type expressrons for complete mix tanks '
.. to develop a graphical solution for nitrification in contact stabrhzatron ('Frgure 4-6). In-.
.Frgure 4-6, the. efﬁoxency of mtnﬁcatron, nmt’ is deﬁned as a fractron by '

3
. ~

S L mody,
S e 2 @
o S Y(No3_.)sr L , 3 . ;
. -where: .'(NO") = NO3 -Nlevel 1n the contact tank mg/l and w T
| ) (NO ) =~ NO; -Nlevel in the stablllzatron tank ‘mg/l N

"4’.3'.6: 1 .Design _Example
“-As a desrgn example cons1der al mgd ccontact stabilization. plant operated at a mmrmum
temperature of 15 C. Influent BODs is 150 mg/l; mcludmg solids handling. retums to the
~ primary. Total Kjeldahl Nrtrogen is 30 mg/l, of which 21 mg/lis ammonia -N and 9 mg/l is,
_ . brganic :N. The wastewater has an alkalmrty of 210 mg/l. The effluent requrrement is not -
. more than 10 mg/l reduced soluble mtrogen (orgamc and ammoma) The procedure is as:
follows UL T L

‘_s_;_ L Establish a reasonable safety factor for nltriﬁcation,_‘say 2.5 as_-ln Secﬁon.4.3.3. .

. 2. Establish the minimum'_mixed li(’]uor DO; assume 2.0 mg/ las 'in Section '4.3.3."'
. e
§ .s {;‘ . . . . L. Lo R
-3._ --Estabhsh the maxrmum growth rate of mtnﬁers assummg for the moment that
there is sufﬁcrent alkalinity in the waStewater to buffer the mtrrﬁcatron pH to
: greater than 7. 2 (‘se’e step l4) Therefore, o R J
“N 0 285 day'1 as in Sectron 4, 3 3, step 4

. .- . -
N .

4. Calculate the mmrmum SOlldS retentron tlme the desrgn solrds retention time and- .
' the. actual mtrlﬁer growth rate (as in S&ectlon 4.3.3, Steps s, 6 D: '

B

o 67 =351 days
0 T
Gc. =8.78 days -

o uy=0lldday
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' PROCESS NITRIFICATION EFFICIENCY .
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. NITRIFICATION EFFICIENCY AS AFUNCTIONOF. - -
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'~Calculate t;he .organicremoval rate; as in~Step' l&ectxon 4.3. 3

qb 0 252 lb BOD rem/lb MLVSS/day

a0
<

~.

e
. Calculate the VSS produced per umt of wasfewater treated

S, 1)ur\l/qt\,\-(lso -2)(0 114)/0 252 670mg/l S
L Compute the mtrogen mcorporated 1nto VSS assummg 12' per_.cen_'t.,‘ni"trogen B
"'mcorporated 1ntoVSS AN j; B & R I

£y «

012(670) 80mg/lN

Compute the’ soluble N content of the efﬂuent assummg no demtrrﬁcatron The‘ |

efﬂuent s01uble N the total mfluent N minus N 1ncorporated mfo VSS

-

" 30- 30 220mg/lsolubleN ST j"

Calculate the zg'luble organic. N in the efﬂuent Gujer and Jenkms found that 40

percent of the 1ﬂ'l'luent orgamc N appeared in. soluble form in the efﬂuent

0 4 (9) 3 6 mg/l orgamc N

_ ~40mg/lorgan1cN S _ ) S

i Calculate ammoma mtrogen m the effluent under steady state condmons

‘\.
0

Total reduced N - organrc N = 10——4 6 mg/j NH+ -N . D o

Calculate n1trate mtrogen m the efﬂuent and in the contact tank under steady
»state condltrons _ f”“ :

. -‘~ ..
& <.. 5

'Botal solubleN t%tal redm;edN (NO ) R

1 ?_' IO

- 10- 12 mg/l

Calculate the requrred nltnﬁcatron efﬁclency from Equatron 4-1 7

R T 12/(1.2’+ 6) = 0. 667
In tlus calculatron, 1t 1s assumed that the concentratlon of n1trate nrtrogen in the
stabilization tank. (NO3) totals 18 mg/l since. the confact: tank concentration is

12 mg/l 4nd ‘with ' the assumphon that the 6 mg/l of ammonra n1trogen
"completely mtnﬁed in the stabhzatron tank.

C
PR
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. o I13 Calculate the requn'ed sludge recycle ratio. Assume the fraction of b1omass in the

‘ sGontact tank is'15 percent (C=" 0. 15) The dlmenswnless numberA 1s used in“the .
o calculatxon Als deﬁned as’ follows ' L :
G o A A= o 10 - k4-18) . -
.'- B . T, . L — —C . oy o ' . . " . . N
. - - SF v A R
Forthise’xa'mpl_e':_- . '_ L e T T - SRS
S I, o Tl
w A= +1--1 R
V.N._ : ..-1- -015 - N e R
) v ._‘—, e - . :.’ .“.“l.\"":' ’ . ._
) The requ'lred sludge recycle ratro R/Q, ¥ depends on the' ‘value £of A and -the
requlred mtnﬁcatlon efﬁcrency -as follows - R R
nit R :
L R = - T (419
b ’Q CAQ-m) AT
R = _f""gf-ecycle flow ra'te",_ mgd. % . LA
: Q = influent ﬂ.o.w_'rate,.mgd_ e R ) .y e
;= For this example: o A '
S S s - g R B v . . ~
R TR -y R/Q= =-1"25*
- R "f'.‘:',' T /Q 160(1 0667)" ' o

e B A
Smce Q has been assumed to be 1 mgd the retum act1vated sludge ra.te is 1 25
R
<i‘l’,lus exampte;s also worked graph1cally in Frgure 4-6. The top part of the ﬁgure is:
used first by entermg*the absc1ssa wrth the value of the SF and nsuig verticdlly to. .
, the chosen .value of:€.and then reading the value 'of A*On the ordinate. The -
- bottom part ‘of Figure 4-6 is then usedf the mtnﬁcatron efﬁcrency, Tnits 1S g
s " entered on*the ordinate and travehflg honzontally to the value of A just (3
~i'y - determined and. then finding the requu‘ed récycle ratio on the abscissa. Figure 4—6 2
E "also demonstrates.a.general result; in order to obtain high mtnficatron efﬁc1 T A
ahl’gherlth‘an norm?lfﬁludge recycle ratio must be employed . “ R

! l\ b "-;.3‘

_ 14 Check the buffermg of the wastewater The quantrty of aml’nOnm mtnfied is -
S _' - reflected by the’ level of nitrate in the process- effluent Approxunately 7.14'mg/1
gt of alkalinity as CaCO3 is destroyed per mg/l of NH"'-N OXidlZCd The alkahmtyrl :
LU remammg after mtnﬁcatlon would be at Ieast

" .
aet R
) : ! 2 4'27 [ N
X ) R ) SO . . \
| v .-134 -
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. *_. R . . - . o . ‘.’ e T
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210 714(12)-124mg/lasCaC03 e

Ry

"~Th1s shbuld be sufficlent resldual alka]mlty' to mamtam the pH above 7 2 for
1 ~coarse bnbble aeratlon systems If a fine- bubble;z aeratxon system ‘were. chosen, ;
cheniical addmon would “be requlred and “the dose estimated from the,, W
";.'procedures d1scuss¢d in Section 4.9:2.- Altematlvely, a lowe? operating pH could '
j'-:be used mth-aldnger aeratlon penod ST E B S :

:'-'- content Jn the contact an'k‘ is 2500 mg/l at a: volaule content of 75 percent The R '. ‘- '
"jl?mlxed hQUOr volatlle suspended solids in stablhzatmn can be obtalned from the :

balance: " * - - ’ !

K R b L “ - i r'

where: X, = contact MLVSS mg/l and ":,
x’s e stablhzat1on MLVSS mg/l s ’

.,-‘;" : : . SR e

Therefore X, = 1875 l—lés-ﬁ- 3375 gl

The:-' total sludge 1nventory can be calculated from the followmg equat1on for e '

substrate removal rate: L . . . ) , “ i

= total mventory of MLVSS in the contact and
' stablhzatlon tanks lb K

thorofore: XV = - 148183 4889 lb o |
R T (252) o . '
Of tlus mventory, 15 percent is in the contact tank - i .-_:' ,
. 15(4889) 733 b MLVSS R L
The remamder is in the §tab111zatlon tank . - o
5 e : . - R
. v s E
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data of high accuracy when deslgnmg for contact stablllzatJon e S

.

: l6 Calculate the res1dence time i in contact

/Q 0047days—llhr =

: l 7. Calculate the sludge wastmg schedule See Sectlon 4 3 3, Step 13.

" : .

alterpatevdemgns can be derived from variation in these @memrs Required reactor

volumes are also sensitive to the asumed grthh rate of mtrlfiers' creatlng a need.for kmetlc o

\ .

. LA
S . . Y

.The desrgn procedure descnbed‘ is based .on the assumpuon of steady state operatlon
Diurnal variations+in load wrll cause - average effluent ammom& levels to exceed those
calculated above. To compensate for -this, ‘it would be n'ecessary to usé an even higher SF

than’ assumed in the above example. Regardless of the safety. factor.,chosen, contact
stabilization. plants cannot be expected to. completely mtnfy except: tinder the normally
impractical condmon of ve,ry -high recycle? >rates (R/Q = 4.0 and above). However, at: high
N 'recycle ratios the ma;,qr advantage of contdct stabilization is lost because the sludge in the
i stabllfzatlon basdl -becomes more dilute and’thé overall basin volume requirements approach .
~rthose of the ¢onventional process. This limits the apphcatlon of contact stablhzatlon tot -
*'suuahons where only partlal mtnficatlon is required . . ST R

.
w . L3
o,

A further hmrtatlon on mtnﬁ:atlon in contact stablllzatlon plants is the mcomplete"l

“hydrolysis of organic nitrogen occurring in the’ short detentmﬂ time contact tank. As noted-

o _under step 9 above, about 40 percent of the mﬂuent orgamc mtrogen appears in the process
. effluent. Conyentional or complete mix actrvated sludge plants on the otli'er hand, have*
sufficient contact time to hydrolyze the- bulk of’ the organic mtrogen to ammonia thus -

making the mtrogen available to n1tr1fiers ‘and leavmg very 11ttle orgamc nitrogen in the
_effluent , '.'. v T , ‘.’,'S. o L v '

N

’The short contact tlme of the contact tank can create problems in the sednnentatlon tank
- The mixed. hquor solids are not’ well stablhzed in. the contacf" tank pnor to sedlmentatlon

‘, R . h . _ » a MY ;_,__ P
. , . . . - o - X PR ’. ,.;__ - - -
8 . . o X . . . ] 4‘2.9;' L. 4 ) t ".

LY N
.... - - - . i) .A

As. can be seen from Elgure 4—6 the deslgn of contact stablhzapon for nltnﬁcatmn is hlghly -
sensitive to the safety factor ‘chosen and ‘the sludge recirculation- ratio. A wide range of



o "":.:.,’f" . ! e
: ' O
. Demtnﬁcatron actrvrty in the sedrmentatron tank is therefore greater than in conventtonal
* or complete mix plants and floating sludge may be the result. Procedures for crrcumventrng

“the ﬂoatmg sludge problem are drscussed in Sectron 4. 10.
'\ 4 3.7 Step Aeratron Actrvated Sludge Krnetrcs B S B AR
Because of backrmxrng, the step feed pattern of step aeratron plants causes the kmetrcs of :

*such plants. to'more closely approach complete mix than plug ﬂow As a result, the desrgn ,
- approach -developed for complete mix (Section 4.3. 3) éan: usually ‘be employed for step -

aeration plants as a reasonable approximation. In those s.tep aeratron plants where mﬂuent is.

fed to the last pass.(as in Figure 4-1), there is the danger that there will be insufficient time

for the organic nitrogen to be hydrolyzed prior-to’ drscharge, resultrng in elevated quantities

of organic nitrogen in the effluent. Further drscussron of this effect is presented in Sectron
- 4.3.8.2 wh1ch isa descnptron of an operating step aeratlon plant

4 3.8 Operatrng Expenence with CombmedCarbon Oxrdatron-Nrtnﬁcatron in Suspended
Sy . Growth Reactors '
. . P ! ) -, : : N

' Whrle actrvated sludge-type systems are commonly used in England to obtain dependable
mtr;lti ication, therr use in the U.s. has not been w1despread Early U.S. activated sludge -
plants of the conventronal desrgn nrtnﬁed in the warmer months of the year or if they were .

“underloaded. But nrtnﬁcatron became unpopular because of the additional aeratron power . ¢
~ cost and, the propensity of some sludges to float in the sedrmentatron tank when nitrifying, -

" and rfpwas,gliestroned whether the added expens¢ was worth it i ;many cases.3940 As a
conSequence,”Ways and means. were sought to prevent nitrification ather than to encourage
'JQ zthrough mcreasmg orgamc loading or through tapered-, 'aeratron “Or., by picking

an ‘modrﬁcahdns of the process ‘which were less favorable . for mtnﬁcat1on This early -

. experience, wrth the process may have led to uncertarnty about 1ts reliability.

s'*

ST

Nonetheless there have been several plant-scale operatlons in the US. whlch ‘have
demonstrated the vrabrhty of the process. The purpose of this sectron is to revrew some of
these cases. Other case examples are presented in Sectrons 9 5! l and 9.5.2.

4.3.8.1 Step Aeration Activated SludgeI :Moderate Climate' . e

* The Whrttrer Narrows Water Reclamatron Plant isal12 mgd actrvated sludge plant desrgned "
and’ operated by the Los Angeles County Sanitation Districts. The basic purposé of the plant
is to retlaim water for groundwafér recharge; the: entire efﬂuent of the plant is drscharged to
_spreadrng basms for recharglng groundwater aqurfers B ‘ .

By
. e

. Desrgn data. for the plant are summanzed in Table 4-3. 41 The plant operates at either a

" conpstant ﬂpw rate or d‘constant oxygen demand load by pumping wastewater from a trunk
sewer and. returning gnt skimmings, primary:and waste activated sludge back to the trunk.

4 No sohds handhrwfac‘tﬁtles are provrded as the solids returned to the trunk are processed at

e . ' S




R : St

o '*'a downstream pnmary treatment plant The plant was constructed in 1961 at a cost of .
$1; 700 000: thlS’cost includes- influent pumpmg, foam fractronatlon and efﬂuent pipelines *
“in addrtion to ‘those items shown in 'I‘able 4—-3 : :

l.nr
y

. . '.7' 'T‘t' . l~.

’Recently, the plant has been operated m a manner promotmg mtnficatlon The three
. aeration tanks- are operated in a 3 pass series configuration; two-thirds of the primary

effluent is added along the first pass with the head end of. the first pass operating as siudge:
reaeratxon One-thrrd of the pnmary efﬂuent is added to the second pass. The plant

TABLE 43 |
A - . DESIGN DATA '
WHI'I'I‘IER NARROWS WATER RECLAMATION PLANT

Plant Flow U | » - :_[2 mgd (0. 5_3 m3/sec) .
. Raw Wastewater Loadlngs _ L ) ' L
* Blochemical Oxygen Demand (BOD) L » 270 mg/1
Suspended Solids (SS) S 280 mg/l -
Primary Sedlmentatlon Tanks v . : :
Number - s 24 stand-b, y) -
Overflow Rate _ T, 2000 gpd/ft2 (82 m3/m2/day)

- Detention Time - : ' a : 1,.1hr

BOD Removal - : ' ... 35%
SS Removai - o S . 60% |

Alr Blowers '
Number .= - _

Discharge Pressure : o o 6. 5 psig (0. 46 kgt‘/cmz)
Capacity - Total - ‘ o 29,500 cfm (840 m37/min) .

Keration Tanks L _ | '
Number o L 3
Detention Time (@ 12 mgd) - ©,6.0hrs . '
BODs5 loading . - 45.1b/1000 cf/day

T . : (0‘18 kg/m3/.day)

Final Sedlmentauon Tanks' ' ' '

" Number _ ' BT S . -
_Overflow Rate (@ 12 mgd) .. 790 gpd/ft? (32.2 m3/m2/day)
Detention Time (@ 12 mgd + 33% return) o 1.7hrs '
* Weir Rate (@ 12 mgd) R TR 000 gpd/ft (150 m3/m/day)

'Chlorine Contact Chambers _ ' .- ce ' \ ", .
NumbeT . : ' ' SRR § . o ;
Detention Time (@ 12 mgd) lncludlng time in Foam ' T

Fractlonatlon Tank & Effluent Plpe . . © 43 min .
Chlorine - . o ! 600 Ib/day (272 kg/day)

N N - .
3 e e R . R - "
. : . " Lo B * L0 .

