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The phenomenon of phosﬁhorus uptake by mzcroorganzsms 1n<

<excess of normalﬁmetabol1c requxrements 15 currently

rece1v1ng worldw1de a pllcat1on 1n mun1c1pa1 wastewater

treatment. Prev1ous _ud1es have 1dent1f1ed several

.,,,.,

cond1t10ns necessary for the successful operatlon of

'Q.baologlcal phosphorus removal plantsf-The object1ve of thls

-

research was to evaluate the process as applled to Edmonton
Alberta mun1c1pal wastewater and s? quantlfy the effects on’

the process of three controllable factors. Aeroblc nom1na1

v

' detent1on tlme, anaerobxc nomlnal detentlon t1me and sludge’ltﬁf

age were chosen for 1nVest1gatlon._«:.'

K N

A full 2 factor1a1 desxgn experlment was used to best

quantlfy factor effects and 1nterqctxons ove{ a ten day ?'

oy
o ensure va11d1ty 1n the obtalned results. Vary1ng degrees of

<‘.

blologxcal phosphorus removal were achleved in each of elght
bench scale actzvated sludge un1ts used 1n the study

The sett1ng of anaeroblc detent1on t1me for successful
blolog1cal phosphorus removal depended strongly on the f‘

B3

51multaneous sett1ng of aerob1c detentlon t1me and v1ce

~'versa. The aerob1c detentzon t1me X anaeroblc detehtlon tlme

~'1nteract10n was s1gn1f1cant at the 95% or greater level over

80% of the samplxng perlod The sludge age sett1pg was found '

to be s1gn1f1cant at the 90% level ‘ _ N
" The opt1mum settmg, over the range :s'tudi.ed foy)

.Itvbiologlgiiﬂphosphorusremoval was anh1gh level. comh;natlon

. .. ‘ - ; /‘/I' R
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1.' m'rnoouc'rmu B

,The problems assoc1ated wlth the hlgh phosphorus content of.
L 4

4,many mun1c1pal wastewater treatment plant effluents have

.been recognized for some time, The major concern has been

the eutroph1cat1on caused in rece1v1ng waters by phosphorus,

as the growth 11m1t1ng plant nutrlent. Eutroph1cat1on causesp
h-problems ranglng from flow retardatlon,'espec1ally in e
ismaller r1vers and streams, to algal bloomlng and consequent
htaste and odour problems ‘in dr1nk1ng waters. The 1ncriase in |

.assoc1ated ','glcal act1v1ty can also cause rapld

~depletlon of dlssolved oxygen ‘in rece1v1ng waters thus
posing a threattto_aquat1c311fe.' o Co
-, Due to the'ability of some formsrofhmicroblal‘life,.
‘notably'cyanobacteria (blue-green'algae} ‘to fit gaseoush
r‘\atmospherlc n1trogen and use 1t as a nutrlenﬁ, 1t'is often'
more. advantageous to 11m1t the ava11ab111ty of phosphorus.l
Untll the early n1neteen seventles the only practlca;
‘v‘removal method was that of chem1cal prec1p1tat10n and
'_removal of phosphorus, using. metal salts such as alum1num '
:sulphate and ferr1c chlorlde. Whlle thlS is a rellable
. method whlch glves good removal the cumulatlve chem1ca1 cost

1s often prohlbﬁﬁrveﬂrln addltlon the extra sludge, wh1ch
8

. ,tends to bekﬁlffrm&,t tq”dewater, causes further treatment

& ?‘,f;% @M . , . ,
Therefore deﬂ%nStrat*on both in the Unlted States and
South Africa of cons1stent phosphorus removal in modgfled

actzvated sludge processes, wlthout chem1ca1 addltlon,

A,J','



*

.
' aroused worldwlde 1nterest Contlnued re earch resulted 1n"

the 1dent1£1catlon of ‘the major féctors and cond1t10ns
L 1

necessary to br1ng about phosphorus removal by b1ologlcal

SN

.:vmeansr These 1nc1uded the formatlon of an anaeroblc zone -
prlor to. the normal aerated react1on zone. This anaeroblc_'i
zone served as a cond1tlon1ng stage wh1ch was necessary for

‘ the phosphorus removing m1croorgan15ms.=

Other variables affecting the ptbcess'uere'

. the cultlvatlon of a large fractlon of phosphorus

| remov1ng m1crobes w1th1n the m1crob1al populatlon, ;"

2. the avallablrl'*f a rapidly blodegradable organlc '

: substrate w1th1n the anaeroblc zone; -

',e oomplete ahsenoe of nltrates 1n the returﬂ‘sludge-:
:an'h . | |
4. suffi ient:detentdon tlneﬂin.the’anaerohic zone to allow;
for oon,itioning and in;the;aerohio zone tofallow,for_-'

‘phosphoru¥ uptake. |
On the ba51s of these f1nd1ngs, b1ologlca1 phosphorus'
’ removal 1s now ach1ev1ng the status of a rellable and
controllable method of phosphorus removal from wastewater.
In order to evaluate the su1tab111ty of blo}oglcal
phosphorus removal for full scale 1mp1ementat10n in _
Edmonton, Alberta’Sthe Clty of Edmonton Water and San1tat1oni‘

~

Department and Alherta Env1ronment 1mplemented a two part
N o
process evaluatlon. _‘ '*\ o oo

Part ‘one, . 1n1t1ated in April 1985, involyedjthe
"‘modi£1qat1on of_part of the process traln‘in Edmonton's Gold

.



= Bar wastewater treatment plant to enhance the growth of a fdﬁ;"
. S

“phosphorus remov1ng m1crob1a1 populatlon and to operate ;,:a-g
H’ﬁunder cond1t1ons favour1ng b1ol0g1cal phosphoEus remova1>
:hThe piant and 1ntended operatlng condltlons for thlS
dfull scale study have been descrlbed elsewhere (Sh1v;1,.
1.11983) and w1ll not be dlscussed further here.
\ The second part of the 1nvestlgatlon 1nvolved a\:
'small scale onvs1te pllot plant study Prlor to the

“1n1t1at1on of the pllot plant operat;on an exten51ve
‘llterature rev1ew was carrled out 1n order to 1dent1fy the

major contr1but1ng factors to thé&process. ThlS llterature

-

’rev1ew forms Chapter 2 of th1s the51s. Spec1al attent1on was_.'

"’glven to ascerta1n1ng wh1ch of these paramet}rs were e

N

Qperator controllable and to the useful range of operatlon.‘

vfIt was decxded that the appllcatlon of a full 2 factorlal

J
'f“de51gn experlment would most eff1c1ently and completely

lvdetermlnp the . effects and 1nteractlons of three controllablef-f

'jhparameters& To thls end ten small scale models con51st1ng 7
w -

of anaeroblc reactors, aeroblc reactors, clar1f1ers and

ff;return sludge pumplng were constructed and put 1nto

,'operatlon durzng the summer of 1985 The de51gn and o o

construct1on of the pllot plant are descrlbed 1n greater

_ detall in: Appendlx 1. "v-_; B SRR

The objectlves of the pllot plant study were* B ”_ -

"~t.-rto model a large scale phosphorus remov1ng treatment‘
'-;plant,%v_" _.fa-- ﬁz,vl":li"lfftkr S

'2,ffto achreva b1ologlcal phOSphorus removal»u51ng mun1c1pal

..l!,-is \ Sl o T S e

T



”,Wastewater-

'1_13..ito 1nvestlgate the effects of three 1mportant

_[vcontrollable varlables on the process and ‘to determlneﬂ'

'the level of 1nteract10n 4f any, between these
i‘varlables. -;ﬂ:rt-f.,f B  f

- It was believed that the ipfs

A

‘ plant study would help t

1ts opt1mum operab111ty'range. -

,matlon ga1ned frdm the pllot‘

move the full scale proééss 1ntc_ze"i‘



'an anaeroblc zone or: cycle in: wh1ch prev1ously stored‘

.

’fz 1 ovsavrsw or BIOLOGICAL PHOSPHORUS REMOVAL

Blologlcal phosphorus removal 1n an act;vated sludge

wastewater treatment plant 1nvolves the uptake and storage

' of phosphorus by mlcroorganlsms, chlefly bacter1a. The -
. quant1ty of phosphorus taken up is greater than that
‘prev1ously con51dered necessary for the 1mmed1ate

,,b1ochem1cal requlrements of. the m1c;i§igan1sms.;

Blolog1cal phosphorus removal plants con51st f1rstly of

3

' phosphorus is released by the bacterla to the surroundlng
jimedfvm "The anaeroblc zoq; ‘or, cycle is followed by an:
,‘aerob1c zone or cycle in whlch the phosphorus 1s

.vrelncorporated 1nto the bacterlal cells. The extra

addeTonal bacter1a, wh1ch have resulted from reproductlon.

-

.*"The phosphorus 1s removed from the process traln w1th1h the -
waste actlvated sludge, in a totally blologlcal system or
;through chemlcal prec1p1tat1on of released phosphorus 1n the

;anaerob1c zone of a comblned chemlcal blologlcal system.

e

2, 2 THE ANAEROBIC ZONE IN BIO-P REMOVAL PLANTS

' Lev1n and Shaplro (1965) reported on experrmental work

carrled out 1n order to 1nvest1gate the nature of blologlcal '
‘..phosphorus removal as orlglnally reported by Sr1nath et al

: (1959) and Alarconv(1961), They found that'leakage of_

e

2. REVIEW OF THE LITERATURE -~ . = ‘= =

._’:j

.gphosphorus, from the influent wastewater,_1s taken up by”the .



.f.orthophosphate from'act1vated sludge suspended sollds

b"Seklkawa-et al (1966) Shaplro (1967) noted that greater -

' occurred when the mlxed llqhor was not aerated They also
ffound that su sequent to phosphorus release or strxpp1ng (

7:thls case by exposure to an- ac1d1c env1ronment) the bacterla

had an 1ncreased ablllty to take up phosphorus. Phosphorus

. release under anaeroblc condltzons was, also shown by -

: than 40% of stored phosphorus was released by the suspendedﬁ

SOlldS in: three and a half hours of anaerob1c cond1t10ns.

Thus early in blologlcal phosphorus removal research the

>

o phenomenon of phosphorus release under anaerob1c cond1t1ons?

.step to be av01ded rather than encouraged

was establ1shed- It was at th1s t1me, however,;seen,as‘aa

.

The revers1b111ty of the phosphorus release W1th1n the‘v‘

'anaeroblc zone was also shown by Shaplro (1967) when he

. reaerated some anaerob1c sludge and achieved a

'rerncorporatlon\og the phosphorus. In the late n1neteen

n1neteen seventles varlous authors~

‘.repor“Ed-phOSphorus removal- by blologlcal means, in excess,,

__of 70% in several full scale plants 1n ‘the UnlteQ:States

(Vacker et al., 1967 Scalf et a).,‘ 1969; Baréma'_.

»J‘

v

'1970 wltherow and Kerr;'1969) These plants vere all

convent1ona1 plug flow actlvated sludge plants. Vacker et

al. (1967) noted low dlssolved oxygen levels in the. 1nf1uent

ﬂend of the aera%gpn reactor.;Theiplssolved.oxygen in tﬂ@ ;,

tend of the Rllllng Plant 1n San Antonlo, Texas. Thxs was due

2

,t1n part tg cloggxng of the a1r d1ffus1on tubes in the iront ﬁk

A




f:{effluent‘end of*the}reactor was‘otten‘between‘4landdé ng}Lt‘
”'Thls was . greater than tﬁi)effluent end dlssolved oxygen
;concentratlon 1n the other two 51m11ar plants 1n San Antonlo
wh1ch did not achleVe the same level of success 1n ‘
4bphosphorus removal Sampllng through the aeratlon reactor‘
"showed a soluble ofthophosphate concentratlon of 43 to 68
ng/L at the 1nfluent end of each: of the four treatment
rtralns. Thls concentratlon fell gradually along the reactop

~

_length to a concentratlon of less Ehan 1. mg/L in all four_i
_cases. 'f"' o R

- Scalf et al. (1969) descr1bed work carrled out at the

E Black R1ve:/§gwage Works of Balt1more, aryland They showed
that in both of two aerat1on tanks,1g:ssolved oxygen,'
“concentratlon was low 1n the 1nfluent end and dlssolved
»orthophosphate concentrat1on was h1gh At the effluent end
_the 51tuat10n was reversed w1th a h1gh dlssolved oxygen
concentratlon and a low orthophosphate-concentratxon. A

' heaVY sl1me growth on the dlffu51on plates 1n aerat1on tank.

i

’number two was blamed for the low dzssolved oxygen -

'.concentrat1on 1n thlS tank

-In a plug flow. type‘aerat1on tank the sludge at the,gch
1nfluent end 1s subjected to’ the heav1est loadzng of |
:carbonaceous substrate and consequently the hlghest oxygen
l,demand Therefore the d1ssolved oxygen 1n the 1nfluent end
‘wzll be depleted more. rapldly than anywhere else 1n the plug
-flow reactor. Th1s coupled w1th poor aerat1on capab111ty may

have caused zones of anaerob1051s in the 1nfluent end of the’



: plants reporting excess phosphorus removal

.
SN R

At thlS stage many researchers were aware‘of phosphorus
'?release under low dlssolved oxygen cond1t1ons 1n the .
".1nfluent end of the aeratlon tanks. They d1d not howeverhf
":v1ew th1s as.a nece551ty for blologlcal phosphorus removal

and bel1eved that removal dﬁpended ‘more.on hlgher than'
';normal aerat1on rates wlthrn ‘the: second half of the tank

Levxn'and Shaheen (19@7) had suggested that strlpplng

'of phosphorus from the phosﬁhorus r1ch sludge wOuld be

-‘necessary since the sludge would otherwlse become phosphorus e

,.

fsaturated after several cycles through the‘aeratlon bas1n,
They also recommended anaeroblc storage as preferable‘toenﬁ*
v‘\3c1d1f1catlon forﬁpho§phorus strlpplng inh1972v LeVin .‘j‘.
»;blntroduced the flrst commerc1al blologlcalfphosphorus _
removal system (Lev1n et aI 1972) Thls system, termed the
'PhoStr1p Process,‘1s a comb1ned blolog1cal-chem1cal )
Tprec1p1tat10n system wh1ch utlllzes anaerobzc zone release
of phosphorus. The flrst statement to suggest that the
vvprov151on of an anaeroblc zone was V1tal to the bxolog1cal
_phosphorus removal process came. from Barnard {1974). Intwork f'f

. with a blOl ical nutr1ent removal plant,4termed the

'_Bardenpho Process (Barnard deh1tr1£1cat10n, p__sphorus
~removal) he found that n1trates in the ‘inflow to. the
anaerob1c zone ‘capus d a deter1orat10n 1n phosphorus removal.

'{He suggested that the nltrates prevented the development of

v’hthe~requ1red state of anaerob1051s._Th1s f1nd1ng was . ‘

' supported by subsequent research (Osborn and N1cholls,_1978

.
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B vNiCholls and Osborn, 1979; Barnard, 1982; Malnou et al., .
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Currently 1t 1s belreved that the anaeroblc zone"

By prov1des an env1ronmental advaﬁtage to the phosphorus
'r,remov1ng bacterla 1n that it selectlvely promotes thelr_”k Lok
: growth over the other aeroblc bacterla 1n the system. Thef

'V‘anaeroblc zone may be 1nstrumental 1n the format1on of

3

s ;,volatlle fatty ac1ds (VFA) such as acet1c acid whrch prov1de:7

, remov1ng bacterla (Marals et al 1983) Th1s w111 be"

L 2.3 THE AEROBIC ZONE IN BIO P REMOVAL PLANTS.g

: ?an eas1ly blodegradable substrate for the phOSPhorus h%éf:'.

S dlscussed 1n more detail in a later sectlon.

.r-;,__'

1

In the f1rst reported 1nstance of b1ologlcal phosphorus}

'removal Srlnath et al (1959) reported uptake of water

’ 1ncrease WIth ancreas1ng aerat1on rate (Lev1n and

- soluble phosphorus upon aeratron of actlvated sludge.~‘

-,Phosphorus removal from raw. sewage by sludge was shown to p

)
- LY

,v,"

-s__Shap1ro 1965) Also, 1n several of the full scale 1nstances

of phosphorus removal elevated dlssolved oxygen' S 'ﬂ;'

concentrat1ons were reported Thus it was thought that

~enhaﬁbed blolog1cal phosphorus removal was caused by '

"cond1t1ons of oxygen ten51on alone. It is now. known that the:

£

- actual phosphorus uptake process takes place 1n the aerob1C"

fzone. It 1s bel1eved that the functlon of the aeroblc zone,jb

in relatlon to bxologlcal phosphorus removal is to-provzde

" “non- stress condltlons for the phosphorus removrng bacter1a



— - S

“hto allow for uptake and reproductlonr
“o{' | R B - SR
2.4 MICROBIOLOGY OF BIOLOGICAL PHOSPHORUS REMOVAL
: "Vz 4, 1 BIOLOGICAL NATURE or pnospnonus UPTAKE

8 The 1n1t1al reactlon to reports of blologlcal
~phosphorus removal to the extent reported by Srlnath et al
:(1959) and Alarcon (1961) was one of dlsagreement.,Lhe .
i_blologlcal nature othhe reported removal was dLsm1ssed due.
"to the unfavourable ratlo of carbon, phosphorus and n1trogen_:_
1n sludge bacterla to that of raw sewage{ Since
_,BODs phosphorus rat1os quoted as necessary fagzhutr1tlon
:’range from 401 to 100.1 (Lea and N1chols{?19§6 Sawyer,
y,1944) and 51nce normal domestlc wastewater phosphorus

_'content is of the order -of 8 to 12 mg P/L thlS 1mp11es a .

"_1BOD5 requ1rement of at’ least 320 to 480 mg/L for complete

'phosphorus ut111zat1on..Thls 1s hlgher than 1s usually found
] iln domestic- wastewater.,The objectlons therefore seemed
reasonable.y,' _
' Many workers then attempted to demonstrate the
' b1ologlcal nature of the process (Lev1n and"Shap1ro, 1965"
Seklkawa et al 1966- Yall et al. 19?0, Fuhs and Chen,.
~1975 Hagcoet et al 1985)"Lev1n and Shapiro (iééS)"in an

fextenS1ve study used 2 4 dznltrophenol (2 4 DNP) in an

‘ cattempt to prove that the,mlcroorganlsms 1n the sludge were

'responsxble for the uptake. They found that the add1t1on of f“

f2 mM/L of 2 4- DNP to a sludge/raw sewage m1xture resulted in _j



" an uptake of 10% of PO. P as. opposed to an uptake o{ §7%\¥n

“an’ un1nh1b1ted control Therefore thlS was taken‘as evtdence'“
: s - . s : -.tt :

for b1ologlcal phosphorus removal v» - f‘:' ‘.vgf‘,?p

o ,
N

4o .

The addltlon of other po1sons such as pota551um»g

chromate, also prevented phosphorus removal (Sek1kawa et e

.\6 '
al 1966) Yall et al. (1970) used the- radroactlve 1so§ ;

-
,

,"P to show that most of the phosphorus taken up by the
.sludge was 1ncorporated into that part of the bacterxal ceﬁ_fﬁff'
whlch would contaln the nuclelc ac1ds (DNA RNA) andw

: polyphosphates.'In a further reflnement Hascoet et al.

(1985) u51ng "P nuclear magnetlc resonance to observe
v"phosphorus forms vere able to show that trapped phosphates .

were stored as polyphosphates. As a result of_these and

'hother stud1es, it 1s now generally accepted tha certaln

bacterla are capable of enhanced uptake of sphorus beyond

N X
'-normal metabollc requlrements._-v,tl

¢

T2.452 PHOSPHORUS STORAGE WITHIN PHOSPHORUS REMOVING
MICROORGANI sns ' |
Even in the early stages of research 1nto excess_'
'phosphorus uptake 1t was recognlsed that if the. phosphorus'
buptake were blologacally medxated then the storage mechanlsn
would have to be other than that usually attrlbuted to
actzvated sludge bacterla. Lev1n and Shaplro in. the1r 1965 n“L
ifpaper referred to the'work"of wlnkler (1953)»1n whrch he
.noted the capahilitynof}bacterial cells t0'storeﬁphosphorus
7as7polyphosphates in a granular,forn"known'as volutin. Under
RN L IR e SR .

, o : . .
. o . . -



c1rcumstances of phosphorus storage the BOD; phosphorus (or

'i carbon phosphorus) ‘ratio would not be so process 11m1t1ng
r'Two years later Shaplro et al (1967) relnforced thlS theory-l
h:by suggestlng the presence of .a dlsposable phosphate pool
(-w1th1n the sludge mlcroorganlsms which would allow the loss S

_or ga1n of phosphorus w1thout the restrlctlon of h1gh

carbon phosphorus ratlos.

At thls stage the exlstence of phosphorus remov1ng

*(1975) 1solated several stralns of bacterla szmllar to the

P

.'.Ac1netobacter-Moraxella-Mlma group whlch were present in

‘ phosphorus remOV1ng sludge *These bacter1a are capable of _;ﬂ

o storlng phosphorus as volut1n under aerob1c cond1tlons and

phe
- V".‘r;‘ﬁe

of Idtrng 1t under anaeroblc cond1t1ons. o :

Osborn and N1cholls (1978) carrled out further_'
h‘

1nvest1ga€1ons 1nto the volutln polyphosphate storage

dvsuggestxon. They stated that ih Johannesburg p1lot plant

¢

studles low phosphorus eﬁfluents were 1mposs1ble unbess

. \

volut1n conta1n1ng bacterla were present In con51der1ng the

;comp051t1on of volutlh they suggested in addztlon to
'»polyphosphate that RNA llplds, proteln and Mg" *ould be
';’contalned in ‘the granules..These authors also presented a

}l1st of volutln contalnlng organ1sms.

. M1no et al. (1984) reported on a study of the

polyphosphate pool comp051t10n of/phosphorus remoV1ng

’ bacter1a._They found that the stored polyphosphate cons1sted xtp

.o
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| : -,"i ~ ;/)‘ : _ . o
of both low molecular welght polyphosphates and hlgh :
‘f molecular welght polyphosphates. The low molecular welght
polyphosphate ‘was thokght to be utlllzed prlmarlly in the
release and uptake cycle whlle the hlgh molecular we1ght i
polyphosphate was con51dered to functlon as the phosphorusf,
source for mzcroblal growth ' iy |

It now seems llkely that the storage of phosphates as -
high energy polyphosphate chalns-glveswthevphosphorus |
remov1ng bacterla a select1ve advantage under stress : B
'cond1tlons. The energy released in the hydroly51s of theg?', ey
polyphosphate chaln can be used by the bacterla for the
act1ve transport of substrate across the cell wal durlng

_the anaeroblc stage..As a.result-of thls, slow QEOWing

phosphorus removers such as Ac1netobacter can avo! id-direct

competltlon, in the aerobic . stage, w1th other fast grow1ng~"
aerobes. NS v _ N ,
The carbon llmltatlon theory of blologlcalaphosphorus
bremoval no longer poses a problem in 1nterpretatlon of the
| phenomenon. The storage\ab1l1ty for both carbon and

j phosggfrus allows for the manlpulatlon of a favourable

ratlo. It 1s also bel1eved that uptake is not strlctly

VQ metabpllc in that the phosphorus may be reserved as an

energy source for act1ve‘transport-rather than 1nteracting§. -
1mmed1ately with the metabollc pathways tOhform aden051ne

trxphosphate (ATP) the most common bacterlal energy ;,""

carrier. ’._/ B ' "ﬁ' '
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2 4. 3 CARBON STORAGE WITHIN PHOSPHORUS REMOVING

v.results of Chen

MICROORGANISMS o ', o

'_ Fuhs and Chen (1975) referred to prev1ous, unpubllshed :

whlch showed that carbon “in the 1nternalv

- granular storage product poly- B hydroxybutyrate (PHB), could3

prov1de energy for phosphate accumulatlon w1thout the

»1mmed1ate need for h1gh carbon phosphorus ratlos. The'

bacter1a1 1solate, 1dent1f1ed as an Ac1netobacter ssp, Wthh o

they belleved to be respon51ble for phosphorus removal was,

found to have the ab111ty to form PHB.

ThlS f1nd1ng for phosphorus remov1ng bacterli was

!

o, .))

1979 Buchan 1983) The ablllty to store carbon as-PHB-

g rspeated by several other researchers (N1cholls and Osborn

v .

allows the phosphorus remov1ng bacterla to store the carbon

~wh1ch LS transported 1n€b the’ cell durlng ‘the anaerob1c<

' stage. Thls carbon is then processed through the

tr1carboxyl1c ac1d cycle and electron transportatlon upon

the ava11ab111ty of the»termlnal electxon acceptor, namely.

oxy@@hﬁfin the aerobic zone. A typicalvcycle'through the

e anaerob1c/aerob1c series 1n1ta11y 1nvolves the presence of a

large amount of

volut1n and a small amount of PHB w1th1n the

' bacterra whlle in the anaeroblc zone. The'volutln storage

product decreases as the polyphosphate cha1n 1s broken to¥

prOV1de energy.
molecules”build
across_the'cell

the'surrounding

As-the_number of slngle orthophosphate,'

up a: concentrat1on grad1e9t 1s establ1shed

wall The orthophosphate is then pushed into

medium. This causes the hzgh orthophosphate o



concentrat1onwf5een in the anaeroblc zones of bzologlcal
_phosphorus removal plants. The PHB storage product 1ncreases

_.as ‘the’ transported carbon 1s stored -In the aeroblc zone the
stored carbon is. ut1llzed and provades the excess. energy to

K allow ‘the uptake and re1ncorporatzon .into the cell oﬁ

’%ggihophosphate molé;uies and the formatlon of polyphosphate
dﬁ&lns. Therefore the amount of PHB decreases and the amount
8f}volut1n 1ncreases in, the aeroblc zone.- |
52 4, 4 INTERMEDIATE FERMENTATION PRODUFTS . |

A’ difference in the metaboltc*utlllzat1on of glucose :

‘between phosphorus remov1ng sludge and- non phos horus =
remov1ng sludge was reported by 'Fuhs - and Chen (1975) In an -
experlment w1th labelled glucose it was found that in the
phosphorus remov1ng sludge the Embden-Meyerhof metabollc

. pathway was utllxzed whereas in the non phosphorus removing
.'sludge the Entner—Doudoroff metaboggg pathway was - prevalent;'
) The Embden-Meyerhof metabol1c pathwaﬁalndlcates the presenCe

:’ f ‘v of facultatlve anaeroblc bacter1a and €he Entner-Doudoroff

pathway 1s used by aeroblc bacter1a such as Pseudomonas.

Therefore 1t seemed as: if the presence of facultatlve
| anaerob1c bacterla mlght be 1mportant to the blologlcal
u phosphorus removal process. Ce - E f " ’
When Fuhs and Chén (1975) 1solated bacterla respon51ble ‘
for phosphorus removal they dlscovered that these bacter1a
were unah&e to metabollse sugars or polysaccharades but

ag :

_ growth occurred on ethanol and acetate. Eth;ﬁol and acetate

- ' . i . -
. . - - .
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"”1n the laboratory the numbers of Ac1netobacter 1ncreased

'fermentat1on process these bacterla would produce low S e

psources for the phosphorus removers.‘

in a medlum-wlth‘acetate as the principal source of carbon.

