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(i) 

SYNOPSIS 

The objective of this investigation was to test, at laboratory-scale, the 

behaviour of short sludge age biological excess P removal systems, to 

assess the response of the systems under non-ni trifying and ni trifying 

conditions, to detennine the optimal system configuration(s) · and 

operational parameters, and to check the settling characteristics of the 

mixed liquor produced in the systems. A secondary objective was to use the 

observed response data to test the predictive qualities of both the general 

activated sludge model of Dold, Ekama. and Marais (1985) and the 

semi-empirical biological excess P removal model of Wentzel, Dold, Ekama. 

and Marais (1984). 

The objectives were fulfilled by operating a number of laboratory scale 

anaerobic/aerobic and anaerobic/anoxic/aerobic systems with varying sludge 

ages, anaerobic, anoxic and aerobic mass fractions, mixed liquor recycle 

ratios and COD loading rates. 

Almost all of the limited literature available on biological excess P 

removal at short sludge ages deals with the non-nitrifying Phoredox or A/0 

system (see Fig S.l). Accordingly, this system was selected as the starting 

configuration. The system was operated at a 4 day sludge age with a 50 

percent anaerobic mass fraction and a 1:1 underflow recycle ratio. It was 

a.sswned that the short aerobic sludge age of 2 days would prevent 

nitrification. The influent to the system was unsettled mtmicipal waste 

flow from Mitchell 1 s Plain with a COD of approximately 500 mgC()D/ t and a 

TKN/COD ratio of approximately O, 1 mgN/mgCOD. The system provided good 

excess P removal (P removal per influent COD~ 0,03 mgP/mgCOD), excellent 

settleability (DSVI - 70 me/g) and adequate COD removal (approximately 90 

percent) but, against expectations, the system ni trified partially. To 

eliminate nitrification, the system sludge age was reduced to 3 days while 

leaving all other process parameters tmchanged. The system was operated at 

a 3 day sludge age on two separate occasions. On the first occasion, the 

nitrification slowly decreased to about 2 mgN/t and very good P removal was 

attained (h.P/influent COD = 0,03 mgP/mgCOD). On the second occasion, the 
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system nitrified partially and produced a lower P removal (LU>/influent COD 

= 0,02 mgP/mgCOD). The red.LK::tion in P removal was consistent with the 

hypothesis that nitrate, dischar ged to the anaerobic reactor, has a 

detrimental effect on the excess P removal. The results also indicated that 

it is possible to obtain nitrification at sludge ages as low as 3 days with 

a 50 percent unaerated mass fraction, i.e. with an aerobic sludge age of 

1, 5 days. At 3 days sludge age, both Phoredox systems produced turbid 

effluents with high COD concentrat ions (about 14 percent of the COD in the 

influent). Furthermore the settleability of the sludges was very poor (DSVI 

- 150 me/g) due to the presence of S.natans. 

In an attempt to inhibit the growth of S.natans, two modifications of the 3 

day sludge age Phoredox system were set up. In the first, two-thirds of the 

influent was fed into the first unaerated reactor and the remainder was fed 

into the first aerated reactor (see Fig S. 2) . In the second version a 

selector was introduced before the first aerobic reactor and the one-third 

feed fraction to the aerobic zone was fed into the selector (see Fig S.3). 

Tile Split-feed/selector modificati ons were implemented following the work 

of Ekama and Marais ( 1985) which indicated that, in long sludge age 

systems, a split-feed discharging to a selector reactor upstream of the 

main aeration zone reduces bulking. Both variations of this configuration 

were operated at a sludge age of 3 days, with an anaerobic mass fraction of 

50 percent and an underflow recycle ratio of 1: 1. Splitting the feed did 

not appear to inhibit the growth of S. na tans and, in fact, appeared to 

favour it. Incorporation of the selector also had no appe.rent inhibitory 

effect on the growth of S.natans; the DSVI of the sludge reached 688 mt/g 

before the test was aborted. Tile P removal of both the Split-feed systems 

was poor relative to the 3 day sludge age Phoredox systems, possibly 

because only two-thirds of the inf luent flow was directed to the anaerobic 

reactor. 

As a consequence of the inability to prevent nitrification by lowering the 

aerobic sludge age to 1,5 days, it was decided to accept nitrification and 

to study systems, such as the 3- stage Bardenpho and ucr systems, that 

provide a measure of control over t he nitrate concentration in the recycles 

to the anaerobic reactor. However, to retain the short sludge age 
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character , an upper limit of 6 days was imposed on the sludge age of the 

systems. The f irst s ystem tested was the 3-stage Bardenpho system (see Fig 

S.4) with a sludge age of 6 days, an anaerobic mass fraction of 25 percent, 

an anoxic mass fraction of 25 percent and an underflow recycl e ratio of 

1: 1 . The a-recycle ratio was init ially set at 2:1 but, when the nitrate 

concentration in the anoxic reactor was measured to be zero, the a-recycle 

ratio was increased to 4 : l ; a positive nitrate concentration leaving the 

anox ic reac tor then indicated tha t the s ystem was operating at its full 

denitrification potential . The system nitrified completely but the 

deni trification fluc tuated, thereb y causing a variation in the nitrate 

concentration in the underflow to the anaerobic reactor. Concomitantly, the 

excess P removal was variable; the mean removal was about 8 mgP/f which is 

significantly less than that achieved in the 3 and 4 day sludge age 

Phoredox systems. The reason for this was that the wastewater used in the 

investigation had a TKN/COD ratio of approximately 0, l mgN/mgCOD; with 

complete nitrification despite having a large anoxic mass fraction 

operating at its full deni trification potential, a significant amount of 

nitrate ( ± 13 mgN/t ) was recycled to the anaerobic reactor via the 

underflow recycle - the nitrate dis charged to the anaerobic reactor was the 

cause of the reduction in P removal. However, the system produced a high 

COD removal (± 92 percent), a good settling sludge (± 100 me/g) and a clear 

effluent. 

A ucr system (see Fig S. 5) was operated with a 6 day sludge age, a 14 

percent anaerobic mass fraction, a 29 percent anoxic mass fraction, an 

underflow recycle ratio of 1:1 and an r-recycle ratio of 1:1. The a-recycle 

ratio was initially set at 2: 1 but later reduced to 1: 1 when it was found 

that the anoxic reactor was overloaded with nitrate. With the influent 

wastewater utilised, the system nitrified completely throughout its pericxi 

of operation. With an a-recycle ratio of 2:1, about 4 mgN/e of nitrate was 

present in the r-recycle to the anaerobic zone and the system P removal was 

about 7 mgP/e . On reducirig the a-r ecycle ratio to 1:1, the nitrate in the 

r-recycle stream decreased to near zero and the excess P removal increased 

steadily until, by the time the experiment was terminated, the P removal 

was about 14 mgP/t. This removal was achieved despite the high effluent 
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nitrate concentration of about 10,5 mgN/l. The sludge settleability was 

generally gocxi (DSVI - 110 mt/g) and the COD removal was consistently high 

( ± 93 percent). 