T Mg



performance reflects 1ts very ‘careful control and;operation; operating data for a one-year )

'penod are summarized in Table 4-49 While organic nitrogen data are not available, the data
" indicate that year-round complete nitrification has been obtained. Climatic conditions for

this California treatment plant are very- favorable for nitrification as average monthly
. wastewafer temperatures did not fall below 21 C for the year exammed \

4 38.2 Step Aeration Actrvated Sludge ni a ngorous Chmate

The Flmt Mlchlgan sewage treatment plant is bemg upgraded to comply w1th requlrements o
of the Mlchlgan ‘Water Resources Commission which mandate nitrification for the purpose -
. of preventing DO depletion in the Flint River. In connection with this upgrading, a large

scale test of .combined “carbon ox‘ldatlon-mtnﬁcatlon was conducted with the existing -

.activated sludge plant over a ten“month period to determme design condltlons for the plant '
upgrading. The ‘minimum wastewater temperature tested was 7C. 6 During the test, ferric
chloride and polymer were added to the primary treatment stage for phosphorus removal.
This also had the effect of reducmg the orgamc loading to the aeration tank

The exlstmg plant had three aeratlon tanks each W1th four passes provrdmg 3 750,000 cu ft
(21,240 -cu -m) capacity. W1th ap average desrgn BODs loading of 24,500 Ib/day (11,110

kg/day) to the aeration tanks at a 20.mgd (75,700 cu m/day) flow, the aeration tank load

was 32.7 1b/1000 cu ft/day (523 kg/lOOO cu m/day) Flows were varied to the facility, -

however, to provide variation in loads. Three secondary sedlmentatlon tanks were provided

having a design overflow rate of 678 gal/sq £t/day (27. 6m3/m2/day) at ADWF. The plant

~ was usually operated in a step aeration mode w1th one-half the influent directed to the head -
" ends of the second and thrrd passes : : : -

Average efﬂuent qualltles for elght months of the test are shown in- Table 4-5. While nitrate
and nitrite are not shown, it is réported that a relatively good- balance between ammonia
removal and nitrate production was obtained. 6 Nitrite nitrogen was always less than 0.1
mg/l The appearance of high concentratlons of organic mtrogen was\attrlbuted to the low
rate of hydrolysis-of organic ‘nitrogen compounds 6 It is probable that the provision ‘of -
feeding. was@;water to the last pass exacerbated the problem by causing msufﬁcrent contact
time for that portion of the wastewater to complete the ,hydrolysrs of organic nitrogen to
-'ammoma _ o - ’~ v : : .
- The effect of temperature and solrds tetention are consrdered in Table 4»6 Effluent qualltres
" deteriorated somewhat with Colder temperatures, with only 75 percent ammonia removal
being obtained at 10 C. This ammonia bleedthrough may have been due to diurnal peaking
, in ammonia at the relatlvely low solids retention tlme employed (c.f. Section 4.3. 3.2). '
R

4 3.8. 3 Conventlonal Actlvated Sludge In a ngorous Chmate

' The Jackson, Mlchrgan wastewater treatment plant iSal7 mgd conventional actlvated sludge
- plant desrgned for year-round complete mtnﬁcatlon.]0 The ex1stmg plant was upgraded in_

o o 139 L
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TABLE 4-4

NITRIFICATION PERFORMANCE AT THE WHITHER NARROWS N |
- WATER RECLAMATION _PLANT-(REFERENCE 9
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1973 in resporse - to an order to improve treatment to apoint where a minimurh dlssolved
" oxygen of 4.0 mg/l could be maintained in the Grand: River. An analys1s of the 3 ss1m11at1ve .
, capamty of the reach mdlgated that this could only be done if the effluent were. ,Q,mpI’etely
mtrlﬁed to prevent dlscharge of NOD to the nver ' : o

TABLE 45 Lo
R ‘ : © -~ AVERAGE NITRIFICATION PERFORMANCE AT s
con ' o FLINT, MICHIGAN FQRS MONTHS (REFERENCE 6)
- Parameter | Raw ] Settled | Secon"a'ry
ST ' < wastewater |- .. wastewater - effldent
(all values in mg/1 - D SRR J ‘ ‘
_except Temp.) - |~ = i DT :
'BOD5 . ’ 250 C. 131 |
ss . S 300 140
" Total Kjeldahl nitrogen | - 27.6 23.3
Organic nitrogen - 13.3 a9
Ammonia nitrogen 143 e 13.4
Phosphorus . | 15.4. T
© Temp., .C |- 7.2t018.3
“TABLE 4-6
- EFFECT OF TEMPERATURE AND SOLIDS RETENTION TIME
-~ . ON NIT_RIF.ICAT.'ION«EFFICIENCY AT FLINT, MICHIGAN (REFERENCE 6) - -
. Temperature, - ) ASqlids retention L NH; removat,
_ C ’ i * time, days ' . percent
''18 dnd greater 4. N .95
13 . L 4-_5f - 87
O ‘10-1‘2\' A 50(Lab)'a

.aBased oxt behch scale test results
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- Pilot studles10 mdlcated that a combmed carbon ox1datlon-n1tr1ﬁcatlon system was more
B eoonomlcal than a two-stage actrvated sludge system Design data for this plant are contained -
Jin. Section 9.5.1.1. ‘The plant is operated in the conventronal (or plug ﬂow) mode. Table 4-7 -
summarizes the plant operating data; since start-up the plant has obtamed complete
nitrification at dafly temperatures as low as 8 C: 42 A charactenstrc of this. wastewater is that,
the primary effluent is weak, both in terms of BOD5 and ammonia’-N. The m1xed liquor.
_ concentrates very well due to the high inert concentratron of the raw wastewater, allowing
* high ‘mixed liquor levels under aeration. Both the weak wastewater and ‘the ability to
' maintain the mixed hquor at a high concentration allow mtnﬁcatlon to be obtained in
hydraulic retention times ofless than “eight hours even at temperatures of 8-10 C. Nltrate _
and orgamc mtrogen values are not avallable '
N R .
- Thrs case hlstory clearly demonstrates that combined carbon ox1dat10n-mtnﬁcatron can be .
dependably accomphshed at temperatures aslowas10C. - ‘

' 4.4 Cdmbined Car-_b()n 'OxidatiOn:Nj_triﬁcation In Attaqhed GrOwth Reactdrs. )

The two attached growth reactor systems seeing apphcatlon for combined carbon
ox1datlon-mtnﬁcat1on in the U.S. are the tnckhng filter process and the rotating blolog1cal W
dlSC process. Procedures for des1gmng mtnﬁcatron with these two systems are. descnbed in .
.thls section. - ' ' '

)

4 4 l Nltnﬁcatlon wrth Tnckhng Fllters in Comblned Carbon Omdatlon-Nltnﬁcatlon
' Apphcatlons C r .

L

: Tncklmg ﬁlter design conceptssan :

- publicatien, Process Design M?z“nual for pgradzng Exzymg Wa.s‘
Therefore, the following drscussmn is 1 "'"d‘to the f,’tgadmg range g2

T 'mtnﬁcatlon in t-nckhng filters used in Combmed Qarbon 1datlon11}1t§ﬁizb

"'e 'Ilechnology Transfer
ter: Z‘reatment PIants 25

. organlsms in a trickling filter i is depen, n_»*:'on"a vanety @\f 1018 in€l
) temperature, PH, dlssolved oxygen i the presence of toxfch’ \ ’H ’

3

.combined carbon oxrdatron-mtnﬁcatron that can be dlrectly ree of "
confidence. The approach apphed to date has largely been empmcal and rehed m ly on. , -
speclﬁcatlon of an organic loadmg rate su1tab1e for apphcatlon to each med1a type 21 e

4.4.1. I Media Selection .~ Y " R
The types of medla currently avallable are summanzed in Table 4-8 Rock apphcatrons are L
' genera.lly limited.to four to ten feet in depth; the plast1c and redwood media may be built in-
towers of 15 to 25 ft in. helght due to ‘their llghter welgh.tkand greater void space for

' ventllatlon affordlng cons1derable space savmg econom1es Loadmg capab111t1es of tncklmg .

o o0 '
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NITRIFICATION PERFORMANCE AT THE JACKSON MICHIGAN

WASTEWATER TREATMENT PLANT (REFERENCE 42)
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filter media are known to be related to ‘the avaﬂable surface area for brologrcal slime growth

Speclfic surface, or the amount of media surface contamed in-a ‘unit volume is a gross :
" measare of the. ava:lable surface for growth of organisms. Plastic media is avar}able in higher -

" specific surfaces than that shown in Table 4-8. Design pracuce has beén to avoid the use of

media with lugher speclﬁc surface- and lower voids due to the danger of cloggmg in

' oombmed carbon - ox1dauon~mtnficauon apphcauons( However, there has’ been recent

experience which indicates that- medlas with specific surfaces exceeding 35 sq ft/cu ft (l IS

m2/m3) have been used to tre,at domwuc wastewaters-without media cloggrng.43 i

TABLE 48 :

~ 'COMPARATIVE PHYSICAL PROPERTI’IES OF TRICKLING FILTER MEDIA | -

: Specific -
. T Unit 1 -Surface ~-
. i'a .. . '‘Nominal .. - | Weight | . S
Media : _ Size- . |W/cuty | sqft/cutt | void Space
‘ ‘ D em , (kg/my m2/m3; percent
Plastic® 7 | 24x24x48 . 2-6 . 25-35¢ | . 94-97.
- | (61 x 61 x 122) (32-96) | (82-115) : R
‘ . Redwoodd 47-1/2 x 47-1/2x35-3/4| 103 | 14 | - 726
A (121x 121 x 51), . . . (165) (46) ,
. ' Granite 13 - o]0 19 a6/
B Lo (2.5% 6.5) [ (1440) | (62) '
' Granite . , 4 S - 13 60
oo ey o 4n ‘
Blast Furnace Slag | -2-3 - 68 | 20 % | 49 .
(5.1x7.6). . < . 777(1090) N () N

‘ °Refarence 25 ‘ ’ ‘
' Curmntly manufactured {n the u. S by the Envirotech Corp .. Brisbkne, Ca .3
. the Munters Corp., Fort Meyers ‘Fla. and the B. F Goodrich Co., Maﬁetta
“ _Ohlo.
. gbenser media may be used for separate’ stage appncauons, see Section 4.7.1. 1
Currently manufactured in the U S by Neptune-Microﬂoc Comus, Or. e

‘4412 Orgamc Loadmg Criteria |

. Observauons of the effect of orgamc loadmg on mtnﬁcauon efﬁclency fh rock medla and -
trickling filters are summarized in Figure 4-7. The data are from the followmg full-scale and
"+ pilot-scale plants: " Lakefield; Minn.,25 Allentown, Pa.,2.,.5 Gainesville;. Fla. 44,45 Corvallis, -
... 0r. 46 Fitchburg, Mass., -25°Ft. Benjamin Harrison, Ind.,25 Johannesburg, South Afnca,47

and Salford," England“8 Several interesting factors affectmg .design are evident. First,

. organic loading significantly affects ‘nitrification efficren‘cy TIus is principally caused by the

<

fact that the bacterial film in the rock becomes dommated by heterotrophrc bacteria. The
relative hrgh bacterial yield when BODﬂS removed cahses dlsplacernent of the mtrrfiers fmm o

the film by heterotropluo orgamsms at hrgh orgamc loadmgs.

As opposed to mtnﬁcauon wrth actlvated sludge” the breakthrough of ammonia in a
tncklmg ﬁlter is not abruptly affected by loadmg rate. For rock medla, attamment of 75

f
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-'percent'@ItnﬁcatIon or better requIres/the orgamc loadmg to be hmIted to 10 12 lb
o .:BOD5/ 1000 cu ft/day (0.16 to 0 19 kg/m3/day) At hlgher organic, loadmg rates the glegree* £ >
1 of nitrificatiom:- dImImsIIes such that above 39 1640 1b BOD5/ 1000 cu ft/day (0.48 to 0 64 .
o .kg/m3/day) very little nitrification ocgt_ug These findings are conSIstent with those: ‘of the .
NatIQnal Research Council whose evaluation of World War 1l mIlItary mstallat;ons indicates
that . the organic loading should not exceed 12 1b BOD5/ 1000 cu ft/day (0 19 kg/m3/day)

. for? Tock. medIa 49

'I‘Ire 'partIal mtrIﬁcatIon occurring at mterm'édIate loadmg rates can cause conquIoI) when
‘_,'f _ attempting to an,alyze organic carbon removgls across trickling filters with the: B0D5 test.
Samples from“uthe efﬂuent of these partIalLy m}nfymg trIcklmg filters wﬂl contq:m a‘ :

w
Y

A
. : FIGURE 47 B ;
o ‘ : st Lo '
8 EFFECT OF dRGANIC LOAD ON NITRIFICA’FION EFFICIENCY
e - OFROCK TRICKLING FILTERS - :
100 | ] T _ '[ 17 fgl
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-srgn,lﬁcant quantrty of nltnfiers that could act as seed fOr promotmg mtnficatlon wrthm the
~day mcubaﬁon penod of the BOD5 test 21,50 About 1.5 ‘mg/1.of ammonia. mtrogen is
‘."I‘radd'ed to the dilution water in the BOD5 test and will also ‘be nitrified.. This will. result in-
unexpectedly hrgh oxygen demands If the BOD5 test is to measure organics in effluents o
" from trickling filters, then nrtnficatlon must be suppressed The: same is- true for actrvated
sludge but to a lesser degree as. pmmcahon is less pre\rale.nt

As opposed to the relatrvely efﬁc1en‘t removal of ammoma 1n tnckhng filters 1t appears that
. reductrons in organic mtrogen are vanable -and range between 20 and 80,percent (Table
R 4—9). Organic n1trogen reductron can be: ‘obtainéd through employmg efﬂuent filtration'to
remove partrpulate prgamc mtrogen HoweVer, all treatment systems are hmﬁed to about'1":
t02 mg/l of soluble orgamc nltrogen, contained in refractory organlcs and therefore there
are hmlts to i rmprbvements ihat can be obtamed w1th efﬂuent ﬁltratron

The specrﬁc surface of medla seletfted has a substantral effeot\.on the allowable orgam
load!lng rate for tnckhng filters.” Greater specrfic surface’ IR : he\medla allows greater
biological film development and therefore a greater concentratron of orgamsms wrthm a umt

¢

'. volume Therefore, ‘the- organlc loadmg may be hxgher in cases where the Ispeclﬁc surface of

: TABLE 4—-9
ORGANIC NITROGEN REDUCH@M&IN NITRIFYING TRICKLING FILTER:
"i‘ o
p ] N o N S 4 -,
Organic’ - .. \ . -v-‘" o ) PR . SRR S
s . Factlity - load, . De.pth . Influent ~ - E.‘fﬂuent ‘Orgédntc-N '~ 7%
: Location 1b BOD /1000 cu ft/day| ft; " Media organic-N, |-organic-N, | . removal, X
: - (kg BOBs/ m3 /dayl | (m) o T mer _mg/1 _-percent -
Gainesville, Fla,? . 3LS b eyl 2 -2z des | 7a < 56—
(puot)' - (0.50). o8 3.8 p.4cm) . : Coe s
. . ' {,_." B U .
Johannesburg, $.A%- a2 e |2 0.8 |+ a7 | “sac -
. (full-scale) (0.50 3.7) Gem T SR
B0 UN S A R I 77 W63 | 2.5 . 1 Teo

. {0.31) - ifas | a8 em S : . '

. 131 12 | 2-34n 8.2, 3.6° " {56

- J0.21). o @.7) 1G6.157.6cm) v

105 -7 * Lo
L a7 .
' . 0-11 X N
t] - ( ) - v \ - A
Stockton, Ca 14 21 .oS plastic
(pﬂot) (0.22) - (5 6) 27 8 uts )
"‘: T . . \ (BG’_m V0 S
: ST L A SR