- are products of fermentatlon and may be produced 1n an
rfbanaeroblc en61ronment by facultat1ve and strlctly anaeroblc

bacterla.'They also found that 1f the sludge was kept longerp="

.:They clalmed that thls was due to- the bacterla u51ng the

)

fermentatlon products from the anaeroblc prlmary effluent

wthh was used for feedlng A ” _ o
ThlS led Fuhs and Chen to suggest that the pr1nc1palv

functlon of the naerob1c zone was to- promote the presence

and growth of facultatlve anaeroblc bacterla. Through a- ;dsk}.

‘"
7

: molecular welght products such as ethanol or volatlle fatt)'

va01ds such as acetlc ac1d wh1ch would serve as. carbon

2

In pllot plant studies Osborn and Nicholls (1978) were’

,able to show that a rapld 1ncrease 1n volutln contalnlng

'chter1a resulted from the addltlon of acetlc acid.

fconszderlng the role'of'Ac1netobacter in phosphorps'remoyalgf

RS

they stated that

"A basic requ1rement for the use of. Acznetobacter as

a-tontrol'organ1sm_15'therefore, that a-soﬁrce of

' v ‘ LT R

low molecular weight organic intermediates must be
oreadily'available’from a controllable acid

-fermentatlon process mi

. The 1mportance of 1ntermed1ate fermentatzon products was

also shown by Malnou et al. (1984) who found that bacterxa



":lhad phosphorus as 10% to 20% of the1r dry welght. By
f{comparlson 51m11ar bacterla on a medlum wlthout acetlc ac1d‘
_ Innever had greater than 1.5% to 2% dry welght as phosphorus.
‘ Theréfore 1t seems that for phosphorus remov1ng
{bacter1a whlch are unable to metabollze sugars the‘
w ava11ab111ty of. low molecular we1ght fermentatlon products
721s a requ1rement These products can then be used in. energy I'

-

wmstorage as PHB

‘ - 2.4. 5 BACTERIA ACTIVE IN: THE BIOLOGICAL PHOSPHORUS REMOVAL
| PRoczssf" S L R
Fuhs and Chen (1975) 1solated several of the

'_‘Ac1netobacter genus of bacterla and found them capable of

:excess phosphorus uptake. They descr1bed the bacterla as

‘”tgram negatlve aerobes wh1ch wh1ch were of a short rod shape

-a(O 8 to 1. Zum wlde; 1 0 to l 5" um long) and nonmotlle. All B

o isolates utlllzed acetate. In further 1nvestlgatlon of one "

~‘w,1solate 1t was found that no growth occurred on glucose.,"

Ac1netobacter were found in varlous full scale plants

lexper1enc1ng excess blologlcal phosphorus removal (Osborn ’f{-

. J/’/

and N1cholls, _ 978"'Buchan, _ 1983) and were belleved to beﬁ» 2Pl
) /

/x

:“przmarlly respon51b1e for excess uptake of phosphorus. Othgr - @

”1nvestlgators showed that when tested w1th varzous carbon,v

‘ ;sources the growth rate: on acetate was h1ghest (umu-;

) followed by lactate and ethanol for Ac1netobactﬁ

»310A.(van Groenstljn‘and‘De;nema,,1985), zu



'fjsi..

It has been brought 1nto quest1on however whether' .

Ac1netobacter is. as 1mportant to the process ‘as’ was

$ o
prev1ously belleved 51nce excellent phosphorus removal has

_been noteo in plants where Ac1netobacter are a small

fractxon of the actlvated sludge bacter1a (Brodlsch and
Janer,:1983) and poor removal has been seen where i:

Ac1netobacter have been plentlful (Brod1sch 1985) Brodischv

(1985) suggested that 1n order to promote excess blolog1cal

phosphorus uptake by Ac1netobacter a part1cular bacterlum

' Aeromonas punctata should be present 1n ‘the sludge._Thls

: bacterlum produces acetate through fermentatlon. d

The ab111ty of other bacterla -to take up phosphorus haS'

' been demonstrated (Brodlsch and Joyner, 1983 >Gersberg and-
Allen, 1985) However, due to 1ts w1despread presence in
blolog1cal phosphorus removal plants throughout the d\eia

Ac1netobacter 1s Stlll seen as. the bacterlal genus prlmarlly -

respon51ble for b1olog1cal phosphorus removal Currently the
4 focus of much research work is on the 1nvest1gat10n of |
| 1nteractlon and dependence between the phosphorus removers"
1 and other bacterla present notsoly_the £acultat1ve
:- anaeroblc ac1d producers. . o
2 4.6 THE EFFECT OF TEMPERATURE ON BIOLOGICAL PHOSPHORUS

REMOVAL | _
hd Most bxologlcal processes are temperature dependentr_.

The temperature dependence of the maxlmum net spec1f1c

growth rate . of bacterla is shown by the relat1onsh1p



. ) . - . . ‘
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,A_umnx,_'r_ = “max 20 9 K R IR e ) [2.1] g

T = °C, umax,20 = maximum, specific growth rate, per hour, at . .
G : «Specl jrowth 1 E . .

- 20°c

'Since most work in relation to biological phosphorus.

'7remOVal has'beentdone in warm~climates such as'South Africa

the appl1cab111ty of the process in colder condltlons 1s a

_ concern. Wh1le the growth rate of Acznetobacter is"

hdef1n1tely affected by colder temperatures some questzoh

4 exlsts as to whether th1s is overly detrlmental to the
'“_process. WOrklng w1th pure cultures in a phosphate acetate'
i-medlum Fuhs and Chen (1975)f0und that phosphorus uptake
suffered at temperatures below 10°C. 'Van Groenest1jn and
i'Delnema (1985) however found: that the phosphorus content of

Ac1netobacter 210A cells decreased w1th 1ncrea51ng

Qtemperature from 10 1% at 5 C to 1 4% at 33 C The optlmum- -
dgrowth temperature was 25 C .- | _- . %
~.In p1lot plant studles with the A/O biological'b
h'hphosphorus removal system Sell et al (1981)'fOUnd that’

| removal ab1l1t§ 1ncreased w1th sequentlal decreases in
.wastewater temperature from 15° C to 5 C. They found that
1ncrea51ng the temperature again 1mpa1red the uptake wh1le
5 repeated decrease resulted in 1mprovement to the prev1ous
low. temperature level Thxs caused Sell et al (1981) to

”vsuggest that the phosphorus removers were psychroph111c.v.‘



i;%fq Wh11e 1t may be p0551ble that the phosphorus uptake o

,fat low temperatures conGern must be expressed w1th regard %0,5

v

’f}the ab411ty of the ac1dogen1c bacterla to supply

:fvfermentat1on products asbsubstrate under these condltxons.

~

;Zoetemeyer et al., (1982) researchlng temperature effects

“ort separate stage ac1d1f1cat10n of glucose found two regzons-
d'of bacterlal growth a mesophlllc reglon and a thermophﬁllcv,.

reglon.‘The opt imum mesophlllc temperature was between 36 C“

and 38 c w1th a bacter1a1 growth rate of 0. 51 h' By~:'

7

. contrast the growth.rate at 23 C was ; reduced to 0. 1 h . ‘The

)\

-

4

and hydrogen at temperatures outs1de the range of 25° C to

.. 55° 'C. How these results would relate to a 51tuatlon 1n whlch

.per1od1c varlatlon between anaeroblc and aeroblc condltlons

3

“takes place is unclear howeVer, 51nce the authors were‘ SRR

,'?con51der1ng anaeroblc dlgestlon only ;‘ 5 . 2 ”"{Wfia

oy

Gupta et al. (1985) reported on a factor1a1 de51gn
4

e experlment to evaluate the effects of temperature, retent1on

tlme and pH control on volat1le fatty ac1d product1on in an .

anaerob1c env1ronment. They found the best productlon to

occur at six days SRT and a. temperature of 30 C. In generalg~7

:they had better VFX productlon at hlgher temperatures (30 C -

vs. 10°C) though it was noted that the - 1nteractlon leveLs

Hf‘were s1gn1f1cant i.e. the effect of any factor could not bej

'COnS?dered in ;Solat1on,; : o ‘~-5,3'“ “fﬁ"

T

'-_authors also reported dev1at10ns 1n yleld of carbon dloxlde =

. . .« IR S L 3 ’
, RN R . % I
} Lo :
N oo . f @ e s .
. . e -

o

ab111ty of the phosphorus removers 1s not totally restrlcted_f




Due to the apparent 1ncon51stency reported in- the

ﬁllterature 1t would seem as if thls is an area requ1r1ng )

arch.

.1ufurther_1n depth r

B e Gy
. Lo .

2.5 BIOCHEMiSTRY OF BIOLOGICAL PHOSPHORUS REMOVAL, '

_ ' . 'Vfgfﬂ*é.-jf”
2. 5 1 PHOSPHORUS COMPOUNDS IN MUNICIPAL WASTEWATER
Phosphorus 1s usually found ‘in domestlc wastewater 1na
dvseveral forms. The most rmportant of these are the ' ‘w‘”:
} orthpphosphates, the polyphosphates and organlc phosphates.
- The orthophosphate form (PO, HPOI, H PO, and H, PO ) 1s_v.
Htﬂe151mplest phosphate form and is: used dlrectly by bacterla
.for metabol1sm.a1t is also in- th1s form that phosphorus is
taken into the cell durlng excess blologlcal uptake., -
| Polyphosphates are cha1ns of orthophosphate ranglng

from-two molecule chalns'to values of 10 molecules.‘In an

':faquatlc env1ronment polyphosphates w111 hydrollze to

.orthophosphate.‘Thls hydrolys1s under non- catalysed
.condltxons is extremely slow w1th many years requ1red for_'
',the 5% hydrolys1s of, for example, pyrophosphate (two A
"bmolecular chain) at J0° C and. pH7 (SnOeylnk and Jenklns,
h1980) Under condltlons of secondary blologlcal treatment
. this hydrolys1s w111&be enzymatlcally catalyzed by the‘
F'bacterla and w1ll progress at a greater rate. )
»A.poxnt_of 1mpgrtance wlth polyphosphates 1s that they l
are‘high'energy compounds.,The cleavage of the phosphorlc |
.1 aﬁnyafieg7béﬁds releases energy equ;valent to the energy



'released 1n the ATP to ADP conve551on 1n bacterla (estlmatesfid
E vary between 7, 000:to 10, 000 calorles/mole) t The formatlonvv
of polyphosphate chalns from o;thophosphate molecules may be‘A
env1saged as: é&g compress1ng and locklng of a spr1ng. The
"'energy requzred to do thlS is stored #n the sprlng and 1s>.

avallable for woﬁk upon release of’the spr1ng It is: the

storage and ut1l1zat10n of thlS type of energy 1n a -

polyphosphate pool Whlch is respon51ble for baologlcal

phosphorus removal >Y1A | -i.ftd - ;;' f f";hfggdéj_b'

%1

The organlcally bound phosphorus 1s 1ot usually a
'f con51dered 1mportant 1n domestlc,uastewaters as . ’“ﬁ'

concentratlons are typlcally less than 1 mg/L (Snoey1nk and |

Jenklns, 1980):;

- 2.5.2 IMPORTANT ASPECTS OF THE BIOCHEMISTRY oF BIOLOGICAL
Pnosmonus REMOVAL .. = %,

In order to better explaln some of the current models

.of b1olog1cal phosphorus removal a br1ef descr1pt1on of some'"

';'of the relevant b10chem1ca1 terms and concepts WIll be ngent'

1n1t1ally

2 5 2 1 ADENOSINE TRIPHOSPHATE : -
Adenos1ne tr1phosphate (ATP) a compound of |
"adenxne, r1bose and three phosphate groups, 1s the mostf'
4-1mportant energy carrler w1th1n the cellular structure

» of most 11fe forms. it 1s a coenzyme,-so named for - 1ts
TThe anhydr1de ‘bond ‘may be con51dered as the bond . resultlng'"
-from the removal of water from two molecules of phoSphor1c
ac1d. o

" S 5 ,d



' f:partlclpat1on 1n enayme catalyzed reactlons w1th1n the._f
:-}cell The. structure of ATP is- such that the anhydrlde;yr'“
' bonds are very lab1Ie and release approx1mately 8 y

rhfkllocalar1es of free energy per mole by hydrolyszs. The

"'value of ATP (and the two phosphate form, aden051ne __ﬁjp

v".'fdlphosphate) to blologlcal systems 11es in 1ts ab111ty

'to supply energy, by hydroly51s of the anhydrlde ‘bonds, -
:‘to b10chem1ca1 react1ons wh1ch requlre energy 1nput to
'proceed When energy becomes avallable from energy
yrelea51ng.react10ns_(exergonlc.reactlons)lthe ADP
‘molecuie.is reCHarged'by the addition of.a.phosphate o

'ﬂjgroup to form ATP. ThlS rever51ble reactlon 1s shown

o

ﬁbelow.'””r

- ATP o ADP + Py % 8000 cal/mole o

| (Baum 1970) o R ',' L -y“h R o [2.2]

. 2 5 2 2 NICOTINAMIDE ADENINE DINUCLEOTIDE 1. B : ‘A{.
. The degradatlon of substrate 1n both the _ .
'?fermentatlve Embden Meyerhof Pathway and the Krebs Cycle :
hlnvolves the ox1dat1on ot the 1ntermed1ates at varlous =
;tpo1nts in the pathways. Each ox1dat1on 1s half of an.
oxldat1on reductlon react1on. Each ox1dat1on 1nvolves
‘.the loss of electrons from the ox1d1zed specxes.\;n

1

‘”.forder for the react1on to proceed an electron accept



o

L

vuava1lab1e to accept add1tlonal hydrogen 1n cont1nued v

must be present to take qp the electrons i, e.;be
,:reduced In many blologlcal oxldat1on reductlon

1jreactlons the transfer of electrons 1s 51multaneously

&
coupled9w1th the. transfer of protons, H". -The-transfer

is therefore a dehydrogenatlon (Gaudy and Gaudy, 1980) /

One of the most 1mportant electron acceptors 1n‘

ﬂblologlcal ox1dat10n reductlon react1ons 1s the compound
: N1cot1nam1de K&enlne D1nucleot1de (NAD) ThlS compgund |
can accept two hydrogen atoms to become reduced NADH,.,

nNADH2 must become reoxldlzed in order that 1t be

|

‘“substrate metabollsm. Thls is commonly achleved through

the Electron Transport Cha1n in aeroblc systems

“_2 5. 2 3 EMBDEN MEYERHQE.METABOLIC PATHWAY

ThlS 15 a ser1es of reactxons ut1llzed 1n the

: degradatlon of glycogen and glucose to pyruvxc ac1d

w1thout the 1nvolvement of molecular oxygen. ‘This

_pathuay cah be utllized by~ anaeroblc bacterla and
faerqbiC'bacterla. The aeroblc bacterla w1ll further
;oxldize_the pyruv1c ac1d to carbon dlox1de and water,

vthrough the Krebs Cycle. Anaeroblc bacterza may further

degrade the pyruv1c ac1d to ethanol and acet1c acid. A

'net energy 1ncrease of " two moles of ATP per two moles oﬁ

SN X 3
nglucose.can be»ach1eyed..

AR



2 5. 2 4 TRICARBOXYLIC ACID METABOLIC PATHWAY
ThlS 1s a. cycllcal serles of react1ons utlllzed by .
aeroblc bacter1a, in the presence of oxygen, for the |
oxldatlon of var1ous substrates whlch enter the cycle as
acetyl CoA. (1 e._acetyl coenzyme A) The tr1carboxy11c -
rvcycle\(TCA) or Krebs Cycle, representa complete |
»‘oxidation'of thevsubstrate and gives a-%et-energy a
1ncrease of thlrty ezght moles of ATP per mole of .

‘ glucose'(l e._wzth t%e EM pathway energy release

1ncluded) Thls is’ represented as

T | _ I L

RN . R "

CgH,,0¢ + 6 O, + 38 ADP + 38 P, _ | E

'+ & CO, + 6 HO + 38&1‘9 . (Baum, 1970) | - [2.3]
. - . & o

2 5 2.5 ELECTRON TRANSPORT pHAIN

‘In order that N’ADH2 be made reavallable for

’

: electron acceptance 1tv‘two hydrogen atoms must be
' /

transferred to anoth ' compound In resplrlng cells the

'electrons are trans erred through a serles of compounds
by a process of redUctlon and reox1dat1on. This transfer
contlnues unt11 the electrons-are passed to a terlnaI
electnor accepton such as,oxygen. ‘These compounds form

' the Electroh Transport Chaln in bacterla.

o



1 2.5.2.6 PROTON MOTIVE FORCE | |
The electron transport~system5is believed»to be

s1tuated asymmetrlcally w1th1n the cellular membrane o£
h bacterza (Brock et al., 1984) At one- polnt in the
belectron transport chain the two electrons and protons
are separated.vThe ‘two protons (or hydrogen 1ons) are'
lejected from’the cell The electrons comb1ne wlth two.
protons, whlch become avallable from the dlssoc1ation of
two water molecules from the. bacter1al cytoplasm. The
'ihydrogen molecules comb1ne with oxygen as the termlnal

electron acceptor to form one molecule of water. This_
fcauses a net prodnctlonbot oH” ions inside the.cell{

This is demonstrated: in Equations 2.4 ané 2.5.

2H,0 % 28 +200 - L l2.a)

Slnce the membrane is not freely permeable to. OH™*

or H a pH grad1ent and an electrxcal potent1a1 are’
‘generated across ‘the membrane by the H' ions on the. ﬂ

_out51de and" the OH on the inside. This potent1a1 is
"known .as ‘the Proton Mot1ve Force." ' ~. '\*Lr
\‘Q_ . .

The" ,‘pnergy stored by the proton motlve force can be

‘ ut111zed 1n the product1on of ATP in a rever51ble

reactlpn,catalysed by the;enzyme ATPase.r



;2 5. 3.ACETIC ACID FORMATION IN THE ANAEROBIC ZONE
| | Gaudy and Gaudy (1980) show a p0551ble pathway 1n whlch
the fermentatlon products acetlc ac1d and ethanol may be' s
4:formed in the anaeroblc zone by E. c011 and other enter1c.,_"f~
bacterla. The pathway involves a breakdown of glucose,to‘

CE f"__pyruv1c ac1d through the Embden-Meyerhof Pathway followed by dU_u:
- '.breakdown through varlous 1ntermed1ates to ethanol and "
‘acet1c ac1d " The complete pathway represents a ga1n in

;energy to the organism through the. synthe51s of five moles

. 0
of ATP per two moles of glucose.

12.5.4 UTILIZATION OF ACETIC ACID AS SUBSTRATE .
The utlllzat1on of the EM pathway by m1crobes 1s
-sometlmes allowed to progress only to an 1ntermed1ate stage.y*
The 1ntermed1ates formed are w1thdrawn from the pathway and
~used 1n.blosynthe51srreactkqns. This happens only_ln enou@&hﬁ}’
- ':"instances tofprovide‘the bailding materials for the5cell, o
| 'otherwlsevoxidation to;pyruwateiwillboccur.lSimilarly'ih thef
Krebs Cycle'intermediates may be withdrawn for biosyntheSis.
vThxs presents a problem however s1nce removal of

1ntermed1ates w111 1nterupt the cycle and prevent ‘the

“'w
»

resynthes1s of oxaloacetate wh1ch 1s necessary for thel
re1n1t1atlon of the cycle. |

‘In bactetla wh1ch utllize'acetate as substrate the;
+ ~acetate is flrstly converted to acetyl CoA The acetyl CoA
then enters a form of the Krebs Cycle known as the,

Glyoxalate Cycle (or Bypass) This form allows for the -



_ wlthdrawal of several lntermedlates for b1osynthe51s whzle

—_—

Stlll ma1nta1n1ng the cycle. An extra molecule of

oxaloacetate 1s also formed whlch can be enzymatlcally

| reverted to phosphoenolpyruv1crac1d»(PEP) PEP can then be

used 1n a reversal of the EM pathway wh1ch can prOV1de thGSe

BM 1ntermed1ates necessary for blosynthe51s.-

A

This is necessary since the aciilc ac1d users are

i

. unable to utlllze glucose through the EM. pathway and

therefore the 1ntermed1ates would otherwrse be absent For a

' more detalled d1scu551on of these p01nts the reader is

referred to "Mlcroblology for Env1ronmental Si1entlsts and

"Engineers."” by Gaudy ‘and Gaudy, 1980

| )EAH
S
2.5.5 FORMATION OF THE PHB STORAGE paonucr :

PHB a storage product-ln'bacter1a may be'compared to

¥

: fat as a storage prodpct 1n humans. Th1s 1nterna1 store of

W:nother avallable,ca

carbon is bu1lt up when e”ternal carbon sources ‘are ea51ly

avallable (i.e. preferenéﬁally avallable to the, phosphorus
removers) %he b{\ikdown of PHB dées not usually occur untll
bon sources are scarce.‘ .
2 5 6 POLY?HOSPHATE FORMATION AND STORAGE WITHIN THE
BACTERIAL CELL ’

Whlle blolog1cal phosphorus removal has been observed

-,

for a perlod in excess. of twenty years knowledge about the

1nternal b10chem1cal mechan1sms which brhpg about the uptake

| and storage is st1ll 11m1ted and theor1es st111 rema1n»

R : ; g

Y
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&
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29 .
}speculat1ve The observatlon of dense polyphosphate storage f;/.'
granuleScW1th1n the bacterlal cells of phosphorus removers ;

, has led researchers to cons1der the process of 1nteﬂqal

: polyphosphate formatlon and degradatlon.u,‘ - | |

Several workers have suggested that the only mechanlsm
'actlve in polyphosphate formaton is the’transfer of the'j |
term1na1 ph@sphorlc ‘group of ATP to a polyphosphate chain.

} ThlS relatlonshlp is expressed below

(p,), + ATP = (P,) .., +AaDP . [2.6]

—
b4

.
) ; - E . ‘- . . - .

The enzyme'Which can catalyze this reversible'reaction,

in pr1nc1ple 1n e1ther dlrectlon, was. 1solated by Kornberg
_and hlS co- worke@s and termed polyphosphate klnase (Kornberg
. et al. 1956° Kornberg, 1957) Kulaev (1979) stated that
_vpolyphosphate synthe51s is strongly 1nh1b1ted by ADP 1 e.sat .
high ADP/ATP rarlos the reactlon W1ll shlﬁt to the left -
cau51ng a degradat1on of the ‘polyphosphate in favour of ATP
formatlon. Mlno et al., (1985), clalmed that the
orhthophosphate pool must be con51dered as the source of ATP
,prodqct1on. : ' ‘ |
Contrary to this scheme however,is‘the‘fihdihg:of.
'-’polyphosphatebbﬁosYnthesis.by enzyme systems othér-than
pOIthosphate-kinase (Kulaev,'1979) Whlchever system 1s ‘at

'work it seems as if the phosphorus removers have the



advantagebd}‘elevated'phosphorusfand{energy storageQ-The ,
l_manner-ln'uhich‘the polyphosphatefchainyis combined.wlth'theli'
-';varioqs other components of volutlntisuuncertain but'itfdoes
'not appear to affect the examlnatlon of polyphosphate as an

.1solated molecule. The hydroly51s of the polyphosphate pool

1s represented below'(gulaev,.1979, Gaudy and Gaudy, 1980)

v .

(P?)_’l * '320- "., (‘pi‘)nﬂ +H3Po4 o ‘ ‘. ' ' a [2.7] .

' ThlS react1on is catalyzed by the enzyme
_dpolyphosphatase. While this. could account for the'
'polyphosphate pool as a: source of phosphorus 1t is not
»llmmed1ately clear whether 1n the hydrolys1s of the ‘
hlgh energy anhydrlde bond ‘the energy released is utlllzed

¢

‘:or d1551pated Kulaev (1979) belleved it ‘unlikely that the

‘energy stored would not‘be ut1l;zed He suggested that

- energy. from the hlgh energylhondh'to an 1nte:med1ate ‘labile
‘ phosphorus compound which might undergo further hydroly51%
to orthophosphate wh11e also ut11121ng the avallable energy.
1 A p0551b111ty wh1ch allows for the usage of the stored
energy 1s that the reversal of Equatlon 2.2 takes place,

vform1ng ATP ThlS ATP may then in turn be ut1l1zed 1n the

>

act1vat10n of acetate. ThlS may be expressed as

of

8



Acetate + COA + ATP - Acetyl CoA . AMP + 2p e

:"h AMP Aden051ne Monophosphate N 7.T3” :.‘.5;17';7fg‘h:[2,8] o

The aoetyl 6?% formed in Equatron 2.8 may then be ,‘}'L;
ut111zed 1n the synthes1s of PHB The pyrophosphate group
'gmay~then undergo hydroly51s and ejectlon from the cell
Kulaev (1979) also reported the usage of llberated energy 1n

*the active transport of sugars 1n Neurospora crassa. Thls

’f’p0551b111ty w111 ‘e dlscussed 1n a. later sectlon. Whatever

H‘f-the reason for phosphorus storage the polyphosphate form is -

'convenlent 51nce 1t w1ll have 11ttle effect on the osmoQ%c

]

?lpressure wlthln the cell as would ATP or orthophosphate
ﬂ (Harold 1966) vt T - n,f‘p;'“ _ | ' v\.
k“- In summary, the phosphorus removers whlch are unable to

etabollze sugars w111 depenq on facultatlve anaeroblc

bacterla to produce short ;haln fatty ac1ds, such as acetlc :
vac1d las substrate. The phosphorus removers can then S

Jmetabollze the acetate. Storage of carbon as’ BHB can then'f‘

"; ltake place. In aeroblgjcond1tlons breakdown of the PHB can-;'

'b‘::hsynthe51s by Equatlon 2 6.

)

~occur providlng energy for ATP formatlon and polyphosphate

.
I

5.} Phosphorus removers whlch metabollze sugars w1ll obtaln”"'
'Qenergy for polyphosphate synthe51s\along the normal

-

‘_.metabol1c pathways.;..: an ;_\}p;p



2.6 MODELS OF THE BIOLOGICAL PHOSPHORUS REMOVAL PROCESS. -
a6t HEURISTIC MODELS f e ‘ :

o \,. . ‘ e l_",‘. e
Several heurlstlc models have recently ‘been- fltted to

vAvarlous phosphorus removal data sets in an attempt to flnd a
1;re11able method of phosphorus-removal predlctlon (Hong et
al. 1981,»S1ebr1tz et al. . 1983~ Famara et-al»3 1985)

";fThese models appear,<for the most, to have been developed

o from. process and 51te spec1f1c data and the1r un1versal

.appllcab111ty st111 remalns to be: ver1f1ed Note that due to
‘-the large number dﬁ symbols and abbrevuatlons used 1n th1s
sect1on deflnltzon of these w1th1n the text was not
"cons1dered approprlate. A separate 11st1ng of sygbols and ;vvf

rxxabbrev1at10ns, Wlth explanat1ons,lls presented elsewhere if

this the51s.u

'*,‘2.6 .1 A/O MODEL '7m3" . B |
- Thls model presented b§ Hong et a].; (1981),

.resultS'from the authors-,exper1ence wlth pxlot and full

scale A/OT systems in the Unlted States. ‘The model

: 1ncorporates the pr1nc1p1e of 1nternai polyphosphate
';;fdegradatlon in order to prov1de energy for the actlve
':!”transportatlon of substrate 1nto the bacter1a1 cell
. h" In the anaeroblc sectlon the depletlon of solu@le
| ,BOD 1s attr1buted to bacterLal absorptlon and ’
ﬂ,denztrlflcatlon react1ons. At the same . tlme soluble BODd'

v?}formatldn 1s caused by the hydrolys1s of blodegradable

v sol1ds and the lys1s of b1omass..-f

g

Ty : R W
L . - o :



TwoudmfferentJ?L*equatlons,'reflectlng phosphorus z"d
Trelegse and'phosphorus uptake are presented These are S

“:quuatlons 2 9 and 2. 10 respectlvely

T - ”.’
%EES—‘ = K,(-J-}{—- — PS}_X: +-‘A hznnon e ['.2.-‘9.]' '
dBS .k, % PS (R a2l
dt - "= R PI/P A

Equat1on°2‘9 presents phosphorus release as a
d'functlon of an 1nternal external phosphorus gradlent and
-soluble BOD (shown as BODS) uptake. Slnce ‘the. soluble
- BOD uptake rate must depend ‘on, a falrly complex BOES

ily that

4.”"