The results from the 6 day sludge age ucr and 3-stage Bardenpho systems 

indicate that: In the UCT system, by appropriate selection of mixed liquor 

recycle ratios, the system can remove about 0,027 mgP/mg influent COD from 

wastewaters with TKN/COD ratios of 0,1 mgN/mgCOD and higher. In contrast, 

the 3-stage Bardenpho system can remove only about 0,016 mgP/mg influent 

COD. The reason for the higher efficiency of the UCT system is due to its 

ability to selectively remove nitrate from the recycle to the anaerobic 

reactor; in the 3-sta.ge Bardenpho system, the effluent nitrate 

concentration is the same as that recycled to the anaerobic reactor. The 

sludge settleability and COD removal for both the UCT and 3-stage Bardenpho 

systems were gocxi.. 

The third system operated to minimise the nitrate in the recycle to the 

anaerobic zone was the Johannesburg system (see Fig S. 6) • This system was 

initially operated at a 3 day sludge age with a 24 percent anaerobic mass 

fraction, 24 percent anoxic mass fraction and a 1: 1 underflow recycle 

ratio. The system nitrified partially and the anoxic reactor s~ssfully 

removed all the nitrate from the underflow recycle stream. An excess P 

removal of between 8 and 9 mgP/t was consistently attained. This removal 

was lower than that attained in the 3 day sludge age Phoredox system, 

p:>ssibly due to the smaller anaerobic mass fraction in the Johannesburg 

system. The COD effluent quality was very similar to that of the other 3 

day sludge systems. 

The Johannesburg system was also operated at a 5 day sludge age with a 24 

percent anaerobic mass fraction and a 36 percent anoxic mass fraction. The 

underflow recycle ratio was initially set at 0, 5: 1 and, in this mode of 

operation, the nitrate leaving the anoxic reactor proved to be zero and the 

excess P removal was about 13 mgP/e. The underflow recycle ratio was later 

raised to 1:1; this caused the nitrate concentration in the anoxic reactor 

to vary between 1 and 5mgN/t and the excess P removal to decrease to about 

7 mgP/t. llie results of this experiment indicate that, by adopting the 
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Johannesburg configuration, the anaerobic reactor can be protected (by the 

arioxic reactor) from nitrate in the underflow recycle stream for 

wastewaters with TKN/COD ratios as least as high as 0,1 mgN/rngCOD, provided 

the settleabili ty of the sludge is sufficiently good to allow underflow 

recycle ratios of about 0,5 to 0,7. The settleability of the 5 day sludge 

age Johannesburg system was good with a mean DSVI of approximately 130 ml'/g 

and with only minor concentrations of S.natans present. 

In all the short sludge age systems operated, good nitrogen recoveries of 

about 97 percent were obtained but the COD recoveries were very poor, 

between 70 and 87 percent. Four factors individually or cumulatively could 

have led to the low COD recoveries: 

( 1) The effluent COD sample was always filtered and therefore any 

particulate material carried over in the effluent was,not accounted 

for. 

( 2) The sludge wastage procedure, used to control the sludge age, 

involved removing calculated volumes of mixed liquor at two set 

times during the day. Since large volumes of mixed liquor needed to 

be removed daily, this method of wastage may had led to errors in 

the mass balance. 

(3) COD may have been lost as hydrogen gas in the acidogenesis process 

whereby acetate and hydrogen ions are f onned from glucose-type 

molecules. 

( 4) A large build up of slime was observed in the aerobic reactors of 

most of the systems. The COD of this slime, which almost certainly 

was a polysaccharide, was not accounted for in the mass balance. 

Research work in the UCT laboratory has indicated similar poor COD 

recoveries in anaerobic/aerobic and anaerobic/anoxic/aerobic systems, but 

good COD recoveries in purely aerobic systems. This suggests that there may 

be processes taking place in the tmaerated zone which at present are not 

understood and which are responsible for the low COD recoveries. F\Jrther 

research in this direction is required. 
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The responses of the various experimental systems were simulated using the 

general activated sludge mcxiel of Dold and Marais (1986). Certain changes 

had to be made to the input parameters of the mcxiel in order to accurately 

simulate the observed results. The changes were as follows: 

1. To account for the high effluent COD values obtained from the short 

sludge age systems, it was necessary to increase the value of the 

unbiodegradable soluble COD fraction of the influent wastewater. 

2. To account for the low experimental COD recoveries, it was assumed 

that the entire COD loss was due to acidogenesis and the values of 

the total COD and the readily biodegradable COD in the influent, 

were adjusted accordingly. 

3. It was assumed that there was conversion of slowly biodegradable to 

readily biodegradable COD in the anaerobic zone. 

When the above factors were taken into account, the general activated 

sludge model generally produced accurate predictions of the observed 

response of short sludge age systems. However, as the modifications are 

tenuous in some measure, it is clear that future research will have to be 

focussed on the processes in the anaerobic reactor if any solution to the 

poor COD recoveries is to be found. 

This study gives rise to the following conclusions with regard to selection 

of short sludge age P removal systems. 

( i) Phoredox sygtem - The Phoredox cum A/0 system is designed to operate 

under non-ni trifying conditions. The observation that this system 

can nitrify at aerobic sludge ages as short as 1,5 days at 20°C and 

that, whenever ni trifiction occurs, the P removal is adversely 

affected, implies that this system cannot be accepted as a reliable 

process to achieve high P removal consistently (particularly during 

the summer months when the probability increases for nitrification). 

At 3 days system sludge age and 1, 5 days aerobic sludge age, the 

effluent quality is poor. The effluent is turbid and the dissolved 
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COD is significantly higher than at 4 to 6 days sludge age. 

Furthermore the laboratory-scale system is prone to bulking due to 

the proliferation of S.natans, a filament that is favoured by high 

F /M ratios, low dissolved oxygen concentrations and high surface 

area/volume ratios. It is not clear whether the growth of s. na tans 

in the laboratory scale uni ts ·would be duplicated in full-scale 

plants with low surface area/voltune ratios. 