Referonces 44 a5,
- Refemhce a7 o
CReferences 21, 51. T

Cow




_ the medra is mcreased over that of rock medra An example is’ the work of Stenqurst et
al 21 who showed that plastrc media.(27 sq ft/ cu ft) could be loaded at about 25 1b/ 1000 cu
" ft/day and* still achieve good \nrtnﬁcatron (T able 4-10). The hlgher allowable loadrng
-attributable to plastic tnckhng filters was. attributed ta be at least partly due to the. -greater ;.
) speclf' c surface of plastrc media when compared to rock media: Another factor favormg
greater capac1ty of the plastic: medra fil lte’rs may be -oxygen' supply Rock ﬁlters often have . N

c poor ventrlatlon partlcularly when water and air temperawres are cIose or: the same. - i e

-

.',

4 4 l 4 Effec‘t of Recrrculatroﬁv on Nrtnﬁcatxon ' .1; S :
. - . 7.‘..’5,-'
N ‘Thp beneﬁcral effects of rec1rculatlon on. enhancmg nltnﬁcatlon rﬁ tnckhng ﬁlters is evrdent
iR the data for Salford England in; Table: 4-11. Themnposmon ofa'l:l recycle ratio
o 'consrstently 1mproved ammoma 'removals compared to when fic recrfcula‘tlon was the rule
‘fTrrckhng ﬁlter plants desrgned for nrtnﬁcatron should mco orate prov1sron for recrr-
i Cluatlon ) . . ERISEN . . ‘ : we <

L3

A
. >
U N v ‘w N

The mmrmum hydrauhc applrcatlon rate for plastic medla trrckhng ﬁlters 1s in the range of
. 0.5 to 1.0:gpin/sf (0.020 to 0.041 m3 3/m2/min.). This minimum fate.must’ be supplied to,
'-;-'j'e.hsure unrform wetting of the med ;Wrt‘hout recrrculatlon, nrtrrﬁcatron design loadmgs
'may result in applied- hydraulrc loads lower than the minimum, hydraullc apphcatron Tae. -
Recrrculatlon provides the means for. preventrng dry;ng out of portions of the medla hy
’ ensurmg that at least the mrnrmum hydrauhc apphcatlon rate 1s apphed at all: times

4 4. 15 Effect of Temperature on Nrtrlf' catlon B ‘ o Ko

_Avallable data for mt’nf“ catron~are largely for warm quurd temp aratures, and the practlca,l' o
*"effects of Teduced temperatures (< 2OC) on allowable organic loads for combined carbon “:
'oxrdatlon-nrtrlﬁcatlon apphcatlons are not- known at this tlme However the kinetic rate : '
" "data given ‘in. Section 3.2 5 4. would 1ndrcate that. organrc loads would have to be’ redueed'
- below those shown m Frgure 4-7 for cold weather operatlon Thr<, reductron m o‘rgamc load :

4. ot . IEE
. . . .- . . W Dogl . e
- - o B . Lo . FN N . | B

SR --~_'-'. SIS TABLE 4»10 - N RO
. ) LA ; Co ) . .b - : . .", ' ot . o
LOADING CRITERIA FOR NITR'IFICATION WITH PLASTIC MEDlA AT STOCKTON
BOD5 \\‘ AR Influent A E SR PR Ihf&xem };Efli)gnt Percent’ " -
load; . i Temli, BOD Depth SRVTRTE 3ecycle NH4 -N,| NH{-N,| nitrification |- Reference ° y
. ’if'lb‘/‘iDOP cu ft/day c. |- mq/l5 A M'edla R :atlob mg/l m.g/.lr {or amn}onia BN o
(kg/m /day) . e DL : e rremoval) R
" RTINS 1{6_;;3:' !
2,0 .
R 'I. § .
s B [N A T ..'._».,.‘_\‘ S e s
" z7 sq ft/cu f (es m2/m3) T T :
' Recycle ratlo is t.he ratio of recycled effluent to lnfluen'f Effluent was recycled prlor to sedlmentatlon
. LN . T .b ) e




wou(d *reduce the loadmgs to such. low values as to cause capltal costs to be higher than

“other available amthoma removal techmques, such as separate stage mtnﬁcatron or a’

-

physrcal chemrcal techmque oo

44, 1 6 Effect of Dlumal Loadmg on Performance . i
.’z‘;-’y{.’ ‘ B h ' . . 8

While it is kflown fhat dlurnal vanatlons n mtrogen loadmg will cause vanatrons in efﬂuent;‘-.:'?_:_'

. quahty, no: prorrnahon is avarlable which would -allow quantltatlve gu1delmes to bes

: »approximately 40 ,percent of the surface. area 1s’1mmersed in the wastewater to be treated o

" formulated.. gln cases wh:ere large peak :to average ﬂow ratios are experxenced flow

equahzatlon befores the mtnficatron step may be appropnate . . N
442 Nltnﬁcatlon w1th the Rotatmg Brologlcal Disc Process in Combmed Carbon
i Qx1datlon-N1ti’1ficatlon Apphcatlons

_The rotatmg blologlcal d1sc (RBD)«process is- begmmng to see use in the U.S. in combmed'
carbon ox1da_txon-mtnficat1on applications. The followmg d1Scus31on is abstracted from
Antome 52 '

* The'RBD process ConSIStS of a series of large-dlameter plastrc d1scs, whlch are mounted on’ a

“horizontal shaft and- placed in- a concrete ‘tank. The discs are. slowly rotated while.

.Lf -_. R s -
o 3 IR 2 TABLE 411
1 : ‘ :
' EFFECT OF RECIRCULATION ON NITRIFICATION IN ROCK TRICKLING FILTERS
AT SALFORD ENGLAND (REFERENCE 48 25) S
. ) - - '\v"' S e
! - . o C Voo Effluent : ‘ " percent
A - K . - . - X . ‘ .
- BODs . Influent Inﬂ ent NH4 N’ . . nitrification . s
load - . 80D N}#-N myg/1 . - - .
1b/1000 cu ft/day - /§' 4/1 T : C— - = T .
alkg/m2/day) mg/ . mg -7 ‘without _ with © without - - | |- with .
<. ;g ) ., recirculation | = recirculation recirculation “recirculation -
R e N . R ., To
o226 ' 266 ©33.9 19.7 136 [0 32 60
¢x3(0.36) , ' : ' g N S .
16,3.. - 235, | 31.3 ©18%9) 11.8 h " 46 C 82
@, zs) ) s . . E L o : T
1i.8 At el 32.0 9.7 I 4.8 70 W " ,85
v . (0.19) AN 1 - ¥ L : ) . _ ] . .
— 9.2 i 239..... 43.9 125 o 202 T2 oo 095
¥ -i%0.18) T R : . o . T
e 7 w0 165 . 4005 - 11.4 v . 4.9 C 72 S R : 1 B
- :(9 12) e (A co T ook . i e ) -
.9 ‘1927 ls 407 5.7 = ‘2.8 : . 86 .. oe3
(0.095) ¢ . : - : . : : : R Co
4.6 199 - 38.3 2.8 4 - 0.9 93 -+ o8
(0.074) . : L ) : g - N .
- 3.2 C o 206 36.6 ‘° 0.7 - S .04 .. 93 » 99
(0 051) : ' : ' T ‘




Shortly after starL.up orgamsms present in the wgstewater begln 'to adhere to the rotatlng

surfaces and row: unt11 in about bne weak the. entlre sprface area is cgvered with a layer of 0

~aerobic blomass In rotation, the discs pick up a thm frlm of wastewater, which flaws do#n
_,'.the surfade of the discs and abso;bs;okygen frqn the” "air. Mlcroorgamsms Emove both ¢
dissolved oxygen and orgamc mater1als from this thin filmeof wastewater Shearing . forces _

- exex‘ted on the biomass- as it passes through the waste#ater’ str1p pxcess gr@th from the *
d1scs into the m1xed quuor The mjxing action of the rotating discs keeps the sloughed sohds
-in suspension, }and the wastewater flow carries them out of the *disc sections into " _

. ~.se ondary clarifier for deparation and d1sposa} ‘The discs also serve to mix the. contents of .

' Jch treatment ’stage Trea‘d wastewatef and sloughed 'solids ﬂow to a secondary clarifier -
where the solids settle out and the efflaent passes on-for further treatment or disinfection. -
‘The settled sohds, _wh1ch can thicken up to 4 percent solids content in the secondary "

+ clarifier, are removed for treatment and drsposal A flow diagran for a typrcal apphcatron of
the RBD process is shown in Flgure 4-8 Lh o

" . . ) -

_"'w- o tFIGURE4~8

s Y 7 o
ATYPICAL ROTATING BIOLOGICAL DISC PROCESS I
4 (COUR’fESY OF THE AUTOTROL CORP. ) '

. ) ". SO|IdS Disposal

' One current d1sc des1gn consists of vacuum formed polyethylene sheets formed into -
concentrlc corrugatlons which. -provi ide a hrgh dens1ty of surface area. The corrugated sheets -
are then weldéd together to form a’ stack of discs with " approxnnately 1% in. (3.2 cm) . /
center-to-center . spacn;g. This type of Tonstruction has ‘a Surface area. dEnsrty of -

' \approx1mate1y 37 ft2/ft3 {121'm /m3). A key.feature of this disc design is the provision of t

- radial _passages. extending. from the $haft to the outer penmeter of the dists. This'assures that )
' ‘wastewater,.alr, and strippgd biomass can pass freely into and out of the disc assembly In
" the twelve-ft (3 7 m) dlameter size, gadial passages are provrded every tthty degrees

™ L.

The d1sc umts are normally housed to avord' temperature drops*across - the process to.
pfevent’ a]gae growth on the disc surface, and to protect the surface from hail or rain thCh,
can. wash the slimes off. Information ‘on disc types and on the general des1gn of these

‘ grclhtles can be obtamed from the varlous disc manufacturers . Ce e

LY




"4.4.2.1 Loading C_riteria for Nitrification .
As the rotatlng d1scs operate in senes orgamc matter is removed in the ﬁrst d|sc stages and: -
subsequent disc stages are used for nitrification. This separation of function.occurs without .

. the need for interm dlate clanﬁcatlon Nltnﬁcatlon does not commence until the bulk of
. the BODs is oxidizéd. When low levels of BODs are reached, the dlSC stage is no longer-
8 doinmated by heterotrophs, and mtnﬁcatlon can proceed '
;

: Antome53'has summanzed~the effects of process operatmg conditions on n1tnﬁcat10n Test

data -frgqn a number of locations are shown in Frgure 4-9B. The degree of ammenias, o

oxidation is related to the- hydrauhc loading'on the rotatmg miedia as gallons per day per
unit surface of avallable surface -area. Also nnportant as it affects populatlon dynamics, is -
.~ the influent BOD strength The data in Figure 4-9B wasused to arrive at the des1gn criteria
shown in Figure 4-9A. Two changes have been made to allow use of the relationships in
design One is tiat there is a mazfnum ammon1a nltrogen ‘concentration for which the data:
is considered valid. This. concentration is generally 1/5 to '1/10 ‘the .influent BOD5
_concentratlon When the ammonia. concentratlon _exceeds  these maximum ammonia
n1trogen concentratlons on the appropriate ‘BODj5 curve, ltahas been recommended that the ' .
design curve be uség which is rated for that ammonia.concentration. 53 The Se,cond change K
made'm Figure 49A is the identification, of -a region of unstable nltnﬁcatlon that is,.a
region-of hydraulic load1ng Where either a slight change in the hydrauhc loadmg of mﬂuent' '
BOD strength could result in a d1splacement of the nitrifying population. It is conS1dered
‘ adv1sable to stay out of that region even dunng da11y peak flow conditions. 5 3
: N .
: -_4;4’.2.2'Effect of Temperature

»

-
Investigators at Rutgers University54 found that the nitrifying capabiﬁty of the discs was

Antonie>3 who has found no effect of . temperature above 13 C. Temperature correctlon.f .
_ factors derived from pllot 'data are shown in Figure 4-10. 53 These correction factors should
- be, used to reduce the. design ‘hydraulic loading determmed in Figure 4-9A for any .
was*ewater temperature lower than 13 c. - : S

.
’

gt ]
S

4 4.2:3 Effect of Dlumal Load Var;atlons
wo o :

Mhu._Execxse,dmgn.cutana for. han.dhng load. vanatlons in.RBD.. umts have not been formulated

- relatively constant in a temperature range from 15 to 26 C. Simliar results were obtained by -'" .

The concern has been that high B0D5 concentrations would. break through to-the last d1sc
stage during peak loads and would. cause d1splacement of nitrifiers from that stage 53 Whlle.'
firm design recommendations have hot been made, there are two general approaches
available. One is to arbitrarily ‘derate the surface hydraullc loadmg to the dist to ensure Tow "
. BOD loadings at all times. This will result in a larger amount of rotating surface area. The
other is to install ﬂow equahzatlon to reduce the. peak to average flow ratlo 53 o
~ H




- FIGURE 49 - |
-~ EFFECT OF 13.01)5 CONCENTRATION AND HYDRAULIC LOAD ON
' NITRIFICATION IN THE RBD PROCESS (AFTER ANTONIE (53)) |

oo 25‘0. 30 120 IOO 80"‘~Inlet BODs‘tancentratian mg /2
;‘ 95'— K = 0 RUum - - 1. K
w 40\ 35 28\ 20\ IS\ ~—Ammania Nitrogen -~ —~|——~c—ru___
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'&‘ ) - a ;
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-4, 5 Pretreatment for Separate Stage Nrtrrficatlon
'Nrtnficatlon facilities have been prevrously classrﬁed in Table 4-1. As can be seen from that

"'table, in order to obtain a separate stage nitrification pro‘Cess the influent to that process
must be pretreated to.remove organic carbon. Further, the pretreatment must achieve a
degree of carbon removal greater than is obtained by pnmary treatment alone, in “otder to. o
reduce the - BODs/TKN ratlo to a sufficiently low level to. ensure a srgmficant fraction of .

" nitrifiers in the blomas Altematlves listed in Table 4-1 include chemical treatment in“the '
primary, activated sludge, rough.mg filters, and trlcklmg filters Not hsted but possrble, is
“activated carbon treatment in conjunction with. pnmary ‘chemical addition. These -

~ alternatives -are summanzed in Frgure 4-11. This set of pretreatment altematrves is not -
‘meant to be exhaustive, but merely_illustrative; other flowsheets are possible. Detaﬂed“'_
.desrgn of pretreatment steps is beyon??h?%cope of this manual however, desrgn procedures
may be found in the pubhcatlons referencedm Flgure 4—11 -and. t.he sources orted on Table
41. - . . o

The. pretreatment alternative adopted may have significant effects on the downstream
v mtnficatlon stage. In- this sectron, some of t.hese possrble effects are consrdered ‘

FIGURE4—10 ,'_- =

TEMPERATURE CORRECTION FACI‘ OR FOR N"ITRIFICATION I >
) \IN THE RBD~PROCESS (AFTER ANTONIE (53))

D L O A R LA

85 AMMONIA NITROGEN REMOVAL PERCENT -

$
"-TEMPERATURE CORRECTION FACTOR

4 5 6 7 '8 8 o, 1, 12 I3
) WASTEWATER TEMPERATURE c |




4 5. l Effects of‘Pretreatment by Chem1cal Addltlon N o o

”The chemical treatment, step may cause- significant changes in alkalmlty and pH in the N
- downstream mtrlﬁcatlon stage Several altemate chemlcals are avallable and thelr results ‘
dlffer . -
ol Q.,‘.‘ - ’
]
FIGURE 4-11 .
R ’ o _' : S BODg Removal | . . . -
ALTERNA_TE 'Fn;m'c'u x#E‘N‘l‘“T-E-GM-&-QUES_.‘,_\ T | prior to”  |Reférences
) C : S Nitrification ’
CHEMICAL ADDITION IN PRIMA_RY ’ .
| chEmIcaL ' I : g :
Y B ‘ ‘serarate | o 1 501075 | 25,55
RAW PRIMARY . - - Terace 4 : - :
WASTEWATER |CLARIFIER, NITRIFICATION | -
.(SG or AG)
" ACTIVATED 'SLUDGE
RAW | PRIMARY . | acTivaTED INTERMEDIATE SEPARATE |. | 60'tg 95 | 25,36 S
WASTEWATER (OPTIONAL) SLUDGE CLARIFIER NITRISF.I;C‘:TION‘ : B
. S ’
K (SG or AG) .
i H hd
ROUGHING. FILTER e ’
¥ ' ROUGHING AERATION - AND | 45 to 60 | 25,36.
MW——CPLT;:.T;R TRICKLING INITRIFICATION fo ° H ,
WASTEWATER 4 FILTER . TANK ’
, _ : (SG)
{or RBD Process) . )
TRICKLING FILTER. - © = L . FOE o S y
RAW PRINARY [ - TRICKLING | INTERMEDIATE) SE:“:“ETE ‘ | 60 to 90 | 25,36
rrerrwaredT  CLARIFIER CLARIFIER TAGE ’ : i
WASTEWATER R NITRIFICATION .
- . (SG or AG)
(or RBD P\'ocess) o~ : Yo
FU I e e S S —
PHYSICAL CHEMICAL TREATMENT ,
CHEMICAL - o _ : T
. RAW . PRIMARY v | MuLTIMED A" ACTIVATED ',SESPTAA“G“ETF, ' .| 80 to 90 2556' 55,
WASTEWATER |CLARIFIER [~ 9 FILTRATION [~ "Cs“o“::;‘mw- _ lemruca‘nou_’ : > | _,.w
. . . . . ¥ ..
‘. . . o n . R -, o ’ (S6 or AG) o . ' . L
KEY - ».". 4_ 4- . . B .‘_ - T g . - B ) B B /
SG « Suspended qrowth. . A o . .
" AG » Attached growth- oL : . . » : L
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» .
: 'When alum or ferric chloride i is used in the pnmary treatment stage, both the carbonate and-
_ phosphate components of the alkalinity in- wastewater are changed. Table 4-12 summarizes
. the changes occurring when alum  is added to wastewater. Effects of i iron ‘addition are -
similar. %%r:;lthophosphate is present in wastewater as HPOg and HoPOZ between pH45 -
and 9.3
HPOZ . is measured as part of the alkahmty in. wastewaters because d‘f the followmg
equilibria: , : o ~ '
- H++HPO4 —-H»)PO4 |

- This reactwn is sh1fted completely to the nght at pH 4.5 Wthh is. approxunately the

endpoint titration pH for the conversion: -of bicarbonate (HCO3) to carbonic acid (HoCO3) -
in the standard, alkahmty determination.. Tablé.4-12 shows that the same amoupt of total
. alkalmlty 1s lost; regardless of the form of the i inorganic phosphorus (HPOZ or H2PO") ..