'lbalance (as 1nd1cated ab0ve) 1t would seem unll,

’9pthe BOD uptake could be adequately measured 1n Ege form

o

l

- of the Second term of Equatlon 2 9, i. e., as a constant

"'.' ) ."
; ‘?j . .9' ;

I
A

"'~t1mes a. varj1ng BODS uptake rate.

The phosghorus uptake is con51deredfﬁo be ;1r3t

. :d- order 1n the solubl phosphorus and tpe actlve blomass,.

R moderated by the fractlon of . ava11é§§;.p01yphosphate a
vsthage capaclty utlllzed and t%ﬁgs%éuratlon constant

Do i . .K ) Model constantS‘evaluateigfrom pllot plant data at a

so ublé'Substrate to m1croo%gan1sm mass, as VSS ratlo,

Ll

q 1'e.5fF /M rat1o of 0. 34 wére applled to a full scale

’

; gfplant operat;ng at an F /M rat1o of 0 12. The authors )

ST /‘cale to be unlmportant and that
o AL . ; ', MNP .
- }”i f“.ﬁa B ‘,vv73” i ’
i ‘. .‘."J ‘ Sk “:':,/'a;.l ] O
PR 7,29 7 »
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I SR P TN E I
F/M effects are correctly incorporated in the model

R u‘Wh'BIODEGRADABLE coby MODEL.‘YT‘ DR
mThistm,;tl due tQ,SlebrlthEt’gg (1983) 1s based ;ﬁf
':on the usage of a propen51ty factor,vP,, as’ a meaSure of‘

' the llkellhood of exoess phospporus removal ugder a'g g f'

-

'ﬂg1ven set of cond1t10ns. The prOpen51ty factor is’ ’3% “_hf

. def1ned as the product of»three terms,fany of whlch,

1

A

. B .
: accordlng to the authors‘ whem equal to zero W111 cause (*
l"r‘

‘ba complete lack of excess phosphorus bemoval Thus a

value equal to or less than zero for the propen51ty W,

A

factor 1s clalmed to result 1n lack of removal The_ S

three terms are, the anaeroblc reactor rapldIy
: Loe . 3 ‘v" ‘I“
blodegradable COD concentratlon in excess of 25 mg/L

'f(Sb“ - 25) the actual anaeroblc detent1on t1me,\Rh and’.

"the fraction of the gptal mass of sludge 1n the process 7'.

pa551ng through the anaerob1c reactor per day,'n LI

Through some mathemat1cal and deflnztlonal ﬁ

\ .
'

'man1pu1atlon the-expre551on for the propens1ty factor 1s

,rreduced to Equatlon 211,

‘B = (S, - 29)E,  (mgcoD/B) S r2an

‘f;'= anaerob1c sludge mass fract1on



Ky e o

)

Thérefore the llkelxhood of excess phosphorus;
', uptake 1s presented as a functlon of the rap1dly L
blodegradableﬁEOD 1n excess of 25 mgCOD/L 1n the

. anaeroblc refctor and the magn1tude of the anaeroblc

mass fractzon..Thls expre551on was derlved for a process a

conf1guratlon known as the UCT process but modlflcatlon"

;{‘ should?be p0551ble for other process layouts.’
7-%ﬁt-q~1;_: | The authors also presented an. expre551on for the
? magnltude of the excess phosphorus removal Thls 1slﬁv’
hﬁ shown 1n Equat1on 2. 12 L '
. ( vp;. _l. , ' : )
I i“;'N. B B _ _ G -
‘_ "AF:';"'»'=' (1 1—; ,\Cfg_ﬁﬁ'-igsf."‘,’)"(fy‘ + fp‘_"fvi" by ‘RE)T. + EPITE-“B— [2. 12_']‘,' |

"7This.model has met’Wifh,somé opPOSitipn.indtably'uv
from Barnard (1983af, and Roberts,i(1983)‘vThe authorsﬁ?'
however clalm predlctlve succcess Wlth 1ts use 1n a‘

laboratory scale ucT process.t_-,”,t,;<‘ fﬁ}

‘.2',..6 51 3 STOICH 'MODEl..H | | o
'75fj The STOICH model a computerlzed method 1s due to»;.

Camara et al. (1985) The ‘authors c1te the work of .

Sherrard and Schroeder -as show1ng that phosphorus J“
= removal in an act1vated sludge plant depends on the netf_i
| 'sollds productlon and that the eff1c1ency of thlS

't-removal is: related to fhe wastewater st01ch10metry..

',;51nce the_sollds product;on is a-functxon oflthe_meanf



e A

'gcell re51dence t1me (MCRT) the authors compare f,“

-,orthophosphate removal §1tﬁﬁMCRT

On the bas1s of the ghwﬁence and MCCarty wastewater_sf_“

'-treatment model and the 1nfluent wa;tewater compos1tlon

‘t;the STOICH model cal;ulates the expected phosphorus

}‘ggmoval ef£f1c1ency. The\authors do not 1nd1cate whetherh'

R
‘fany leVel o practlcal success has. been achleved w1th

7’fth;s model.hpwever,’,)z
,_2 6 2 MECHANISTIC MODELS SRS
: Very few models whlch attempt to explaln the excess

'blolog1cal phosphorus removal phenomenon w1th1n the

framework of b;ologlcal and b10chem1cal mechan1sms have been .

L proposed One of the most recent and comprehen51ve 1s the

twvblochemlcal model of Comeau et al. (1985)

’ REMOVAL

,‘p(Comeau et al;, 1985) The authors suggest that under

aeroblc condltlons pxygen w1ll be avallable as a

of aeroblc cond1t1ons and that of anaerob1c cond1t10ns

,‘.a\_.

.termlnar electron acceptor Therefore proton expu151on

LI

' from the cell w1ll occun as’ ‘a result of electron chaln

Al

,n_vtransport ThlS wlll a1d 1n the generat1on ands-i
‘malntenance of the pqgton motlve force. The energy

'released in oxldatlon through the Krebs Cycle w1ll be

" v T v
The overall model is. postulated 1n two halves, that x

[

'stored by means of ATP Whlch w111 be formed through the S
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ﬂfpfbton motive force, a;process»known_as»electron
'-transport phosphorylat1on._"?l,-' ,QllQ -'f:i'j,qh»,;

ks - R . B ‘%n,‘lb.‘ '. »
R 'I‘he ATP/ADP ratlo would then be expected to 43%

”wflncrease thereby st1mulat1ng the formatlof o%

uf‘polyphosphates 1n the phosphorus remov1ng bacterla

:(Kulaev,‘1979) As external carbon sources become more.

[SR7 54

3flxm1ted breakd0wn of the stored PHB would be expected to'

- commence.-.i'l' L ‘flvdf _lﬂ" g ’:if( SE
o : . EEE . e O » .
e In apply1ng the model to anaerob1c condltlons o

Comeau et al . (1985) con51der acetlc ac1d as the B

¢substrate to be utlllzed by the phosphorus removers._

vlThey assume that the small percentage of undlssoc1ated o

'acetlc ac1d (quoted as 1% of acetlc spec1es at pH 6. 5)
- 1s transported neutrally across the bacter1al membranei'

;under cond1t10ns of 1nternal external pH gradlent The

'”energy requ1red for thzs act1ve transport may come from?

’Lthe cell s polyphosphate pool

Internal dlssoc1atlon of the acetlc ao1d 1s then

?

assumed to take place. The l1berat10n of one proton perf~h7

Y

'molecule of acetlc ac1d Wlll reduce the proton~motave

'"-force. Th1s 51tuatlon 1s 1ntolerable to the cell 51nce

fbacterla try to maintaln a constant proton mot1ve force."

<

xv(Brock et al 1984) Also 1n v1ew of the poStulated
‘transport mechan1sm a reduct1on in pH gradlent would

Vhprevent further substrate uptake. RS jlﬁ,. ~ﬁa7"

-~

Fbr normal aerobes under aeroblc cond1t10ns therev'

._‘*are several ways in whxch the proton motlve force may be 5



e of ATP in the EM pathway) 51nce acetate 1s the

.. be. re11eved and regeneratlon of the proton mot1ve force

-regenerated Three mechan1sms are quoted and dxscounted |

. : g- L
-~by the authors. The f1rst 1s resplratlon lelowed by

.ffelectron transport phosphoryfatlon. Thls w1ll only occurtlﬂ;H

:1n the presence of a termxnal electron acceptor. The ‘

::second method 1nvoives ATPase react1 n reversal i.e: ATP"-3

:fe ADP w1th consequent H expu151on. ThlS cannot occur

Htf;however 51nce depletlon of ATP cannot be refurblshed

-through substrate leVel phosphorylatlon (the format1on

7 h 1substrate. The thlrd mechan:sm is that of NADH2

L. By

' reductlon and electron cha1n transportatlon catalyzed by'

. a membrane bouﬁd enzyme, transhydrogenase. This- $ .

E

‘“dlsmlssed -on’ the grounds of eff1c1ency reductlon in

l7‘substrate storage whlch would result

Therefore it would seem ‘as- 1f the uptake of acet1c f

,ac1d causes an . 1mp0551b1e 51tuat10n for the bacterlal

ffcell The authors in the most 51gn1f1cant 1nnovat10n of

,1r argument postulate the presence of a pH gradlent
;tlve translocatlng enzyme w1th1n the bacterzal
‘membrane;,In a 51tuatlon of low pH gradlent thlS enzyme

;would act1vate a phosphorus carr1er proteln wh1ch would

'?.datransport e1ther protonated polyphosphates or protonated
:””‘forthophosphates from the cell The free phosphates would

”:vbe readlly avallable from the polyP ATP- act1ve transport

r;system. Thus the 1nterna1 bUIld up of phosphates would

3:wou1d occur. When a: suff1c1ent pH gradlent ex1sts the

L6



2. 7 oxxna'flou REDUCTION POTENTIAL SR _: IR L}

- Shaplro et al (1967) In experlments W

translocatlon enayme would not be act;ve._g

ThlS model wh11e somewhat spec trve~fn.the'

"ex1stence of the grgnslocatzon enzyme,, 555 thﬁ‘ e s

tfrelease-uptake and acetatL utill%ataon bservatlo;
L E
“ywell At the same t1me 1t pays due obser&ance to .

- accepted b1ochem1cal and m1croblological theory..sl'

4

. Ox1datlon reduct1on potent1a1 (ORP) was f1rst

]1nvestlgated in relatlon to blologlcal ph sphorus removal by_“

®.
vh sludge from the

HQC1ty of - Baltlmore actlvated sludge u'1t they notlced an

s apparent correlatLon between falllng ORP ané orthophosphate'”

e;releaSe in. ggaled batch contalners. They found that'
_;phosphorus release seemed to correspond ‘more to falllng ORP.
: than&ko dlssolved oxygen deplet1on. Release falled to occur,
_feven when the dzssolved oxygen probe reglstered zero, when

'bthe ORP remalned at levels greater than ‘about 150 mv -

'-](Calomel reference) The rate of release was reported to

f1ncrease further when the ORP reached zero. Upon reaeratlon
.the phosphorus uptake was found. to respond not to the

B crease in dlssolved oxygen but to the 1ncrease ‘in ORP-“'

- wh;_h lagged several mlnutes behlnd

vcontrast Randall et al (1970) dlssented from th1s

'opxnlon and clalmed, on the ba51s of experlmental work that
'dphosphorus release was the cause of falllng ORP rather than

- a conSequence of 1t. %hey based th1s on the fact that 1n

\



'rtthe usage of ORP in the anaeroblc Zone’ of b1010g1ca1 jﬂ

‘ﬂ{hthelr experlments ORP almost always followed phosphorus - _;

¥

'release and. ne:sr preceded 1t.

Koch and Oldham (1985) prov1ded further 1n51ght 1nto o

IS

phosphorus removal plants. In measur1ng the decrease 1n ORP .

o ; r

in batch anaeroblc reactors they notlced that the aecrease .

accelerated at two separate dlesernable po1nts on the"

:'ORP t1me curve. The f1rst breakpo1nt -was shown to- correspond‘_

to the" dlsappearance of dlssolved oxygen from the reactor;
EThe'ORP at whlchrthls breakpo1nt occurred varled howeyer.f

_In general 1t fell between +100 mV and +200 mV Ag/AgCl

? ref&tence (+55 mV and +155 mv, Calomel refeg%nce) Th1s rateh

of ORP decrease was noted to cont1nue untll a further
accelerathn took place, typlcally between -40 mV and -140
mv,. Ag/AgCl reference ( -85 mV and -185 mv, Calomel .
'}reference) Th1s breakpolnt was found to correspond to the’
-tdlsappearance of n1trates from the reactor (1 e._the
cessatlon of den1tr1f1cat10n) They showed phosphorus :

release as occurrlng at or just pr1or tofthls breakpoznt

The authors observed that the data agreed well w1th the

ﬁ ]pred1ct10n of equ111br1um theory wh1ch ‘under the partlcular e

.tl

vdfexper1mental cond1tlons predlcted the dlsappearance of
'_nltrate n1trogen from the system at an "ORP of about -70 mV
ng/AgCl reference, ( 115 mV Calomel reference)

These f1nd;ngs are 51gn1f1cant 1n that they g1ve a L
'i:method of dlscern1ng the evel of b1ologlcal act1v1ty

’fpreSent in the. anaerob1c reactor..The authors suggest that
L Sk _ .

3
L]
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N
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S prlor to the f1rst breakp01nt, aeroblc resplratlon occurs o

»,q_v

ﬂ(obv1ously<Qn an anaeroblc reactor thls should be v1rtually

absent) After the flrst breakp01nt resplratlon ut11121ng ’.
{ , -

'Icombzned oxygen;—such as NO3 from the return sludge, as a

. e
itermlnal electron acceptor should take place. After the_f ”

second breakp01nt totally anaeroblc condltlons ex1st and v .«
“fermentat1on should be the only act1v1ty » ’
Since phosphorus release is believed to take place only -

izn the absence of n1trates (Barnard 1974) the ORP should

‘ remaln below the secopd breakp01nt..Unfortunately due to thef

reported va?lance.of its location this may be dlfflcult to

"h\onltor .

o The flndlngs of Koch and Oldham 4,1985) may g0 some way
jtowards explalnlng the lag between dlssolved _oxygen: o
dlsappearance and phosphorus release noted by Shaplro et al
‘(1967) The p0551b111ty of the absence of free oxygen WIth

'the cont1nued presence of n1trate exlsts. The completlon of

»

“de“"‘lf‘un'IOH and the consequent ORP reductlon may then :

- i

have resulted 1n the phosphorus release.

To date there °x1sts very l1ttle 1nvest1gat1ve research
“into ORP as applled to b1ologlcal phosphorus removal beyond -
the\correlat}onpbetween lowAORPvandvphosphorus release noted ;;_-
by Shapiro.et al. 1967) Whlle ORP 1s unllkely to act as ar'
quantxtlve pred1c*1ve measurement 1t 'is of some conseguence
in ascerta1n1ng the ab111ty of the anaeroblc reactor to
promote b10~og1cal phosphorus release.'It is through thls

, S Lt
characterlst1c_that it may flnd use in b1ologlcal.phosphorus ERES

=

N
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£ were to be expeg?ed w1th1n the head emd of the aeratlon,.

jﬁemoVal_planth
& e

»x

B % .‘.v_‘ml:l )

i,‘”

' ‘2 8 ﬁﬁFERNAFE'TﬂEORY OF EXCESS PHOSPHORUS REMOVAL

Menafuand Jenklns (1969) propcsed that thengCess

';phosphorﬂs emoval reported by Lev1n and Shaplro (1965) and"

v'r‘others wiF ﬁhe result of a catlonlc phosphate prec1p1tat1on;
K

'uuaﬁhln.the actlvated sludge floc. In hard waters thls wouldg

,"Atake the form of calc1um phosphate..ﬁ

' They suggested that 51nce dlssolved oxygen consumptlon-n

- fat the head end of a conventlonal act1Vated sludge plant 15

very hlgh the carbon d1ox1de productlon would also be very

h1gh 'as a result of organlc matter metabollsm The hlgh

"carbon dlox1de productlon would cause-a h1gh carbOn d10x1de

' concentrat1on in the mlxed-llquor. ThlS 1n turn would result

j1n a low m1xed llquor PH. Menar and Jenk1ns suggested that

under condlt;ons of dlssolved oxygen deplet1on and low pH

L
i R A

' solublllzatlon of calc1um phosphate compounds would occor.u"'wL

!4"

’ 1ncrease'1n m1xed llquor pH would be expected The ava1lable

,'.‘AA

ThlS would occur especrally w&ghln the ‘loc matrlx g¢f¢ ‘

ST

pﬁss1ble. “As a result éievated phosphorus dbncentrat1ons -
@ ,\"li‘

tank or»under %naerobic cond1t16ns.

As the mixed llquor moved through the ba51n a polnt of

"able organlcs,'coupled w1th a decrease in carbon

ledee 'oductlon, would be reached At th1s pornt an



'calczum and phosphorus would then prec1p1tate w1th1n the
'kfloc and be carr1ed from the system w1th1n ‘the waste
act1vated sludge..ﬂz- |
Other factors wh1ch would a1d the proposed process were
the hydroly51s of the 1nf1uent polyphosphatesabnd the |
-.m1crob1al degradatlon of fatty ac1d calc1um salts, thus'“
m_maklng avallable even more prec1p1tate constatuents.-
Research by varlgus workers which showed that process
,depre551on could be,ach1evedwby,thevadd1t1on of bacter1al
‘r;inhibitoréuwéakened the idea"that.the'remoral vas due;‘-
'texclusively:to a chemical precipitatdoﬁ mechahism (Le&in'and
Shaplro, 1965 Shaparo, 1967“fail étfaf.' 1970) ft \ .’

appeared as 1f the process removal was at most a

blologlcally medlated pre rﬁtatlon‘mechanlsm.‘Doubt was"‘

even cast on thisghowever by the vk p‘balances-which

:formed“part,of;the results of furthér research (Vacker~et'

al., 1967; Yall et al., 1970; Simpkins and McLaren, 1978;
Kainrath et al., 1985).#"M -«

Aok
Aryin (1983) in a: ediew of the lzterature, stated

oy

:blologloal phosphorus remﬁya§ﬁtn be a c0@p1nat1on of several’

#
(

5 mechan1sms, b1olog1ca1 ag@ chemlcal The bfhloglcal
2% /"’ h

\‘emechanlsms we;e normal phosphorus a551m11at16n for 11fe

: - g
-, progesses ehd polyphosphate accumulatlon .as a result of.

'aeroblc/anaeroblc cYcl1ng. The chem1ca1 mechan1sms 1ncluded
5. s

"ﬁnormal Bulk precrpltatlon, stlmulated by a pH grgaﬁer than

i

7. 5" and hlgh Ca concentrat1ons. Accelerated bulk L
I 'Q




: 4 . .
the h1gh phosphorus condltlons resultlng from anaeroblc
release was also notéﬂ Chemlcal prec1p1tatlon wlthzn thé
b10f1lm due to den1tr1f1catlon, an alkallnlty produc1ng e
wg}process (Arﬁln and Krlstensen '1983) was llsted AT
- Therefore it would seem as 1f the major part. of excess
‘ phosphorus removal is’ a result of blologlcal uptake.”A
.concurr;nt blolog1cally medlated chemlcal prec1p1tatlon
',ﬂmechanlsm can also be con51dered to be act1ve 1n removal
'The effect1veness of thls mechan1sm seems strongly dependent
lon the wastewater characterlstlcs.' | |
o

.2 9 PROCESS CONFIGURATIONS USED IN EXCESS BIOLOGICAL

PHOSPHORUS REMOVAL

.

‘ ‘Since the 1nceptlon of purpOSe‘bu§lt biolooiéal“‘
: phosphorus removal plants by&Lev1n et al (1972) many
dlfferent de51gns ‘have been utzllzed both 1n research and
- full scale practlce. If the number of retroflttlng optlons
pa;e 1ncluded a staggerlng number of conflguratlons havecﬂ
'evolved Because of thlS it 1s becom1ng 1ncrea51ngly

| d1ff1cult to be comprehen51ve in any exam1nat1on of the‘

.p0551b1e processes for b1ologlcal phosphorus removal

‘Therefore only a brief synop51s w1ll be attempted here.

2 9. 1 THE PHOSTRIP PROCESS
Lev1n et al. (1972) 1ntroduced the PhoStr1p process |
'.wh1ch was the first actlvated sludge process des1gned

nspec;flcally for blolog;cal phosphorus uptake. The 7‘

ST SR



-

'»conflguratlon ‘is shown in F1gure 2 1 The process utlllzes

i the phenomena of phosphorus release under anaeroblc

condltlons and t e 1mproved uptake whlch follows thls

‘"*:str1pp1ng The ba51c process 1nvolves the uptake of

phosphorus 1n the aeratlon tank and is affected by the

f'f cond1tloned sludge..The low phosphorus effluent 1s then

d%scharged The hlgh phosphorus sludge 1s removed from the
secondary clar1f1er to an open tank 51m11ar to a grav1ty

sludge thlckener. In thlS tank the condltlons become'i"

Y

anaeroblf w1th a consequent release of pnosphorus. The

sludge contlnues to settle leav1ng a- phosphorus r1ch ->_‘.‘

supernatant. Thxs supernatant is removed and subjected to.

’-‘chemlcal (usually llme,ACaC) prec1p1tatlon treatment in

\

'rk order to remove the phosphorus. The phosphorus str1pped

sludge 1s removed from the bettom of the th1ckener and

returned to the head of the aerat1on tank where the process”

cycle beg1ns agaln.

The PhoStr1p process makes use of a comblnatlon of

chemlcal and blolog1cal treatment However from pllot plant

‘ studles/Lev1n et al (1973) reported that addltlon of 11me

RPETE

r@e,'r
N Tl kanciing

°

to the phosphorus r1ch supernatant alone at a dose of 300

mg/L (equlvalentgto 24 mg/L in the total wastewater flow)

prodUGed a 95% phosphorus remoVal, a treatment equlvalent tov»

that produced by dos1ng the total wastewater flow at 300
mg/L Th1s represents a dose reductlon of . 92% A spl1t flow ::
return sludge mod1f1catlon to the process was reported by :‘

Topol et al (1974) In thlS conflgurat1on only a portlon ofii



"the phosphorus str1pp1ng tank In pllot plant tests 1n

tf\These 1nclude the provzs1on of an anoxlc tank for ;' IS

;iffsystﬁm to: allow rec1rculat1on of the phOSPhOYUS strlpped

. aphosphorus r1ch bacterxa the avamlabi&at'

':fthe;return sludge from the secondary clar1f1er goes through

fMarylhnd and Ch1cago susta1ned removals of 90% wera’ '
-;attalned ThlS mod1f1cat1on was clalmed to reduce both the 9
5chem1cal dosage and the 51ze requ1rement of the phosphorus

:strlpper tank df‘“.v »'hnv

Further modxflcatlons were later added to the process.m."

o ..

,h:den1tr1f1catlon of return sludge, from a-n1tr1fy1ng System

Qb%ﬁore 1t enters the strlpper tank Another add1t1on was a

;

'lsludge and or elutrlatlon of ‘the sludge in the strlpper tankplr

w1th prlmary effluent. The recycle fac1l1ty in the

*ﬁNtifphosphorus strlpper tank allows dllutlon of phosphorus'

released W1th1n the sludge w1th the low

:phosphorus conta1n1ng llqu1d 1n the tank feed The d1ssolved_
. phosphorus then ‘moves- more easily to the tank surface and

7ensures a hlgher phosphorus removal w1th the supernatant. To:

-1nduce 2 rap1d release of phosphates: ﬁ@;he»

"of a.carbonaceous‘j

,1‘

‘substrate, such as acetate,-1s of advantage.,Th1s st1mulates.f,

carbonaceous uptake and phosphate release in accordance w1th

o a prev1ously d1scussed mechanlsm.nA dlsadvantage of a 51de

o stream process such as PhoStrlp is’ the complete rellance on -

&

“7endogenous resp1rat1dg to prov1de the carbon source w1th1n'
frthe phosphorus strlpper (Barnard 1983b Paepcke, 1985)

: &
,Endogenous resp1rat1on alone may not be able to meet the



'.,343 Syl T N
4? carbqnaceous demand.
s 1) . PN

o7 2N

1t is for.. thls ‘on that ‘the modlfn.atlon of przm"'

LS &

effluent addltlon was 1ntroduced by second advantage of thlS~;.i

"f;;addltlon is. the elutrlatlon of - SOlldS 1n the bottom of the
‘str1pper tank and the transport of the released phosphorus

B ;.d*fto the surface supernatant (Mlyamoto Mllls et ‘al. 1983)

| 'The 51de stream process does have the advantage that 1t 1s T

“protected from varlatlons 1n 1nf1uent quallty. The PhoStrlp

}process has been recogn1sed as a reasonable.method of | L

pphosphorus control and to that end it has been 1mpl1mented |

j!!'r;.in fourteen full- scale plants in the Unlted States (éaepcke,‘ B

ST r1985) - ,f = il
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2. g. 2 THE BARDENPHO PROCESS Folllo im T f S

| The orlg1nal Bardenpho nutrf%nt removal §§§§em as

/1ntroduced by Barnard (1974) 1s shown 1nf§?gure 2 2 ThlS 1s
fa four stage process in: whlch 1nfluent carbonaceous'
”substrate prov1des a carbon source whlch is ut111zed by'

"_.denltrlfy1ng bacterla, 1n the pr1mary anoxlc zone, to remove?.f

nltrates from the 1nfluent wastewater and the n1tr1f1ed

'mlxed llquor recycle. Any n1tr1f1ed l1quor whlch escapes

"_denltr1f1cat10n in the secondary anoxlc reactor w1th .