(ii) 3-stage Bardenpho system The 3-stage Bardenpho system was 

developed to reduce the effluent nitrate concentration to negligible 

quantities. However, at short sludge ages• of about 6 days, this 

study showed that, for TKN/COD ratios of about 0,1 mgN/mgCOD, 

nitrate will be present in the effluent and hence will be recycled 

to the anaerobic reactor. Nitrate discharged to this reactor 

adversely affects the P removal. In these circlDIIStances, the only 

operational procedure whereby the nitrate can be reduced is to lower 

the underflow recycle ratio. If the DSVI of the mixed liquor can be 

guaranteed to remain below about 100 mt /g, then the system can be 

designed to operate under recycle ratios of about 0, 3: 1, and the 

3-stage Bardenpho system would be a viable alternative. 

(iii) Johannesburg sygtem - In this system, the anoxic zone of the 3-stage 

Bardenpho system is transferred from the reactor series to the 

underflow recycle. It selectively removes the nitrate in this 

recycle to produce a nitrate-free recycle stream to the anaerobic 

reactor. It would appear .that, for TKN/COD ratios of about 0,07 

mgN/mgCOD, the system will remove all the nitrate in the underflow 

recycle at recycle ratios of about 1: 1. At TKN/COD ratios of about · 

0,1 mgN/mgCOD, the system will remove all the nitrate at recycle 

ratios of 0,5 to 0,7. Because of its selective nitrate removal 

characteristic, this system appears to have greater viability than 

the 3-stage Bardenpho system. 

(iv) UCT system - The UCT system discharges the underflow recycle into 

the primary anoxic reactor and recycles from this reactor to the 

anaerobic reactor. The system makes full use of the denitrification 
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potential of the anoxic reactor which has a higher denitrification 

potential than the equivalent anoxic reactor in the . Johannesburg 

system. Although not verified in this series of tests, the anoxic 

zone in the underflow recycle appears to have all the potential for 

providing a nitrate-free recycle flow to the anaerobic reactor for 

TKN/COD ratios of 0,12 mgN/mgCOD and higher. 

A general conclusion from this study is that P removal systems at 3 days 

sludge age give poor effluent COD quality and have a potential for 

producing bulking sludges (at least at laboratory scale) • If the system 

does not nitrify at a 3 day sludge age, the Phoredox-A/0 system can produce 

P removals of up to 0,03 mgP/mg influent COD. Should the system nitrify, 

the P removal will become uncertain. 

At 6 days sludge age with complete nitrification, all the P removal systems 

investigated gave excellent COD reductions and gocxi settling sludges. With 

regard to P removal, the 3-stage Bardenpho system should be avoided as it 

is not always possible to obtain a nitrate-free underflow recycle to the 

anaerobic zone. The Johannesburg system appears to be able to produce a 

nitrate-free underflow recycle to the anaerobic zone for either recycle 

ratios of 1 :1 with TKN/COD ratios greater than 0,07 mgN/mgCOD or for 

recycle ratios of 0,6:1 with TKN/COD ratios of 0,1 mgN/mgCOD. 'Ihe UCT 

system appears to provide the best security for consistently high P 

removals (without the need to reduce the underflow recycle) for TKN/COD 

ratios up to 0,12 mgN/mgCOD. ·In all cases it would seem that the system 

sludge age should not be less than 6 days. 
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5-RECYCLE 

, Fig S.1: Schematic diagram of the Phoredox-A/O system. 

5-RECYCLE 

Fig S.2: Schematic diagram of the Split-feed system without the 
selector reactor. 

Fig S.3: Schematic diagram of the Split-feed system with the 
selector reactor. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

(x) 

a-RECYCLE 

S-RECYQ.£ 

Fig S.4: Schematic diagram of the 3-stage Bardenpho system. 

a-RECYO..E 

5-RECYO..E 

Fig S.5: Schematic diagram of the UCT system. 

5-RECYCLE 

Fig S.6: Schematic diagram of the Johannesburg system. 
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LIST OF SYMBOLS 

Symbol Description 

a mixed liquor recycle ratio from aerobic to anoxic reactors 

a• constant, ranging from 1,145 for a sludge age of 20 days to 1,198 
for a sludge age of 8 days, used to detennine biological excess P 
removal from P release and metabolic P requirements-

A/O Anoxic/Oxic 

AVSS active volatile suspended solids (mgAVSS/t) 

b or b nitrifier endogenous mass loss rate (/d) a n 

~ ~eterotropuc endogenous mass loss rate (/d) 

COD chemical oxygen demand (mg(X)D/l) 

COD chemical oxygen demand of the sludge (mgCOD/t) 
s 

esp stoichiometric ratio (AP:~) 

DO dissolved oxygen coocentration (mgO/t) 

DSVI diluted sh.dge volune index (mt/g) 

f endogenous residue fraction in the steady state model of Marais 
and Ekama (1976) (mgVSS/mgVSS) . 

f active fraction of the sludge mass with respect to volatile 
av 

suspended solids 

fbs readily biodegradable COD fraction with respect to the 

biodegradable COD (fbs = 8bsi/~i) (mgC()D/mgCOD) 

f COD to VSS ratio of the sludge mass (mgCoD/mgVSS) 
CV 

f mlbiodegradable fraction of the heterotrophic cell mass 
e 

(mgC()D/mgC()D) 

f nitrogen fraction of the sludge (mgN/mgVSS) 
n 

f free and saline anmonia fraction of the infliuent TKN (mgN/mgN) 
na 
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f fraction of the organic nitrogen that is particulate (mgN/mgN) nox 

fnu soluble lmbiadegradable fraction of the influent TKN (JQgN/mgN) 

f lmbiadegradable particulate COD fraction of the influent 
up 

(mgC()D/mgCOD) 

f l.Ulbiadegradable soluble COD fraction of the influent 
us 

(mgCOD/mgCOD) 

f anaerobic mass fraction 
xa 

fxbh fraction of the influent COD that is organisms (~COD/mgC()D) 

F /M food to microorganism ratio (mgC()D/mgVSS) 

ixb nitrogen fraction of the active volatile suspended. solids 

(mgN/mgVSS) 

i nitrogen fraction of the inert shdge DllSS (mgN/qtVSS) 
XB 

K first order rate constant for P release .:del of Wentzel et al. 
1984 

K• = equation constant 
K" = equation constant . 

maximum specific adsorbed COD utilisation rate tmder aerobic 

conditions (mgCOD/mgAVSS/d) 

K maximum readily biodegradable substrate utilisation rate 
IDB 

(mgC()D/mgAVSS/d) 

K Monad half saturation coefficient for anmoni.a for the 
na 

heterotrophs (mgN/t) 

Knh Monad half saturation coefficient for anmonia for the autotrophs 

(mgN/t) 

Kno Monad half saturation coefficient for nitrate for the 

heterotrophs (mgN/t) 