TABLEZ12

1. Hydrolysis

Aly 804) 5+ 6 HCOy
(54 as Al*3) (300 alkalinity
- as CaCoy)

‘or 5.6 mg of alkahmty as CaCO lost per mg Al ad,dédj Ve '

':’._,""' ' ' ~\ : --J s ..“ o
2. Preclpltatlon of morgamc phosphorus _ P U S
“  HPO, form o | S A S
K 0-.'_ . . 72 _.'vl L
Al (504) .+2H’CO +2HPO —PZAlPO +3SO;.+2H CO -

: (100 alkalmity .
(54 as AL (100, alkalinity. 28 CaCO3) .- . L

as CaCOgq) * (62 as P) _ C T
or 3.7 mg of alkalmlty as CaCO lost per mg Al added

- and 87 mg Al'? ;‘equlred per‘mg P AT

. N I'. ¢ ‘
H2p04. lform. S e
LAly 80, g+ 4HCOy . 2HyPO, —='2 ALPO;I3 SO, 4 Hy00; .
(54 as AI'3) 200 alkalinity 0 alkalinity ~ . ., o T
‘ asg CaCO,) . as CaCOg) PR TR
(62 as P) (62as P) -

©or 3.7 mg of alkalimty as CaCO3 per mg » A1*3 added
and 0 87 mg of Al reqmred permg P

-
.

447

¢ 4-12 shows reactions with aluminum for both forms.- The conmipound




'.aBy dlfference the alummum used mhydrolysns is: | o - ' . »

- chemical . addlntxon_,

Sy . o N
- .' . . , ,_" . . . . 't.\

. As an. 111ustrat|ve example of the results of alum addltlon CODSld'Cﬁa case where 10 mg/l of

inorgamc phosphorus is precipitated in the primary stage of treafment Usmg a value of 0 64 ,.l'*
mg P removed per mg of alummum added results in the followmg alummum use: 1 : ' '

10 M __‘15‘,5.mg/1 Mm‘req_uked (tota‘l)
0.64 P . L '

' o Ty o ) i .
. ) mg Al : ~ ) ) . o ] . T . L __,‘ 4 .' ‘
BN : : . . A . "

The aluminum used in phosphorusprecipitation is '(Tab'liei4~.l 2):

10 me/l P87 —%) =8.7

.,‘, Ty ..L'.

Ly
PR

3

ay have to be made up with downstream
1 ope.ratmg pH of mtnﬁcatlon (see

Section 4-;9.’2.).: 2

The changes in: alka‘hmty ccurnng with Tis txo'n' are dependent on lime dose (or pH)

. and the quahty oi‘ the raw wdstewater C: oth mcreases and decreases in alkalmlty

& - t‘(.":
Lxme addltlon 1@y al
anary efﬂuent after®

- "_'dependmg oft'lime dose?nd treatmerrt requn‘emen_ts 55 ThlS pH is hlgher than can normally

be dlscharged or mtrodut;ed mto'l_’d Wrisirea reatment units. To reduce the pH normal
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pract1ce is to “recarbonate” the high pH pnmary efﬂuent Conventlonally, th1s mvolves‘the .
: mtroductlon of gaseous caﬁon dioxide (CO2) mto the high pH primary - efﬂuent in a-
-, reaction basin of at least 20 minutes detention t1me Typrcally the carbon dlox1de1s either "
drawn from refrigerated storage or furnace stack gases, !ﬁontammg carbon cIioxrde are. used N
~ The recarbonation ste- ean be thought : ;of as the conversion of alkalmlty ;&,’the hydrox1de o
'form (OH ) to that i in lbe 'blcarbonate form (HCOT as follows: 33 - S 3

.
\5"

. Ca(OH)2 + 2c02 —-— Ca(HCO3)2'

In many cases there is s ,uffiment carbon drox1de produc,ed fronr the oxidation of . orgamc‘ ‘
...—-———'-_carbon and from mtnﬁcatlon to completely satisfy recarbonation. requirements. In a lime
ot prec1p1tatlon-mtnﬁcatlon sequence in Cahfom1a,3 it was:found that extemal carbon dxox1de
reqmrements wel’é ‘minimal and ‘only occasronally requrred In this case, it, was calculated
that approximately two-thlrds of the carbqn dlox1de produced was.z derived from T
mtnﬁcatlon while the remammg one-third wisderived from the oxidation of the orgamrc S
+ .~ carbon’ remalmng in the pnmary effluent. Wheri the same ‘process was tried at the EPA-DC -
.~ .+ pilot plant at Blue Plams, it was found that supplemental carbon dioxide was contmuously
L E -reqmred *to ‘maintain a neutral pH. This.is because wastewater in" ‘the Washington area is’
weaker than in the Cahfomra case. There is less productlon of ‘carbon dioxide because there :
v are lower concentrations of oxrdlzable substances entering the mtnﬁcation stage at Blue
Plains. ' : : : : - At S

The tendency is- forth&hlg#pﬂ efﬂllent«of the Ilme pnmary process to ,elevate the pH~m o

: the mtnficatlon reactor. Often thls effect enhances mtnficatlon rates (see S&tlon 3. 2 5.6 )},

_,,5” When lime pnmary treatment is employed care must be taken not “to’ mix the pnmary ‘

' efﬂuent with the re.tum activated s1udge pnor to entry mto the mtnﬁCatlop tank The high

pH of the primary efﬂuent raturn activated sludge mix ture would be. tox1c to both the '
mtnﬁers and heterotrophlc bactena in. the retum sludge

SN
5 .;,.'

A concem often expressed is that the phosphorus removal obtamed in a chemlcal pnmary':
treatment step will be so great as to- staryejthe downstream mtnfymg biomass for
phosphorus as a nutrient for growth Actug}lyb the requlrements for phosphorus in a
separate stage nitrification system are very low. Typlcally, organism biomass contains about
2.6 percent phosphorus This number can be used to calculate phosphorus requirements, as
- in the_following. example.. Assnme._a case wherg,36 mg/l of TKN are nitrified and 60 mg/1 of
T BOD5 are removed in a separate mtnﬁcatlon stage. “The quant1ty of b1omass grown can be
conservatlvely estlmated as follows (see Sectlon 3 2 7)

0

Nitriffers: 0.15'(-'36')]' 5.4 mg/lVSS

/Heterotrophs: 0.5 (60) = 33.0mg/1VSS
. Totalbiomass: .~~~ 38.4'mg/lVSS
449 .
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- | The 'phosphorus requlred is 2.6 percent of the VSS grown .. ' L i_ .

Y

b, Q26(38 4) =4, 0 mg/l as P J\j

‘. N

e
"..v.('

~ N 3#., : .
_Thus the phosphorus rﬁ;qui'}ement in thls exampIe is only I.0 mg/l P. In most cases the
';«B0D5 and TKN le\Pels will be less than given in the example so.that the | mg/l requrremerrt
czsl be conmdered a maxﬁnum requlrement for separate stage nltnﬁcatlon
. It is ‘a relatrvely slmp]'e matter to mampulate c‘hemrcal doses in- the pr1mary so that
: '.A"’vphosphorus res1&uals’are sufﬁcrent to support blo}oglcal growth. 30t may be that low levels
' f: pﬁosphorus or some' trace microhutrient removed‘ b)/ the primary may / cause “bulklng 1n &
a suspended growth type nitrification stage. 58 Very ‘high SV measurements were observed .
he nitrification stage followrng lime treatment at the Central Contra Costa Samtary
stnct’s Advanced Treitment, Test. Facrllty 3 However, it’ has'.b ‘ ,found that thls bu‘lkmg
}ild be very effectlvely controlled 'by a contlnuous low d0se of: chlorme to the retum
s,ludge w:thout 1mpa1rment of mtnf‘ catron efficiency. A dose of 2 to 31b pér l 000 Ib. .
MLVSS per day (2 to: 3 g/kg/day) in the inventory reduced the SVI from-'l;60 200 o 45-80
ml/gram Overdosmg at 5to..7 1b./1,000 lb /day (5 to 7 g/kg/day) cauSed 1mparrment of f
nitrification #n t'hrgher efflue‘nt solids. 59 ' ~

) The pretreatment alternatlves arrayed in Frgure 4~ll prov1de varymg degrees of: orgamc

carbon removaI ahéad of-the ‘nitrification stép. Not- only is there variation among ‘the
o altematlves but there is possible range of intermediate effluent qualrtles within each
\ - alternative. It was shown in Chapter'3 that hlgh degrees of orgamc carbon removals led to ':
. B the hlghest nitrification - rates. This implies that' reactor requrrements dlmlmSh w1th
o 1ncreas1ng degrees of carbon removal in the pretreatment stage. -

N

#

Very low levels -of organic carbon in the nltnﬁcatlon process mfluent has. drfferlng
1mp11gat10ns for suspended growth and attached .growth nltnﬁcatlon reactors. The effluent .
solids from the sedlmentatlon step in a suspended growth system can exceed the solids -
'synthes12ed in the processowhen the level of organlcs is low This leads to a requ1rement of
contmuously wasting' solids from - other suspended growth stages (carbon’ removal or ‘
. denltrlﬁcatlon) to the nltnﬁcatlon stage or to increase the BOD of the influent in order to .

- maintain the 1nventqry of blological solids in the system ThlS pomt is d1scussed further in

' Sectlon 4, 6A S ‘ o C .:‘ L :

Low levels of organics in the influent'to attached growth reactors can be advantageous The
.synthesrs of solids, .occurring with low tevels of influent orgunics results in very low levels of *
solids in the effluen“t from an attached growth reactor. In some cases thrs can ellmmate the '

‘need for a clarification step, espec1ally if multlmedla filtration follows or if. there is some e

Ty

" ~‘~'other downstream treatment unit such as denltnﬁcatlon




453 Pnotectron Agamst Toxrcants : B R S
All of the pretreatment alternatrves portrayed in Frgure 4~l l provrde a degree of remaval of
~ the toxlcants present 1n raw wastewater However, the types of - toxicants removed by each :

B pretreatment stage vary among the altematrves @Chemrcal prlmary treatment can be used |
, v . - where. toxicity from heavy metals is the’ malor problem Lime pnmary treatment is one of - )
o the most effectrve processes for remo 41'¢ g wide range of metals 55 Chemrcal treatme’nt 15,'_
IR usually not. effectrve for removal p orgaftic toxicants, unless if 1s coupled wrth a carbon‘.’ '
' adsorptron __‘step such as rn the” phy al-chemrcal treatment Sequence The brologrcal Sl

‘ ,pretreatme altematrves (actrvated sludge tnckhng ﬁlters and‘tbughrng ﬁlters)Bprovrde a:, L

When materlals toxic to nrtnﬁers are present in 'the 1nﬂuent raw wastewater on a regular '
- basis, the pretreatment technique most su1table for the1r removal- can-be used 1n the. plant RN
.« design to safeguard ‘the n1tr1fy1ng populatron The- determination. of the most su1table system' '

configuration need not involve an extensrve samphng or elaborate pllot program A recently
.developed bench top analyS1s can be used to screen alternates. 61 The test procedure 1nvolves .
“batch- oxygen uptake tests uising & resplrometer to measure. oxygen utllrzatron Composrte My

: _ ' wastewater samples are subjected to vanous pretreatments, ex:, alum or powdered activated:
o . carbon via a jar test p }qdure or to brologrcal cf)xrdatron by batch -aeration. Each treated;
b sample is’ then spht .and placed 1nto two resp1rometers 'One resprrometer is used. as a,;”

k . non-nltﬁfymg control by treatment w1th d nitrification’ inhibitor such_ as Allythrourea
ATU). 61 The other respirometer is mocdlated with a small amount of m1xed quuor from a’
: - nitrifying activated sludge planh Différences between-the oxygen used in the control and in
g the seeded sample can be used to’ establrsh batch n1tr1ﬁcat1on rates. At the end of the test ) ,
- the- resprrometer contents are sampled arfd analyzed for the nitrogen: speCres to conﬁrm -.
. whether nrtnﬁcatron toolc placein the inoculated samples as well as to, chéck the control s
The adequacy of . the seed used can also be. checked by - .runnmg an moculated but T

unrnhrb1ted sample known to conta1n arr%onra and orgamcs, but no t0x1cants ' '

L

b~

. The batch nrtnﬁcatron rates determmed by the batch procedure, can. be examrned to_~'—"
~ detefmine - the pretreatment’ techn1que apparently most suitable among- the optrons -
examined. Often sothe of the pretreatment techniques wrll result irt little or no nrtnﬁcatron'
in thé rnoculated sample, 1nd1cat1ng 1nadequate removal of’ the tox1ca t(s) :If other. cases,. .
‘the pretreatment technlques will\allow vigorous nrtnﬁcatron Jn- -the sample 1nd1ca§1ng good: .-
removal of the toxrcant(s) 6t Th partrcular pretreatment techn1que that1s effectrve may_'
~also indicate- ‘the type of toxrcant that is interfering wrth nitrification and may ' permit .
‘ 1dent1ﬁcatron and Ql;mrnatron of thi source trrbutary to the system. For instance; 1f 11me v
treatment is effective, the problem m4 1y be-a heayy metal~that can_be precipr,tated by the
lime. Altematrvely, if biological oxrda 'on is ineffective 'but actn"ated carbon ‘treatment . -
> . allows nitrification to proceed, then a yonbiodegradable organicis slrspect SubSequent".

.' specrﬁc analyses can t,hen be run 1n ‘the 1d_ trﬁedd'ategory of compou.nds It.' the toxrcants .-;_;

<.
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‘a source control program often .a prlot study of the procesé

cannot be elrm@nate" i

' 1dent1t' ed by t.he b@rfﬁl‘l‘pcale procedure can be justified to: confﬁr ‘the process.selectron
-Prlot s*tudres also ?lue in. determrnmg the ability of the’
toxrcants somethmggw at

trrfiers to adapt to the
ch test 1s not capable of domg SER Pk -

RS

- 4.6 Separate Stage Nrtrlﬁcatron w1th Suspended Growth Processes - R

- There are many examples of sepa te stage mtnf catron rocesses in the U.S. (Table 4-1):

The mmal development of the sﬁSpended growth process in separate stage applicatron was’

" o*rented to the isolation of the operatron of the oarbonaceous removal and nitrification

. Frrst apflrcatrons of the process were in the: northem portlon of the U S where low( < lO .