'1nclu51o‘n as e I .. . ol e e I R

4, To condxtlon the m1xed l1quor SOlldS for good

/

.recycle to the pylmary anox1c reactor undergoes R

o -

endogenous resp1rat10n prov1d1ng the carbon source. jtf,x3

- A flnal reaerat1on reactor is constructed after the 5;;"’1

Secondary reactor; Barnard (1974) gave.the;reasons3£or“1ts“;lf3

. % ; ’ ;- - , o . R :°,

1. To str1p carbon ledee from the mlxed llquor in, order
a v’l’& e _'ﬂ"‘
to ra1se the pH thus fac1l1tat1ng ea51er phOSphérus g

'prec1p1tat10n. T s X e

P

;llquor to a~suff1c1ent level to prevent gurther lf'ff"';'u ‘

den1tr1f1catlon in the clarg¥1er.‘ . w'x afjf’ 4‘%;»15‘““

E P T . -

_3; _To prevent release of phosphates to the 11qu1d 1n thé’

'clar1f1er. SRR ‘b”' P 'ifi. L T' -~"’¢ S
L S - th " el e b . 1Y

"
>

”fsedlmentatlon.

s
,

ThlS system, wh1ch was des1gned prlmarlly for nxtrogen

lcontrol removed up to 97% of the 1nfluent phosphorus to the

Aorlgxnal p1lot plant. Th1s remdval occurred between the

Ny
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4

rthlrd and flnaL ha51ns. Durlng perlods of good phosphorus
a’removal the phosphorus concentratlon 1n the secondaiy anox1c f
fbasln reached a level 1n excess of 30 mg—P/L Influent

concentrat1ons ranged between 9 mg P/L and 12 mg P/L.\ hef;'h

neffluent concentratlon was reduced to 0 3 mg P/L These

T

'

results Yere ach1eved only when nltrate removal was also
. l

good In thlS 51tuatlon any n1trates from the prlmary

“.*:

aeroblc ba51n wer/,qulckly removed 1n the secondary anoxlc
. ba51n whlch would then become anaeroblc enough to promote:
@ . : 8

phosphorus release.,,,

Wosk

e
L3

s
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'process;_

2 9 3 THE PHOREDOX PROCESS ‘

Th1s process conf1gurat10n con51sts of a f1ve stage
process 1n thCh an anaeob1c ba51n is placed 1mmed1atéT“__’
before the Bardenpho process. Some cogfu51on eX1sts Wlth
regard to the. nomenclature applled to thlS conflguratlon;;dfwh
‘The or1glnal Phoredox (from phgsphorus and redox potent1al)
name referred to the add1t1on of- the anaeroblc ba51n ;".,

(Paepcke, 1985) In South Afrlca however‘ where the process

njwas deweloped the name came to be applled to the complete

<)
‘r

ThlS five - stage proces‘ is. sometlmes referred to as the

Mod1f1ed Bardenpho Process-

The process as used for den1tr1f1catlon and phosphorus

removal 1s shown 1n Flgure 2. 3 In th1s system release 1s :

encouraged in the flrst ba51n thh uptake followlng 1n the

prlmary aeroblc ba51n. Slmultaneous nltrogen removal wlll

T B

'- take place,xmostly between the second and th1rd ba51ns In

~ E

fact 1n some cases it was found that ‘the secondary anoxlcv

1 and aeroblc tanks added s0° 11ttle to the system that they.s

were often removed from the process, a conflgurat1on termed

the Mod1f1ed Phoredox Process (Flgure 2 4) ThewPhoredox~‘

'_system can’ also be used Ln a mod1£1ed form for phosphorus"

(

removal when n1trogen removal 1s not requ1red

.y . 51" T.l “

P

‘gﬁpven as- the Bardenpho Process.l_~~7
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A potent1a1 problem wzth the Phoredox Process was the ;?

v.esludge. Thus the requ1red level of anaerob1951s would not be

““fp0551b1e 1n the anaeroblc ba51n. Phosphorus release would

.not occur and therefore uptake would be upset , ,{ﬁf }iiﬁgf,;

EEY

Slebrltz.etval. (1983)_noted further South Afrlcan “”.ﬂ'

. tesearch, principallyaat the~Uniyersity offCape Town,fwhlch “5
'»produced a proposal for the conflguratlon shown 1n<F1gure
. J

2 5. ThlS system was termed the ucT PrOCess.»It resulted

ry

"-fr&m study of the Phoredox conflguratlon. Researchers,/such

?as Marls, Slebrxtz and Ekama, as reported by. Slebrltz et aJ

/bund that the anox1c zohes could not_ ‘per se, be E

1ncreased in order’ to reduce ‘the effluent and underflow'f

‘h'n1trate concentratlons. They found that in 1ncrea51ng the ff‘ﬂ

A

;uhaerated mass fractlon, for a partlcular sludge age and ;V,HA
ftemperature, the n1tr1f1catlon process stopped Théy &lalmed o

hthat the max1mum allowable anoxlc mass fract1on was related*,f

,/‘

to the spec1f1c growth rate of the n1tr1f1ers,_5
In modell1ng the process S1ebr1tz et al. (1983)

. hconcluded that the Phoredox process could ach1eve complete

'7,nutr1ent contrpl only 1E: the TKN/COD rat1o were below 0. 08

vSlebrltz et~al (1980) attempted to make the anaeroblc"'
reactor 1ndependent of the degree 6f n1tr1f1cat1on. In
- dxvertlng the return sludge to the fxrst anoxlc reactor andll

vrecyclzng mlxed llquor to the anaeroblc ba51n Slebrxtz et. }t

Y

T

s
P T
. 3 .

‘lal} (?983) c1a1med that by control of the anaeroblc / anoxlc.‘td‘

¢
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‘ffhmihedllidudr.recycle:the anoxiC‘reactor nitrate'could be ;f.;‘
«;freduced to almost zero and therefore the anaeroblc reactor‘:
.vrecelved a n1trate free recycle regardless of the aeroblc N
;fg_reactorvand effluent nxtrate concentratlons. The second
-:lanox1c basin .and the f1nal aeroblc ba51n were removed
.51ebr1tz et al. (1983),reported the,effectlueness of'thls
”system_withfan_influent‘TKN/COD ratio-qf uﬁ-to'6,14_mg‘N/mg‘ -
f In'drder'to‘prevent’overldading of thefdenitrification
'capablllty of the anox1c reactor under conditlons ofhhlgh
>n1trogen loadlng (high, TKN/COD ratlo) the mlxed 11qL§r
‘ recycle a shown 1n1Flgure 2.5 can be decreased4 A problem.
qjarOSe'with this'systen however in that-reduciné recfcle'aVv
caused an 1ncrease 1n anoxic ‘detention t1me beyond one hour.

“This seemed to adversely affect the settleabml1ty of the

86

;mlxed l1quor SOlldS (Slebrltz et. al ,» 1983) By spllttxng the._'h

anox1c reactor 1nto two asﬂshown in Figure 2 6 it. was not
necessary to change the mlxed llquor.recycle‘g whenlthe
TKN/COD ratio increased and the MLSS were not retained.

'lcnger-than one hour_with€n the_anoxic-stage.



"’lzkew1se can be operated for complete ‘nutrient. removal or.

‘-'2 9. 5 THE A/O PROCESS wOT T
The A/O process, as reported by Hong et al. (1981)

is. a staged anaerob1c/aerob1c system developed by A1r '

Products and Chemlcals,_Inc. 1n the Unlted States. Both the-

\ anaeroblc and aeroblc sectlons are d1v1ded 1nto

.1nterconnected COmpartments. These are. 1nd1v1dually m1xed or:

aerated The return sludge 1s mlxed w1th the 1nfluent
wastewater pr1or to entry 1nto the anaerob1c zone, The -
concept 1s 51m11ar to ‘the Phoredox system of Barnard and

>

for the removal of: phosphorus only These opt1ons are’ shown

:. »;n Flgures 2 7 and 2. 8 respectlvely Currently there are

_'two full scale A/O plants in the U, S at Pont1ac, Mlchlgan :b

and Largo, Florlda (Paepcke, 1985)
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2 9 6 'rmz onnmnpuo -PROCESS

ThlS process, whlch 1nvolves a: comblnatlon of batch andﬂ;f“

3_:_jcont1nuous treatment has been developed in Denmark (Arv1n

A

T;vand Krlstensen, 1985) The treatment sequence 1nvolves one'

'ifhour énaeroblc, one hour anoxlc, one hour aeroblc and one *

!

A ,hour of sedlmentatlon. The B1oden1pho Process is an

ee exten51on of a prev1ous 51m11ar process, the Blodenltro

"'ijrocess, developed for n1trogen removal (Bundgaard et al

1983,)

ﬁthle about ten full scale ondenltro plehts are.

°

”h:-currently 1n operatlon in- Denmark (Paepcke,v1985) the. only
% g i

- appllcatlon of the Eroden;pho system seems to be at pllot

':scare at the Technlca

p;ver51ty of Denmark (Arv1n and

'h}“Krlstensen, 1985) ?f

'rif}2$9¢7 SEQUENCING BATCH REACTORS

o

.v‘u-

A sequenc1ng batch reactor (SBR) system for blologlcal

V;thSphorus removal has been used Wlth success at the_9°; -

“1:;Un1ver%1ty of Notre Dame (ﬁannlng and Irv1ne, 1985)

- » - N
'Leelght hour cycle con51st1ng of a twokhour flll per1od

e Ly ‘. 94 8

Jf?f ur hour aeratxon perIOdk_a one hour settylng period and a

;i:done hour draw or decant perlod was used. A l1qu1d volume of'”

',?;3 6 11tres after flll*and 1 2 lltres adter draw wzth a 51x’o;'

(h"\f‘to Seven day sludge age was used.:U51ng th1s system aﬁd

o v
‘ffvarlous comb;natlons of f1ll and mlxlng,‘a phosphorus

.

"reductxon from 13 mg P/L to 1ess than 0 5 mg P/L was

E;Qpch1eved The authors make no reference to any lamge scale-?

,'° . LT
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3 EXPERIMENTAL nzsxcn oF PILOT pnanrfsmunr’
"*~f]1n order to best quantzfy the effects of three common !
: control barameters on the b1010g1ca1 phoSphorus removal

'_“process a statlstlcally de51gned experlment was used 1n the

. n”va1lot plant study. The procedure used was & 2° factor1a1

.}ffdesign exper1men” ‘,'fbdlscu551on of the factorlal‘pu_‘ﬁff

f}371‘éACTonikL‘Ds§ 5

“‘Most blologlcal s

a.

hemlcél prodiss y1§§d5 ar

'5udeterm1ned by the 1nfluence of process varlables or

¥

fThe factorlal de51gn procedure can be shown to glve the best h

fand most eff1c1en; estlmate of the effecbs of any o
b';'controllaple factor ©n ‘a; process. In addé%&on, mod1f1cat1on

of any factor effect due to varlatlon 1n‘other-factors may. .
. be measurBQ ( av1es, 1979) {thfﬂﬁfiwi"tewfﬁfi*f7';¥7k,;7&
. FODF . N

”

f;f'i'“5'i A full.iactorlalﬂgg§1gn experlmeqt deSlgmed ts test e fc?
. f'fQCtOYS Wiiﬁlteﬁt aﬂl factor cdﬁbznat1ons at each of mfp_-@“;

jlevels. Th1s 1s termed an m factorlal and w1ll requxre m X ‘;

-

!/f’—\\n 1ndependent random trxals or runs. From these trlals the
v ,',‘,__,(/ .
awerage effect pn the process of varyLng any S1ngle factor,

over the range studled can he ascerta1ned Also the{change

&

‘ )

:'f\.1n effect of\a part1cular Varlable~brought about by a change .

'"fln a second var1ab1e «can’ be measured. Th1s rs termed a two
oy . «».’- .

or 1 X 2 level 1nteract10n. Cons1deratzon of . 1nteractlon'yf'““
1evels 1s 1mportant sxnce it is often found that the

"fifs1multaneous modlflcatlon of two factors, the 1ndependent S

P : LT L AR
. . .



3a,mod1f1cat1ons of Wthh have been found advantageous to the ;ifﬁ
process, does not always cause an add1t1ve 1mprovement and

. \’ A
' may 1n fact cause a decrease in process y1eld -

The effect on the two level 1nteract10n of var1at10n 1n

{a thlLd var1able may also be calculated Thls 1s a three or -
T X 2 x 3 Level 1nteract1on. In general 1 x.z x ;;; x n"» |
7;1nteract10ns can be measured but it 1s usually found that

1nteract10ns greater than the two level are not -
oy L :
o !&at1st1cally s1gn1f1cant to.the process.-<~'

One cons1derat10n that 11m1ts the appllcat1on of the,'

'-full factorlal de51gn experrment 1s the rap1d 1ncrease 1nf”

ES

pfthe necessary number of tr1als,<as the number of factors
4

31ncreases. For example, con51derat;on of - three factors at
cov d g
v:two levels requ1res 2 or . 8 tr1als. Addlng three more

'factors brlngs the total number of tr1als to 2 or 64

)

-Therefore, 1t is 1mportant to establzsh as much 1nformatlon
"about the procesSes 1nvolved sb that the number of*tactors .

) and levels stud1ed can be m1n1mlzed w1th conf1denCe.‘?; f'*"

‘.

“ﬁn the b1ologlca1 phosphorus removal study each ttlal

or run requ1red the constructxon of a complete bench scale
i : ',..,l '

Lﬁ'secondary uastewater treatment plant W1th due con91derat10n

o T N v
oL 0
.-

- to tH% cost pf thls‘constructlon and the~labéur requ1red for 3?

3'.'-

- l

ma1ntenance, 1t was de01ded that the 1nvest1gat1on»of three
E controllable factors at two Levels was the mqst that could

be achxeved Th1s gave a 2 fact9r1al desxgn 'The three "3,

<

factors chosen were. ‘ - v=-l ' Arﬁ"ﬁ-u', .

s . ! N o

"1} “aeroblc detentlon t1me



'11f'; o Cow, ‘;,;qw"«=t':{~w1+
T 2% anaerohlc detentlon t1me

h;f3; sludgeﬁage

5ﬂffThe ch01ce and levels of these,varlables are dlscdssed 1n a-
. g SR 5

“'later sectlgn. The level comblnatxons for each of the elght‘

= 792trlals are,shOWn ig Table 3 1. Note that whlle three Ll?;~;"‘_”

“els1gn1f1cant f;gures are shown ;n the values 1anable 3 1

‘a L
\-\\ . - \

"f}these are neta1ned prlmarlly for calculatlon purposes. The'

LN . 1

5?actual de;entlon tlmes could not be measured to thlS degree_"“:
) i Y ,' v .
“of accunacy A completed example, show1ng the ana1y51s

4
_ actorlal de51gn 1s g1ven 1n

1nvolved for a complete_zﬂ

”Appendlx IV

More complete d15cuss1ons of the factor1a1 des1gn{m

v”concept and 1ts appllcatlons are glven by, for example, Boxfs

v',et al.,-Hunter (1978),‘ av1es (1979) and Mon%§0m¥%Y‘(1984)

€
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4. 1 CHOICE OF FACTORS IN THE PILOT PLANT STUDY

‘"xeff1c1ency of the b1ologlcal phosphorus removal prdcess‘ .f"“

'l_:4.1FQRMULATtON'o? PILOT»PLANTVSTUDi';

PRI
1.

z
'1':"‘.

Many factors, both known and unknown, may affect the'

_-8"%-4'_ X

¢,
#
]

”'G’*51nce the actlvated sludge process operates 1n a. dynamlc

.

”vstate 1t is: 1mportant to know the effects and 1nteract10ns

‘{on the process, of thOSe few parameters wh1ch may be

_des1gned or controlled If th1s knowledge is ava1lable it

"!ﬂ',should be p0551ble to present the best comblnatlon of factpr

i

,'Fsettlngs to achzeve good phosphorus removal :-g‘- "-ﬁ

Pl

Slnce 1t is currently belleved that every blologlcal

‘phosphorus removal plant must have an anaeroblc zone

' followed by an aeroblc zone and 51nce s1z1ng cr1ter1a for

o

'_these zones remamn 1ndef1n1te, two of~the three factors,C

“'chosen for the study were anaeroblc zone hydraullc detentlon,
'1;7t1me and aeroblc zone hydraulic detention tlme. The th1rd

'-_factor chosen was the sol1ds retent1on t1me (SRT) wh1ch 1s

x

'used as. the controlllng parameter in’ many actlvated sludge 3—“’

Coe

“

‘a

"‘"“\*r‘

g, e X
. R

wastewater treatment plants.) ‘.5,,“; .}'.f::, g f-ﬂfl' e

) . PR . T N
Coe - - . .o . - e Cood o b . SN

S A T LT N YRR SR

1 . ' 1

¢“1 1 TﬁE“ANAEROB{C ZONE HﬁDRAULlC DETENTION TIME AS A

‘ .
T

FACTOR IN THE BIQLOGICAL PHOSPHORUS REMOVAL PROCESS

N

S1nce researchers becameﬂaware of“the nece551ty for an_,ﬁ_

Vo o

anaerob1c zone 1n blolog1caL hosphorus :emoval plants

3

(Lev1n, 1972 Barnard 1974) the s1zxng and hence the'“

detent1on tlme of the anaerobxc reactor has, for the most

"7Q§§;{;jffpsaf'{;

‘.""4



’,part, been done on “ani- emplrlcal bas1s. In the PhoStrzp

process because the return sludge undergoes a separate\
- ~

.',anaeroblc treatment in whlch v1rtually the only carbon
lsource avazlable 1s through endogenous resplratlon,fthe'f
:jdetent1on t1mes in the anaeroblc reactor tend to be long Inh'
'f‘thelr or1g1nal pllot plant LeV1n é (1972) used an anaerob1c;
‘t“detentlon t1me of ten hours Anaeroblc detentlon t1mes of up“

" to thirty hours have been reported (Barnard 1983a)

| Barnard (1974) in the or1g1nal Bardenpho system used aj
'1detent1on t1me of three hours in both ‘the f1rst and th1rd
"reactors. Slnce both of these zones were termed anoxlc and

were de51gned for n1trogen removal these detentlon tlmes

[N

"were based on den1tr1f1catlon k;netlcs. Osborn and NlChOlleuy

hl(1978) suggested that an anaerobzc detentlon t1me of two
ihours should be suff1c1ent 1f n1trates were 11ke1y to be o

present. They also suggested that controlled substrate, 7'f«

\U s

addltlon or complete denltrlflcatlon in the anaerob1c zone o

i would allow thlS to be reduced to one hour. These values
> " Q’“‘ . . .
¢ w&re based on a pllot plant of a modlfred Phoredox type._,,~ﬁ

v

h(These plant con£1guratlons are dlscussed in’ Chapter 2)

]
KN



w1th~1ncreased anaeroblc detentlon tlmes. In the1r
1exper1ments they used anaeroblc detentlon tlmes (based onib

':1nfluent flow w1thout return sludge) of 51x, twelve,_
B :
: elghteen and twenty four. hours._

Therefore in general there ex;sts no ratlonal or \
1standard method by wh1ch t%%de51gn the anaerob1c zone. Slnce”
.most of the cases c1ted 1nu§he lltetature 1nvolve the

"presence of an anox1c zone %%r denltrlflcatlon, how these

f1nd1n s wD ld apply to a plant de51gne for phos horus
g p

firemoval alone is unclear. Furthepmore,l/ery l1ttle is. kno§P5'
g& aeroblc'

P
AL

' «zones affect the process or whether there EXIStS an. opt1ma1"
_ T

-about how the relatlve 51z1ngs of the anaeroblo

: | Yo

N ‘ratzo by wh1ch to best achleve bzologlcal phosphorus
:removal As a result of thls it .was dec1ded to use anaeroblc
detention time as-a factor in the de51gn A range of 0.84 to"

‘0
3. 36 hours, as low and hlgh levels was used

R
‘4 1 .2 THE AEROBIC ZONE HYDRAULIC DETENTION TIME AS A FACTOR
IN THE BIOLOGICAL PHOSPHORUSrREMOVAL PROCESS »b '

In add1t10n to phosphorus, all b1ologlcal phosphorus.
Zremoval plants must remove carbonaceous substrate to’ an
acceptablé effluent 1evel Slnce both n1tr1f1cat1on and
-carbonaceous substrate removal take place almost exclu51vely .

in the aerat1on reactor aeroblc detent1on t1me has been_,“

'?de51gned, for the most part -on the basxs of n1tr1f1catxon



e

RO / B

there»iSFQenerally’not“:

and COD removal k1net1cs. As a resu%i
dlscernable dlfference between thelaeroblc detentlon tlmes

of blolog1cal phosphorus removal plants and equ1valent typej
plants WlthOUt blologlcal phosp:;rus remov1ng capab111t1es.

Therefore the effects of varlatlon 1n aerob1c detent1on;f

‘ t1me or. the anaeroblc/aeroblc detentlon t1me ratlo has'

recelved llttle address in the cu;reng;llterature. It was

:. therefore dec1ded to 1nclude the aé%ébic detentlon t1me~as a’

var1able in the exper1mental de51gn. The range used was from o

1. 68 hours as a low level to 5 04 hours as:.a- hlgh level

oA e

o -:»,:--sm'cz’m Xsz FAC"I‘O"R-'».ZVI?N __'mg.g:opqu¢3;?g;pspnoaué |
' o The sludge age[also known as the Sollds Retent1on Tlme
(SRT) or tte Mean Cell Res1dence T1me (MCRT)] 15 commonly
- usedﬁas a. control parameter in actlvated sludge wastewater
treatment plants. How- changeg 1n th1s varlable may be l1nked~
to phosphorus removal eff1c1ency is not well~doéﬁhented
“In the de51gn of nutrlent removal plants in South:
Afrlca the. SRT has usually been dec1ded -on- n1tr1f1catlon )
vcon51derathns. Barnard (1974) quoted the follow1ng formula*
of Marals !1973) as approprzate._< L
SRT =3, 05(1.127)20T T = basin temperature,.°C“"[4-4]
stall and Sherrard (1976) argUed that for a partlcular
net SOlldS productlon a f1xed quantlty of phosphorus could

be removed They suggestedﬁkhat for a g1ven ce(l and carbon



s
-

source, phosphorus uptake would 1ncrease as the SOlldS
production 1ncreases. This 1n turn would result from a
'"decrease in SRT Thus 1t would seem as 1f lower%rather than

_hlgher sludge ages should promote the maxlmum phosphorus

uptake.f : o -_o' . ‘f - ff B . i:. B

Mulbarger et al. (1971) found, in a full- scale study at

:‘the Manassas Sanltaﬁi\nlstrxct Trtatment Plant that max1mun

' removal was achzevea at a sludge age of approx1mately 3 6

.. days. : ...." - :: ..v"-. '_A. .'. _..‘ v".“ . N "' . l“ . & .\:> L.
It'must'be'noted: however4 that at'the time offthese

studles very 11ttle was. known of the varlous other factors

: ‘; whlﬁh lnfluenced the process. For example,_ the nece551ty Of
€ Lol MM et
% 7 an éﬁae" ' ; ﬁgnknown. Whether the - effects of

- :S'l g~~'

and thellow level was 5 days.u '*h T "'. - ";v' s
-4, 2 EQUIPMENT ‘AND MATERIALS Co N o S Ao
A full 2 factor1a1 des1gn experlment, as outl1ned
oabove, requxres elght random trlals to: nge the elght
v poss1ble comb1nat1ons of factor settlngs._In many cases thls‘l
ﬁlilnvolves carrilng out - the trlals in.random order on the samet

'”equlpment With blologlcal wastewater treatment systems th1s,f



‘"-:;becomes necessary to repllcate the.gqulpment

5{15 almost 1mp0551ble however due to the long perlods

jrequ1red by the bacFerlal mass to stablllze removal ablllty f«‘a

under chang1ng env1ronmental cond1tlons.4It therefore
N L .

-

To fac1 1tate the 2 factorlal de51gn ten bench scale

7'ftreatment pla ts . wére constructed Elght of the. model plants,lv“**

'*Qwere used dlreglly 1n the factorlal de51gn one was run atrj”'
ghcondltlons approach1ng those of the full scale Gold_Bar o

“vpllot study ahd.one was run under completely aeroblc

2

'condltlons. Varlable nom1na1 hydraullc detentlon t1mes in

»

‘the range of 0 84 to 3. 36 hours and 1, 68 to. 5 04 hours were:-*

_poss1ble 1n the anaeroblc and aeroblc aﬁnes, respect1vely..v

:M1x1ng was prov1ded 1n thé\aeroblc zone' by a compressed
.]'

la1r/d1ffus1on stone arrangement and in- the anaeroblc zone by

' & top-mounted vertlcal shaft paddle motors. In each case the

lﬂ‘reactors were followed by a two hour nomgmal detentlon t1me
'clanafler.“ “§""i | | _ v“
Return sludge pump1ng of the settled sludge from the
A_’clar1f1er to the anaerob1c zone was prov1ded The clar1f1ed
leffluent was decanted and removedﬁfrom the system..The .
‘reactors and clar1f1ers were constru ted from clear |
v’plex1g1ass. Settled mun1c1pal wastewaterJfrom the full scale
__prlmary clar1f1ers was pumped to a control storage Qontalner
'from wh1ch 1t was pumped to an eievated?constant head tank
. Th1s tank helped to ensure that the feed, to each reactor,

\rema1ned constant Flow control valves were also f1tted to

| ”jthe feed llnes._The reactors were 1n1t1a11y seeded w1th

Y

- e
RS



A

A‘ftresurn sludge from the sectlon of the Gold Bar Wa tewater _

T3

'Ef*Appendlx I.

ﬁA.Tteatment Plant whlch had prevzously been modlfled to o L
achleve blologlcal phosphorus rempval A comph&te - ' ST

e,

1descr1pt10n of tbe equlpment fsed 1n thls study is glven in

e

~
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5 METHODS AND PROCEDURES
From start up of the bench scale ptOJECt on August 13th

Y . A
1985 to the 1n1t1at1on of an 1ntense monltorlng.and samplxng .

_perlod on October 7th 1985 - the phosphorus removal &n the ,ﬁ

o reactors was monltored ThlS elght week perlod allowed

'fstablllzatlon of - the blomass to occur. Practlce was obta1ned

fan‘the varlous sampl1ng technlques and operatlonal problems

:ten days was 1n1t1ated Durlng this per1od various o v»:i

-

'were also solved dur1ng thlS tlme..The sampllﬁg results of

thls stablllqatlon perlod are presented in Appendlx III

On October 7th 1985 an 1ntenie sampllng perlod lastlng

-8

.

'fparameters supplemental to total and orthophosphate were e
vmeasured “An 1n1t1al 1nfluent sample was taken from the

-constant head tank at 8: 00 a. m. dally Thls sample allowed

3 est1mat1on of’ the 1nfluent wastewater characterlstlcs for

.the partlcular day Two samples were taken after- each of

thrge, four, six’ and ten hours. Samples were taken from the -

fextra two reactors after e1ght and ten hours, respectlvely

‘-Thus a total of eleven samples vere. taken dally In add1t10n_

ﬂ measurements through each cerl of a dlfferent reactor were

-taken da11y over the ten day perlod The measurements

'through the - reactor are referred to -as prof11e measurements.

The tests carr1ed out on all the samples are descrlbed

below. The/analyt1cal procedures are l1sted and referenced

"1n Apppnd1x 1 A l1st1ng of the days and dates of the

p1ntense samplxng per1od is g1ven 1n Table 5.1.