Koa Monad half saturation coefficient for oxygen for the autotrophs 

(mgO/t) 

K
0
h Monad half saturation coefficient for oxygen for the heterotrophs 

(mgO/£) 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

(xxxiv) 

K organic nitrogen to anmonia conversion rate coefficient r 
( t /mgVSS/d) 

K half saturation coefficient for readily biodegradable COD 
S 

utilization (mgCOD/t) 

K half saturation coefficient for adsorbed COD utilization tmder x 
aerobic and anoxic conditions (mgCOD/mgVSS) 

LFA lower fatty acid 

m number of data points used in a statistical analysis 

~ODeff mass of COD in the effluent per day (mgC()D/d) 

MJODinf mass of COD in the influent per day (mgCOD/d) 

MJOD mass of COD oxidized per day (mgC()D/d) ox 

!£0Dsl mass of COD wasted in the sludge per day (mgC()D/d) 

Ml.NBS mixed liquor volatile suspended solids (mgVSS/t) 

M( 0 ) mass of oxygen for carbonaceous degradation per day (mgO/d) 
c 

MO oxygen requirements for endogenous respiration (mgO) e 

MO oxygen requirements for nitrification (mg()) 
n 

M(O ) mass of oxygen for nitrification per day (migO/d) 
n 

MO oxygen requirements for synthesis (mgO) s 

total oxygen requirements, MOt = MO + MO + MO (mgO) 
s e n 

total mass of oxygen per day, M(Ot) = M(O ) + M(O ) (lagO/d) c n 

mass of COD entering the system per day (mgC{)D/d) 

active mass of non-polyP organisms in system (mgVASS) 

MX 
v 

mass of total volatile suspended solids in the system (mgVSS) 

n reactor m.unber in a series of anaerobic reactors 

N m.nnber of anaerobic reactors of equal volume in series 
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N reactor nitrate concentration in a single aerobic reactor system 
n 

N nanox 

N ne 

N 
nr 

(mgN/t) 

nitrate concentration in the anoxic reactor (mgN/t) 

effluent nitrate concentration (mgN/t) 

nitrate concentration in the ith reactor 

nitrate concentration in the recycle to the anaerobic reactor 

(mgN/t) 

N nitrogen required for heterotrophic cell synthesis (mgN/i) 
s 

Nte tmfiltered TKN concentration in the effluent (~/t) 

Nti tmfiltered TKN concentration in the influent (mgN/t) 

N0 8 nitrate concentration (mgN/t) 

0 carbonaceous oxygen demand (mgO/t/d) c 

OUR oxygen utilization rate (mgO/t/h) 

P or P0 4 general symbols indicating phOS}ilorus concentration (DCP/t) 

P(metabolic) normal· metabolic P requirement wasted daily in the sludge 
(mgP/t) 

Pupt Jiiosphorus uptake (mgP/t) (a negative value indicates a Jiioshorus 

release) 

P or total system Jiiosphorus removal per litre of influent (mg!>/t) 
rem 

P(removal) 

q volune of mixed liquor wasted per day ( t /d) 

Q influent wastewater flow rate to system (t/d) 

r mixed liquor recycle ratio frcm the anoxic to the anaerobic 
reactors reactors of a UCT system 

R system sludge age (d) 
s 

R minimum sludge age for nitrifiction at 20oC (d) 
BDlzo 
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s sltdge underflow recycle ratio with respect to t.he feed flow rate 

S effluent soluble COD concentration (mgCOD/t) 

Sbi influent biodegradable COD (mgCOD/t) 

8bs · readily biodegradable COD concentration (mgC()D/t) 

Sbsi influent readily biodegradable COD concentration (mgCOD/t) 

8bsi influent readily biodegradable COD concentration available for 

use by the polyP organisms in the anaerobic reactor (aigC()D/t) 

readily biodegradable COD concentration leaving the last of a 

series of N anaerobic reactors (mgC()D/t) 

S
0 

influent COD concentration (mgC()D/l) 

Ste unfiltered effluent COD concentration (IQllCOD/t) 

Sti total unfiltered influent wastewater COD concentration (mgC()D/t) 

SRT solids retention time (d) 

'11<N total Kjeldahl nitrogen (ingN/t') 

UCT Univeraity of Cape Town 

V vohune of aerobic reactor ( l) 
aer 

V mt volune of mixed liquor used in aerobic batch test ( l ) 

v system voluoe ( t) 
p 

V volune of wastewater used in aerobic batch test (t.) 
WW 

VSS volatile suspended solids (mgVSS/t) 

x fraction of the feed entering the anoxic ree.ctor 

-x mean value 

Xn concentration of nitrifiers in aerobic batch test (mgXn/t) 

X volatile suspended solids concentration of the sltdge (mgVSS/t) 
v 
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yield coefficient for autotrophs (mgVSS/mgN) 

yield coefficient for active heterot.roph.ic DBSS (mgVSS/mgC()D) 

maximum specific growth rate of the heterotroJiis (/d) 

maximum specific growth rate of the autotrophs (nitrifiers) (/d) 

maximum specific growth rate of the nitrifiers at 20oc (/d) 

symbol denoting change 

system nitrogen removal, through d.enitrification, per litre of 

influent (mgN/t) 

ph.osph.orus release in the nth anaerobic reactor per litre of 

influent flow (mgP/t) 

fraction of the heterotrophic organism population that is capable 

of using nitrate as a terminal electron acceptor 

qs or a factor that, when mtl.tiplied by the rate of ieydrolysis 

q(solubilization) in an aerobic enviromoent, gives the rate of hJ!drolysis 
under anoxic conditions 

o standard deviation of the sample 

a standard deviation of the~ 
m 

in or inf. 
out or eff. 
1 
2 
3 
4 
sel. 
20 

Additional subscripts 

refers to influent wastewater 
refers to effluent from system 
refers to reactor 1 
refers to reactor 2 
refers to reactor 3 
refers to reactor 4 
refers to selector reactor 
refers to temperature (oC) 
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CHAPI'ER ONE 

INTRODUCTION 

Biological excess P removal activated sludge systems in South Africa have 

been developed to incorporate nitrification and denitrifica.tion. Nitrifica­

tion has always been a requirement of South Africa because 8Dlll0nia in the 

effluent has a toxic effect on higher aquatic life, particularly under the 

high temperatures experienced during the Stlllll)er months. Once nitrification 

is achieved, denitrification not only reduces the nitrate in the effluent 

but has a stabilising effect on the pH changes and is essential in order to 

create the appropriate conditions for P removal. 