: oxrda T
stage ‘design. The mtnficatlon rate . approach has been based on expenmentally measured

©

influ

‘_ pro"csses SO that each- ¢ould be separately controlled and optrmrzed 15 By placing a carbon -
removal system (ongmally conceived. as a high raté- activated sludge system) ahead.of the
separate nitrification stage, the sludge would be ennched with nitrifiers as opposed to the .
f-margmal populatron present in combmed carbon oxrdatlon-mtnficatlon systems By this _ :
‘ennchment process, mtnficatlon would be expected to Be less temperature sensltlve thanin .
- a combmed cart?bn oxrdatron-mtrrficatron system ‘ : ' '

0 quurd temperatures were obtained in the wintertime: Subsequently, the system has been

applied in, moderate chmates such. as Flonda and Calrfomra whére some of the other

advantages of the process have made rts applrcatron des1rable

4 6 l Applrcatron ofNrtnficatlon Krnetrc Theory to Desrgn - ; {

"The kmetlc approach for desrgn of separate stage mtnf’ catron in suspended growth systems~
s fundamentally' related to. the kinetic desrgn approach used- for combined carbon -
oxrdatron—mtnficatron .as was . shown in Section.3.2.7. To date, however, thé pract1ce has:

en . to adopt the “solids retentuon time’.. design approach for combined carbon
1 itrification’ applwatrons ‘and ‘to use the nitrification Tate approach for separate.

rates, I 62 63 rather than attemptmg to relate the rates to fundamental kinetic theory (sae

‘ Sectron 32. 7) The’ theoretrcally determmed nitrification rates are limited in the1r;,_T '

: apphcabrhty chrefly because the nitrifier fraction of the mixed hquor cannot be accurately R )
assessed Nonetheless, the concepts developed from kinetic theory are apphcable even in the S

‘ absence of mformatron about the nitrifier fra‘k:tron : o

. .'The sohds retentron time desrgn approach is also drrectly applrcable to- many separate stage T
. mtnﬁcatro,n design problems The hmrt of its apphcabrhty is related to the dlfﬁcultles with- .
. .the mtnficatron rate approach that is,the yreld of nltnﬁers grown through mtrrficatlon is- - '
“'not" gccurately known: However, for designs where the ‘BODjs level 1r\the mtrlfi atron;'
of mtnfiers will -
! 'generally be a smal] fraction. relatrve to the heterotrophic population. In'this case, the errors . : .
- ine assumptlon of th’e yield of niitrifiers will be masked by the- growth of heterotrophs For. .

nt is 30 to 60 mg/l (or’ BOD5/TKN ratio is 2 to 3) the. growth

these cases, the contrrbutxon of the mtnfiers to the overall process growth Tate may be

R 161 i
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o '. neglected wrth the assurance that therr contnbut;on 1s Iess than 12 percent (Sectron 3 2 7)
' A model WhJCh exphcrtly consrders the’ mtnﬁer contnbutron to the system growth rate 1s-"1‘ :

, . ‘available thch can be used when accurate ylelds for nrtnficatron become known 38

:In mtuatrons wher 4 anlc carbon 1s low m the rnﬂuent (BOD5/TKN ratro O 5 to ? O).'

“to the mtnﬁcatrdn st ge both the assumptions for heterotrophlc and nrtnﬁer y1elds become Do

" uncertain. These' low BOD5/TKN ratio: mtuatlons.gre usually cases where a. well stabll,xzed e
‘secondary effluent is ‘being mtnfied Remdual BOD5 in these efﬂuents is often’: brologlcal

-solids rather than resrdual raw’. wastewater ; organic . matter: The brqmass yreld in “the -
nitrification stage for-these cases jis less well defined Th1s leads to uncertamty in: estrmatmg

; _desrgn sludge mventones and wastmg schedules when usmg.the sohds etentron tlme desrgn

v approach ’ AN : g :

In this sectlon both the sohds retentron t1me approach and the_ mtnﬁdatron rate apprOach
. are presented The direct theoretrcal mterrelatronshlps of the ,approaches,\as developed 1n
Sectron 3.2. 7 should not be overlooked E : ' : T

L

4 6 2 Sohds Retentlon T1me Approach

S P e 3 e e P o

The desrgn procedures developed in" Sectlon 413 are d1rectly apphcable to separate stage':",'"
- nitrification demgn when the. BOD5/TKN ratro equals or. exceeds 20. A summary of these"
- desrgn concppts follows - toe Sl e . >

- 4 6.2. l Chorce of Process Conﬁguratlon Sl

i R '

‘In general the favored system for separate stage nrtnﬁcatlon is the plug ﬂow system It was :
already shown jn Sectron 4.3.5 that the plug flow process results 1n.lower efﬂuent ammoma‘;’ i

- than a complete mix process at the same SF, or alternately, the same ammotiia levél ata’

o throughout the tanks, the full advantage of plug ﬂow k1net1cs over the k1net1cs of any other ": -

lower SF. The only d1sadvantage of the process in comb1ned carbon ox1datron-mtnficatron R
‘ ".;appllcatrons is the difficulty in supplying adequate DO in the head end of the system fjj
“réndeéring that zone ineffective for nitrification in cases.of low DO. Wrth a carbon removal'__'_
' ~"step ahead of the separate nitrification stage, the high oxygen demand at the. head end of
-~ the system 1is mlmmlzed and less difficulty is found in. desrgnlng aeratron systems that
‘fensure adequate’ DO’ levels throughout the. nltnﬁcatron tanks. With" -adequate DO levels .

. conf guratron is obtaJned L K . o _ N

,‘ In cases where a lune precrprtatlon-step precedes the n1tr1ficatron step, 1t is often des1rable‘ ‘

 'to use the carbon droxrde (C02) produced by the n1tnﬁcatron process for recarbonation
- (cf. Section 4.5. D). ‘Since the process of ‘nitrification wﬂl be’ spread throughout the’ plug .
ﬂow reactor, .and rqcarbonatron is’ desrred at 1ts head end to -avoid pH toxrcrty, only a

*portlon of the carbon dlox1de produced m "the . process is available for recarbonation at the -

. head. end of the process. A s,olutron to this problem is to increase the use of egternal carbon * .
droxrde On the other hand external carbon droxrde usage may be muumrzed by adoptmg :

!\-‘ ., . . . . . P

D asg
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one of the other process conﬁguratrons such as complete mrx that more evenly spread out
"the load throughout the aeration tank thereby takmg full advantage of the m-process
:-mrbon droxrde generatron for recarbonatron i

A

o . . . . C . C. . ] N - . da ._‘ . ;. 5
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'_The same cons1deratron§ dlscussed in Sectlon 4}3 32 are applrcabler to separate sludge~

, applrcatrons Diutnal varlatrons in mtrogen load will effect effluent qualrty in_ ‘the same-
L manner as for combmed carbon” oxrdatron-mtrrﬁcatron applications. However, upstream
. treatment steps may moderate the fluctuatlons in mtrogen load experrenced by separate
;'stage mtnﬁcatlon processes Whlle prrmary treatment and roughmg ﬁltc;rs have S0 lrttle '
' hqmd holdup that lrttle or. no nitrogen load equalrzatron is, provrded ‘this ig not_ truegof

“either the activated. sludge or tncklmg ﬁlter pretreatme‘t alternatlves Both of these ' rg. P B
- alternatlves prov1de a- degree of mtrogen load equalrzatron S ;
A typrcal ammoma load curve for the secondary effluent from the Rancho Cordova IR -
Calrfomra treatment plant is’ shown in Frgure 4-12. The plant provrdes actlvated sludge e I
treatment On the date momtored the average flow was l 9 mgd w1th a. peak hourly ﬂow of e
| . o \> : oo . <L _'. IR o ‘ “ N Tg\ . | 3_.‘ ‘
-‘,'_ ., - ‘. . '”’. | ‘- § FIGURE 4..12 E ‘ , \ . . ;.- .
RANCHO CORDOVA WASTEWATBR TREATMENT FACILITY , '. S
EFFLUENT AMMONIA CHARACTERISTICS MARCH 19- 20 1974 SRR ’ RN
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3. 0 mgd for a flow peakmg factor of 1.6. The ammonia loadmg behaved srmilarly w1th an
“average load of 252 Ib /day and a peak hourly load of 379 1b /day for a nitrogen load
peaking factor of 1.6: Usmg the cori‘cept developed in Section 4.3.3.2, the minimum safety
".f'factor adopted fora separate stage nitrification process serving this plant%hould be 1 6 ton
prevent srgmﬁcant ammoma leakage dunng the peak hour. -

4 6.3 Nitnﬁcatlon Rate Approach

‘ The kinetic desrgn approach using - nitnﬁcation rates places reliance: ‘on expe.nmentally_ :
. .determined rates obtained from pilot.studies: Available data are summanzed in Figure 4-13,
plotted agamst temperature Also shown are two other principal variables that can effect
mtnﬁcation rates, the BOD5/T KN ratio and the mlxed liquor pH
In general the nitrification rates follow the predictions -of the theory (Section 3.2. 7) As the -
. temperature rises, mtnﬁcation rates increase. The BOD5/TKN ratio strongly influences the .-
nitrification rates. Comparmg the Manassas, Blue Plains and Marlborough data, it can be -
~ seen that the lower the BODs/TKN ratio (and the higher the nitrifier fraction) the higher
- the mtnﬁcation rates. Also.the effects of pH depression on nitrification rates.is apparent
'Particularly interesting is the data from Blue Plains for the air and oxygen system run.at
‘approximately the same pH but at differing BOD5/TKN ratios. The air nitrification system,
running at a. lower influent BOD5/TKN ratio exhibited higher nitrification rates than the
. oxygen system running at a relatively higher BOD5/TKN ratio. It is notable that when
' oxygen and-air nitrification _systems were run in parallel at the same pH and influent

-

: ,BOD5/TKN ratios,; the ‘same nitnfication rates were. obtained8 A further companson of -

oxygen and air mtnﬁcation is presented in Section 4 6.5.

. In the "absence'of pilot. data spec‘iﬁc toa par’ticu]ar' situation Figure 4-13 can be used to

approxrmate design nitrification rates. What must be known or estimated is the BOD5 /TKN o

ratio in the influent, the minimum temperature'for nitrification and the mixed liquor pH. In
essence, Fig. 4-13 is a plot of experlmentally determined values of the peak nitnfication
- rate, as defmed in Section 3.2 7 as follovvs

s : .“’\‘/\ AR

T e L . 63y
where: ?N = peak nitriﬁcation rate lb,_NH'Z-—'N oxidized/Ib MLVSS/day," '
f o o=n mtnﬁer fraction and . . | o ',
. /ciN = peak ammonia oxidation rate, lb NH 4 -Nrem'/lb VSS'/d'ay'; :

In other words, these rates are determlned at values where the DO and the ammonia level
“ ‘are not dimiting the rate- of nitrification. However to be useful for design purposes, the -
’ effects of ammonia content and DO should be consrdered The effect of operating DO can

. o 455?
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- be. incorporated through the Monod expression for DO. The effect of desired effluent

 ammonia . content can be “considered through the safety factor concept. The use of
- Equations 3-31, 3-20, and 3-29 yields the following expression for eith&r a complete mix,sor

(4—22)

[ 4

._plugﬂou/system. . TN _ N ( - Do > "
' N “sF -.-.,-:;.:K02+D0..-

N ,

N

-

: Effluent ammoma mtrogen content can be estnnated for a comp.lete mix system at steady |

state from the equation: _
. L LN

For plug flow reactors, the efﬂuent ammonia c0ntent can be estimated-from Equatlon 4-]4
Criteria for estabhshmg the safety factor are dlscussed in- Sectlons 4, 3 3. 1, 43 3.2, and
W4622 , . , . C : :

e .

Once the demgn va]ue of the mtnficatlon rate is estabhshed the desrgn can proceed ina

R -manner sirhilar to the F/M design approach adopted for activated sludge design. The total

¥ nitrogen logd per day and the nitrification rate are used to establish the mass of solids that |

~ must ¥e mamtamed in the nitrification reactor. The volume of reactor is determined, from

- the allowable mixed liquor solids level and the inventory of solids required. The allowable

mixed hquor level 1s~mﬂuenced primarily by the efficlency of sohds—hquld separatlon
'(Sectlon 4:10). & BT : _ '.3-, = :

. . . .
s

4 6.4 Effect of the BODS/TKN Ratlo on Sludge In\bntory Control ;o

At Manassas,?,,Vlrgmla, Jackson, M1ch1gan, and- Contra Costa, Cahfomra, d1fficu]ty was
expenenced in maintaining ‘a nitrifying sludge inyentory when the infjuent contamed low,
amounts of organics (low BOD5/TKN ratios). 64,10,4 Typlcally,effluent sohds ﬂuctuated
between 10°and 50 mg/l-and the efflugnts contained a good deal.af dlspersed SOhdS that

were not captured in the sécondary, clarifier. It has been su ésted that a hlgh fractlon of the
¢ mixed liquor ngt be heterotrophlc to mamt’am good bloflogculatron in a separate stage

trification system. 12 Since the synthesis ‘of solids in these systems is often less’ than the-

qehds ap;karmg in thegeffluent from the system, an ugstable - cond1t1on can result. Several .

medies are. avallab]e At the three locations mentloned solids from the upstream activated °

sludge process were penog!cally transferred to the sepa'ate stage nitrification process to ..

-

< . v ,‘. . R

maintain the‘sohd@ventory a

‘ I ‘.“‘ . [ ] .g ‘ . . v
v ~<In other‘ases, fretreaﬁrent v’eps have been purpose]y chosen which do not prbvide as high

. a degree of cerbon removal as activated s‘ludge and - therefore cause greater synthesis of’ '

.
A7 4

" heterdtrophic biom#&s in the nitrification stage. ‘Examples are lime precipitation in the *

vpnmary3 and ‘modéfied aeration ‘:tlvated sludge with alum addition. 65 In still anOther case, :
‘10 vperce t f the ptimary effluent was bypassed around the actxvated sludge carbon‘removal -

'_ step toa sepa‘te stage mtnficatlon step 11 The amount of pnmary effluent bypas¥ed can

v , v d‘ o ] . --‘ . -

e . .

3
-~
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be varied to prec1sely control ‘the solids retentlon tune and deta11s of a recommended
procedure for accomplrshmg this control can be fourrd i 1n reference 66. , ot

b . . - . - N

4, 6 5 Companson of - the Use of Convent1onal Aerat1on to the Use Qf ngh Punty
« Oxygen o .

e .- -,

N

A comprehenswe study of the effect of pH on covered high punty oxygen n1tr1ﬁcat1on o
systems with comparisons. to conventlonally aerated systems has recently heen completed 8
“High purity oxygen ‘systems typ1cally operate at somewhat lower pH levels than .
conventxonally “aerated systems, and it has been intimated that th1s\w1ll restlt ih ‘lower
‘hitrification rates and efﬁc,lency than conventlonally aerated systems The reason for the
lower pH is because of the method of oxygenatron in covered high purity oxygen systems.
_As shown in Figure 4-14, the system uses a covered and staged oxygenation basin for
contact of gases and mixed liquor. High purity oxygen (90+ percent purity) enters the first
stage and flows concurrently with the wastewater be1ng treated. The gas is reused in -
successive stages, resultmg in the. bu11dup of carbon dioxide released by biological activity in
the gas and in the quu1d This results in a depressmn of pH. Wh1le the pH is also depressed
by carbon droxrde release in conventlonally aerated systems (cf. Sec.. 49) ~the pH
depress1on is less than occurs in the high purity oxygen system ‘because evolved carbon ‘
droxrde is contlnually stnpped from the System by the aeration a1r
o .
The work at * EPA—DC Blue Plains treatment plant cons1sted of two carefully controlled
' “pilot 1nvest1gat1ons as. follows (n separate stage nitrification with high purity oxygen with’
arrd wrthout pH control and (2) separate stage n1tr1ﬁcatlon by conventional aeratidn and'

o -

o FIGUR’E4—l4

s COVERED HIGH PURITY OXYGEN REACTOR WITH
‘ THREE STAGES AND MECHANICAL AERATORS .

AERATION . - o . i 5o
TANK COVER - S <o .
v e CONTROL . - AGITATOR
“e VALVE, - -
OXYGEN  _ \ ; , o ; . - EXHAUST
- FEEDGAS . < : T ’ [E= s .
. . - - .
e - [
© WASTE - .
' .UQUOR —=- -\‘\ — .
FEED ; . MIXED-LIQUOR. -
. g EFFLUENTTO .
\\ CLARIFIER

RECYCLE | N I | AN 2N | R
SLUDGE ~ T \ - : . 3 |
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hrgh purrty oxygenatlon controlled at the same pH level The purpose of this 'section’ is fo
review the salient features of this workas it affects nitrification design wrth high purity .