A‘t’”"

T

-



- Day

“ . Table 5.1 Dates of Sampling Period |

. Monday, October 7 1985

—Tuesday, October 8
-.OWednesdayﬁ October 9,
Thursday, October 10
.Frlday, October 11,
“Saturday,Ioctober’fz

Z:Sunday, Oétober 13,

Monday, October 14

Tuesday, October 15

’Wednesday, October 16

\

Thursday, October 17
OAFrlday, October 18,

Saturday, October 19
~bSunday, October 20

‘Monday,vOctbber 21,

51985

1‘9‘85 E

1985

1985
, 1985
1985

1985.
1985

1985 .
1985§¥'

1985

1’98.%;[ o

1985
1985
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' ‘;.s } BIOCHEMICAL oxycaﬁv&nsmn '(Boni f’;f,«?-':
§;4BOD tests Were used 1n order to record the | B
carbonaceous substrate removal W1th1n1eaéh reactor.-;ﬂayéf;.”
Flltered and unflltered BOD5 determlnatlons were made
- on all samples. F1ltra€hon cons1sted of vacuum flltratlon
through a Whatman #2 GF& f11ter paper. For each sample two
d1lut10ns were,uged to ensure a measurable result. Three ‘

A
. . B ,h . . .
-repllcates weré taken at each dllutlon.p_ . ’,

——— — . K \ .

N

5.)2 CHEMICAL OXYGEN DEMAND (con)

:the reactors. GFC f1ltered sampIes acted as

'aue“f_aiﬁeasu:'@e_ “#f rapldly absorbed’ and blodegradable COD COD
| ~.sample§"-3e taken fr?m every reactor cell as. part of the

.. ‘Flltrat1on cons1sted of f1itratlon through a Whatman #2 GFC

IR

frlfxlter paper followed by further f1ltratzon through a 0 45 ’(

A:um M1111pore fllter paper.v v ) -
. Determlnatlons were made both by the laboratory staff

- _at Gold Bar Wasteuater Treatment Plant and by the operators 3
ﬂrof the bench scale plant. Statlstlcal t tests showed that

-{ﬁgthere WS no s1gn1f1cant dlfference at the 99% level between



M S . (TL T 1 5
LTy o TR L

"‘the results obta1ned even though two dlfferent methods were

.

_ut111zed d: '.a f( t;.';:* ‘ .
5. ‘ TO!AL pnospaoaus (TP SRR T

) .. . L . R
Tdtai phosphorUS'dedz;mlnatlons were oarrled out by the

laboratory staff of the Gold Bar Wastewater Treatment Plant

- on'a dally ba51s. S ) -
5.5 TOTAL SUSPENDED SOLIDS (TSS) VQLATILa-sUspENDED sotrbs

(vss)
Total suspended sollds measurements vere made - on the
q‘1nfluent and effluent of each reactor on a dally ba51s. in_

addltlon, the TSS concentratlon in -each cell was determlned

for reactor proflle studles. < f
Ly A
Volatlle suspended sol1ds measurements were also made
R . o . 3_
on all of the above samples. : . SRR

's.G'BxssoLVED'OXYGEN (DO)

t% Dlssolved oxygen measurements were taken 1n all reactor
cells on .a daxly baszs. d o o 'f: ', o o
_ . S R
'3_ N T N
5. 7-0x1DAT10N—REDUCT10ﬁ POTENTIAL'(ORP) |
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\\'ﬂgartzcular day varled con51derably among the reactors. Thls

'ffwas to" be expected 51nce the purpose of the factor1a1 deszgn

‘53._15 to examlne the complete range of factor comblnatlons,

;from the opt;mal to the worst.b‘h: hJ‘J;

-’ also to be expected Examlnatlon of the effluent

i d

»5~Allarge degreelof\effluent phosphorus fluctuat1on“

nw1th1n the 1nd1v1dual reactors over the tenqdays was also

X, .

'observed The reasons for thrs are unclear. Wlthln reactors

\

T'operatlng farthest from those cond1t1ons wh1ch analy51s
,_(shown later in thlS chapter) shows to ‘be opt1ma1 poor

fphbsphorus removal and fluctuatlng effluent quallty due to

popr cond1t10n1ng of the phosphorus remov1ng bacter1a was.
_ I

concentratlons from those reactors (reactors four and elght)

Whlch normally ach1eved good phosphorus removal shows that

on occa51ons large fluctuatlons 1n effluent phosphorus

‘concentrat1on occurred

Thls ‘can be seen,readlly from Flgures 6. 1 and 6. 2. Such

fluctuatlons in the reactors w1th the best performance g1ve

_reason for concern s1nce the bacterla in these reactors



“fexh1b1t the hxghest storage capac1ty and~consequently have
'the potentlal to release large quantltles of phosphorus aff:

P

1

under condltlons of stress. \:

On .day nine of ‘the sampllng perlod high effluent s
: phosphorus concentratlons were not1ced from all ‘the :'. :
Areactors. It wi? believed that a- condltlon of stress had .
‘occurred whlch caused the bacterla to; release prev1ously'
:bstored phosphorus to the effluent ThlS bellef wasr
re1nforced by the effect on.reactors elght and four,,‘g >‘
.normally the best performlng reactors. In both cases the
'effluent phosphate phosphorus exceeded the ;nflueﬁh .
concentrat1on and by almost the same amount., _
Recovery took place over “the followlng thxee days w1th
51m11ar effluent concentrat1ons from each of the two
.}réactors. From analys1s of the overall results (shown in a‘
wlater sectlon) reactor elght was con51dered to hawe the -
factor.settlngs closest to Ehe optlmum, followed next by | |
reactor four. Thus when the effluent qualrty began to |
d€crease aga1n for reactor four on day twelve reactor elght
.contlnued to,achleve good removal However by day f1fteen
_both reacuors were demonstrat1ng poor removal Durlng this
' p€r1od vq;ylng levels of removal were achleved in the other
nureactors. It was 1mposs1ble however to separate the ‘
valuctuatlon due to the factor settlngs from that due to any

~

external 1nfluence. oo e T ' ' A

KRS . .
FTPIPIVRISE A
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Table 6.1 Infllent and Effluent Orthophosphate Phosphorus

-~

e e -

ttSee Table “3.1 for Varlabﬁe Settlngs for each reactor.

~ -

R - -~ e,

i
.=,»Concentrat1ons for Each Reactor Throughout Sampling Per;od
| JEffiueht‘PO:-P_oohc.i(mg/L)l_
| v . "Reactoffﬁumbohff ,," | ‘ - |
© Day Influent 1 2 3 4 .5 6 7. 8 9 - 10
- PG, ~B | - | N . |
-..(mg/t) .
.51_- 50170 . 29°2.2572. 98 0.750.56 2.55 1.25 0.25 0. 425.38
6 4.74  0.812.553.48 1. 09-2.00 2.82 3.60 0704 0. 332,68
7 4'."59 1314664131790304873300281470;28
8 T S T T T e T T K
9  ©2.87  '2.585.431.923.422.133.29 1.76 3.63 3.26 3.42
10 . 3.90 . 2.013.172.942.630. 57 2. 792212 46 2.00'3.93
a2, 3;6;*334 07:0.32 1.413.16°2. 68 0.80 0.88 3.34
12 . 4.6% | 2.364.702.231.610.28 4,11 1.67 1. 36 .- 1.36
13. ';s.po',;_"!"w 57 5. 152 11 3. 05 2. 274 101 870 96 - 'q_.ss-’k_\
14 w 015386347290146443093080 ~ 0.80
157 485 4. 434 70 3%55 4,27 2. 954 851 722.27 “-'52.27v
s D O — -
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Comparlson w1th the performance of the fullvscalp pllot

‘v’{ PR
plant at Gold Bar Wastewater Treatment Plant showed ab

-9 e 8

51m1lar decrease 1n removal,over the same'herlod (Flgure

6. 3) c_Consultatlons with the staff at Gold Bar had reVealed’

- that postweekend reduct1on ‘in effluent phosphords quality ';’

Bl

A

was a fegular occurrence. Orlg1nal y it was suggested that v

reduced flows over the weekend would result in hlgher than

normal n1tr1f1cat10n 1n the. aeroblc sectlon of the full
o -

| scale plant due to 1ncreased detentlon t1me.\Thls in turn

would be expected to elevate the the nltrate concentrat1on

in, ‘the return sludge to ‘the anaeroblc sectlon. Thus the

y

level of anaerob1051s would ‘be’ reduced and the phosphorus

,release/uptake cycle adversely affected

P
e

‘Strict flow.control in the ben h—’ ale pilot plants

l." e e

ever the.complete sampling period, showe'

that this -

suggest1on failed to explaln the observed effluent

phosphorus fluctuatlons. Therefore 1t seemed that : f

'compos1tlon,:

var1at1on ‘in the 1nfluent wastewater was’ the

- most 1i kely cause.'It was noted that both the 1nfluent

phosphorus and COD concentrat1ons fell ovér the weekend No

s1gn1f1cant correlatlon could be found between e1ther
1nfluent phosphorus or ‘influent phosphorus/COD ratio and the

observed effluent phosphate phosphorus concentrat1on.

Therefore 1t would seem as if some comb1nat1on of unknown

‘qharacterlstlcs of the rnfluent wastewater fluctuate-cau51ng

a cycllcal deterloratlon in the phosphorus removal N
-
capab111ty of both large and small scale %bants. It is o e

Pal
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' p0551ble that the reduced COD allowed 1ncreased
,}nltrlflcatlon to occur " 1n splte of ‘a constant aeratlon t1me‘
o Further study in thlS area is: therefore warranted
;eSpec1ally w1th regard to characterlzatlon of the 1nfluent

,J . ks

>uefwastewater and 1ts effects on phosphorus removal



‘pay . ‘\Main Effects

Bl / ¥2{7if ~3-' 12

o Table 6 2 Main. Effects and Interactlons for Phosphorus

- Removal Throughout the Samp11ng Pet1od

S

13 23, 123"

N Intefaétions' ‘Average

L 1 -
5 -o0. 070 -0. 035 ~0.665 -1; 545

6 -0. 840. 0 0.140 -2.120
7 o.ea0 eo.41b4-0:785 ~3.320

1.843 -0. 678 0 638 0 163

70T 0.830 0.425. -0, 680 - 0. 860

L

© 91 0.023 -0.848 -0.758 -2.838
'12j§ A 1.260 -1.095 ~0.820 -1.825
13 ' i‘410 41'325“-0 620 -1.395
14 1.ass o, 450 ~0.690 -1.845
S5 0,925 -1. 365 1. 205 -0. 160

0{555 -0.450 0.050
~0.530 .-0.590 -0.070-
0.135 -0.385 -0.475

- v e E -

—0.533 0,678 0.513
0.405 0.230 -0.125°
—0.088'0;303 1.023

0.400" 0,515._0’345

-0. 850 - 0 545 -0. 075'

20.075 “1.830' 0,295
0,300 -0.540 #0.515

1.485

2.045

3.580

33019. >.

3.348
2.391

2.315
3. ssoh_"

2 250-

3.550
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6 2 EFFECTS OF FACTOR SETTINGS ON BIOLOGJC&L EHQSPHORUS
 REMOVAL )

The calculated maln effects and 1nteractlons for each f;
of the ten days are shown 1n Table 6 2 Orlglnally it was :
hoped to con51der the results“as comlng from ten repl1cates
of the same experlment. The day to day fluctuatlons |
dlscussed above made ‘such a comparlson 1nva11d however.
These fluctuat1ons did g1ve an opportunlty to study removal

capac1ty under varylng condltlons reflectlve of those belng

met by the full scale plant. In order to test the

3

‘s1gn1f1cance, on the removal process, of the calculated L

effects and 1nteractlons Flsher s Analy51s of Varxance-
(ANOVA) techn1que was utlllzed Th1s statlstlcal technlque"

a1ds in d1fferenc1at1ng between random var1at1ons 1n

; measured observatlons and varlatlons truely caused by
. :

partlcular factor settlngs.

| Slnce true repl1cat10n of the experlment “in terms of
duplicate reactors at the same settlngs, proved 1mp0551ble.
due to flnancial and manpower con51derat10ns, the aerob1C'e
detentlon t1me x—aﬂaeroblc detent10n txme X sludge res1dence‘
t1me 1nteractlons and varlous other 1nteract1ons and effects
were used to estlmate the pure error varlance. The cho1ce of .
factors and 1nteractlons used was made followzng the

Half Normal Probab1l1ty Technlque of Dan1e1 (1959) Examples

’of these plots are shown in Flgure I1I11.9 to Flgure Ir1. 18

The calculated effects and‘znteract1ons for each tr1al-

B

‘(1 €. each reactor) showed no 51gn1f1cant dev1atlon from




v
normallty and therefore vere valld for the appllcatlon of
the ANOVA technlque. Analy51s was carrled out for each of
'the ten days observatlons u51ng the results of that day to
estlmate the pure error varlance _Thls would account for or.
*factor out - analytlcal varlatlon contrlbutlng to the overall

between-treatment var1ance;,Then each days results were

further analysed uszng the ten 1x2x3 1nteract1ons as a

‘pooled estlmate of error varlance. The results of day eleven.

were omltted 51nce the 1x2x3 1nteract10n for this day was

"exce551vely large. Agreement between these -two analyses

‘_would serve to relnforce the analyt1c§5‘§5ﬂ31u51ons. The

-ANOVA tables for the analy51s are shown in Table 6.3 and
Table 6. 4 Table 6.3 shows the number of days during the
sampllng perlod when ‘a part1cular effect or 1nteract10n
reached or exceeded a chosen level of 51gn1f1cance, u51ng
'the same:- day. est1mate of error variance. Table 6. 4 shows the

same data using the pooled estlmate of . error var1ance.~



d'Table 6 3 Summary of S1gn1f1cance Levels reached by Maxn

;,Effects and Interactxons for PO.-P Removal Uszng Same Day

Estxmate of Error Varxance.

$
.'v)'

Effect.  Maximum Sighifiéancé

" Level "',ida B "',—?~l

A ;‘Reached (Number of

Days)

.,Réached‘or Exceeded

(Day " excluded)

| 'TdtalfNumberyof Days
That The .

\‘ .

‘90% Slgnlflcance Level-

was’y

90%
S 5

2 | 3

. . ." . m .
A L I (O




| Table 6 4 Summary of S1gn1f1cance Levels reached by Mazn»
Effects and Interact1ons for PO.—P Removal U51ng 1x2x3
' Interactlons as a Pooled Estxmate of Error Var1ance. (Day 11

excluded)

- . -y
i

icance- — Total Number of Dayé

‘Effé¢t5 Maxlm_

”Level i ; ' ';“  : f  That The _
Reached (Number of :»1' 90% Significancé Lé§e;_
DaYS)- T o was . | |
. ST ,_-: B ‘Reached_of-ExCeeded
0% - 9sx - 99y
1 Ty 3 4 8
‘2 f : _o;‘ | 3 4
3 5 L2 . 8
RN S 0 e ; 7
x3 o0 1 0 " 1
'2x.“3» N 0 1 2
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‘, 6 3 INTERP TATION OF ANALYTICAL RESULTS » _
§ From both Table 6.3 and Table 6 4.it can be seen that
1fover the sampllng perlod the aerobxc detentlon t1me X :
:“Vanaeroblc detentlon t1me 1nteract10n was most often:
_f51gn1f1cant and- at hfgh 51gn1f1cance levels..Thls o .

1nteract10n w1ll be referred to as’ the 1x2 1nteract10n.f"
. Therefore the 1x2 1nteractlon affected the process more }
often than any other effect or 1nteractxon.,-‘
! The aerob1c detentlon t1me main effect (1 main effect)
was also. frequently significant at high,s1gn1f1cance levels
rand therefore must also be con51dered 1mportant to the -
process. The sludge age main effect also showed 51gn1ﬁ1cance_
ubut at. a IOWer (90%) 51gn1f1cance level |
The, mean1ng of these results may be best reallzed by
vcons1der£ng in detail the results of an 1nd1v1dual day As‘
an’ example the dlSCUSSth of the results on day 12 one of
,‘Vthe majorlty of days on whlch the effects and 1nteract10ns
1noted above - were sxgn1f1cant wlll be con51dered -.‘4 S),
For day 12 the aerob1c detgnfron\t1me main effect "'“ff
(he:eafter referred to as the A ﬁéln effect) was calculated -
as: 1 26 Thls 1nd1cated that on average, the effluant ’k?f
- phosphate phosphorus concentratlon resu1t1ng from reactors
’w1th high aeroblc detentlon t1mes was 1 26 mg/L greater than
.that resultlng‘from reactor5ﬂw1th low aerobic detentlonf
kdtimes.tThese-high and low detention times'were nominally'
- 5,04 and 1.68 hours, respectzvely The aerob1c detention

‘,tlme x anaerob1c detent1on tlme or 1x2 1ntera9t1on wh1ch was



v1calculated as -1 825 had an. even hlgher s1gn1f1cance‘level
'ithan the 1 ma1n effect ‘ vv
Therefore the 1 main effect dlffered between -the hlgh
| ;and low sett1ngs of anaeroblc detentlon t1me by an- amount
equal to 2 x -1 825 or -3.65 mgP/L Thls 1x2 1nteract10n |
_'equals half the dlfference between the 1 ma1n effect at the -
hlgh and low settlngs of 2 Con51der the calculatlons by
"whlch these values are derlved Thé !‘ader is ‘at thls stage
| referred to the example factorlal ana1y51s in Append1x IV

‘Thef1 ma1n effect (1 M.E.) is calculatedrbelow.

.1’M.E5‘='%[(4.7'; 2. 36) + (4 i.- 0 28) + (1 61 -2.23) +
(1.36 - 1.87)] = 1.26

- Two of the four contrasts contr1but1ng to the 1 main
‘effect were obtalned by 1ncreas1ng ‘the aeroblc detentlon
ctlme whlle the anaerob1c detentlon tlme was at a- h1gh level
and the other’ two contrasts were ‘obtained" whlle the
anaerob1c detent1on time was at a low level Consider the 1fr
main effect at the hlgh and low levels of 2, 1nd1v1dually.b

‘-'At high 2 (3.36 ‘hours): = . R
T M.E. = B[(1.61 > 2.23) + (1,36 - 1.87)] = 0,565
| At,low:Z‘(0{84 hours):

T
s

1 M.E. = k[(4.70 - 2.36) + (€.10 = 0.28)] ='3,080 . -



The 1nteract10n effect is clearly shown. A. low'
anaeroblc detentlon t1me comblned Wlth a hlgh aeroblc
detentlon t1me was detrlmental to the removal process

whereas a. hlgh anaeroblc detentlon t1me comblned with a hlgh

ggaeroblc detentlon t1me 1ncreased the removal Slmllar

“calculation shows that the h1gh anaeroblc/low aeroblc

‘detentlon t1me is also detrlméntal to the rémoval process.

s,

-fThus the aeroblc and anaeroblc detentlon tlmes must both be'

h1gh or must both be low. Slnce 1ncreas1ng the anaeroblc'

detentlon time produces on average, a decrease of 1.095"

,mgP/L i.e:»the 2 main effect equals -1.095, a high, high

comblnatlon is 1nd1cated

In con51der1ng ‘the settlng for the- th1rd varlable,

__sludge age, we can see that nelther the 1x3 or " 2x3 , \
' 1nteract1ons are 51gn1f1cant In fact these 1nteract10ns

fwere rarely 51gn1f1cant at h1gh levels at any stage of the

sampllng period. The opt1ma1 sett1ng of sludge age is"

therefore 1nd1cated by the 3 main effect alone. The~analYSis

of var1ance shows the 3 main effect to be 51gn1f1cant at the

90% level Whlle thls is lower than the 1x2 1nteract10n or
the 1 maln effect a’ ch01ce of sludge age whlch acknowledges
the negativity of the 3 main effect would be approprlate.

- The above ana1y51s suggests the +, +, + or h1gh f3 tor:

settlngs comblnatlon as the best comb1nat10n, over the range

'studled for orthophosphate removal This comblnatlon was -
'used in reactor number elght. Due to the lower 51gnlf1cance

of sludge age to the process, the +, +,'-,comb1nat1on qould

,



: A

B

also”be'eXpectedltofachieve»goodf 'moval This was the

’ comblnatlon of reactor number fbur ’Reactors number two and

U1

three would be expected to perf M badly duertovthe ix2

‘1nteractlon..

The analy51s carr1ed out- above is based on the results

of one day ‘The results on th1s day are 1nd1cat1ve of the

iy trend 1n the data 51nce on 51x “of the seven days that the a

ma1n effect _was 51gQ1f1cant it had a p051t1ve value, as

abova. On seven of the seven days that the 1x2 1nteract1on B

o was 51gn1f1cant 1t had a negatlve value, as above, and on

six of the six days that the 3 main effect was 51gn1f1cant
it too had a negatlve value, as above. o N
Therefore,-whlle the data obtalned and the results
calculated showed some var1at10n, the conclu51ons drawnrfrom’
the analy51s were cons1stant for almost 80% of the sampllng
per1od i, - ~".» o ) V"ﬁ
| It is 1nterest1ng to note .the- 51multaneous variation in -

-

PO &p effluent concentratlon and the magnltude of the 1x2
1nteract10n in reactor number elght Thls is demonstrated in
Figure 6.4, The 1x2 1nteract10n appears smallest on- days

when hlgh effluent PO P was obServed In fact the change in

,the 1nteract1on magnltude seems ‘to parallel the varlatlon in

3

effluent phosphorus concentratlon, overUthe ten day perlod
Thus the 1x2 1nteract1on effect appears t be mod1f1ed by

varlatlon 1n wastewater charactenstlcs in a manner 51m11ar

-

to that d1scussed above for effluent PO-P concentratlons.
N . .



| 6. 4 EFFECT OF FACTOR SETTINGS ON FILTERED COD REMOVAL
- Influent and effluent COD concentratlons were
determlned for all reactors durzng the sampllng per1od ThlS-
data is llsted 1n Appendix III and Table 6.5 and is shown
| graphlcally in Flgure III. 19 to Elgure III. 28 also in’
-Mppendix III Since: blologlcal phosphorus removal plants are
_ also expected to substantlally reduce 1nfluent CoD levels it
‘wwa; con51dered 1mportant to 1dent1fy how - the optlmal factor
settlngs for phosphorus removal mlght affect carbonaceous

: substrate removal

An analy51s of varlance 51m11ar to that dlscussed above

..'"n)

for phosphorus removal was carrled out A pooled estlmate of
”the error varlance was obtained from nine of the ten 1x2x3
1nteract£ons. The 1x2x3 1nter5ct1on of day 11 was neglected
;51nce it was con51dered abnormally h1gh The ten days
examlned for COD removal were day to day I1. No N |
_'neasurements were taken on day 8 (Monday, October 14,~1985)
whlch was a public holiday. The ten days examlned for
phosphorus removal were day 5 to day 15. The reason for th1s

’ dlsparlty is- descrlbed in Appendlx II.
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| Table 6.5 Influent and Effluent Fz.ltered COD Concentratxons>‘

for Each Reactor Throughout Samplmg Penod

, | o Efflpent COD conc, (mg/L)

R {‘actor Number :

Day Influent 1 2. 3 g4 5 6. 7 .8 9 10
'conmq,) e S T

48" 69 55 45 77 76. 76 63

72 .43 .90 42 63 45 45 52
39 38,756 .40 "51 51 42 40

54 43 .66 23 50 43 43 43
75 226 47 3 58 30 51 19 58 39. 31 28
T6 154 47 46 47 59771 55 47 -3e . g5 se

700123 86 41 66 5256 18 57 40 407 40 -

9 71 27 38 Y52 41 .33 33 46 137 37 28
104 161 50 38 ‘64 40 55- 39 45 32 30 33
1% 157 7 34 58 93 32 36 33. 38 26 25 25"




'“rather than percentage removal meant that ‘a negatlve ma1n

*rnot an unexpected conclu51on.¢;»

The effluentiilltered COD concentratlon as a. percentage"

- of the 1nf1uent flltered COD concentratlon was con51dered 1n

\‘

3ff.the COD analy51s. U51ng th1s form of removal measurement

'weffect 1nd1cated an 1mprovement 1n effluent quallty @n a:

B

“ manner 51mliar to the phosphorus removal analy51s.‘In fact

. '

rgthe value o{ effects ‘and 1nteractlons calculated by thlS Z'ffz_**h

’lmeehod are numerfcally equal to those calculated u51ng

PR

t"percentage removal and d1ffer only 1n 51gn. };,m

A summary of the-s1gglf1cance levels of each factor on:

a

"‘COD removal over-fhe sampllng perlod ‘is shown 1n Table

1

?.6 6. The most noteworthy result 1s the frequent hlgh

zslgnlflcance of the aeroblc detentaon tlgk maln effect.(the
:1 ma1n effect)\\A 51gn1f1cance level of 99% was achleved on .
ugf1ve of the ten days of the sampllng per;od A 95% j

451gn1f1ca\ce level was reached on. one other day Ghe 1 ma1n

effect had a negat;ve value on all 51x of thesé days.>51nce B

.

ﬂthe 1x2 or 1x3 1nteract1ons d1d not achleve the same»'

=

cod51stent h1gh levels of 51gn1f1cance thlS 1mp11es that
oaverage, 1ncreas1ng the- aerob1c nomlnal detentlon t1me from

two to 51x hours resulted 1n 1ncreased COD removal ThlS rs-'

'(ﬁ‘” :
The analy51s shows that the factor level for aerob1c

detentlon t1me chosen on the ba31s of phosphorus removal

will also be advantageous for COD removal Th' ‘naerob1c
detentlon tlme ma1n effect was also s1gn1f1cant at\or 1n

excess of the 95% level on flve of the ten days.'The values



_1Q1»

-~

ffor thlS effect were p051t1ve on four of these days. Thus an B

*

.ﬁv-:;;;ft:;?f%f“::-;ﬁif'rn zgf;f :’,g:i

hﬁlncrease in. anaeroblc nomlnal detentlon t;me 1s, on average,f- '

'j;lassoc1ated w1th reduced COD removal Slnce the anaeroblc o

” ubacter1a may not . be as eff1c1ent 1n COD removal -as . the

aerobes thls conclu51on 1s reasonable,

- On thlS ba51s choos1ng a hlgh level of anaeroblc _j”

“

' detentlon t1me to promote phosphorus removal may cause some »

'.deterloratlon in effluent COD qual1ty The 1x2° 1nteractlon

"1hwas also 51gn1f1cant but at a lower level ThlS 1nteract10n

‘fwas p051t1ve on most days further 1nd1cat1ng the p0551b1e'
madverse effect of a: hlgh anaeroblc detentlon txme. Thus 1t

‘»would seem that a hlgh low or #+, - combznatlon of
.aerob1c/anaerob1c detent1on t1me would be opt1ma1 over the'

b range studled



T

’Table 6. 6 Summary of S1gn1f1cance Levels reached by Ma1n

N Effects and Interact1ons for Fxltered COD Removal Us1ng

-~

1x2x3 Interact1ons as a Pooled Estlmate of Error Var1ance

(Day 11 excluded)

Effect Maximum Significance :i’leotal Num er of Days
‘LeVel" o o : .f..°That The

- HDays)‘ g ..b o . was -

Reached'orvExceeded-_

102

Reached (Number of . 90%551gn1ficance Level,

"'1x2v

w
1
[\8]

X3 oo I R
23 .0 2 N R S

: e‘)."" .



‘16 5 EFFECT OF FACTOR SETTINGS ON ?ILTERED BOD REHOVAL

—
» -~

Influent and effluent five day blochem1cal oxygen

‘demand (BODS) concentratlons were determlned for each —

'reactor on each day of the sampl1ng perlod Thxs data 1s‘

115ted 1n Append1x III An analy51s of var1ance was’ also

;carrled out on thlS data. The effluent f1ltered BOD as a dfh

percentage of the 1nfluent flltered BOD was used as- the

[ =

var1ab1e form 1n thlS case also. The 1x2x3 1nteract1ons for

all days prov1ded an estlmate of error varlance.v,

g A summary llstlng of the sxgn1f1cance levels reached by

'each of the parameters 1s shown in Table 6. 7. Overall the

I : \

’ana1y51s of varlance showed that the'data d1d not'show any

'”useful trends. The 99% confldence level was exceeded once
_only, by the aerobzc detentlon t1me ma1n effect and the'

'anaerob1c detent1on tlme main effect. On other occas1ons no

-effect seemed 51gn1f1cant.