Specifically, the conditions that these systems lnust satisfy are, ( 1) near 

complete nitrification, (2) a high level of denitrification, these two to 

be sa~isfied ·under the most adverse conditions, e.g. at the lowest yearly 

temperature and cyclic flow and load conditions, and (3) optimal biological 

excess P removal. To satisfy these conditions, the system must provide 

aerobic, anoxic and anaerobic zones to bring about nitrification, denitri­

fication and phosphorus removal respectively. Research and full-scale 

application have indicated that the mass fractions of shdge allocated to 

the different zones in the system should be approximately 40 to 60 percent 

aerobic, 30 to 40 percent anoxic, and 15 to 20 percent anaerobic and that 

the sludge ages should lie in the range 15 to 25 days for the temperature 

conditions in South Africa. · 

In so far as future wastewater treatment plants are concerned, the nutrient 

removal activated sludge plants have been shown to have the capability of 

producing effluents of such gcxxl qua.li ty that, in most situations, the 

quality criteria set for the effluents can be achieved. Unfortunately, the 

vast ma.jori ty of wastewater treatment plants in South Africa were wilt 

before any requirements on effluent P qua.Ii ty were considered necessary •. 

Most of these plants were based on the trickling filter system of waste­

water treatment; the plants were designed to ni trify but the trickling 

filter system inherently does not possess the capability to remove 

significant amotmts of nitrate or phosphorus. 
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Up to 1985, the existing trickling filter systems for wastewater treatment 

were exempted from satisfying the effluent phosphorus quality regulations. 

Since 1985 these regulations have been applied also to trickling filter 

effluents. Removal of Jiiosphorus from these effluents can be achieved only 

by addition of iron and ah1ninit111 salts. Research at Boksburg (Brod.isch, 

Louw, 1birion and Wiechers, 1985) and NIWR (Brodisch, 1983) has provided 

guidelines for P removal from trickling filter effluents so that the 

problem has found a practical solution. However, removal of phosphorus by 

chemical addition has the disadvantages that the chloride and sul}'.ilate 

concentrations of the discharge are increased and the cost of chemicals is 

high and continuous. 

An alternative approach to deal with P removal in trickling f~lter 

installations is the removal of }ilosphorus biologically in short shdge age 

nutrient removal activated shdge plants that do not nitrify. 'lbe effluent, 

even if of a poor COD qua.Ii ty, then can be passed through the existing 

trickling filter plant where it will be nitrified and the COD quality 

improved to satisfy regulatory requirements. For this specific p.rrpose a 

short sltdge age non-nitrifying P removal activated sludge system was 

proposed by Barnard in 1976 and tenned by him the "Phoredox" system (see 

Fig 2. 4) • However, since the time of his proposal, no concerted. investiga­

tion into this system has been undertaken in South Africa so there is 

virtually no locally generated information on the behaviour of this system. 

In the United States of America, biological excess P removal activated 

sludge systems at short sludge ages have received considerable attentiori 

and have been designated the Anoxic/Oxic (A/0) system. 1be be.sic A/O system 

is virtually identical to the Phoredox system proposed by . Barnard and is 

applicable where nitrification does not occur. Should nitrification take 

place at the short sludge ages, a modified version of the A/O system has 

been proposed which is identical to the 3-stage Modified Ba:rdenpho system 

first proposed by Barnard (1976). 

In America, the Phoredox...,.A/0 system has been investigated at laboratory, 

pilot and full sea.le for sludge ages as low as 2 days-while the Modified 

Bardenpho-A/O system has been investigated at sludge ages.&.rol.md 5 days. 

The American experience indicates that the phosphorus concentrations can be 

reduced to low values in both the nitrifying and non-nitrifying systems and 
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that the settleability of the shdges is very good, all the reported SVI•s 

being less than 100 mt/g. A feature of the operation of these plants has 

been the extremely low tmderflow recycle ratios (0,2:1 with respect to the 

influent flow rate) compared with those employed in biological P removal 

plants in South Africa, (usually 1: 1) • With such low recycle ratios the 

adverse influence on the P removal of nitrate returned in the recycle to 

the anaerobic zone is relatively small and this is probably a oontribJtory 

reason why the American investigators obtained good P removal in Fbored.ox 

systems even when partial nitrification occurred. To operate full scale 

systems at such low recycle ratios, it' is an essential requirement that the 

settling ~haracteristics of the sludge remain very good. Any deterioration 

will demand either higher recycle ratios or settling tanks that are con­

siderably larger. In South Africa, experience with long sludge age nutrient 

removal plants has shown that sludge settleability tends to be poor and it 

would be tmwise to design the plants with underflow recycle ratios less 

than 1:1 (even if the settling tank was made sufficiently large) because of 

problems of sludge loss due to deni trification of the aocuoulated. sh.dge in 

the settling tank. 

One difficulty with the piblished work is that, in all instances except 

one, the influent P/COD (or P/BOD) ratio is much smaller ~ that normally 

enc01mtered in South Africa so that the P removal per influent COD (or 

BOD), ·to achieve a good quality effluent, is well below that required. in 

South Africa. 

From the remarks above it is evident that the results achieved with the 

short sludge age nitrogen and P ~ sy8tems in America do not provide a 

reliable be.sis for the design of similar plants in South . Africa. It was 

decided therefore to inaugurate a sttdy into these short sludge age P 

removal syatems, to assess the response of the systems under non-nitrifying 

and nitrifying conditions, to determine the optimal system configuration(s) 

and operational parameters and to sttdy the settling characteristics of the 

mixed liquor produced in the systems. Ancillary to such a sttdy, the 

response data observed should also provide information against which the 

predictive qualities of the general activated sludge model by Dold, Ekama 

and Marais (1985) and the semi-empirical biological excess P removal model 

of Wentzel, Dold, Ekama and Marais (1984) can be evaluated. 
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CHAPl'ER TWO 

LITERAWRE aJRVEY 

1. BIOLOGICAL EXCESS PHOSPHORUS RFMOVAL IN LONG SLUOOE AGE ACTIVATED 
SllJDGE SYSTEMS 

Very little research has been published on biological excess phosphorus (P) 

removal systems at short sludge ages - the overwhelming mass of research 

has been on long sludge age systems, from 20 to 30 days. The reason for 

this imbalance is to be sot\ght in the South African situation; it is here 

that P removal f O\mcl its first and most urgent need and where the first 

practical system for biological excess P removal was developed. From the 

beginning, the system had to satisfy the requirement that the effluent llUSt 

be nitrified; experimental enquiry showed that nitrate had an adverse 

effect on P removal processes so that denitrification became an essential 

addition to the system. To obtain nitrification, denitrification and excess 

P removal, the system sludge age had to be between 15 and 30 days. 