' oxygen No attempt will be made to present general high purity oxygen design concepts as
.these-are covered in the EPA Office of Technology Transfer’s publication, Oxygen Actzvated

Sludge Wastewater Treatment Systerhs Deszgn Criteria and Operatzng Experzence 67

4 6. 5 1 Hrgh Purrty Oxygen Nrtnﬁcatron W1th and Wrthout pH: Control '

Al

Operatronal results are shown in Table 4-13 for a hrgl; punty oxygen prlot p]an ¢ without' pH'..
- control and a plant with the last of four stages held at pH.7.0 by lime addition to the first

stage. As may be seen from the table, the system with pH control provrded an effluent with
somewhat Hétter quality. Lime addition to the pH controlled reactor caused buildup of

inerts wh1ch resulted in better thickening sludge and better clarification efficiency at the . °

expense of greater sludge production. 8 The effluent ammonia level was somewhat lower

~with pH control, but the difference is not significant when 1t is considered- that a chlorine
‘dose as little as 10 mg/l would be sufficient to remove all traces of ammonia in both

wastewaters {c.f. Chapter 6) It should be noted: that both systtms were operated at high
sohds tetention tinres and therefore had high SF values Therefore, drfferences in effluent
ammoma levels would be expected to be small. . L.

Comparisons of nitrification rates did not present a clear picture of drfferences between the

. two systems. JHowever, it was shown that- when- the pH drops below 6. 0 nitrification - -
- rates did" decline. However; the. pH generally did not d'rop below 6. 0 in the system without

pH control until the Tast reactgr stage, but there was so little ammonia remaining to be
oxrdrzed there that essentlally no effect of pH on nrtnﬁcatlon performance could be
drscemed . s

v . M . - ' . -
¥ . .- .

In sum, the work at Blue Plams demonstrates that the pH of the mtnﬁcatron reactor can
'drop as low+as 6.0 and allow acchmatlon of the mtrrﬁcatron orgamsms with attamment of
'complete nrtnﬁcatron The pH should 116t be allowed to drop below 6.0, except perhaps in

the last reactor stage, and in those cases where the carbon dioxide evolutron is sufficient to
cause the p tcﬁdrop below 60 pH ]control should be unplemented From an organics

' _standpoint, e flue'nt gua.lrtres are superior <in the pH control-led system because of lime -

addition, -an d’ this should be kept in mind when desrgmng for strmgent effluent
requrrernents o ;‘; . . :

4.6.5! 2 CompansOn of Conventlonal Aeratlon and .-
s Hrgh Punty Oxygen at the Same pH _ : ,
Table 4»14 shows the results of a, parallel study of a conVentrona] aerated nltnfrcatlon
system with a high punty oxygensystem both systems were held at pH 7.0 in the last stage

of a four—stage system 8.As may be seen .from. the\table, the concentratlon of organics and -

_ nitrogen species were virtually 1dent|cal in the two systems. Greater lime was requrred in the -

hlgh punty oxygen system than in the conventlonal system to maintain the same pH level
. . ¢

nr
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~ This greater lime dose resulted- in: greater sludge production. in the oxygen system but also
improved the sludge thickening properties, allowing the same MLVSS level to be maintained
in both systems at " a hlgher MLSS level in the oxygen system. Nitrification kinetic rates were
found. to be the same in both'Systems Choice between the two pH controlled systems
should be based on ‘economic consrderatlons as the systems are equlvalent in other respects

s
£

- TABLE 4-13 -

L
COMPARISON OF PROCESS CHARACTERISTICS FOR
- OXYGEN NITRIFICATION SYSTEMS WITH:AND WITHOUT
. pH CONTROL AT BLUE PLAINS WASHINGTON D C.
) With pH Without pH
A ~' 4 control, control,
. . days 51-150° days 26-859 .
+  Operating ParametersB
" Oxygenation tlrn", hrs¢ . 4.0 3.9
.+ F/Mraticd . 0.15 ' 0.16
Solids retention time, days - ; 13 17
_MLSS, mg/1 . 5,660 3,520
+ MLVSS, mg/1 . 2,620 2,780
" Return sludge 5SS, mg/l - 38,650 13,640
. Sedimentation tanK overflow rate, . .
}. : . *gpd/sq ft 620 645 h
B " m%/m%/day 25.3 *.26.3 .
* Sludge production, mg/1’ 69 35.4
Lime. dose (Ca0), mg/1 126 | 0 ,
§ Effluent Qualitiesb . '
e Effluent o Effluent *- S
R ; CN Influent Influent.
. * Concentration, m?h B - mean . mean standard mean mean standard
- : ’ ’ deviation i deviation.
BODg. 67 . |- 6.3° 3.1 70 8.6¢ - | |
4COD .. - 12 | 264 | 6.2 152 42,5
toss 77 10 4.8 75 | 24.0 T
vss 58 6.0 4.2 sg [ 17.1 EURR
® KN R 217 |- 1.3 0.6 22,7 | 2.4 N
NHI-N ' - . 1409 0.15 0.11 150 0.64 ".fh. : 5;1
NOz+NO3-N - | 1 - - 13,4 1.1 LA R R y -f»';‘
. : : ) RN }
_%Day 1 2 January 1, 1974 ] , Ly P
Yo bDaqg from reference. "8 ; while the data are not from the same tlme pe.lod data frOm a common time - AR ";
period (days 56-85) showed the same trends.. T bR

Based on influent flow

F/M ratio ts the ratio of the 1b BODS in the lnfluent to the actlv,a'fed sludge process and the lb ot’
MLVSS lnventory under aeratlon or oxygena tion, -

Nltrlftcatlon lnhlblted o : v
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4 7~Separate Stage Nxtnﬁcatlon wrth Attached,Growth Processes N L !

. ) ‘v
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Th,ree types of attached growth processes have been employed for separate stage
mtnﬁcatront ‘Fhe d‘ifferences lie in the type of medlum provrded for blologlcal growth The
. three types 9f ﬂrpcé \ .tlﬁ tncklmg ﬁlter, the rotatmg b1ologlcal dlSO and the- packed

bed reactor. AR _ Y

' 0_' = . '; : .

| COMPARISON OF PROCESS CHARACI‘ERISTICS oF CONVENTIONALLY} '
: :_r ) _" , . ,.AERATED AND H.IGH PURITY OXYGEN SYSTEMS WITH pH -

w oo CONTROL AT BLUE PLAINS WASI'HNGTON DC ) ;‘..:g'f

k ;\,"‘I., . "‘- SR R B '7.: A ‘ ngh purity ‘ R convenb;oo;!, .M

TLu A  oxygeim, - 1L diffused aeration,
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i cat16n wrth Trlckhng Fllters

"."','The dev etgbme_nt- of two-stage tncklmg ﬁltratron or double filtration preceded the

_":-develop' of 1wo—stage suspe'nded growth systems for nitrification. In fact, two—stage
ﬁltratgp" as m operatlon at sqeveral military 1nstallat10ns durmg World War I1. 49 Inrtrally,
the"tw"_ e tncjtllng ﬁltratrcm process ,was developed to increase the renroval of organics
i theef, hts from the hlgh rate tnckhng filters. Later, it was observed that under some

C operatfng'condltrons, thedd d stage produced a well nrtnﬁed efﬂuent 68. - '

W
i 411

It has "bee b sk "'-‘.u' at in separate stage nitrification applrcatlons, the rate of nrtrrﬁcatron is
ilthe surface area-exposed to the liquid being nitrifi ed. 69,70 In other words,
f'factors’ are held constant, the allowable loading rates can be expected to be :
! '_edra surface area, rather than to the media volume '
: ,ttle bxologlcal ﬁlm development has been observed in separate sta‘ge applrca-'\
%7 1 72 As a consequénc pluggage of vords in the media and pondrngmbecomes of less
y: ncern than” in combrned carbon oxldatlon-mtnf cation applrcatrons Media of hrgher
8 “crﬁt: surface than normally employed may be used. Plastic' media is ch terrzqd by

havmg very high speclﬁc ‘surface available while mamtamlng a-high vordﬁlo (’ 290
f percent) The high specrf ic.srface area of plastrc media allows the tncklrng filter volt1me to
b ? ' be reduced srgnlﬁcantly reduclng the cost of the drstnbutor arms and the structure

Avallable types of plastlc medra are summanzed in Table 4- 15. Most expenence m"“the U. S o
been with" the corrugated sheet module type, rather than with the dumped medra which

‘ w’i just become avallable Medra appllcable to nitrification applications is commercrally
ilable i m specrf ic surfaces ranglng from 27 to 68 sq ft/cu ft (89 to 223 m2/m3) '

N _. - 4 7 1 2 Loadmg Cntena
As prevrouslyﬂ stated, n1tr1f' catron rates 1n trrcklrng fi 1ters are related. to the wetted surfacc L
area of the’ media. Therefore the most ratlonal criterion would be i in terms of surface area. ° .
Unfortunately, mformatlon on specrﬁc surface is not always avallable, and volumetnc‘ '
: loadmg crrtena must occasronally be resorted to.

_1‘ . . . . "

. The p110t study at the Mrdland Michigan wastewater treatment plant provrdes the, most -
¥ ,comprehensrve set.of. data-currently available on nitrification: with trickling filters.22,71 The -

]

mﬂuent to, the -pilot plant was well treated tncklmg filter’ effluent with BOD5, 'SS and, Lo

" ammoma-N values rangmg from 15-20,-15- 20 and 8 18 respectrvely The BOD5/TKN ratlo -

s,
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COMMERCIAL TYPES OF PLASTIC MEDIA FOR . .' . -
SEPARATE STAGE,NITRIFICATION APP]ZICATIONS L

: f T RS I ; - =
. ' r] - . .
'ManufaCMqr . ST st s Trade. .. o .Typew_: - S‘p&)ciﬁc surface2 avalsable
B : Na_me - - w0 s sEcu it (m®/ my e
Envirotech Co?. , Brisbane, . "Surfp_ac. R Corrugated sheot ) .27 r _(89) ‘
' . ) A . modules .- L _
B.F.Goodrich, Marietta,. Ohio ' Vinyl Core | -.'(’:qrrugateg:sheet Tleocses ooy U
. - - L . R modules'"“ R .45 . -'(148),
N . Lo . » . 1]
Enviro Development Co , Inc " Flocor ) borrugatcd \sheet - t 27 o 2’39)
Palo Alto, Ca. b e T modules o L4000 (131)
"Mass Transfer, Ltd. , Houston,.‘ . Filterpack _ Dumped rings - ' " .3\‘5-' - {118)
' Texas .° - B 1 . " _ R , o 57 (189)
Norton Co,, Akroh, Ohlo - .. . "CActifil ¢ . Dumped rings - " R (QQ)
M N . o ST \\42 - (138)
L - IR . . . ' . ‘. . :
f\/l_unters Corp., ft;‘;Meyers, Fla. PLASdek { Corrugated sheet ' ‘ 42' " {138)
. A . - o , - modules " 68 : (223)
. Formerly available from the Dow Chemical Co,, Midland Mich, : : S e D

bUnder license from 1CI, .Great Britain formerly available from the Ethyl Corp ,
Baton &ouge La. . . .

was 1 1, indicating a high degree of ~B'OD removal in the pretreatment stage. The pilot un‘it "
was a 21.5 ft (6.55 m) unit filled with Surfpac med1a During the 18 month project penod a

variety of climatic condltlons were experienced w1th ‘wastewater temperatures in the pl]ot
unit as low as 7-C and as hlgh as19C encountered L .,

The data from the various operaﬁng penods for the pro_;ect have been reexpressed in Fxgure

4—]5 in terms of the surface: area required for riitrification and the desired effluent ammonia

nitrogen content. As may be- seen, greater surface area is requrred at low temperature (7 to
1k C) than- hlgh temperatures (13 to 19 O): Further, to: obtdin ammonla-N contents below
25103.0 mg/] greater susface area is requ1red than. for efﬂuent ammonla contents above
2. 5 to 3.0 mg/l ammoma-N '

When efﬂuent ammoma-N ]eve]s ]ess than 2.5 mg/l are des1red consi erahon should be .

» given to using breakpomt ch]onnahon (Chapter 6) for removmg amménia residuals rather

: .,than incréasing the :surface area of the fi ]ter, as the cost of removing the ]ast 1-3 mg/] of '

- ammonia becomes very high because of the very much larger tnckhng ﬁ]ters requ1red

Flgure 4-]‘3 was deve]oped solely from the M1d]and Mlchigan data Data are avar]ab]e from -
" two other locations ‘which allow calculation of surface’ requirements for nitrification. 27, 73

Figure 4-16- shows surface reaction rates for- Lima, Oh10 data27 compared with the trend

"hnes developed from the M1d]and Mlchlgan data. Lesser surface area 1s requ1red at the Lima -

i

.



location for the same degree of mtnﬁcatron This lower surface requlrement is chleﬂy due’ ' -
* to the higher wastewater temperature, but the fact that the mﬂuent BOD5 levels were lower -~

may ‘also have caused . a higher proportlon of' nitrifiers to be present in -the tnckllng filter’s
o surface film. In the case of Lima, Ohio, the mﬂuent to t’he nrtnﬁcatlon stage is produced by'
a step aeratron actxvated sludge plant. : :

: ..Surface requu'ements for mtnﬁcatlon of ox1datron pond effluent at. Sunnyvale Callfomla.

.are shown in Figure _4~l7 13 In this case, large quantities of algae were present in the
tnckhng filter mﬂuent Wthe the bulk of the algae passed through the un1t unaffected at

. . ' . : . . M
e X . ro

FIGURE4~15 ) B A

SURFACE AREA REQUIREMENTS FOR NITRIFICATION - \'

o - MIDLAND MICHIGAN. - \
- \_ S E‘\;x \ .-'_[;j - "Inlfluent'-.Doto'-"(meon)},'- _
10,000— e . BODs - -15-20mg/I | —\

.8S .. 15-20 mg/I-
, .‘,Orgomc N 1-4 mg/l

| NH4 N . 8-18 mg/1 -
.BODs /TKN. '~ 1.1~

* 8,000 —

SURFACE AREA REQUIRED SF/L8 NH}-N 0XIDIZED/ DAY’

S D T A IR
Fyf _' . EFFLUENT AMMONIA-N, mg/I ~ - %

6,000 — s
' 7TtollC. - - gl
4,000(—. — I3teloc o . °
©° o
2,0001— : o i BF-T=7to HiC .
WSF/1b/day=0.2m2/ kg /day - o 1.34619¢



'for nrtnﬁcauon at Sunnyvale Cahforma than at M;dland Mlchlgan \/

.Avarlable data with.{ '

‘b . e - l. \ 2..‘ / LIMA OI'IIO

 SURFACE AREA REQUIRED SF/LB NH}-N. ok/offso'/o{n' o

.'least 20 to 40 percent were trapped and eventually oxrdrzed Th]S would have affccted the
_ proportlon of heterotrophrc bacteriain the bacterial ﬁlm causrng hlgher surface requrr;ements

4

1\ ) . . : . \;1

.....

-.ammoma ox1drzed per: umt volume Rock medra is capable of ammoma oxrdatxon at only lS

“to 50 percent of the- plastlc media rate, ‘ona volumetnc load bas1s “The prmc1pal reason for i

this-is. undoubtedly the 1‘~ock ‘media’s lower specrﬁc surface although the lower depth of the

tYplcal rock filter mﬁy 3130 have ﬁ r°1é‘t°' pla'y

. FIGURE4.,V6 S T

- L \ . . v .~ .
SU RFACE AREA REQUIREMENTS FOR NI ]

: '_Influe’nt Dqto (meon)

.| BODgg ;--70 mg/l

- l.ss =208 -
_"{_lOrgomc N 3.6 mg/l
| NHZ-N 161

: .BODs/TKN o 36

NG 7toHC el
| — Midlond Doto | q/;-: )
L 13te9c TN\

18to 22c,

e 2 Yo

|ma Oth

.'v.