It is belleved that these results may be due more to

',the lack of prec151on 1nherent 1n the BOD test than to an

fapparent lack “of effect from all varlable changes. The BOD,

wh1ch could be drawn from ‘the COD analyses.

'results were then . reJected in favour of those conclusions

.
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} Table 6. 7 Summary of ngn1f1cance Levels reached by Ma1n

-Effects and lnteractxons for F11tered BOD Removal Us1ng

v K
LU . . : co e ‘ ..._:", .

1x233 Interact1ons as’'a Pooled Est:mate of Error Varzance.‘l,

}‘.' o

Eff¢¢to.r 'Maximﬁm Si@niﬁicapcé ' o;;iota1 Numbé£ oﬁ'béysofr
© Level S ? L _"Th'at_ The |
| | Reached (Nﬁmoe?iof ;;,- ,90%‘§ignifioance LéQol
_Dpays) o '_>o was ‘ |

-Reachgahoo”Ekceeded :

| 90% - 95% - 99%
ey 2

| 0 0 -
v1x2
1x3“

2x3

o o .o
—
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E ﬂe“S 6 COMPARISON OF EFFLUENT NITRATE NITROGEN WITH EFFLUENT 4

. ’-..‘)

"j;' pnbsenars-enosvnonus
T Durlng the_sampllng perlod analy51s of the m1xed l;quor
'w1th1n the anaerob1c cells falled to detect the presence of

nltrate n1trogen. Wh1le recogn151ng that denltrlflcatlon had (“

'occurred 1n the clarlflcatlon stage ;t was dec1ded to

' V(_ compare the effluent nltrate n1trogen concentratxons w1th

'fthe effluent phosphate phosphorus concentrat1ons. ngh
N i 5 :
'n1trate n1trogen concentratlons 1n'the return sludge mlght

- -explaln reduced phosphorus uptake ablllty
Plots of effluent n1trate n1trogen concentratxons SN

: . /
- versus effluent phosphate phosphorus concentratlons are

shown 1n Flgures I11.57 t%;:II%G4 Only in reactors two and

Ry

p51x d1d there seem to be:a: correlat1on between effluent |
o n1trate n1trogen and effluent phosphate phosphorus. Except -
for reactors four and elght the effluent n1trate n1trogen
concentratlons were unlformly low. Wh1le the n1trate values
for reactors four and e1ght were h1gh thls d1d not seem to
affect the phosphorus uptake in- these reactors. Therefore 1t
does not appear as if: n1tr1f1cat10n can prov1de an

.explanat1on for the fluctuatlon 1n phosphorus uptake in th1s\

;study.-"

EN

6.7 REACTOR PROFILE ANALYS

analyses of’the mixed. llquor for various: character1st1c

-parameters were carr1ed out for each reactor. TheSe



n

parameters 1ncluded orthophosphate, oxldatlon reduct1on
potentlal f1ltered coD and volat11e suspended SOlldS.vi‘

Through these analyses 1t was hoped that any trends through

T‘ the reactors would become apparent andwalso that lnformatlon

.(

regardlng the functlon of locatlon w1th1n the reaCtor on
these parameter values could be obtalned

In partlcular the extent of ‘the orthophosphate

_)

release uptake cycle 1nd1cat1ve of the presence of o 2

: phosphorus remov1ng mlcroorganlsms, as reported 1n the .

llterature could be 1nvest1gated The oxldatlon reductlon

potent1al (ORP) was, also measured as a test of f1nd1ngs in

the l1terature suggestlng an 1nverse correlatlon between ORP f'

and orthophosphate concentratlon.
The results of these analyses will be dlSCUSSed

1ndrv1dually.

6 7. 1 FILTERED COD PROFILES

The proflles through the reactors for f1ltered COD are"

5 -

shown in Flgunes III 29 to III. 38. Whlle soluble COD removal

. var1ed between reactors, 1n almost all ‘cases the maJor

portlon of that removal whlch d1d take place was seen tot“

occur wlthln*th flrst hour. In all cases. thls was w1th1n

the anaeroblc zone., Thus it can be seen that a cycllcal

'exchange between anaeroblc and aeroblc condltlons does not

' ‘appear to- adversely affect the - bacterla respons1ble for

f11tered COD uptake. The anaerob1c bacterla w1th1n the"

'fd system appear capable of w1thstand1ng prolonged exposure to

> e,

L



_1,'0':7""-?-'

- an aeroblc env1ronment wh1le the aeroblc phosphorus removers

, SR o R
- are ‘not. affected by anaeroblc cond1t10ns.~

Furthermore the coupl1ng of COD uptake w1th h1gh . -/%’f'
l“phosphorus release, partlcularly 1n reactors four and elght
is demonstrated The orthophosphate proflle through each
»partlcular reactor is reproduced on the COD prof1le to a110§,5f
‘ comparlson Overall the results obtalned conform well to : "Gﬂ'
ithosé@reported 1n the‘llterature Note that a dashed llne on |
the COD plots 1s used to: 1nd1cate poants where there is
susp1c1on that analytlcal error or 1ncomplete m1x1ng caused

an uncharacterlstlcally h1gh value.' gﬂﬁf' L »“y'fv

- 6 7.2 ORTHOPHOSPHATE PHOSPHORUS PROFILES

Proflles of the orthophosphate phosphorus
hconcentratlons throughout the reactors are not shown-'
-,separately but are presented 1n conJunct1on with the other
lmeasured prof1le parameters, pr1nc1pally for comparlson
purposes. A release uptake cycle was. establlshed to. a
‘certaln degree in all reactOrs hav1ng an anaeroblc stage. In
'agreement w1th the lxterature a greater degree of removal
was observed 1n reactors\:hiih demonstrated the h1ghest

phosphorus release w1th1n the anaeroblc zone. This f1nd1ng

0

~.frema1ned con51stent over the sampl1ng perlod 51nce these

reactors were the best . performers as establlshed in the
) analy51s dlscussed In Sectlon 6 2 ;

S1m11arly the reactors wlth m1xed h1gh and low levels

j;Of anaeroblc and aerob1c detentlon t1mes d1d not achieve the



"'requ1red level of release or’ uptaké partlcularly neactors ~““,
three,251x and ‘seven, Wh11e reactor number two dld ach;eve a
"‘,reasonable release level the. follow1ng uptake 'was not large

enough to prov1de good overall removal

| | | | rste%
6 7.3 OXIDATION-REDUCTION POTENTIAL co _' T "}‘

¢

Oxldatlon Reductlon potentlal man be con51dered a- h°ﬁ,ucfﬁj

.,,:;_measure of the ox1d121ng ablllty of tﬁe medlum From the Q;'f

S results obta1ned over the sampllng perlod shown in Frgures
CIII. 39 to IIT. 46 it 1s apparent that a high degree of
phosphorus release dld not occur ‘unless hzghly negatlve ORP

‘condltlons were present Upon entry 1nto the aeroblc zone

the ORP became p051t1ve and a certaln degree of phosph
uptake was: noted in all cases. "
Whlle the 1nverse relatlonshlp betweip ORP and
phosphorus concentratlon was a trend 1n all cases it was
1mposs1ble to cons1der this as a predlctlve tool
cons1stent 1nd1catlon of a m1n1mum requ1red ORP necessaryh
for a hlgh degree of removal could be ascerta1ned Thls 1s
demonstrated by comparlson between reactor number three
(F1gure 6.5) and, reactor number four (Flgure 6.6). In the;
former case’ an ORP of approx1mate1y -300mv 1n the f1rst
three cells was accompan1ed by an orthophosphate phosphorus
o concentratlon of only 6 mg/L. In reactor number four howeveri
ban ORP of only -180mV .was accompanied by an '.f ,‘-
:} - orthophosphate phosphorus concentrat;on of approxlmately 10

. mg/L. , . T e T k3
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) Therefore an useful relatlonshlp is 1mp0551ble te
establlsh It does seem however from the results obtained

"'_that the necessary release could not ‘be expected under _
N\ : =
k\gosit1ve ORP cond1t1ons. ThlS result is con51stant w1th the

l1terature. Note that due to t1me restrlctlons 1t was not

p0551ble to measure ‘an ORP prof1le for reactor number seven.f

A.6.7.‘.4 'vom"rrt.E SUSPENDED. 'SOLIDS 'pnoriLE
‘_lvProflle concentratlons of volatlle suspended sol1ds 'j
(VSS) throﬁgh the reactors are shown 1n Flgures III 47 to'
III. 56 Orthophosphate phosphorus concentratlons are again
'reproduced for comparlson purposss. Some fluctuatlons can be -
: seen over the reactor length These are most l1kely due to
incomplete m1x1ng amd the plug flow nature of several
complete mix st1rred tank reactors (CSTR) '
| An 0verall trend towards VSS 1ncrease w1thxn the
reactor dld‘occur.rThls 1s probably 1nd1cat1ve of ‘a
bacterlal 1ncrease within the reactor whlch would be
) rhexpected in a reactor operat1ng under favourable conditions.
- No apparent inter- relat1onsh1p between VSS concentrat1on and
orthophosphate phosphorus under normal cond1tlons was
dlscernable though drastlc losses of the biomass would
'undoubtedly affect_the phosphorus removal_performahce,of;anylb

reactor,
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| |
6.8 INFERENCES ‘FROM THE EXPERIMENTAL zum.rsxs

Analys1s of the data galned gave a good 1ns1ght 1nto f
: the 1mportance of the facRp\f 1nvestlgated and partlcularly

fﬁtof 1nteract10n between them. As a further step,

‘the, format1on of a pred1ct1ve model was. attempted From the

experlméhtal de51gn utlllzed 1f ‘the phenomenon varles as a‘v
a_l1near'§ﬂnctlon of the varlables 1nvestlgated the best

fitt1hazmodel Wlll be obtalned Varled attempts to. f1t the
,fblolog1cal phosphorus removal d ta falled to produce ‘a
'con51stent or valld llnear pred1ct1ve model B

| It may therefore be concluded that the b1ologlcal

phosphorus xemoval process is related in a complex manner to

lmany var1ables. Those var1ables which’ were 1nvest1gated been
' shown to have an 1mportant and clearly dlscernable effect -
tbut are 1ncapable of totally descr1b1ng t;ﬁ&phenomenon. The
- use of ,the cycllcal deter10rat10n-1n efflu§§t quallty, for
Gample, must be con51dered external to the varlables
‘r‘studled - , | |

To show the varlatlon in removal w1th t1me and other

ﬂ:unknown varlables an est1mated response surface was plotted
h over the’ sampllng per1od ThlS 1s shown in Flgures 6.7 to

6, 16 From these f1gures 1t is. ev1dent that the removal
'-»~process 1s def1n1tely non-linear in the parameters stud1ed
1and almost gerﬁblhly 1s affected by other unknown vé@zables.
It can also ‘be seen that t&e response surface appears to be .
in a state of constant flux thus mak1ng predlctlon'\

1mposs1bLe. Note that the + and - .signs refer to the high
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8 S S
‘and low levels of each varlable (see Sectlon 3) The
'fenc1rcled numbers are the average of all reactor effluent
A . 3

~phosphate phoﬁphorus contentratlons obtalned -at the factor

- ,
;comblnatlon shown on the part;cular day noted The numbers

shown on. thejedge of the cube are expected effluent
. phosphate phosphorus concentrat1ons for any partlcular-

-

comb1nat1on of factors. .f"'
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1The bench scale blologlcal phosphorus removal study usrng A

factorlal de51gn experlmental procedure has y1elded |

1nterest1ng and useful results. The follow1ng-d!lclu51ons

..are based on thls experzmental procedure w1th con51deratlon

of other ;ork avallable in the literature.

1;” The exper1menta1 results obtalned show the process to be

| a complex one, wh1ch does not lend 1tse1f eas1ly to the
: format1on of a pred1ct1ve model based on the parameters
. mon1tored in thlS prOJect The extent of blolog1cal

phosphorus remOVal appears to be. a functlon of both the

‘controlled var1ables 1nvestlgated and other un1dent1f1ed

~

factors.,It is strongly suspected that comp051t1onal

var1at1on 1n the 1nfluent wastewater plays an 1mportant
v role 1n the success of the remodbl process.

S

2; The factors 1nvestlgated in the exper1mentaL program
| have been shown def1n1tely to 1nfluence the achievable
. phosphorus removal level The level of removal does not g
however seem to vary llnearly wlth changes in: these

factors.. ' : e .é“"ﬁ -
_ /
f3'l Of the three parameters studled the settlng of the
| aerob1c detent1on tﬂme has a 51gn1f1cant 1nfluence on
the b1olog1cal phosphorus removal process. The sludge e
age settlng 1s also s1gn1f1cant but to a lesser extent
. Of greatest 1mportance however is the h1gh s1gh1f1cance
of the 1nteract1on between aeroblc and anaeroblc

detentlon t1mes. The 1mp11cat1on of this 1s that the
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) maantenance of a favourable ratlo between aerob1c and
anaerob1c detentlon t1mes 1s more cr1t1cal than the

) ch01ce of settlng for e1ther one.,Whlle th1s f1nd1ng
!

appears to be va11d approx1mately 80% of the tlme 1t

must be noted that var1at10n w1th wastewater comp051t10n

1s 1nd1cated

4 T'On the basis of the results%btalned a hlgh level}‘
- settlng for .each of the three parameters is lndrcated as
i

5. The experlmental results show that in all cases good

’; the most favourable comb1natxon.

-

-.phosphorus release in the anaeroblc zone mu§§
~good uptake w1th1n the aeroblc zone.. Thls result is 1n
good agreement w1th ‘the 11terature reports of other‘".

researchers.

:6{~:Mon1tor1ng of ox1dat1on reductapw‘potent1al through the
| reactors showed that 1t has Iiélle value as a tool by
'wh1ch to predict. the level of . phosphorus release or-

uptake. The tr;hd'by wh1ch phosphorus release took place
‘*when the ORP was hlghly negatlve and uptake occurred
;‘ dui}ng p051t1ve ORP condltlons 1s 1mportant even:rt;

%déflnlte requ1red maxlma ‘and m1n1ma cannot be

y ‘.fam observed and reported cycllc reactor performance

L
¢
s

othere appears to be a need for better understaqﬁlng of
évar1atlon 1n the 1ncom1ng wastewater characterlst1cs.»
This’ suSpected varxat1on was con51dered respons1ble for

SR U serlous fluctuatlohs 1n the effluent qua11ty The



:cmagnitudehof.thedaerobic/anaerobic'detention_time;v
'yintefaqtion was alsoyseen:to'he affected.f e
8.‘ The biological phosohorus‘removal process as tested was
. not extremely stable or conslstent in performance. Even
the best performfngosystem had periods. during which .
~,effluent phosphéfus concentratlon exceeded the object1ve
Avalue of 1 mg/L even though the bench scale unlts were

: perated at steady state hydraullc condltlons.

g the-above ‘into account it Stlll must be -

o process scale up- may help to stablllze
7performance.-
-QL:hRemoval of organlc carbonaceous substrate, as' measured
by COD ‘was also conskﬁered The level of rnmoval
1mproved with hlgher aerobic detentlon t1me settlngs but-
was found to be adversely affected‘by 1ncrease5r1n
anaeroblc detention time. At the levels studzed the
sludgehagerdiﬁ nat aopear to have any s1gn1f1cant effect
on CODtremoyal.'Therefore sllght deter1orat10n in COD
removallmight.be expeoted under ‘the conditions 1ndicated'
as_optimal;for hiological phosphorus-removal; over the
range studied N | S |
10;:Regardless of the overall 1evel of COD removal most of
the removal took place in the anaeroblc zones of the
'reactors. It therefore seems ‘that the bacter;a
'respon51ble for COD removal are unaffected by the: system

_,of alternatlng aeroblc ‘and anaerob1c cond1t1ons.

11, Volatfle SOlldS product1on1was/s§Eh to'increase through

[



12.

the reactors thereby 1nd1cat1ng the ablllty of the
bacterla to adapt to, the var1ous condltlons applled

BOD5 (BOD59 testing proved 1nconc1u51ve 1n examlnlng the'

:-parameter effetts on carbonacgous substrate removal

;Thls _may be due to the lack of prec151on 1nherent in the

test. L r'”f‘



8 RECOMMENDATIONS R

0 )

. The bench scale pllot plant reactors all achleééd a_ rf['”
”level of: blologlcal phosphorus removal They were

' however prone to sporadlc deterloratlon e’ effluent .

1~';phosphorus concentratlon. Con51der1ng the better ,-hjf:.fp<\f

performlng reactors th;s deterloratlon was attrlbuted to ;;
'1nfluences external tq ﬁae de51gned experlment ’w1th

'varlatlon in 1nfluent wastewater characterlstlcs

. RN

'suspected S1nce ‘this var1atlon alters ‘the system‘

"jperformance so dramatlcally 1t is. strongly recommended

“removal process.v R ['7 '1. " T

"1nversely related cycl1cal var1atlon relatlonshlp

‘between these parameters.;f

",that further study be carrled out 1n order to better

‘__characterzze fluctuatlon 1n parameter values ‘and the

effects of thls var1atlon on the b1ologlcal phosphOrus -

A part1cular p0551b111ty for 1nvestlgatlon is the o

-h'varxat1on of effluent PO. P concentratlon w1th 1nfluent

’COD values. Pre11m1nary observatlon 1nd1cates an

-/

.. The bench soale studles 1nd1cate that the aeroblc ands

'{'anaeroblc detent1on t1mes 1n a blolog1cal phosphorus

remov1ng actzvated sludge system should not be chosen
e

'1nd1v1dually The measured results suggest that long e
?aerob1c detentlon t1mes should be accompanled by fahg
%anaerob1c detent1on tlmes; The full scale pllot study at
tthe Gold Bar Wastewatdr Treatment Plant operates w1th a

two hour (one pass) anaerob1c detentlon t1me and a 51x

< .
| I

ie
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- 1.2‘9: e

hour (three pass) aeroblc detentlon tlme. S1nce 1n the

bench scale experlment a comblnatlon of detentlon tlmes

of 40 anaeroblc and 60% aeroblc proved most successfulf
it may therefore be benef1c1al to balance the detent1oﬂ‘*
t1mes to prov1de three hours (one and a half passes)

-

anaeroblc detent1on t1me and flve hours (two and a half_

B passes) of aeroblc detentlon t1me

Wh1le the exper1mental study showed that the SRT settlng‘»'

was not cr1t1cal to the process, the h1gher SRT d1d
]
prov1de some 1mprovement 1n phosphorus removal

Therefore some advantage may ve galned 1n operat1ng the

full scale plant at a hlgher SRT.

A 5ystem for hydraullc detentlon time. control would
/o

;llkely prove benef1c1al to. the phosphorus removal

process. Reductlon in flow volumes, partlcularly at ' {??

{jweekends, may contrlbute to greater n1tr1f1cat10n and
'vconsequent reductlon of anaerob1051s levels thereby

'hpaffectlng phosphorus effluent quallty Flow control

would also afford the maxzmdm p0551b1e operator control"

‘ on the process.'~i"'~w‘- "*:ﬁ~ffp:

-If the blologlcal phosphorus removal process is to be

used then the practzce of return;ng d1gester supernatant o

'to the headworks of the plant should be dlscontlnued

“«PreSently th1s leads to rec1rculat10n of phosphorus

'whlch 1s leached out durlng the d1gest1on process..As anf“"'

alternat1ve a str1pp1ng tank ut1lzz1ng chem1cal

: f:precxp1tat1on of the hlgh phosphorus concentrat1ons.f]

b . B . . i .
e E . -



v::conta1ned in $he

T U R ST R A
. \ :

supernataht cculd be 1ntroduced

'L1terature flndlngs 1nfer that every effort should be

¢\

'.made to dlscoutage nltrxfftaémon w}th1n the blologlcal

”*=phosphorus removal process unless separate steps are~~

’nor refute these ffﬂﬂfngs.

‘«taken to ensure nltrogen removal It should be - noted

‘;thowever that the experxmental results nelther conflrm

C e




L

_ Arv1n, Observatlon~

AArv1n, E. and Krlstensen, G H.,,Exchange of Organlcs,

;Brock T, D., Smlth D.W.sand Madlgan, M T. Bfoloéz off

_hsrsngsézs-;a*:ﬁ¥;~:_ e
: o - . P el ‘¢x*‘..
Alarcon, G.O.,. Removal of Phosphorus from Sewa,e. Master S.
Essay, The Johns Hopkl-s Unlv.,Balt1more, Md (1961)

'f;t1ng Phosphate Removal Q}'
Blologlcally Media

Tech., 15, 3/4 4363 '¢3) R

v o : ‘.' : ‘.'..

'Arv1n, E. and Kr1stensen, G H.,_Phosphate prec1p1tatlon in R
. Biofilms and Flocss Wat. Sci. Tech., = . - ) &g“t-
‘15, 3/4 65 85 (1983) L .,‘ B : R O

. e L ,4-‘-
v SR

3

- Phosphate and Cations between Sludge and Water in-

Biological Phosphorus and N1trogen;Removal Processes.
Wat Sci. Tech., 1

Y]

,Bargman R. D., Betz, J.M. and Garber, W.Feg - ) '“'-3'
' Nitrogen—-Phosphate Relationships ‘and Removals obtalned;“

by Treatment Processes at the Hyperion Treatment

mical Prec1p1tatlon Waﬁi Sci. '

/12,147-162,¢1988). © . .

Plant.Advances in Water Pollution Research Proceed;ngs'e

. of the Fifth International Conference, San Franc1sco ®
and Hawa11._1 1-14/1 - 1-14/17 (1970),

Barnard J. L.,‘Cut P. and N w1thout Chemlcals. Wastewater f-f
' Treatment 11, 7 33 36 (1974) ‘ .

Barnard J. L., The Influence of N1trogen on Phosphorus

: Removal in Actlvated Sludge Plants. Wat. Sc1. Tech
14,31-45 (1982) L

- Barnard J. L., De51gn Con51deratlons regard1ng Phosphate L

Removal in Activated Sludge. Plants Wat. Sci. Tec:h.,‘j
15 3/4 319 328 (1983a) ‘

R J" .

Sc1. Tech., 15 3/4 373 (1983b)

Macmlllan Publ1sh1ng Co., Inc., New York (1970)
Box, G. E P., Hunter, W.G. and Hunter, J.Ss. Stat1st1cs for '

Experlmenters, John Wiley & Sons, Inc., New. York
(1978) : :

l,
sz;_

Mlcroorganlsms 4th. Ed., Prentlce Hall Inc., N.J.
11§84) : _

C . . L

131

f 'Barnard 3. L.;.Reply to D15¢uss1on by H. N.S. W1echers. Wat;_i“7f

_Baum, s.J.," Introductlon to’ Organlc and Blologzcal Chem1stry

7



n.

[

.‘\

h ; Phosphate Removal in Activated Sludge Processes._Wat. T

Brodlsch K E&U., Interactlon of leferent Groups of
Sc1 'Tech., 7 11/12 89 97 (1985)

Brodzsch K. E u. and Janer,¢s.J., The Role of . . '
MleO organisms .othet th&n Acinetobacter in. Biological,

Sc1. Tech.; 15,3/4, IL @125 (1983)

. ‘\ e ~
Buchan,.L.,_90551b1e B1oloqzca1 Mechanlsm of Phosphorus
Removal Wat Sci. Tenh., is, 3/4 87- 103 (1983).

. 17

' "%pndgaard’ E., Kr1ste sen, G H. ana Arvin, E., Full Scale;

R Experlence with - osphorus Removal in an: Alternatlngu

Sy;tem. Wat. 5c1. Tech., 15 3/4,197- 217 (1983)

'jcamara, A, S., Perelfa D., ‘Salvador Marques, F. and Costa,’

. 'F., Stoich - a Computerlzed ‘Method to. predict

*. Phosphorus Removal in:the Activated Sludge Process. =
‘Proceedings: Internatlonal Conference, Management ,
Strategles for. Phpsphorus in the Environment, Llsbon”-
(1985 ¢ :

‘$

'r'Comeau, Yr, Hall K3 J Hancock "R. E W. and Oldham, w K

Biochemical Model for Enhanced ﬁlologlcal Phosphorus

.~ Removal Proceedings: UBC International Conference, New

D1rect1ons and.Research in Waste Treatment and
Re51duals Management Vancouver (1985)

3

'jDan1el C., Use of Half Normal Plots in. Interpretlng

Factorial Two Level Experlments Technometrlcs,
1 311- 342 (1959) o L .

’-Dav1es, 0. L., Ed., The De51gn and Analy51s of Industrial

. Exper1ments,,2nd ‘Ed., Longman Inc.,_New York (1979).

Fuhs G W. and Chen,'M., Mlcroblologlcal Bas1s of Phosphatev'.

- -Removal in the Aétivated 'Sludge Process for the
' Treatmernt of Wastewater. M1crob1a1 Ecology,-
2 119 138 (1975) ~ . . .

b Mlcro organ1sms it Blologlcal Phosphorus Removal WatL-"

B

v

Gaudy, A, F and éaudy, E. T., Mlcroblology for Env1ronmental vf.

'_Sc1entlstsrand Engineers,

McGraw~ H;l;‘Book Company, New

Gerber,‘A. and W1nter, C. TT, The Influence of Extended

.. Anaerobic Rétention Time on tHe Performance of Phoredox
;Nutrient. Removal Plants. Wat. Sc1. Tech

\ to7, 81 92. (1984) S o’

(



\A‘/ 4o . .

| Gersberg, R M.-and Allen, .D. W., Phosphorus Uptake by

Klebsiella pneumoniae and Acinetobac rtcalcoacetlcus
Wat. Sci._ Tech., 17 11/12 113-11& 1 ﬁS)

Jv".",“

- Gupta, A, K., Oldham W K and Coleman, P. F ) The Effects of
- ’Temperature, pH and Retention Time on: -Volati, Fatty
Acid Production from Primary Sludge. Proceed®hgs: UBC
" International Conference, New Directions and Research
Cin Waste Treatment and Re51duals Management Vancouver

'(1985)
. E

“fHarold F.M., Inorgan1c quyphosphates in Blology, A
Structure;” Metabolism and- Functlons. Bacter1a1 Rev;,
.30, 772 (1966) ».’_ . L

. o A
] . /

. Hascoet, M. cC, Florentz, M. and Gra ger,'P.,"Blocnemical

' Aspects of Enhanced Blologlcal hosphorus Removal from =

Wasterwater. Wat. Sc1. Tech., 17, 1? 2,23~ 41 (1985)

a-

A
.Hong, S., Klsenbauer,,K S., Hartzog, D.G. and Fox, G.V.., A
- Biological Wastewater: Treatment System for Nutrlent
" Removal., Presented at the S54th. Water Pollutlon Control
Federatlon Conference, Detroit (1981)

G

-_Kalnrath P., Maler, W., Wagner, R. and Krauth, Kh.,
Invest1gat1ons on the composition of Actlvated Sludge
from Biological Phosphorus Removal Processes,
Proceedings: International Conference, Management'
Strategles for . Phosphorus in. the Env1ronment Lisbon

(1985). L
o ' ofﬁ‘ ‘
. Koch F.A. and Oldham W, R‘ Oxldatlon Redug oy Potentlal*-
o A Tool for Monltorlng, Control and Optimigation of

. Biological Nutrient Removal Systems. Proceedings: UBC
International Conference, New Directions and Research
in Waste Treatment and Restduals Management Vancouver
(1985) v FETE NG 3

| : . o . _ . ‘

.Kornberg, S.R., Adenos1ne Tr1phosphate Synthes1s from .