The requirement that the effluent must·be nitrified in many ways complica­

ted the research into the phenomenon of biological excess P removal and the 

parallel developnent of treatment systems to achieve P removal. Nitrifica­

tion demanded denitrification so that any effort to elucidate the P removal 

phenomena had to contend with the confounding effects of nitrification and 

denitrification, these latter two phenomena being quite canplex in 

themselves. 

Considering the excess P removal phenomena, an acceptable biochemical model 

is now available (Wentzel, Lotter, Loewenthal and Marais, 1986). The 

phenomena is an extremely complex one but the essential features can be 

described as follows: 

( 1) P removal is achieved· through the action of a specific group of 

organisms - the polyP organisms - of which the Acinetobacter spp. are 

the most important. 
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( 2) The polyP organisms have the propensity to sequester and store lower 

fatty acids (LFA) in the poly-p-hydroxybJtyrate (PHB) form. This can 

happen only if the appropriate biochemical state is provided. One such 

state, amongst a m.mber, is of particular interest to us: If the organ­

ism is contacted with LFA in a situation where there is no external 

electron acceptor (nitrate or oxygen) present (anaerobic phase), pro­

vided the polyP organism mass has a reservoir (pool or store) of poly­

phosphate chains, the organism breaks down some of the polyJiiosphate to 

orthophosphate and the energy thus released is employed to convert the 

LFA to PHB which is stored within the organism. The orthophos]ilate 

generated is released to the surrotmding liquid. 

(3) The polyP organisms with their pool of PHB, when brought into the 

presence of an external electron acceptor, nitrate or oxygen (anoxic or 

aerobic phase respectively) but principally oxygen, will utilise the 

PHB for growth and for replenishing the poly}ilosphate pool by 

synthesising and storing poly}ilosphate chains, the phosphorus for this 

purpose being taken from the orthophosphate in the liquid Jiia,se. Thus, 

by passing through phases (2) and (3), there is firstly, a release of P 

and uptake of LFA and secondly, an increase in the polyP organism mass 

and an uptake of P as poly}ilosphate. The increase in the mass of polyP 

organisms (with their store of polyJiiosphate), if wasted will remove an 

, associated mass of phosphate from the liquid phase. In this manner 

there is a net reduction in the P content of the liquid. 

With regard to the activated sludge treatment system in which the excess P 

removal takes place, the following must take place: 

( 1) A mixed liquor stream with its polyP organism mass and the influent 

wastewater stream are discharged into a reactor into which no oxygen or 

nitrate is allowed to enter (anaerobic reactor) • The polyP organism 

mass (with a poly}ilosphate pool) sequesters LFA as described earlier 

and converts and stores it as PHB, releasing orthophosphate (from the 

breakdown of the poly}ilosphate) to the surrotmding liquid, i.e. there 

is an increase in the soluble orthophosphate concentration in the 

anaerobic reactor. The mass of phosphate released is very closely 

proportional to the mass of LFA sequestered. 
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( 2) Most rmmicipal wastewaters have only a small concentration of LFA. 

However, due to the presence of the anaerobic reactor, non-polyP organ­

isms (facultative anaerobic heterotroJiis) develop within the system; 

these can break down the smaller "readily biodegradable" substrate 

molecules to LFA via the process of acidogenesis. Unsettled nn.micipal 

wastewaters in South Africa usually have approximately 20 percent of 

the total influent COD in the readily biodegradable form. 'Ibis 

fraction, converted to LFA via acidogenesis, forms the main supply of 

LFA for Am fonnation by the polyP organisms. The acidogenic organisms 

therefore perf onn an essential ftUlCtion by supplying LFA to the polyP 

organisms. The conversion of biodegradable COD to LFA experimentally 

appears to be in accordance with a first order reaction (Wentzel, Dold, 

Ekama and Marais, 1984) • The first order rate constant is relatively 

small and the acidogenic reaction is much slower than the sequestration 

rate. Consequently the conversion rate is the governing one; any LFA 

f onned is imnediately sequestered so that the mixed liquor in the 

anaerobic reactor usually does not show up any LFA. 

Very little is known of what happens to the more complex (particulate­

type) biodegradable substrate molecules in the anaerobic reactor but 

the indications at present are that the particulate (slowly biode­

gradable) COD fraction is relatively unaffected in the anaerobic zones 

of long sludge age. plants. However, this is an area that is in urgent 

need of further research. 

(3) Entry of nitrate or oxygen (but particularly nitrate) into the 

anaerobic zone acts adversely on the mass of LFA sequestered by the 

polyP organisms for the following reason: Nitrate and oxygen are very 

rapidly used by heterotrophic organisms as electron acceptors in their 

usual metabolic action and readily biodegradable COD is preferentially 

used as an electron donor. 'Ibis metabolic reaction · is an order of 

magnitude faster than the conversion of readily biodegradable COD to 

LFA. Consequently, the store of readily biodegradable COD for LFA 

production is effectively reduced. The net result is that biological 

excess P removal is correspondingly reduced. 'lbe re la ti ve effects of 

nitrate and oxygen are as follows: 1 mg of nitrate (as nitrogen) 
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removes approximately 8,6 mg of readily biodegradable COD whereas 1 mg 

of oxygen removes only about 3 mgCOD. Nonna.lly the oxygen concentration 

in the recycle flow to the anaerobic reactor will not be more than 2 

mg/I., that is, 2 x 3 = 6 mg/I. of readily biodegradable COD is removed 

per litre of influent flow if the recycle ratio is 1:1. In nitrifica­

tion/denitrification plants treating influents with high TKN/COD ratios 

( 0, 09 mgN/mgCOD or greater) , the nitrate in the recycle may exceed 5 

mgN/I., that is, the nitrate will remove 5 x 8,6 = 43 mgCOD. This 

example shows that in nitrifying plants the nitrate can have a 

dominating effect on P removal if allowed to discharge to the anaerobic 

reactor. 

( 4) After the HID has been stored by the polyP organisms in the anaerobic 

reactor, the mixed liquor passes to a reactor where an external elec­

tron acceptor (either nitrate only or oxygen plus nitrate) is added. 