-\ Key leo OhIO Doto

.'-'*Dota pomt |gn0{ed AR ‘

-in. trend Ilne R .‘ ».Q_.T'l._.e f_? 22C .

oD s e T
Y e "'l SRR SR

S0 .. 2.0 iso«t o 40n 's:dj’.."* 60
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47 1 3Effectof«Rec1rculat10n e '_ o -

0

;. TABLE4~16

P .- Influent .- . Bffluent o Ammonta - N
C . Depth, | . - 4 e N NHA'N t oyxdlzed
Facf\{ty looation Ref, ft +°| - -Media BOD NHg=N, .|V 50D, | Percent 1‘2/10%0 cu ft/day
: . R C (m)'-"\- o ] -rn‘g/i my/1 m‘g/l -1, rrg/_l removed (kg/m /day)
- . . : s ; N : ‘ ., . W ‘ .
Johannesburg, ™NA.| " 47| 12 | 2-3i. | " 28. 23,9 | - 14 6.3 65 | .3.5
(full-scale) : (3.7) 1 (3.1 to 7.6 cm) - S N " (0.055)
- 12 - 1.54n *F 32 25.2 -, 13 4.4 83 T2
1 3.7 j(s.8¢cm). 2 . 1 AR IR D : (o 035 ¢
© rock . B oo o R AR VO
9 tin. .- 23 S22 . W[ 9% 89 | 2 4, o
L @7 fesem f | T SR ' ‘-?oo:sa)'. o
’ R : I rcck " T o B BT * - .
Northhampton, 72 6" 1. sm - ©80 . 33 | a0 -, 112l 66 AR S PR
England - - : (1.8) | (3.9¢cm) - B R o L o - {0.016)
: (pllot-scale) o - rock | o ' - ! i . P

J

An analysrs of the Mldland Mlclugan data and era’,‘Ohlo, data has led to the conclusron .
. ¢hat whrle recrrculatlon nnproved ‘nitrification - efficiency only marglnally on an average -
_ basrs, the periods with recrrculatron demonstrated greater conslstency (less. ﬂuctuatrons) o
'- than when no recrrculatlon was ‘mployed 262 ~'1',;hJs concluslon, together w1th the.- o

'j tlons (Sectxon 4. 4 1 4), leads toa genéral recomme atron for the provrsron of rec1rculat10n T
A 1:1 recu'culatron ratlo lS consrdered adequate at average dry Weather ﬂow for most R

apphcatxons Co R

4 7 ~l 4 Efﬂuent Clarlficatlon

o

Smce the organ1sms are attached to the medl sin
clanﬁcatlon ‘steps are not requrred in all cases:-In the, 1Ca

allowed further reductlon to about 4 mg/l

e

4 7. l 5 Effect ofDlumal Load Vanauons (R o K , o

Tncklmg filters used for nltnﬁcatlon hke any- other mtnﬁcatlomprocess, dre affected by . -
*diurnal vanatxons in nitrogen load. The ruleé of thumb developed in Section 4.3. 3 2-can .

hkely be applred to tncklmg ﬁlters to prevent hlgh ammonia. bleed through durmg drumal
peaks 1n load Thus, the amount of surface area determmed from Flgures 4»15 4-1 6 or 4-1 7

175

: 0

_.growth systems, efﬂuent e
{ﬂland Mlchrgan it; was\found'
. that- the' effluent sohds were approxnnately equal. to th¢ nﬁuent solids'at. 9 to 28 P22 C

Thrs is because mﬂuent B0D5 levels were low (15 to 20 mg/l). ‘When influent BODs. l(:tadsf ' _
‘were 1ncreased above prev;ous ibw levels, trickling filter effluent solids rse to 5 vrhg71 The O
msertron of clanﬁer allowed ;thig to be reduced to 19 mg/l Subsequent mulhme% ﬁltration .

Lot
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under average dally loadmg OOJIdl ions should be multlplled by the ratlo of eak ammoma 1’

load to average load go estabhsh demgn surface area. An alternatlve would be to: prowde flow :

equahzatlon
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SURFACE AREA REQUIREMENTS FOR NITRIFICATION .
IR SUNNYVALE CALIFORNIA -
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\\4 7 l 6 Desrgn Example

" As an example cons1der a lO mgd conventlonal actrvated sludge plant that must be upgraded‘,ff'¥-"f MR
to meet’ effluent requrrements of 4. mg/t. ammoma mtrogen and 10 mg/l suspended solldsgn O TE

.. an average' basi§. The plant is located"in’ a temperate zone, and the mmlmum wastewater
. "temperature is; 15. C Present average effluent quahtles are | mg/I organic mtrOgen, 2(‘) mg/l - - v
- ammonia mtrogen 15 mg/l of. suspended sohds and ‘a’ BOD5 '0f:25 mg/l. The peak R IR
average mtrogen load rauo is 1.9. Conslder s one. altematrve a plast’ "'medra trrcklmg ﬁlter 2

Calculate the B0D5/TKN ratro ¢'_ ; "

BODS/TKN 25/21 < 1 19

2 “The closest set of data based on BOD5/T KN ratlo‘ and temperaturex is that for o B
. Midiarrd, Mlchrgan (Flgure 4-15). Foran ‘effluent’ ammonia nitrogen concentratlon RN

: ,of 4. mg/l at 15 C the un1t surface area reqmrement is about 3, 800 sf/lb NH4*N S

oxldlzed/day :

."'1' L . I ‘.". . . P o .. Q-
: f\- R ‘w.,.-x el

3 Calculate the ammoma mtrogen OXIdIZCd da11y The followmg equatron JS
‘ appropnate o T e L L s T ;'.

.Z"_’. ’

-

X o Nt

:wher_e,:, NT = ammoma mtrogen oxrdmed lb per day

Q = ' ave'rage dally flow, mgd ‘:
No = mf.luent NH \ N, mg/l
N \,

Sy

X 1_‘ = _‘ effldent NH

J:-i-h

o 4 Fmd ‘the total surface area requrrement under average load condltlons Multlply- < ey
' mg the. mtrogen 0x1d1zed per day (step 3) by the umt surface area requlrement SURSR
(step 2) results in: D T e e

? : AR

(1 332)(3 800) 5.061 edo sf'ofmedla 'j‘i'-..'f o

e S. Consnder drumal peak loadmg One approach would be to prov:de ﬂowl'l',""‘-":"-‘.“ .',
‘ equalrzatrbn Assume . that in this -case site - restncuons prevent this:” Ther,cfore L S
Cree wN mcrease the surface’ reqmremcnt by the peak to averagc mtrbgen loaq ratlo as A

' follows (Sect10n47 1. 5) - S : oo

468 L T

N A . T
T . .
EEEAREI e . -
. . . v . . .. . A . e . . 1 <
Y . . . . e 4 Ve e N . clLr
P ~ . . NTIRN . .. s - LY
i L R . s ST - R Lo . RN
- . - a
.




- 1.5(5,06 l,OOg) =7592,000sf = - . gt
6. Choose*a media type and establish media volume requirements. Effluent BODs
' and SS are low enough so that fairly hiéh density media can be employed. In this
mstance a corrugated sheet module media having a spécific surface of 42 sf/cu ft
“is chosen. Media volume requirements are determlned "by dividing the total surface

j' requirement by the spemﬁc surface as’ ' :

1,5 92,000/ 4%.‘—" ,180',750 ¢

a. - [

- N .' Tlus volume could be prowded by d vanefy of conﬁgurahons for mstance two 75- |

e ft d1ameter trrckhng filters with a media height of 21 ft would have theigecessary

volume,‘éff med1a Whatever conﬁgurauon is chosen, the filter shouldn’t be less
than abdut 12 to 15 ft in height because -of ‘the danger of short circuiting. Usual
e pracuce is to consult W1th themedla manufacturer(s) pr%to final selectlon of
. ' o o

. media®t onﬁguraupn

-

Y S Estabhsh recnculauonﬂ rate At 10 mgd ADWF a hl recycle is adequate (Sectlon
' ' 4 7.1, 3), therefore 10 mgd of recn'culatxon capac1ty is recommended '

8 ' Estabhsh clanﬁcatron requ1rements EfﬂUent solids 1n the mtnﬁcauon process
- effluent will be approximately at the influent SS level, 15 mg/l Therefore, ‘to

. meet a 10 mg/l requ1rement some for:m of efﬂuent clanﬁcatlon is: requrred such-

as dual or mult1med1a ﬁltratlon e _

4 7 2. Nltnﬁcatlon w1th the Rotat1ng Blolog1cal D1sc ProceSs ' v' R \ ¢ o

.,',The rotating blologlcal d1sc (RBD) process dlscussed in Secuon 4 4. 2-for combmed carbon

" oxidation-nitrification apphcatxons may also bé applied to. mtnfymg secondary efﬂuents &
~The process is constructed as_shown in Fig. 48, exceptmg that it may be possible. to
. eliminate the secondary clarlﬁer when the secondary efﬂuent being treated has a BOD5 and :

suspended solids less than about 20 .mg/l: 74 Under this, cucumstance the very low net

growth occurring in the nltnﬁcatlon‘Stage causes the RBD process effluent suspended sohds '

to approxlmately equal ‘the .influent "solids level. If lower levels of suspended sohds are

" required, the RBD _process could be . followed d1rectly by teruary ﬁly;atlon w1thout the need .

. ' '."formtermedlate clanﬁcatlon .74 . T I .

 One' manufacturer has announced the ava1lab1hty of media especlally adapted to

nitrification. The minimal . blomass ﬁlm development m ‘separate stage n1tr1ﬁcahon
_ applications has allowed 3 50 percent increase in surface area, of the carriigated polyethylene

' .med1a is av blea at 150 000 sq ft (13,900 'm2) of surface per shaft. %s results in-a.

' med1a. Stangard shafts were 100 090 sq ft (9300 mz) of avallable surface area; the new )
2 reduction of on d in the number of shaft assembhes requ1red for n1tr1ﬁcauon w1th the

v RBD process 74

ey,



o 4.7.2.1 Kmetrcs W R ‘ . . _ o
[ -k {, : . &t ‘ 'f o - : .
The reactron _rates 'occurring in each stage of the. RBD p‘r‘gcess treatmg sbcondary effluents

J)ave been analyzed; the correlatlon between surface reactlon‘rates and: stage, (effluent)

_concendration is shown_in Figure 4-18.74 The trend lme does not reach a plateau value but,

" keeps gradually rising beca’se the bromass &veloped pe¥ unit surface’is not constant.

Antonie found that the amount of cultute developed ogi the rotiting surface mcredsed wrth' -
mcreasmg ammoma mtrogen concentratron 74 .

<.

A stage-by-stage apphcatron of Frg’AHS allowed the con&uctron of Frg 4-1,9 to be used
t

.. for design of 4 stage nitrification

stems, Whe most commonr'mployed conﬁguratron 74 o
1t can also be ‘employed for other. numbers of stages using the relatiye capacities shown in -

. the figure. The relative- capacity facter. should be’ app11ed to the hyd#éulic loading to obtain

desrgn values for srtuatlons where other than 4 stages are employed . e

v )
. IS

Very lrttle test data 1s avaﬂable*«for temperatures below 13 C For applrcatrons below 13¢C,

' ~ the provrsronal recommendation has becn made.that the temperature correctlon faetors 3

°

-

FIGURE 418
NITRIFICATION RATES'AS A FUNCTION OF STAGE EFFLUENT ~ ~~
- 'CONCENTRATION (AFTER ANTONIE (74))
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. _g‘

developed for combined cdrbon ox1dat10n-mtr1ﬁ
: separate stage- mtrrﬁcatlon 74 -/"\. :

°

“ Figure 4-19 may also: be used for hour-by-hqur analysrs of the effects of d1uma1 vanatlons in’

flow on effluent quahty 74 This may tend to overestimate effluent “quality during peakmg
- ®eriods, however. To' ensure that severe ammoma bleedthrough does not occur during peak

load periods, it would appear prudent to adopt the rule formulated in Section 4.7.1.5 for -

cﬁatlon (Sectron 442 2) be applied for -

trickling filters. Namely, the sarface area determined from Figure 4-19 should be mu1t1p11ed :
* by the ammoma mtrogen peakmg ratro to estabhsh the des1gn surface area ST

FIGURE 4-19 '

DESIGN RELATIONSHIPS FOR A 4~STAGE RBD PROCESS

-~

'I‘REATING SECONDARY EFFLUENT (AFTER ANTONIE 7 4))

J .
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4.7.3 Nitrification with Packed-Bed Reactors
Packed bed reactors,(PBR) for-nitrification are a corﬁparatively recent-development, having

progressed from the laboratory stage to pilot-scale and commercml avallablhty in zrperlod of
only 5 years,23 24 75,76, 77 78,79 .

.

-

' Flgure 4-20 shows one des1gn 77 80 A PBR consists of a bed of medla upon which blologlcal
growth occurs overlaying an inlet ‘chamber, much as in an Upﬂow carbon column or filter.
Wastewater is dlstrlbuted evenly across the floor of the PBR by bafﬂes nozzles or strainers,
similar to the way backwash water is’ distributed' in down flow rapid sand filters. The

‘wastewater flow is upward, and a mtnfymg blologlcal mass is developed on the large surface
‘ 'area of the media. .

L

Ve
~ . FIGURE420
" .. SCHEMATIC DIAGRAM OF A PACKED-BED
REACTOR (PBR). (AFTER YOUNG, ET AL, REF'77)
.. | o | . - ‘}\": v;
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4? % 1 Oxygenatron Techmqu‘es% . .

Several meatd ‘gve been employed Yor supplymg the necessary oxygen for mtnﬁcatron The
earhest work uged 1nJectron of -air into the feed line entenng the chamber. 19 subsequent .
pilot-scale investigation used a similar procedure exceptrng that the air was distributed -
- across the PBR flpor, .as shgwn in Figure 4-20. 77 ngh purity oxygen has been used in two ©

» altematrve pl'ocedures 23,75,76 In one the oxygen was bubbled duectly into the,,PBR In
- the second procedure the liquid was: preoxygenated in a reaction chamber prior-to entry' '
into 'the PBR, Sjince preoxygenatron is limited to sattsfylng the oxidation of. about 10 mg/l

o NH}E—N due to e solubility of oxygen in water, effluent was recycled at a 2 to3:1 ratlo to' “

' provrde sufﬁcrent oxyger for nrtnﬁcatlon . :

o
' . 4.7.3.2 - Media -Type, Back‘ﬁ'ashing and Loading Critcria .
L ¢ p- lé . . . 3 .

,Seve;al types of media lfﬂve successfully performed in the PBR including 1- l 5in. (255 to

. , - 3.8 cnt) stonesy 0.5 cm gravel, 1.8 mm (effective size) anthracite and 9 cm “Maspac .
oo plast1c dump% media manufactured by the Dow Chemical Company, Mrdland Mrchr-
M oan. 76.75,23,8 o . . . |
e . _
In the studies. usmg the relatively lrght density: anthracrte and Maspac where air was injected .
t‘ directly into the PBR, no backwashmg was found to be necessary due to the turbulence.

developed in the bed. 77 Desprte this, the General Filter Company recommends that when
“anthracite: is used, provision be made for increasing the hydrauhc loadmg in surges for 1 to 2»'
hours to about four times the- ‘average rate, w1th air at a rate of 0.5 to 1.0 scfm/sq ft (2.54to0
+5.08 l/s/m2) The frequency of the syrging will vary, depending on influent quality and’
flow rate. With the plast1c media, the frequency of the surging can be reduced cons1derably
- because of the hrgh void volume, and in most -cases excess, solids' can be withdrawn snnply',
by’ drammg or backﬂuslung the unit on a monthly or less frequent schedule 82 )

v
Wrth the gravel medra stan d pract1ce was to’ backwash the reactor at 25 gpm/ ft’(l27
1/s/m2) at least three times per week and in some cases daily.81 In the studies. with the

" stone medla,_backwashrng was required with both ‘direct and pre-oxygenation. Grav1ty :
dralmng at 6.to 20 fpm/sq ft (30 to 102 l/s/m~) once or twice per week was sufﬁc1ent to

prevent cloggmg, - . B

i _Data avaxlable for’ formulatron of de31gn criteria for PBR umts are summanzed in. Table :
4-17. Oxrdatron rates'fall in' the range of 4 to 27 1b. NH'X-N ox1d1zed per 1000 cu. ft/day L
- (0.06 to 043 kg/‘n /day) Factors -dffecting the oxidation rate are the infiuent quality
. (BODS, TKN and NI-TZ—N) temperature, and the type of media selected as a. biological

‘growth ‘surface. Oxrdataon rates at Pomona,; Ca. were much greater than those at Ames Iowa | -

~at the same temperature, which.is very probably due to the hrgher BOD5 and lower'

. ammonia content of the Ames. secondary effiuent. Very likely, there was a hlgher fraction
_of nitrifiers.in the Pomona blofilm Interestmgly, chem1cally clarifiéd raw sewagg (BOD =93 -
“'mgfl) was compared to secondary efﬂuent (COD 46) at Pomona and onl"y 60 percent

vy
TN J__. i . ’ : &
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- 'mstance Table "*2

nitrificatjon was achieved.
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PACKED BED REAC‘FOR PERAFORMANCE WHEN TREATIN
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oy I
Effluent BOD and SS Yels are affected by the type of - aeratlon (see Table 4-l7)
Preoxygenat]on allows the PBR to " produce effluents of sithilar: quality to tertiary
N multlmedla filtration. Bubble - aeration, however, causes -continuous shearing of the
blologlcal film from the media, resulting in lower reduptig ‘,sof BOD and suspended solids.