Polyphosphate by ‘an Enzyme, from Escher1ch1a col1.n
R Blochlm. Blophys.»AcEa.,.26§294 (1957)
. &» : ! ) »

Kornberg, o) Kornberg, s and S&mms,,‘., Metaphosphate g

-Synthesis by ‘an Enzyme from E%cherlchla COll. Bloch1m.
B1ophys. Acta., 20, 215 (1956) e -

Q,.

Kulaev 1. S., ‘The Blochemzstr of Inor'an1c Pol 'hos hates, -
. John,W1ley &. Sons, Ltd., Ch1cei§er 1979

1



' LA 1 3 4;
.“,_ "‘ :

: Lea, w. L. and N1chols, M. S., Influence of Substrate on-
Biochemical Oxygen Demand Sewage Works Journal

ipp ,435 (1935) o S ,hn:- I »'plt; f @

'»f_Lev1n,_G V., and Shap1ro, Jﬁ) Metabollc Uptake of" Phosphorus'*“

by Wastewater' Organlsms. J-. Water Pollut Control F%d?,‘“_
137,6,800-821 (1965). - | o o=

‘5v.

- Lev1n, G V ‘and Shaheen, D.G.,- Metabollc Removal of

"-Phosphorus from Sewage Effluent. Blotechnol Bloeng.,;
9,457-470 (1967) S R . - '

.wLev1n, G V., Topol G J., Tarney, A, G. and Samworth R B.,
- Pilot-plant Tests .of a Phosphate Removal Process. J.
Water Pollut Control Fed., 44 10, 1940—1954 (1972)

’

;Lev1n,,G V.,_Topol . G. J. and Tarney, A G., Blologlcal
"Removal of Phosphorus from Wastewater..Chem. Tech
3, 739 744 (1973). ' : . .

"Malnou, D., Meganck M., Faup, G M. and .du Rostu, M.,
. Biological Phosphorus Removal: Study of the Main-
Parameters. Wat Sc1. Tech., 16, 173 185.(1984).

'Mannlng, J. F. and IrV1ne, ‘R.L. The Blologlcal Removal of
: Phosphorus in a Sequenc1ng Batch Reactor. J. Water }
: Pollut. Control Fed., 57,1,87- 94 (1985) S

- ,Marals, G Ve R., “The Actlvated Sludge Process at Long Sludge
--Ages. Research Report No W3 Un1verszty of Cape Town ,
(1983, T . . v . e

._Marals G.V. R., LoWenthal R.E. and Slebrltz, I. P., SRR
' Observatlons supportlng Phosphate Removal by Blolog1cal

.Excess Uptake - A rev1ew. Wat. Sci. Tech.,

15 3/4, 15 41 (1983) : . .

‘Menar, A B. and Jenk1ns,_D., The Fate of - Phosphorus 1n Waste
- Treatment Processes: The Enhanced Removal of Phosphate .

. by Activated Sludge. Proc. 24th. Ind. Waste conf.
Purdue Un1v., Lafayette,.lnd1ana, (1969)

! P

Metcalf and Eddy, Inc; Wastewater Englneerlng TreatmentL 3
Dlsposal Reuse. 2nd Ed., McGraw H1ll Inc, (19797

.-M1no T., Kawakaml, T and Matsuo T. Locatlon .of Phosphorusv
in Activated ‘Sludge and Funct1on of Intercellular =

Polyphosphates in: Blolog1cal Phosphorus Removal |

Process. Wat..5c1. Tech., 17,93-106 (1984)

B



f:fﬁiyamoto4Mllls, d., Larson, J., Jenklns, D. and 0wen, Weoo
~ Design and Operation of a Pilot-scale ‘Biological
. Phosphate Removal Plant at ®entral Contra Costa

. -Sanitary Dlstrlct ~Wat. ‘Sc1. Tech.,~ - S £ ,‘5
- 15, 3/4 153 17& (1983) .‘ . @'{;.' o

L'Montgomery, D. C., Des1gn and Analys1s of Experlments 2nd.
Ed., John W1ley & Sons,'Inc., N;;/York (1984)

Mulbarger, M C., Shlfflett D, G., Mu phy,. M, ¢, and Huffman,
: 'D.D., Phosphorus" Removal by Luxury Uptake. J. Water
Pollut. Control Fed., 43, 8 1617 1628 @1971)

Nlcholls,, .A. and Osborn,,D W., Bacter1al Stress.‘- A
Prequisite for Biological Removal of Phosphorus. J.
Water Pollut Control Fed., 51,3, 557 569 (1979)

Osborn, D. w -and NlChOllS, H A., 0pt1m1satlon,of the PR
' ‘Activated Sludge Process for the Biological Removal of
Phosphorus. Prog Wat., Tech _10 1/2 261 267 (1978)

-

Paepcke,~B H., Introductxon to Blolog1cal Phosphorus
Removal. Proceedings: Technology Transfer Seminar on
‘Biological Phosphorus ‘Removal in Municipal Wastewater
Treatment Pent1cton, Br1t1sh Co1umb1a,_Apr11 1985,

‘ Randall C W., Marshall D W., and Klng, P. H., Phosphate
’ Release in Act1vated Sludge Process. Jour. '._San. En :
D1v., Proc. Amer. Soc. C1v1l Engr., 95 395-4 408 (1970)

, Roberts, M. R., D1scu551on of Paper by blebtltz et al. Wat._”
: Sc1. Tech., 5,3/4, 347 351 (1983). - '

4

.Sawyer, C. N.,

%2aé¢QCal Englneer1ng in Sewage Treatment.
Sewage Wor . :

’¢,q»~rna1 16, 925 (1944).

.. ‘
M !

al¥, M.R., Pfeffer, F M., L1vely, L D., W1therow, J.L. and
g2fPriesing, -C. P., Phosphate Removal at. Baltimore, .
Maryland. Jour, San. Eng. D1v., Proc. Amer. Soc. Civil
Engr., f",817 827 (1969) - :

"shlkawa, S, Okazakz, .-and Kato, K., -
8" Af Soluble Orthophosphate in Actlvated SLudge
Processes. J. Water Pollut..Control Fed.,

38 3, 364~ 365 (1966) ' a

~ Sell R L., Kr1chten, D. J., Noxchl O J. and Hartzog, D G.,
. Low .Temperature Biological Removal . Presented at the =
"54th. Water Pollut1on Control Federat1on Conference, i
Detr01t (1981) . o '

,.ﬁf
B

.



Shaplro J., Induced Rap1d Release and Ug take of Php
, by M1croorganlsms. Sc1ence, 155, 1269
S <
"Shaplro, J. . Lev1n, G.Va and Zea G., H., Anoxlca g
' Relea€P of Phosphate in Wastewater - reatmept’ J. Water
- Poldut.. Control - Fed., 39 11 1810-1818 (19 );*«,

) u w Q

B

‘Sherrard J.H, and Schroeder, E.D. Importance of Cell
. Growth Rate and St01ch10metry to the. Removal of L
- Phosphorus from the Actxvated Sludge Pro esS. Water
Research 6, 1051 (19]2) T - ‘

Y

RS

'Sh1v31, M., Enhanced Blologlcal Phosphorus Removal in ngh
' ‘Rate Activated Sludge. Plants. Paper prepared for the™
35th. Annual Convention of Western Canada Water and
Sewage. Conference, Edmonton, Alberta (1983)

,GvR.,A
zess Phosphorus
27-152 (1983)

Y.VIS1ebr1tz, I.P., Ekama, G A., and Marai
Parametric 'Model for Biological E
Removal Wat. Sc1. Tech., 15 3/4

S1ebr1tz, I P., Ekama, G A. and Mafais, G V. R., Excess,g
' Biological Removal in:the Actfivated. Sludge Process at
. Warm Temperate Cl1mates. Proc: Waste Treatment and
. Ut1llsat10n. ,.2,233-251 (1980). "V .

Slmpklns, M.d. ,and McLarln, A R., Con51stant B1ologlcal ,
Phosphate . aﬁa Nitrate Removal in an Activated Sludge
Plant._Prog. Wat. Tech., 10 5/6 433 442 (1978).

A 'Snoeylnk V. L. and Jenklns, D Water Chem1stry John W11ey &
B Sons, Inc., New York (1980) .
'Srznath E G., Sastry, C. A., and Plllal, S.C. Rapld Removal’
-~ of Phosphorus from Sewage by Actlvated Sludge.
'-a Exprer1ent1a, 15 339 340 (1959) R

Stall ‘T.R. and Sherrard J. H Effect of Wastewater
' Compos1t1on and Cell Re51dence Time ‘on Phosphorus = .
Removal in Activated Sludge. J Water - Pollut. Control
Fed., 48 2, 307 322 (J976) :

v

»Standard Methods forkthe Exam1nat1on of Water and
Wastewater,.A rican Public: Health Association, -
Erworks Assoc1at1on, Watepr Pollution
eratzon, 1985) v R '

_Topol G J., Lev1n, G V. and Tarney, A G., Cut' P for LeSS-
: Money. Water and Wastes Englneerlng 11 10, 39 40 - (1974)

PR T



137
van Groenestljn, J W and{’e1nema M. H., Effects of. Cultural'»
-~ Conditions on. Phosphate Accumulation. and Release by . :
- Acinetobacter Strain 210A: Proceedlngs"Internatxonal
Conference, - Management Strategles for Phosphorus in the;
o ‘Environment, LleOD (1985) o . v o ’
S . - “y v{%‘;’ . .
‘Vacker, .,‘fonnell C H and Wells, W. N., Phosphate Removal<\
: : through Municipal Wastewater Treatment at- San Antonio,
Texas, J..Water Pollut. Control Fed S S
39,5,750-771 (1867). .. i

Wlnkler A.,_The Metachromat1c Grahu&a of Bacterla. VI Intl

Congress Microb. Vol. 6, Bacterlal Cytology Rome, Italy ‘
(1953) SR S 5 '

v*“

,wltherow J L. and Kerr, R. S.,*Phosphate Removal by .
Actlvated Sludge. Proc. 24th. Ind. Waste Conf. , Purdue
Unlv., Lafayette Indlana, Part 2, 1169 1184, (1969)

'Yaii o Bough¥on, W. H., Knudsen, R.C. and Slnclalr N@i
' Blologlcal Uptake of . Phosphorus by Activated Sludge
Applled M1croblology,‘20 ,145- 150 (1970)

Zoetemeyer,.R J., Arnoldy, P.,. Cohen, A" and Boelhouwer C.
Influence of Temperature on the Anaerobic Ac1d1f1cat10n
~of Glucose in a Mixed Culture forming part of a.
- Two- Stage- D1gest10n Process. Water Research
16,313~ -321 (1982) S )

.



o " - AE}PENDIX 1.
_EQUIﬁﬁFNT AND MATERIALS , o
A 5chemat1c representatlon of the layout of ‘the

' blologlcal phosphorus removal bench scale experlment is

.shown 1n Flgure I 1. The overall experlment 1ncorporated"

\

systems for the collect1on and treatment of domestlc,i
n~1settled wastewater and the dlscharge of thegtreated
.effluent. The ent1reC$xper1mental treatment system- was
‘housed in an on-site pllot plant traller at”the Gold Bar o

‘:P

'? Wastewater Treatment Plant The components of the varlous
' e

systems are examlned in detall below. S

/pENCH SCALE PLANT INFLUENT COLLECTION AND DISTRIBUTION

Effluent from . the ull scale pr1mary clarlflers at the

Gold. Bar Wastewater Tre tment Plant was’ used as 1nfluent to .
_Athe bench scale treatment system A submer51ble pump in the
'd1str1but10A chanpnel to “he full scale aeratlon chambers
ﬁypumped t he prlmary effluent to a central 1 m’® f1bre glass

collec~zon vat within the tra: ler. Float control swltches '
‘ w1th:h the vat regulated the £requency of pumplng »

A small submer51ble pump w1th1n the collectlon vat .
-COP‘anOUSly raised the wastewater to a styrofoam 1nsulated
steel constant-head tank wh: .ch was. elevated to a height of
approx1mately two metres above floor level S1nce flow to

"; the ten reactors wag by grav1ty the malntenance of a |

constant dxscharge pressure head helped to regulate the‘

d1scharge flowrate. The excess flow to the constant head
tank was returned to the central collect1on vat via an

138



- !,overflow spout &id PVCﬁplpzng ThlS return p1pe was des1gn§F
i RN
to av01d aeratloﬁ'of the wastewater. Due to the low rate of

453)
pﬂﬂ'

wastewater W1thdra 'Tﬁ%o the secondary reactors thxs

h.

ry . to ma1nta1n SOlldS suspen51on and

c1rculat10n was nec{'
i.to prov1de ﬁ§&1ng The float control swltches in. the central
collectaon vat were p051t1oned such that fresh prlmary
olnfluent was 1njected every three to four hours -
,approxlmately | " | ..
‘ A d15tr1but1on manlfold system brought the wastewater.
”through 1nd1v1dual tygon tublng lines to each of the teni'
.reactors.:Each llne was equlpped w1th a flow control valve
ito regulate the reactor 1nflow rate. Regular cleanlng of.the
’feed llnes w1th alternatlng solutlons of hydrochlorlc ac1d

v‘and sod1um hydrox1de was carrled out. _ '

r IS) e N ) A
R s . [ S
N - co y
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e

' REACTORS -

TSI

' SECONDARY TREATMENT. SYSTEM

’ .l

Secondary treatment was prov1ded in bench scale

“:plexlglass reactors. Each reactor had a total capac1ty of 67

lltres and was d1v1ded 1nto ten 1nterconnected cells. Plan

‘ and 51de prof1le v1ews are shown in Flgures I 2 and I. 3

respectlvely. These flgures also show the flow path through

'ithe reactor. It was. or1g1nally 1ntended to prov1de a one

‘ hour detentlon time per cell at a total flow rate- of 8

lltres per hour (133 mL/mln) however construct10n§%

restralnts reduced thlS to 0. 84 hours (50 mln)

-~

Elght lltres per hour was cons1dered the m1n1mum flow )

rate whlch could be cons1stently malntalned ThlS f10w -

| con31sted of two thlrds pr1mary 1nf1uent and one thlrd

. return sludge. The ‘total detentlon t1me requ1red in each

1nd1v1dual reactor was determzned by the factor1al de51gn

:settlngs. These detentlon times were set by blocklng off the

extra cells. Thus the reactor w1th the shortest detent1on

t1me con51sted of three cells 1n ser1es wh1le the reactor

wlth ‘the longest detentlon t1me ut1l1zed all ten Cells. The

‘utlllzed capac1ty was subd1v1ded into anaeroblc cells and

[y

aerob1c cells.
]

In order to check7the mixing performance of ‘the

reactors dye studies were carr1ed out on the reactors w1th

the shortest and longest detentlon t1mes. The reactors were

'modelled as complete mix st1rred tank reactors (CSTR) in

l.':'u



o serles w1th each cell con51dered a CSTR. The theoretlcal

:--effiuent dye concentratlon from the final cell was

'Ca1culated from Equatlon 1.1 ‘_ ' h' IR

SRR T '
© : . ' ; T - o
PP Co o e S T :

a G gy e) e . 1 »

L R (Metcalf & E:ddy, 1979)
where ‘

. 1= finai'cell numhertfi e.,3 or. 10) h

? n = number of CSTR s ‘in serles o
é = t/to, normallzed t1me

. :ﬁld‘ | t;‘ QVerall nomlnal detent1on t1me qntthe n:

reactors g

L

: t t1me measured from the addltlon of dye tracer

T Cu =

R

'vco'

: u.

dye concentratlon 1n the flrst cell

»flnal‘cell_effluent'dye concentratlon

The reSults of the dye tests for the three cell and ten ’
cell reactors are’ shown 1n F1gures I 4 and I 5 |
~¥respect1vely In both cases the overall detentlon tlme, as

~&repre§ented by the centre of grav1ty mean value, correspnded

4'well wlthwthedcafeulated theoretlcal detentlon time, - Note

N

" that F1gure 1% 4 shows dye recovery in’ excess of that .

dtheoretlcally p0551b1e. Thls 1s probably due to ca11bratlon

‘dr1ft in the dye monltor or var1at10n in the 1nfluent dye



o -

D TRy
*conééhfrétiOn.'Thi;fdisélaceslthe»éanenﬁration values
';slightgy'but doeano£'affécf~the detenti6n timé,(X~axis)

values.
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S e
" In the aeroblc cells a1 h. p. Campbell Hausfeld
'compressor prov1ded aeratlon through a control manlfold and

air- stone system The capac1ty of thlS compressor was more

. 'than suff1c1ent to satxsfy the requxrements of aeratlon and

'vm1x1ng

o

In the anaerob1o cells top mounted 64 rpm Howard
5,

Industrlal Co._st1rr1ng‘motors, w1th double bladed shafts,s

,.prov1ded contfnuous m1x1ng and suspen51on w1th a- mlnlmumv :

tjentrapment of air,

'CLARIFICATION

Flnal clar1f1catlon from each reactor was prov1ded by a

’two hour detentlon t1me plexlglass clarlfler. The sludge vl'

l
o

2 _surﬁace loadlng rate was 0.19 m/hour. Effluent was 7_} T

St \

: d1scharged by grav1ty, to. waste over an overflow welr. The
settled sludge was returned to the fzrst anaeroblc cell in
lfeach reactor. A small p;opeller system prov1ded sl1ght

‘agltat1on of the settled sludge to avo1d channell1ng of, the

"'return sludge effluent through the sludge blanket The'

»,4clar1f1er system 1s shown in F1gure I. 6

SLUDGE CONTROL

Return sludge pump1ng ‘was prov1ded by four Cole- Palmer
Masterflex per1sta1t1c pumps.vAll the settled sludge was g
. fel

‘.returned to the reactors and. wastlng was carrled out on a

Al

' VOlume ba51s d1rectly from the reactors. Sludge was returned

at the same rate (2.67 l1tres per hour, approxlmatelyy-to

“the first cell of each reactor. Sludge wast1ng, from the‘~
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reactors, was carried out

- “control variable.

usin

gf51ngéféggfés a process




. APPENDIX-I1

’?ANALYTICAL TEST:NG METHODsf

R &V N -
. \&,,L R
Vthe experlmental program were‘as outllned in Standard

f Methods for the Examlnatlon of Water and Wastewater 16 Bd.,

.1985, These procedures are llsted and referenced in Table

‘»II.l

Total phosphorus concentratlons were determ1ned in the."
Gold Bar Wastewater Treatment Plant Laboratory Soluble
,orthophosphate phosphorus concentratlons were determlned by
l the stannous chlorlde method and 1n the Gold Bar Wastewater
'Treatment Plant laboratory by the ascorblc acid. method B
-,Stat1st1ca1 tests on . the results of ~common sample analyses
revealed no 51gn1£1cant dlfference between the methods. Alll
'n1trate and n1tr1te determlnatlons were made u51ng the Gold

Bar Wastewater Treatment Plant automatlc analyser

Instrumented analyses carr1ed out ‘are l1sted in Table 11.2.



” :Table TI1. 1 Standard Methods used in B1ologlca1 PhosphorusF

Removal Study

Pafameter_ y ' :'-Test-Method ‘ Lo Standard Methods‘

. . Test Number
BOD‘.“.. , SR . Oiyéen' Dl’emand'. - 507
| ‘ ’ | -(BiOChemical) |
dCCD-A : : t Open Reflux Method ' f?ﬁ 568A1

" PO,-P - Prelx&.\nary - a2ea

. 424E

, PO, ~P y ‘454

” : F:i'l-trati':en._,'S_té'p,'..: S |
fASCO;biC'A¢id“ | » 7424f:3'.
| | Method -

fotalv- o _ dPreliminary -  -.' - :~d424C 
'Phdsphotus Lo }-.Digestidn'stép - | |
o . Ascorbic Acidd‘ : g24f
. | ’ 'Methpd_b '_: L |

7SS  Total Suspended

| ~ solids - | |
Dried at 103-105°C = . 209¢
.AVSS o Fixeddand V¢1a¢;1¢ '

| | . SOlids ignited , ]

at sso°c . 209D



j'Table II 2 Instrumented Analys1s used 1n the B1olog1cal

Phosphorus Removal Study

A ) ‘ N
_,"" @
Pérametéfidj;' o . .‘b’ Instfuméﬁﬁs .
Dissolved Oxygen S N _"YSI‘(Yelldw.Sprihg
S »InstrUmént'Co.)s
, DissOlved bkygen_Metef‘
_ 2pH». ' Hach Modélr164db pH meters
ORP Orion 399A pH. meter -
o Ofion hedok-?fobe;(Caloﬁel‘
;u reference) |
4NO£¢J Téchhicon‘Aptomstié'Anaiysét‘
1T
NO3?ﬁ‘ Tschﬁicon Automstic AnalYSef

‘ I' ‘I: .
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ANALYTICAL TESTING SCHEDULE

Dur1ng the . flrst four days of the 1ntense sampllng

program - all effluent samples vere. wlthdrawn from the

IS

secondary clar1f1er d1scharge flow. Whlle condltlons in. the
secondary clar1f1er would not affect flltered BOD or COD
read1ngs 1t was. reallzed that adverse clarlfler COnd1t1ons
’could affect the effluent PO,-P concentratlons.:Stress
condltlons within the clar1f1er could cauSe phosphorus
release wh1ch would overshadow efficient process uptake
within the secondary reactor. .
Slnce process optlmlzatlon was the prlmary aim of.the
exper1mental study the PO,-P concentrat1on 1n the secondary
o reactor effluent was - con51dered to better reflect the_
’1nfluence of the variable settings. Therefore from day 5
(October 11 - 1985) d1ssolved PO. P samples were wlthdrawn
from the f1nal aerobic cell of each reactor. Ten individual
factor1a1 analyses were con51dered the minimum requ1red and
1t was therefore con51dered necessary to extend the g |
collectlon of dlssolved PO,-P samples for a further four )
days to day 15 (October 21, 1985) The ten sample days from
1‘ October 1, 1985 to October 17th were used in ‘the estlmatlon

of the other process parameters. Samples were not taken on’

Monday, October 14 wh1ch was a publlc hollday
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“APPENDIX 111

o A RS : N T
* SUMMARY T P TR

A llstlng of the data obtalned from the bench scale
'biologlcal phosphorus removal study 1s shown below. The
results of the various. parameter determlnatlons are .

presented for the pre- testing mon1tor1ng perlod and for ‘the

'.1ntense sampllng perlod ‘The results of supplemental testlng

-day is also prov1ded

A

\

-

1nclud1ng parameter estlmatlon proflles through eachr,?'

is also shown. Tabulatlon of the factorlal analy51s £
- o

Graphlcal presentatlons of various parameter contrasts-,
are also 1ncluded Noteﬁﬁhat for calculatzon purposes ‘a

hlgher number of 51gn1f1cant flgures were retalned than

>0

. mlght necessarlly be expected to result from the analyt1cal

- methods used. Also on several-1nstancesh due to tlma\

;'restrictions or errors in analysis;“results were

3unava11able. A hyphen (" ") is used in the Tables to denote

these 1nstances. In the graphlcal presentatlons wherever

vivalues are suspected to be in error theyare jOlned to the

lafother po1nts by a dashed line. _ .

o
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:Table III 4 Complete Lzstxng of Factor1a1 Analyses Carr1ed

Out for PO.-P Removal From Test1ng Perxod Data

" Average .

1.485"

o :
facteria; Aeelysis: .ﬂ;Dey #5 .
Main'éfiects:__ 1}(Ae;obielfime): = QOEdf
o 2 (Anaerobie'Time)‘ = -0.355
3 (SRT) | =f—0.665
- Iﬁeeraetione;' 12 "ﬂ< eu = —f;545#.,'~

| ” 13 = 0.565 .
23 = -0.45
123 = 0.05




Factorial Analysis .

Day #6 -

”.'Tablétlll.il(Contiﬁ#ed);

1353;i H

Maiﬁ.Effeéts

“

1 (Aetobic Timé)

« 2‘(Anéerobf¢,Time)V

'»v3-(sam)f o

Interactions - .

Average

12

13
123

[

-0.84

0.14 .

=-2.12

-0.53

~0.59 -

-0.07

2.045

. .w;_,b;' _. |



| rable II1.4 (Continued)

Factorial Analysis ‘Day #7

C—

Main Effects. - . 1 (Aerobic Time)-

LY

n
o R _
X SR R

[
S
[e]

' 2 (Anaerobic Time)

3 (SRT)

]
[
o
.
~
e
(3]

Interactions = 12

L] [}
o .
. w
- .
W W
. N

13
23

[}
|
o
*
w
o
)

123

oo

(8] |

. o

N . . .
~
(&3]

Average




e

Table 111.4- (Continued)

?aétoriallhna1YSis” - Day #9

N

©1.843 .

Maibefﬁeéfs . f 13(»Aerogi:C_l.Ti_me)”‘~

2 (Anaerobic Time) = -0.678

3.(sRT) . = -0.638

Interactions - _ f 12%-. '—0.i62 

S 13 -0.332

= 0.658 .. . -

=
w
]

= 0.512

—=
TN
w
n

Average - / .3;919;




~ 'Tible ;i1,4;(Cohtihugd)"

~Factbria1-Aha1ysis Dayq#lﬂ'“f‘

. Main-éffgcfs 0 (Aerobic_T{mev \
S o | 2 (Apaérébic Tiﬁé)*'7a 6‘Q§5 
o, B (SRT)A o e -0.68
_'Iniéractions | a2 '  !  ; '_"_“"f;;jo.ss
| | - ‘_.13. - NJ., ; __.v.J= 0.§°5.‘

123~ ‘.,=»~0.125'i

u

'_AQé:age = 3.328




" Table I11.4 (Continued)

- PR

_Factorial Analysis

Day #11

 Main Effects’

b‘:2“(Anaérqbic fime)

4 (Aerobic Time)

3 (SRT)

R .
Interactions

Average v

>

RTE
13
23

123

0.022
\f0.848:
20.758 .
~2:834
140;038’
0,302',;-
1.0225
(3,391

N



-

.~ e

' . Factorial Analysis

'\'-.

&

Table

- Day #12

I11.4- (Continued) o

" Main Effects

! : .

Interactions

&

Average .

5w

‘ [2 (Ahaé:obic'Time)

3 (SRT)

=»1‘2
13 . -
23

123

13(Aet6bic*Time),u'




,44,a ... . Table 111.44(06qfiﬂued)-'f

-

Factorial Analysis ‘Day #13

B |
~

192

S S " o Lo
Main Effects 1 (Aerobic Time)

- ,,{2 (Adaé%bbic-TimeY

3 (SRT) = .
Interactions 2
TRTTTE S
' 13
. =
23
123
'Average , ;' v




[3

[ . . R . ——

s

l

' 1Méih*$f§e¢ts:( §1'(Ae}obic Time) "_5'1;4951_‘

L

3 (SRT) = -0.69

_ Interactions . 1207 - ;_}:  = -1;845'

13 . - =-0,075

o

23 .. =-1.63 0

123 _i © 20,295

Average : ff S o " ';,f{25
. | o _ S , :

fz;(Anaérobic_Tihe);w = -0.45 8

e

L]



Y
Y

Table 1I11.4 (Continued)

Factorial Analysis  - Day #15

"
o.