Both the polyP and non-polyP organisms use these acceptors for energy 

generation to perform their respective biological f\Dlctions: the polyP 

organisms for growth and polyphosphate storage using the stored RIB as 

an electron donor; the non-polyP organisms for growth using readily 

biodegradable COD (remaining after sequestration) and slowly biode­

gradable COD. Only a fraction of the polyP organisms can utilise 

nitrate so that, in a reactor where nitrate is the only electron 

acceptor available (anoxic reactor), relatively little phosphorus is 

taken up. However, in the anoxic reactor, the non-polyP organisms 

utilise the nitrate, usually at quite a rapid rate. The mixed liquor 

flow then passes from the anoxic reactor to one that is aerated, (or 

passes directly from the anaerobic reactor to the aerated reactor). In 

the aerobic reactor, the oxygen supply will be used by the polyP 

organisms for growth and polyphosphate accl.DllUlation using the stored 

PHB as an energy source; the non-polyP organisms grow normally from the 

biode-gradable material still remaining from the influent and generated 

by death of the organisms. 

(5) Nitrifying organisms are obligate aerobes and these will develop in the 

aerobic zone to convert BD1DOnia to nitrate, provided the aerobic organ­

ism retention time (or sludge age) is long enough. 
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Once one appreciates the behavioural patterns described above, it is under­

standable why in South Africa the research has been so greatly occupied in 

devising systems that would: 

(a) have adequate aerobic shdge age to give continuously high efficiency 

of conversion of organic nitrogen and free and saline 8lllll0nia to 

nitrate under the most adverse conditions to be enc01mtered, i.e. low 

temperatures, cyclic flow and load conditions and low maxiatm specific 

nitrifier growth rates, 

(b) ensure, as effectively as possible, that no nitrate or oxygen enters 

the anaerobic zone. 

Nitrification always can be assured by increasing the aerobic sltdge age 

and accordingly system sh.dge ages of 30 days with aerobic sltdge ages of 

about 15 days have been required in some plants. 

Devising a system to provide a nitrate free discharge of aixed. liquor to 

the anaerobic zone has been much more difficult; either the nitrate in the 

whole system has to be reduced to very low 00ncentrations or the nitrate in 

the recycle to the anaerobic zone has to be selectively reduced. These two 

options directed much of the system developnent that took place: 

( 1) The 5-stage Bardenpho system in effect constitutes the outcome of an 

attempt to reduce the nitrate concentration in the whole system to 

negligibly small concentrations. The system (see Fig 2.1) has two 

anoxic zones.with a recycle from the aerobic to the first or primary 

anoxic zone (a-recycle). The major fraction of nitrate formed in the 

aerobic zone is recycled and deni trified. in the primary anoxic zone. 

The be.lance is denitrified when passing through the secondary anoxic 

zone leaving a substantially nitrate-free liquid to be discharged. in 

the effluent or recycled, via the settling tank underflow, to the 

anaerobic reactor. 

Experimental enquiry into the denitrification ca]lBCities of the anoxic 

zones soon showed that, if the TKN/COD ratio in the lDlSettled influent 
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ex~ about 0,09 m,gN/mgCOD, it 'W8.S not possible to proportion the 

anoxic zones such that all the nitrate could be removed, in which event 

nitrate was recycled to the anaerobic reactor bringing about a reduc­

tion in excess P removal. The mass of nitrate recycled to the anaerobic 

zone could be decreased by reducing the tmderflow recycle flow with 

respect to the mean influent flow. Unfortunately, in rutrient removal 

activated sludge plants, it was found not to be possible to have low 

recycle ratios of say 0,25:1 for the following reasons: 

Nutrient removal plants tend to give rise to bulking sludges, often 

with Diluted Sludge Volume Indices (DSVI•s) of 160 ml./g or higher. 

With such high DSVI • s, sludge 8.0Cl.mlulation in the settler can be 

large and, if nitrate is present, denitrification develops in the 

accumulated sludge mass causing the sludge to rise in the settler 

and to discharge in the overflow. To minimise sludge aocunul.ation 

and its associated effects, it has been necessary to use relatively 

high underflow recycle ratios - ratios of 1:1 are ver-y carmon. These 

high recycle ratios have had important implications on the use of 

the Modified Ba.rdenpho system - once the TKN/COD ratio exceeds about 

0,09 mgN/mgC()D, it is no longer possible to have zero nitrate in the 

underflow; in effect the system is no longer viable for removing 

phosphorus. 

An improvement on the 5-stage Bardenpho system, which retains the high 

underflow recycle ratio but makes use of selective removal of nitrate 

in the underflow stream, has been proposed by th~ Johannesburg City 

Council Research Group: the secondary anoxic zone in the Bardenpho 

system is removed and positioned in the underflow recycle stream (see 

Fig 2. 2) . By doing this, the mass of nitrate that needs to be reduced 

to give zero nitrate discharge to the anaerobic reactor is half of that 

required to be reduced in the anoxic zone of the normal 5-stage 

Ba.rdenpho system because, in the latter, twice the flow (end hence 

twice the nitrate mass) passes through the secondary anoxic zone. In 

the Johannesburg modification, only the nitrate in the recycle stream 

needs to be reduced. 1his modification is of recent origin and the 

~lications have not been fully investigated. However, an existing 
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Bardenpho system has been altered to operate with a Johannesburg 

modification, and the results show a pranising improvement in p 

removal. 

(2) The u:T system was developed specifically to remove nitrate selectively 

from the recycle flow to the anaerobic reactor (see Fig 2. 3) • The 

secondary anoxic zone in the 5-stage Bardenpho system is omitted and 

the anoxic mass fraction of this zone is added to the first anoxic 

zone. The nitrate in the \.Ulderflow recycle is directed to the first 

anoxic zone. By controlling the internal recycle (a-recycle) from the 

aerobic to the anoxic zone J the anoxic zone can be loaded just to its 

denitrification cape.city so that the nitrate in this reactor is main­

tained near zero. An additional recycle is incorporated conveying mixed 

liquor from the anoxic · to the anaerobic reactor ( r-recycle) • In this 

manner, zero nitrate discharge to the anaerobic zone can be assured for 

TKN/COD ratios as high as 0, 12 to 0, 14 mgN/mgCOD for raw sewage 

influents. The system has the disadvantage of an extra recycle and, 

because the mixed liquor concentration in the r-recycle will be half of 

that in the underfle>W of the 5-stage Bardenpho systan for the same 

recycle ratio, to obtain the same anaerobic mass fraction the volL&e of 

the anaerobic reactor needs to be twice as large as that in the 

Modified Bardenpho system. 

The systems described above are the ma.in ones that have been developed to 

achieve biological excess P removal in plants that are required to deliver 

nitrified effluents. It is clear that the principal problem in the develop­

ment of P removal systems has been to find effective means of minimising or 

completely eliminating nitrate discharge to the anaerobic reactor. 