When very low levels of” €ffluent solids are requ1red "effl eﬁt ﬁltratlon may. be requlred
.when bubble aeration is used'in the PBR Lt

i
N .

- 4.8 Aeration':Requlremen-ts" T Y S !f; .
Care * must be exerc1sed in des1gmng aeratlon systems for nltrlflcatlon Unllke BOD ¢
_ammomalsnot adsorbed to the blologlcal floc for later ox1dat10n and therefore the ammonla

" must - be ox1dlzed diring ‘the- relatwely short period it is in the - mtnflcatlon reactor.
Therefore sufﬁcrent oxygen must be prov1ded to handle the - load 1mpressed on.the -

_ -nitrification process at. all t1mes ThlS problem is, partlcularly cntwal when either activated ~
sludge or a packed bed reactor system is used for n1tr1ficatlon in the other a‘t»tached growth ;

- systems the aeration is .provided as the liquid spills _over the medla and the 'deslgn
considerations relate to proper, ventllatlon rather than oxygen tr er.

~ .

- Very slgnlﬁcant diurnal changes in n1trogen load have been observed. Load vanatlons at the
- Chapel Hill treatrfient plant are shown in 'Fig. 4-3 and the load pattern would be’
- representative of systems provided w1th no significant in-process flow equallzatlon In th1s

, case,. peak .to average n1trogen load rose.to nearly 2. 2, cons1derably above the peak :fo.
average flow ratio of 1. 44 As an example.of a plant with some in-process flow" equallzatlon
Fig. 4-12 shows the load variations observed in_the activated sludge efflient of the Rancho
Cordova WastewateﬂTr itment Plant. In this case the nltrogen peaking is moderated by the

'-equallzatlon in qu; §y prov1ded by the actlvated sludge aeration tanks.and secondary

_clanﬁers 'l”he ammoma pe:ﬂgo average rat:o at 163 approxrmates the ﬂow peak to average
" ratio: ofl 57 - ‘ : Y .

In addltlon to be1ng ffected by 1n-process flo,w .equalization, - the d1urnal vanatlon in .
nitrogen loadlng is’ glso very slgn antly affected by equalization in' the wastewater
" collection system. Large collection systems serving spreadout urban areas have hlgh built-in 5
- storage providing unmtentxonal flow and quallty equalization: This relationship is lndlcated .
in Fig. 4-22 where the nitrogen load peakmg (expressed as the- ratlo of the maximum hbu ly Ry
) load to average load) is plotted for eight treatment plants havmg no significant 1n-process
equahzatlont There is an interesting relatlonshrp between flow peakmg and ammonia load. -
peaking shown in Figure 4-22. In large plants such as Blue Plal_ns plant at Washington, D.C.
" ‘and Sacramento California a spread out collection s)’stem causes moderation of both flow -
_dnd - nitrogen load peakmg In the smaller systems, "however, . w1thout such “flow .
“equalization,” ammonia Toad peakmg can be substantlal for example at the’ Central Contra v
.Costa Sanitary District’s (CCCSD) plant an hourly peakmg factgr of 2.4 has been measured..

e aerat.lon system must accommodate these changes in loads to avoid ammonia bleedmg
th,rough dunng the peak load period. The diurnal wvariations in load can-be quite extreme; 1n
lgure 4-23 the peak to minimum-hourly loads- arg plotted agamst the flow peaklng factor.

i0s as hrgh as. lO l have been observed

o

W
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FI@URE4-22 S e
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. REMWON A_BETWEEN AMMONIA PEAKING AND HYDRAULIC PEAKING
LOABS FOR ,_,\,'REATMENTIPLANTS WITH NO IN-PROCESS EQUALIZATION o
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PR T < Blue Plains, DC - Prlmury" 2o 274 ‘871 _
S &/ & Chapel Hill, NC Raw 1.8 30| .
& A SRS Canberra, Austrol;o— Lo
R ' ® |\eston Cr4k Raw . . . 10 .88
= _ e Belconnen ¢ -Raw 10 88
N o S S —_ 1 : (x‘-) d
s 1.0 : AN o 20 ° PN 2.8 e
. ' Maxrmum« Hourly Flow mgd/Average Dally Flow mgd : /

K]

An early declsmn must be fnade . dunng the desngn process as to what level of peaknﬁ)f!'

- oxygen demanding substarices will Be des;gned for. In- addltlon to” peaking- of ammonia .or
orgamc mtrogen a concurrent peak may also occur in the loadmg of organic substances i,
very low levels of ammonia nitrogen are required at all times care must be used to develop a
statlstlcal base whereby the frequericy of peak oxygen. loads can be identified. Not only
~ should daﬂy peaks$ be identified, but posmbly,,those occurring -on weekly or. monthly bases..

* Table 4-18 presents an example of such an analySIS for the prithary effluent from two plants s
" in St Louis, Mmoun usmg COD as a measure of oxygen demandmg substances since in that . -~ '

. - - ., . . y . oot ' O
: . : : bk Lo e ¢ ) .
: ,n”& o 187 .
K ?\" , —_ ~
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“ _partrcufar mstance nltnﬁcatron was not requlred As may be seen srgmﬁCant departures

R}
|3

. ";)» . . . . . ‘. g .v é . }.b.

" from av¥rage conditions occur on a. falriy frequent bas1s Slmllar analyses may. be jUStlfled

: when deslgnmg for nltnﬁcatlon

.\,_ . . A .« X , : ) .

J

: The extrlaeratlon capacity requlred for handlmg dlum'al varlatlons in n1trogen load, coupled

Iy with the
- “many instances. The reductrons in capital and operatmg cost of aeratron tankage and

X tra tankage and equrpmént required, may. dictate in-plant. flow equahzatlon in.

aeration ﬁicﬂmes 1nust be compared with the cost of ﬂow equahzatlon to determine
apphcablhty to specific cases. Design procedures for ﬂow equallzagon ‘are contained in

del/'/lrfqmj Hourly‘ F/o,iv, m‘gd /Ave'ragefDaf.lyFF'_l‘ow, mgd
Y [ R

Chaptefr 3‘ o) eSS Deszgn Manual for Upgradzng Existing Wastewater Treatment
Plants.25 - ‘. ‘; . . .8
' : : _ FIGURE 423 N
— " 'RELATIONSHIP OF MAXIMUM/MINIMUM NITROGEN A
S .LOAD RATIO TO MAXIMUM/AVERAGE FLOWS = = -
, S‘ —— - . l - e
RN - / A
3 o ' . .
. ‘\.-a. ] SRR L. " | ; . .
o l' - :l,,. [ :#..'.. * : . .
g S Q . n
Q | T ! ]
<7 . 4 ;
i ]
. g\ét}- . . 5 : ]
S - B | N o Y=99.461X—8.28 R
S S5k L r=0.871 -
E - ’ . a . C R : I
. E L -
N A . ,‘ . : N
FEG e . _KEY e
L 3 . e " 'See Fig. 4-22 - . .
£ - S - for Symbbls .
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\ TABLE 418

PEAKING FACTORS VE}SQ FREQUEI\ICY OF OCCURRENCE

St 'FOR PRIMARY TREA ENT PLANT EFFLUENT '5‘ﬁ L t
: . ,‘—\
. Bissel oint Lemay
’freatment Plant® ‘Treatment Plant '
| _ ~CQD load . |: .\{l\o_w;, | ‘coDioad | Flow-
N o -~ peaking - |« .- peaking, peaklhg ....peaking
Frequency.of Occurrence factor . * facpr. fac;or b -fa(_:tor.b
-4 hours/day L0, L 1g 140 LTz
G hours/week | e 140" )~ 1‘%5 | rias
.4 hours/month RN 160 - 2 I W ()
. - - . .- ‘;”:.r- “,.' 5 \;-/.’. . 1: . -.' o
4 hours/3 months ‘ 2,25, v L7 T 562 . 1,88
.4 hours/6 months d‘ _ ;2.40'. " j .1.,80‘f : 2\‘8(§ 1.96
Data is from reference 89 both pla‘nts serve he Sty Louls area. m les oun and
. «process about 100 mgd each T : . - A
.'bPeakmg t’actor is. defined in each case as the atro of the 49hour load 'hsted" te\the
.~ average da11y load. . T, A RN
. . ; i ; \ 7

' 4 8 1 Adaptablhty of Altematrve &ratlon S stems to Dxumal Vanatrons in Load
: Careful conslderatron should be glven to maxnmzmg oxygen utrhzatlon per umt gower ]
'-mput In the face of significant load varlatlon ghe ae ‘itln system should be deS1gned to’
: “match the load vanatlon while " economlzmg ‘on. ‘power mput Obviously,- ~deslgnmg the
aération system to prov;de' for the maxigum hourly demand 24 hoursa day would provrde
- over aeration the- majorlty of the txme with wasteful losses of Power :' S A :
o ' 'y \d SRS I ’
- The. avaﬂable means for aeratlon -are summanzed in: SectloWS 3.4 of the Proaess Deszg)g 5
Manual for Upgrading. Existing Wastewater. Treatment Plgms a Technology Transfer |
.vlpubhcatxon . Of ‘the available aeration dewces the mechan' _ _surface aerator is least well .
. suited to nifr ficatien, applications, This s because they are’ n’ ally deS1gned to operate at
fixed speed and therefore ‘must overaerate ‘the majorlty of the day to satlsfy the peak .
" oxygen de ands Even when equrpped with vanable submergence of the: blade, the'—umts are'. L
.hmxted to. matchmg 'less than a2 1 varlatlon in load at best Therefore, unless ﬂow

M
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'Usmg drffused air aeratron ur rates can: be easrly modulated to’ closely match the ]oad

© 'merely by. tummg down or shuttmg off mdrvrdual blowers. ‘Thus, the diurnal load Vanatrons

.+ can be: matched w1thout the necessrty of pver aérating the m1xed Jiquor arid Wastmg power.

Fine: bubble dlffusers can be arranged across ‘the. tank ﬂoor 90 allowmg fairly even™ , -
) ’d1str1but10n of energy mput Gehtler mixing 1s provnﬁd than w1th mechamca] ae’ratron @

. plants prov1dmg less tendency for ﬂoc breakup T "‘ N . ’ )

""

problem of aeratron in nltnﬁcatlon systems Becatse of ‘their- capabrhty to Vary the air rate S

~ .to the sparger, they may- be designed to- match the load.variation in oxygen demand A
A drawback however is that the 1mpe]]er norma]ly operates at fixed speed ithparting no turn A
e "“dOWn capab}11ty for.a s;gmﬁcant part of thé power draw. In fact, in some unpeller des1gns p Ce
- the power draw- of the ungassed ﬂnpeller is actually greater than -‘when gas 1s fed to the unit.

Ad

o .
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48 20xygen Transfer Requlrements o ) .' e
.»Oxygen requlrements for mtnﬁcatron ,a]one were. dlscussed An Sectlon 3 24 Oxygen

‘ requlrements in al] practlcal ca§es are compounded by the oxygen requned for stablhzatlon »
oforgamcs PR s L . . o e
".:‘Reasonably exact expressrons for oxygen requrrements for heterotrophrc orgamsms and
U mtnﬁers have ‘been deve]oped 38 The approach however, requxres pilot plant data. to
h prov$le COD. balances and s]udge yrelds ‘'In general t‘lus mformatlon is not avarlable and a’

simg! ef approach may be adopted &

. ‘. % ! ;l ‘ . .
. e . "-" :/ . . - .
0 5 . PO ; : - :

lé normal actrvited sludge treatment ‘when mtnf cation is not requlred the amount of .

ygen needed to oxldrze the BOD5 can be calcu]ated by the followmg equatlon

- ;.

.\ . . N o
I3 '«-’ L '.'0.' i N ) . . _ / o : . O -
S B X(BOD ) : - L . - (4825)
U R e - o w . i ~?- - o e e
Wl}ﬁ}'egv-, B ,= oxy'gen requzred for! carbonaceous oxldatron mg/l P
st X, = oefficient ., R
LI “\u . ,‘ ,‘ ..~* - ‘, - v .~.'\ ) ’ R . S r o

‘ 5 ; The cOefﬁclent X relates to the amount of endogenous respxratron takmg place and to the
G typer. of Waste bemg freated For normal mum‘crpal wastewater, the 2( value wou]d range ,
.« from .5- 7 for uhrgh rate {activated sludge)systems fo' 1.5 ‘for exténded aeratron For S
»conventlonal actlvated sludge systemsX can, 5e ta,ken as 1.0.° g e e o L
. L ‘.,, , .._ ‘,_ ) l,_ GE '“': v : ¥
@ In e case of mtrrﬁcatronr the\oxygen reguuement for oxrdAng ammoma must be added'.“
. }""_ to thei requrrement for BOD removal. The coefﬁcrent for mtrogen to: be. oxidized.can be -
,; _‘con's trvely taken as 4.6, times the. TKN content of the mﬂuent (Sectron 3 2. 4) to-obtain
‘ Eitr gen oxygen demand (NQD) and fhe’value of Xin Equatron 4-25 can be assumed to
1mately 1 0 In actual fact, sbme of the mfluent mtrogen w1]l be as%rmrla.fed mto




the bromass or is assqclated wrth refractory orgamcs and w1ll not be oxrdrzede , ‘These Y,

s assumptrons lead to the followrng oxygen requrrement R s ::_ :
S | W’L Bon5 b NOD
e where - 'W : ‘=’ g :‘the total oxygen demand mg/I ar’ld L . .é"
_ -t NOD . .oxygen required to oxrdlze a umt of T}(N tak'en as
B - "4 6 trmes the, TKM U g

"aSmce aeratlon devrces are rated usmg tap water at standard condrtrons ‘the:. .
;';' ':';performance of .the aerator must. be . converted to . actual process - condltrons by6 ’the j.-
S pphcatlon ‘of temperature correctlons and by factors deswated txand B whrch relate,'.‘
- ‘waste’ characterlstrc‘s to'tap: watet’ characterrstrcs L SEDRY - oty
- " ’. : ! Q ':‘ e i - - '- ' ’ -"' ‘4 ?.‘(..
Temperature correctlons are made by the re]atlonshlp o ke
3 ' ',,_ . .. .;'..', ' i ) '_'g,' o
w Yoa 1'024(T 20) where T process temperature in degrees C

Cols e

Loy e

,,‘.\d'

The oc factor 1s

- _The p‘fact r 1s the ratlo of ! dg'gen /saturatlon m twaste to that in tap water

where
L | '].-;r_
3 ";L. 5 .‘. Cl

.' : Lk ')‘-f"'.‘. ko

- 0 K
Pl T e . P, ,.,.,X

e" ratlo of oxygen transfer niu Wastewater to that m tap waterand 1s "

repsesented by e follomng T A A S e Lo
e . T M “’ . ;7: o T - ..-. f.;" o N . .’~ ;.' ..': )

Fu I:.'. A . '; 0 : x. ‘ cyoL *i - 3;
i L - Kja (process cond1t1(ins) [ R S AR
i = PR (4-2.-7})
' (standard cond1tlows) e E S
. - - 3 A
f?’.".‘, 's. . - L Rk S . iy u“'
coet VaIues of can vary w1dely in. 1ndustr1al waste treatment appllmtronss%!ﬂA Tor most

:u,

oxygen transferred at process,condltrons Ib/da'y e *

' ’ oxygen transferred at standgd condltlons 'f J 3.'5-2."_ . - i

'_.v.(T 20C DO= .01 mgfl tap water), lblday B AR

. .,process temperatpre C ' ' _'*1- . ,,;.4, 