V)
N

ey

. Main Effects 1 (Aerobic Time)

n
o
-
w -
o)
)

C— . 2'(Anaerobic Time)

e .3 (sem) . =-1.205

]
'
o
()}

Interactions | 12

13

1l
o
-
w
o.

X

-~
1
1
o
L
S

123

n
}
oA
o
C—
S

“ﬁfAverage:“' S o _ -'.'¥,‘_ = 3.55

-



-

_'fTable III 5 Analysxs of Var1ance Tables for Main Effects and
Interact1ons in B1ologxcaP’Phosphorus Removal (Gﬁxng Same

Day Estlmates of Error~¥ar1ance)

October 11, 1985 (Day 5)

S&hrce' “Sum of - Degtees of Mean ,FrRati@"'Signiﬁ;‘

gSquares Freedom = Square - 7 Level, %
g, S . ¢ . ves

1 ‘ f_ f  0;ob9é | T 0;60987'. 1.96 |
L2 - o.2s20 " 1 o0.2520 | S50.41. 90
S3 o.eeas 1 0.8844 176,89 - 95
x20 o aa77800 1 47740 954.87 95
C1x3 ‘.0}6384 - 1 _ »_0.6384 7 127169,17v 90
2x3 - 0.4050 - . o ~»,j\o.4050" vay;qo -~ 90

>

Error  0.0050 ~ - 1 . 0.0050 -

. Effects used for ErrbrfMean'Square.Estimatibh*(MSEj : 1x2x3
'MSE = 2x0.05° = 0.005 . SR P

e

5. . N v . ' : Lo !



.y

~~ Table IiI.S{(Contnged§ f

" ‘October 12, 1985 (Day 6)

Source. ' Sum-of ' Degrees of  Mean ~ F-Ratio - -Signif.

.quareé ' 'FrEeJOmé Square R LeVél; %

1

1 raviz 1 aJdamz 7.4 90
3. 0.2 1 7 o.03s2. 0.2
" ‘ o 1. s.988B 4719 *‘>'9§

_2x3  0.6962 . 1 0.6962  3.65 . .

//‘;}R:f " 0.5716 . 3 .i;,'0‘1905'~~. A J. -

o Effect 'used,gorvErrbr Mean Square Estimation (MSE) : 1x2x3, -

9

e .

\

=
(2]
)
[}
Wi
%
N
%
—
Sy
o
a3
N
A'-+':
@
L~
1
o.
)o
Lo
S
N
e
]
o .
—
O -
o
($2]

-



‘wi?:T97ﬁlf

B .{ *'
. mrablé I11.5. (Continued) .
: W - R

-

' october 13, 1985 (Day A

Source j»’5u57¢£ ~Degrees bff1 lMeag o F—ﬁatio“%:Sigﬁif.-"
g_.éguares< ; F:ee¢0m3" quare LT Level, % -

N o

T T e — —
i o.e192 b1 0.8192 . 2.98 - -
‘r_ é;   B 5 i’ uf-79.‘;Aif5 ‘J"’f” SR
3  ' 3   ‘~2324 "f 7"1A".Taﬁj}2324jaf[F74;49f;_f Vf"”. |
w2 »'2?*0443 "”ﬁi'  .2ﬁ 22.d448i "v80.28_”{{‘ .§9;"
_ 2¥3 ;:..‘ 0,2964.wa ¥ “1 ”:;""0,2964;3  ' i;08 “[ ’ R
-"Effor ‘:f 0;8239°,v 3 U oamae R

f'EffectS‘géea;for ﬁ:rérﬁMeén Square Estimaﬁidn:(MSE)ﬂ:‘1xzx3;

MsE-= 3 x 2 x (0,135 + (<0.41)% + + (-0.475)% = 0.2746.. -

e



: ,:’

. 'rable 111.5 (Continued)

»T'bétober.15L;j985’(Day 9)5-f:l' ,1_-f‘; iV.f‘_'  _ o ]f’f_-?  

: Sodrcei‘ 'Sum,o£‘. Degreés o£' Mean fFfRatio, Signif%t’

'Squares . Freedom ;Séuafefﬂ _;,";-f' ;Lévgi,»%. *

v 6.78% | 1 B ¢ 5.7§9éi—’-.25.48,-1‘ f95‘v 
'-2»  T_..L-;6;§180 - f ‘d 1' o d.QfBO‘a:'.‘3,45s;":” ‘,J.
5 e U e s o
P e e
'.,1¥3 - %';.N%.j . ' - :;   ‘  .-- _:_.~:.v; -
3 ; 0;86Q6"1.v :i ,i. \0.8646; 325
© Brrer. - 0.399% 3 o.2648 e R

o Effec£s dsed fér:Erfor~Meaﬁ;Sqﬁa:e‘Est{maéién (353) ? ﬁ32¥3;v
| Mséf=f%5x52‘x (jo.1szszl+ f (—o@332$)"f'o;5i252}”= 0.2644
. Ty LN . . . ‘ . ‘ 4\\\[‘/2/ v o ) .

A



-:'i‘a-ble -III.S, '(Clén,_’tivh‘ued_)v

October-16, 1985 (Day 10) =~ . %

Source .~ .Sum of. Degrees of Mean F'--Rréti‘o . Signif. - °

Squares "Fr'ee.dom' vGuaré'_- IR Level, %

1 1.3778 S e “ 8.89 {9":0}*;\5
s oasiz 1 oz 2033

3 0.9248 . 1 - 0.9248 . 5.97

Jx2 _1.479?11  : 1-Aj . 1.2792>\',A_9;54:' ﬁ l,éon

- Error T 0.4651 3 0.1550

~

Effects used for. Error Mean Square Estimation (MSE) : 1x2x3,

2x3, 1%3 .

Wl X

MSE = 1 x 2 x (0,125 + % (0.230)% + 0.405%) = 0.1550"



E'Table_III;S (Cd@tihded)‘

_Octobet'18;31985'(bay 12) o

Soncé_ Sum of Dég;éesbof . Mean _-.F-Ratibf

'~ 'squares ' - Freedom Square

2000

P

.LéVel; %

1 30782 ?’>73ﬂ ’;j', 3.37s2- -V ﬁ1}38 ;
2 2.3080 1 2.3980 8.5
3 ]"~'1;3448.3 B .' 1}3448 - 4.82
igz'.ﬂ‘,i.e.§é16’ '?'wf1",>ff .6616 ~ 23.88
2x3 30.5304J R 0.5304 - 1.90
Error ;bésssov"‘ 5z‘>,-v 0.2790

90
- 90

95

Effects used for Error Meadlsquare‘Estihation,(MSE).

-1x3 ) "f‘ ‘ ‘ ‘
SR RS D A SRR T,
MSE = 5 x 2 x (-0.345" + + (0.40)%) = 0.2798%"
SRR AT T . R A

: 1x2x3,



S Y ._ kN  "'Tableflllisv(Continhéd):"_, 5

. October 19, 1985 (Day-43)
'Scurce ~ Sum of ~Degrees of ~ -Mean *  F-Ratio signif... °
“Squares‘f ‘Freedom "' Squaféf o . j'Level"%.,

5 o o e

v?' "
B

T 3,9762f R hj  3.9762 - 13;14i | 90
2 3smiz 1 3.5{12';-.,ii;60 90
3 . 0.7688 . R 0.7688 '2,54‘

1x2 - 3.8920 I ;\Lsysgzo 12.86° 90
X3 1.4a80 1 v 1.0850  4.78

Error | 0.6053 2 0.3026

Effects used fdr.Etror'MeanJSqua;é;Esﬁimatioh (MSE). : 1x2x3,
T | . ‘ |

MSE = 3 x 2 x (-0.075° + + (0.545)%) = 0.3026



)

ol

'~'3Tébig'riI,SK(Cohiinued) 

' Oétdber: 20, 1985 (qu ;

......

j Sdﬁncel'_ Sum of Degtﬂes of ¥ Mean - F—Ratio" siénif;

R

‘Squares- . Freedom Square_]. R - ‘Levéi,'%
: R qﬁw : : . L , L

o  ' . 4.4700 S 1 4.4700 . 22.71 uiﬂ'gs_ .
N .' } : / ;. N - ‘. .‘- L

3 o.es22 . 1 0.9522 4.84 Do
x2 6.8880 1 6.8080 . 34.59 99
_1'x3 _l W - " - I "ﬁ - _

. 2x3 5,313 ¢ 1 5.3138 27.00 95

Error  0.2952 - 3 0Q.1968 R

L o e

Effects used for E;ror:MeanlSquare Estimation (MSE) : 1§2x3,

[N RN

MSE = L°x2 x (0.295% + + (-0.45)% + (-0.075)°) = 0.1968




203

o Tablélqu}si(cdn;iﬁﬁéd)'f  ,  TR
. October 21, 1985 (Day 15) :

" source sum of Degrees of Mean -”5fFfRatiof]iSignif.f

- 'SQuafesv Freedom - quuare;Jiff . Level, %

1 1.7112 7_ Ptz 6.74"1:’-'90
2 o 777 T 37268 14568251f'f95f'
.3; - 7f'2;904o_j R 2;9§40 ,;L%1{;44>;;- 95

w2 - e o
"j2i3 . 0.5822  *' ;r‘va":‘o;5é;2'_5” 2.30 . - -
Brror  0.7616 3 “50;2539J75 SR

Efféqts'usedebr'Brfor’MeannSqUQEe Estima:ién (MSE$Q3'1xe3,

1]

a - 3 i . . >

1x2,. 1

5
» 7

MSE = 3. X 2 x (-0.16° + + 0.30° '+ (—0;515)2)j=‘d;2539;”;_

B



73»Tab1e III 6 Analys1s of Var1ance for Ma1n Eiiects and _
;Inte:act1ons 1n onlog1cal Phosphorus Removal (Us1ng all

1x2x3 Interact1ons as a Pooled Estlmate of Error Varlance)

¥

1x2x3 Interactions L  Sum.of Squares i

0,050 . ooso”
SRR 50.070 T ”,'1 B 0;0093'
| ,—6.475»2,1"g?~2. "o;4sﬁz

B T

V-

w @ N o g E

" o.s12 . 0.5253
0 seazs 0.0312

2 '%63345'*;,i  C0.2380
a3 -0.075° ooz
o1 L o298 - . 0.1740
s . . =o.s15 0.5304
S o | T1.9761

MSE = ;\47%761A; 0.2196 - o R | , o

1
-9

Cova0e



g

Table 111.6 (Continued) " . 3

4
K

- October 11, 1985 (Day 5)

:1Source - Sum of Degrees of:

Squares - Freedom

. "
S .
" SRR t
e L X"

" Mean

.'SQuérév'

%-

R ; Q.009é  SEEE

T2 . 0.2520 e

3 o o.egas
w2 a0 T 1

| _1x3’ @-j'5_0;6384 : 1

. 2x3 L 0.4050 1
.Errdt, 5’;i.9761 ” ”-49

0.0098
10.2520°
0.8844
47780
 0.6384
0.4050 .

1 0.2196 -




"?ableilll;ﬁ (Continued) -

[

_:‘-OCtober;12;‘19851(Day GX
‘Source - Sum'of ~ Degrees of  Mean  F-Ratio Signif.
| oy Mt . & ignif

Squares ~ Freedom Square T _jLevél,f%c'

s fi’f;' i.4112, .  1  S 1.8112 . 6.43  »,95“

3 . Soss2 1 0.0392 | 0.i8 |
'i£2; .. g.o888 . 1 8.9888  40.93 99
X3 0.5618 //;+j;71 7 0.5618 . 2.56

. 2x3 . 0.8962 - 1 o.ese2 317
et 9 0.21%

L [}
oo
ER . g N

o

‘
RO :
v



TéblgfIIIQGi(Coﬁtinﬁed) ‘

 ;October 13, 1985 (Day 7)

Source l‘Suh,ofi"*Degfeés Qf”r' Mean . ' F-Ratio 'Sigﬁif.fA-
_Séﬁares‘ T~F?eedOm ~ square I  ‘ Level, %

1 o0.8192 1 0.8192 37390

2 03362 1 0.3362°  1.53
2 0.3362 TR Y e
3 . 1.2324. 11,2324 5.61 . 95
1x2  22.0448 1 22.08448  100.39 99
0,17
‘ A o . oo
2¢3 - 0.2964 . . 1 0.2964 ' 1.35

1x3 0.0364 1 . 0.0364

CError - 1.9761 9 1.9781




- Table I111.6 (Continued)

October 15, 1985 (Day 9) ~ .- o
'Source © Sum of Degrees of .Méan . 5 F4Ratio ‘Sighif._

“\g\;/  ~ © .Squares 'Ffeedbm‘:.-SQUafi SRR ; LéVei; %-~

.1 6.7896 . 1 ' . 6.7896  30.92 . 99
2 o.9180 1 .0.9180 4.8 90
3 o.e128 1. 0.8128 - 3.70 90

1x2 -~ 0.0528 1 . 10.0528 .24

. 0
R o S ™
@ 1x3 - 0.2211 -t 0.2211 .01
 $2x3 7 o0.ses6 1 0.8646 3.94 % 90

. Error 1.9761 .9 1.9761




209,

e ) ’ *

~ ‘Table I11.6 (Continued)

.

October 16, 1985 (Day  10) -

. Spurc'e . Sum of - D,egre“es of © Mean F-Ratio. ‘Signif.

- — — — —=
1 : 1_1;3778' 1 i.3778_ 6,27 sSj'
2 5»_f 0.3612 AT 0;3612_>',_ 164  '; ',1
3 0?9248 1 -0.9268 7 ale  '_,{'9Q‘y
Cixz o 1.4792 - 1 1.4792 674 e
1x3 0.3280 1 0.3280 BT
'1zg3 S 0.1058 - 1 o.10s8 0.8
CEeror  1.8761 9 - 0.2196 |




- Table I11.6 (Continued) .

K

October 18, 1985 (Day 12)

y ~

‘Spurée  Sum of . ipegréesﬁof‘  'Mean  lj:FfRatio_-'Sighif.>

.\'
.

Lo

BE) . .
1 "<j3;1752n Q;- f1..f-‘iw3.1752_'- 714;4é5,f1vf99f
2 b 2’3980';;1 »;S* - ~ 2.3980 ',;10.92 A"'*f99.»
3 tiiaes 1 1.3808 - ' 6,12.’ ..f;5l |
X2 I°35.6616 o ':s;GSTs 1f;36;33 '”7159»'
k3 0.3200 1 ©0.3200 TR A
2x3 . .0:5304 N '-§:10.53o¢ -*2;42»f-‘ 1.';

Error - 1.9761 8 . 0.219%6 .. r

‘Squgregk Freedom ° Square =~ - Level,’'% -



= e

P2y g
o

o K . ——

s

‘“:_TabiéfIII,G (Confinued) ;i__f; '

" october 19, 1985 (Day 13) ©
‘Source = Sum Gf. Degrees of  Mean = F-Ratio  Signif.

f‘S_qlua‘res" ~  Freedom - Square - .v . vLelv,el' y

o  }5ff$;9i5z"  .11 1‘,91 7'3;9752»-"'18,44 SRR
R A '3.5i121‘; fj’1‘;‘  ‘ 3.5112i'“V<15,§9, ,nf 99 -
3 oess o688 . 3.50 . %0
lfix2';  7'.3?8920“'1 _Fgﬁ%”‘-;fs;egéo” ‘¥.17.72 99
e1x3  _'-1;1Q445Qf;;”, }J f1;4456,  ese 95"'
a3 0.5%40 . - 1 B '"6;5940_. 2.71

',é?r95~v v1;9761 - 9 ]\' OQéﬁSG*




| jTéSleiIiI.G‘(Confihued)"

—

October 20, 1985 (Day 14)

>;Sou£ce  "Sum‘ofgvaégfeeéfoﬁ-ff Mean  F-Ratio Signif.

. ' Squares  Freedom  Square .. Level, %

4 a0 y . a.a700 . 20036 99
2 "_u ,0;4o5d‘:,,f 0 0.4050 e B
c3 b.esz2z o+ 1 co0.9s22 43¢ 90
1x2 . 6.8080  f' P .sbaq._‘:ygn;oo o 99

1x3° 0 0.0112 - 1 0112 0.05

g O O

2x3 . 5.3138° 1 (3138 24.20 © 99

Error  1.9761. - 9 . 1,9761

.



: Ocﬁbber521j 1985_(bay 15)

© Source " 'sum of = Degrees of
_ A | o

Squares - Freedom

- Mean. .

,Sqdére

Table 111.6 (Continued)-

'F-Rati

1 ?H3”:”“"

o Signif.
. péQei,'% ;

1

,-3.'1x3 ,
_f2x3"'

Error:

7112
3.7264 -

 2.9040

0.0512

0.5822
S 1.9761

0.1800 .

‘o o o o

1.7112

3.7264

2.9040
. 1800

.2196

0512

.5822

7.78

16,97

13.22 .

,0.23

95
99 -
f;ggi

0.82°

.v.-:>_2..6’6’ )
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CAPPENDIX IV N LN

EXAMPLE OF FACTORIAL ANALYSISf o
, . : ‘ _

As an example to demonstrate the’ factorlal des1gn
technlque the phosphorus removal results of day 5 can be,‘_

con51dered The var1ables 1nvest1gated were.'

.<ﬂ7lfl': Aerob1c nom1nal detentlon t1me,‘ ' -
: 8.‘;, Anaerob1c nomlnal detentlon t1me, ‘
9. , Sludge-age (orvMCRT) : o : ," A

In order to quantlfy the effects of these varlables on the'

-.overal] removal it was decided to vary them over hlgh and

‘low levels. The hlgh and low 1evels chosen were as shown ‘in
, Table IV t
!

The results of the elght (2 ) runs, or trlals, obtalned

'-for day 5 are shown in, Table IV 2.

Xt .
- .

. 278



Table IV.1 Levels of Variablds in Ph;‘)sp‘.’hor‘ '

“'Fé{:tc_)'rial E}_{pgri}'n’eni{ a

. . o - . . -
’ . B B .

" Low Level

Aerobic nominal . , 1.8 -~ . =
detention time, . ) o : °

) . ' ‘ - o C.
hours - > AL .
‘Anaerobic nominal .

,~ detention time, ’

hours —
.Sludge Age, 'déys RN 5 o

‘. A . . . | m— s

i
-3 -

SRV . S . N .

S



’

‘Table' IV.2 Results of Phosphorus Removal Experiment on Day 5

'j 4Run: l ;?'pr_Ae;obic '"-Anéerobic; ‘ 'SludgéA;‘vtEffldentw

Number . pime o Time 7f:f.l‘ Age Phosphorus

T

o 18 084 5 vtz
2 ’f;' 506 0dF s . a5
3. e 336 5 %208
. - '?!; “, ”5,D4  -.;V}Q§éfi i‘;'  . -:_,  “0475’;

-

S 168 - 0.8 - 15 0.56
.. s.087 088 " 15255

700 168 o 3.36 0 15 1,25
8 - 506 3.3 . 15 025




-

ot ‘23'_1"-

.,.

e

From Table 1v, 2 1t can be seen that the only dlfference in
the varlable sett1ng between run number 1 and run. number 2
1s the aeroblc detentlon t1me used It 1s therefore assumed

that the dlfference,ln removal between the two runs 1s due

- to the changed settlng of aeroblc diﬁgntlon tlme. Therefore

a¢1t appears that 1ncrea51ng the nomlnal aeroblc detentlon

tlme from two’ to six hours caused ‘an 1ncrease in effluent
phosphorus from 1 29 mg/L to 2. 25 mg/L i.e.»a:change;of‘
[0.96 mg/L. "- , ;:?' T
A 51m11ar 51tuat10n ex1sts between runs 3 and 4, erns 5
and 6 and runs 7 andJS The changes in removal were —2 33 o

mg/L 1 99 mg}ﬁ}and -1:00 mg/L respectlvely The m1nus

s1gns 1ndlcate an 1ncrease 1n phosphorus removal Thus the

v ——

average effect of chang1ng the nom1na1 aeroblc detehtlon
time: from 2 hours to 6 hours can’ be calculated Thls

quantlty 1s termed the ma1n effect of the aeroﬂﬁc detentlon‘

. . Y o
‘t1me._¢ - : T‘v_* :

Ma1n effect‘of aerob1c detentlon t1me e e

1/4(0 96-2.23+7,99-1. 00) Sw0.07img/t o (w1l

i

j.On‘awérage,:increasing“the‘nominal'aErobic‘detention
t1me from 2 hours to 6 hours produces a decrease in effluentf-
hosphorus of 0 07 mg/L. It 1s unl1kely that a number of
‘sich small relatlve magnatude 1s a sxgn1f1cant result of
factor settlngs, however 1t has been retalned here for

purposes of 1llustrat1d' of ‘the factor;al desxgn method



‘-;?8.2;-;
d;Con51der1ng runs 1 and3 z'Ahaié 5 and 7 and 6 and 8 the
»main effecb\of anaeroblc detent1on tlme is calculated as |
*‘—o 36 mg/L The ma1n effect of sludge age 1s calculated as
'-0 67 mg/L from runs 1 ‘and 5 2 and 6. 3 and 7 and 4 and 8 :
| Investlgat1on of the calculatlon of the aeroblc | -?i'7
.‘detentlon t1me main’ effect shows that the same change 1n.;
"aeroblc detentlon t1me d1d not always produce th//Same |
’1change in effluent phosphorus concentratlod, The varlatlon
was gre ter than was expected to result rom experlmental
' measur ng varlatlons alone._The only other changes 1n the
system were the sett1ngs of the anaerob1c detentlon t1me andﬁ
S .

the sludge age._The var1ables are’ sa1d to have 1nteracted

'~'and 1t is necessary to.quant1fy th1s 1nteract10n.

'gmg/L.'

.: Con51der the 1nfluence chang1ng the anaeroblc detentlon.
‘t1me has on the effect of 1ncrea51ng the aeroblc detentlon B
tlme. F1rstly, the effect of chang:ng the aeroblc detent1on
t1me whlle the anaeroblc detentlon t1me is at its low_
o settlng can be found Two est1Mates of thlS are avallable
dand are represented by the d1fferences in results for runs 1
and 2, and runs 5 and 6. These dlfferences are respect1vely,*
0. 96 mg/L and 1.99 mg/L Thus the average effect of aeroblc

G’c .
.detentlon t1me at. a low anaeroblc detentlon time is 1 48

2

.

Next a s1m11ar calculatlon u51ng runs 3 and 4 and runs
7 and 8 g1ves the average effect of aeroblc detentlon t1me
at a hlgh anaeroblc detentlon time as =1, 62 mg/L ‘It can be

'seen that a d1fference of -3 1 mg/L ex1sts 1n aeroblc



283
detentlon t1me effect as a result of 1ncrea51ng anaeroblc
.detentlon tzme. Half thls number (1 e. = 55 mg/L) 1s by
l conventlon termed the aeroblc detentlon tlme X anaeroblc
.ihdetent1on t1me 1nteractlon. . |
4m<bther 1nteract10ns can 51m11arly be calculated These
o are termed two level 1nteract10ns. It can ea51ly be shown
'that the two level 1nteract10n is the same in elther g
_dlrectlon,-l e.»the aeroblc detentlon t1me x»anaeroblc
detentlon t1me 1nteract10n has the same value as the‘
anaerob1c detentlon tlme X aeroblc detentlon tlme
Interactxon. In‘fact th;s-ls true ofvall twcvlevel
1nteract10ns. | o A B
4 ‘A three level 1ntetact10n w1ll also exist but 1t is L
_ generally small JIn. thls case ‘the aerobic. detent1on t1me X
'anaeroblc detentlon t1me 1nteract10n may be 1nfluenced by S
the sett1ng of the thlrd varlable, sludge age. Thls is the -
aerobic detentlon t1me X anaeroblc detent1on t1me X sludge
‘age 1nteract10n. It may be<calculated as follows.vThe three'
',level 1nteract10n 1s'H_Y1ned as half the dlfference between‘
any two level 1nteract10n at the hlgh level of the thlrd
\fvarlable and the same- two level 1nteract1on at the low level
'of the th1rd varlable. _ | o
| In the present case at a sludge age of 15 days the.
aeroblc detent1on t1me X anaeroblc detent1on t1me is

“calculated

Aeroblc detentlon t1me X Anaeroblc detent1on txme
xj _ .



— '\'_'
_ 1nteract1on f“"v _ : L, . R
=m0, 25-— 1.28) - (z 55 - 0. 56)] = <1, 50 mg/L ";[;&;2}

At a sludge agequ'dVdays the ihteractidu.isfsimilarly"

. :calculated.‘i . :1 S S

'Aerebic detehtioh»time_x Anaerobic'deteutiou tlme
"iinteraCtiOh]n e , S . ‘

= %[(0.75 - 2.98) - (2.25 = 1.29)] = -1.60 mg/L . [1v.3]

o

'I‘he three -leVel intera'c'tion‘ ’is"m’élculated Aer‘ob"i'c
fdetentlon t1me P anaerob1c detentlon tlme X sludge age

1nteract10n

= %[-1.50 - (=1.60)]°= 0.05 mg/L - vl

Thls number is small and may be due only. to‘randou iw
measur1ng var1at10n 1nd1cat1ng that any two level »‘
‘1nteract10n is 1ndependant of the thlrd varlable. It is the
measuréuent of 1nteract10ns whlch makes the factor1al de51gn:
_an extremely useful exper1mental tool | '

| The - calculated values for the effects q\? 1nteract10ns
are shown 1n Table IV 3 in whlch 1 represents aeroblc
Hdetent1on t1me, 2 represents anaerob1c detent1dn time and 3.
'represents sludge age. The lnteractlons are. labelled as

combinations of " these,



28:5;

:t Tapr v 3 Effects and Interactxons £rom Phosphorus Removal

| Factorlal Experxment (Day 5) "-.   e

.

Main Efféc€$‘  . ¥ ' ~ j‘ 1"‘45 .'33212 S
e 3 | ,%0..67’_‘.1’

'f;' 'Intéractibns‘ﬁ _
o 2 "’ o -iss
w23 v T Lgas
123 Lo L ,_Q.'os'




_7.28_-6" .
The 1nterpretat1on of these results 1s 51m11ar to that
ushown 1n Sectlon 6. 3. S1nce the numbers calculated may in

‘;part be due to random fluctuat1on and measurement var1at10n ;f

. as well as to the varlable settlngs, technlques are applled 1

Ahto the'results)to factor out. these contr1but1ons. The .l
'sAnaly51s of Varlance techn1que of Flsher in partlcular 1is
:used and has also been descr1bed 1n Section 6.

As an. a1d to v1sua1121ng the- ? factorlal deszgn 1t is
. often presented as a cubic érperlmental space in whlch the

elght runs are p051tloned at the elght vertlces of@the cube;

~ . ——

4. N
\ . 3 & "

.ThlS 1s shown 1n Flgure Iv. 1 ey

\ L The &hQ{i~f;5CU591°“ of the factorlal des1gn is ne1ther »
-Aexhaustlve or .co plete. For further in- depth analyszs of the :
”procedure and concept the reader 1s referred to the ;~' —

ptextbooks ment1oned in Chapter 3
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