2. 1 Modelling of the response of long slajge age biolo&ical excess P 
removal svstems 

Modelling the response of nutrient removal aeti vated sludge plants has 

proceeded along two parallel paths. The first pe.th was to model the 

resp:>nse of the heterotrophic mass with respect to oxygen utilization, 

organism growth, endogenous deca.y etc. , assuning the polyP organism mass 
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behaves identically to the nonnal heterotrophic organism mass. Dold, Ekama 

and Marais ( 1980) , Van Haandel, Dold and Marais ( 1982) and Dold and Marais 

( 1985) contributed to the developnent of a general lllOdel describing the 

behaviour of the heterotrophic and autotrophic organism masses in activated 

sludge systems containing anaerobic, anoxic and aerobic zones. Applying 

this model to the Bardenpho and UCT systems has, in the past, given accept­

ably close correspondence between predicted and observed behaviour. 1be 

reason why the model can be applied to these systems is that the fraction 

of polyP organisms is relatively small compared with that of the non-polyP 

organisms so that the sludge production, oxygen utilization and other 

heterotrophic behavioural responses are dominated by the non-polyP organism 

mass. However, this approach does not allow estimation of the P removal 

behaviour. 

1be second path was to model the P removal behaviour semi-empirically, from 

the tmderstand.ing of the P removal processes, and to graft these behaviour­

al patterns onto the behavioural patterns described by the general model. 

This required calibration of the P removal model using the de.ta on P 

removal observed on long sludge age P and nitrogen removal plants. Within 

the range of sludge ages investigated, the P removal model (Wentzel et al, 

1984) appeared to work very satisfactorily and it is still used for design­

ing the P removal aspect of nutrient removal plants. It is important to 

remember however that the P removal model should be applied only within the 

range of sludge ages within which the model has been tested, that is, 

sludge ages greater than 8 days. 

2. BIOLOGICAL EXCESS moSPHORUS REMOVAL IN SHORT SUJOOE AGB ACTIVATED 
SllJDGE SYSTEMS 

In Section 1 it was shown that the system configurations developed. for 

biological excess P removal have been strongly influenced. by nitrification. 

If nitrification is not required, the need for anoxic zones (to denitrify) 

and for long sludge ages to ensure nitrification falls away. These aspects 

were recognised by Barnard ( 1976) who suggested that, if the system sh.dge 

age is shortened sufficiently to prevent nitrification taking place, the 

system configuration reduces to an anaerobic reactor, receiving the 
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influent end tmderflow recycle, followed by an aerobic reactor (see Fig 

2. 4) • He named this system the Phoredox system, Al though proposed concept­

ually in 1976, no experimental uni ts have been set up in South Africa to 

test the viability of the system. 

Tinmermen ( 1979) proposed a system, essentially the same as the Phoredox 

system, which she designated the Anoxic/Oxic or A/O system. 'lhe basic A/O 

configuration is identical to that of the Phoredox but, with the A/0, it is 

specifically proposed that the anaerobic end aerobic zones are partitioned 

to give a series reactor configuration that approaches plug-flow 

conditions. 

Timnermen operated a laboratory sea.le A/O system with an anaerobic mass 

fraction of 0,375 (5 stages), an aerobic mass fraction of 0,625 (5 stages), 

and an underflow recycle ratio of 0, 3 with respect to the influent flow 

rate. The system sludge age ~ not reported. rut, since the system 

apparently did not nitrify, the sludge age 11L1St have been "short". 1be 

influent to the system was primary clarifier effluent from the Allentown 

(Pennsylvania) sewage treatment plant. 

1be information in the paper regarding the influent characteristics and the 

operational procedures is incanplete. In addition, the parameters on which 

the performance of the system is assessed differ from those used by South 

African researchers which makes parallel assessment impossible. For example 

the readily biodegradable COD fraction in the influent, which forms a vital 

part of the theories of both polyP and non-polyP organism growth, receives 

no attention. 1bere is also clearly an error in the influent COD and/or BOD 

reported so that it is not possible to determine the P/CX>D ratio of the 

influent. 

Notwi that.anding the deficiencies noted above, there is some interesting 

qualitative information in the paper: COD, BOD and soluble P profiles were 

taken along the flow axis of the reactor series. These indicate a "soluble" 

COD/BOD reduction in the anaerobic reactor with a concami tant increase in 

the soluble phosphorus content. 1be P release appears to show first order 

kinetic behaviour. In the aerobic zone there is a rapid reduction of the 
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soluble phosphorus to virtually zero by the third of the five stages. Bot 

the P release and P uptake processes appeared to be fairly rapid. '!'he 

system was started with no seed sltdge and the P release and uptake 

phenomena developed gradually, finally achieving stability after about 12 

weeks. The author found that, if nitrate was introduced into the anaerobic 

zone, the magitltud.e of the P release and the subsequent P uptake decreased. 

'!'he sludge settleability was excellent with SVl's averaging below 50 mt/g. 

The pe.per by Tinmerman is significant in that it indicates, however 

qualitatively, that biological excess P removal is achievable in short 

sh.dge age plants. Furthermore, the observations also confirm the ear lier 

findings in South Africa (Berna.rd, 1976) that nitrate has a detrimental 

effect on the P removal processes. 

Subsequent to Tinmerman • s work, pilot scale investigations were conducted 

by various researchers at Air Products and Oiemicals, Inc. (the same 

company that supported Tinmerman • s study) • On-site, trailer-•>lmted A/O 

uni ts were tested using wastewaters fran treat.ment plants in Bal timare by 

Deakyne, Patel and Krichten (1984), in largo by Hong, Krichten, Kiesnbauer 

and Sell ( 1982) and in Bath and Rochester by Hong, Spector, Galdieri and 

Seebohm (1983) •. All the pilot plant tests were :nm in a non-nitrifying mode 

with reported sludge ages ranging fran 2, 0 to 2, 4 days. At Rochester, the 

system was also nm in a nitrifying mode at a sltdge age of 4,9 days. 'lbe 

influent characteristics, system parameters and effluent characteristics 

are suunarised in Table 2.1. '!'he procedures used for setting up and main­

taining the reported sludge ages are not described. It appears that the 

sludge was withdrawn fran the underflow recycle stream and apparently 

hydraulic control procedures were not followed. '!'he wastewater strength was 

measured in terms of BOD •• 

In order to find some comparative measure with the South African research 

work, the influent BOD was converted to COD by accepting the following 

approximations: 

COD (\lllSettled) = 2 x BOD (l.UlSettled) 

COD (settled) = 1,8 x BOD (settled) 
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This allowed the P/COD ratios of the influent to be detennined (see Table 

2.1) • Compared with municipal flows in South Africa, the P/COD ratios of 

the Rochester and Baltimore flows were low and that of Bath extremely high. 

In South Africa, the P/COD ratio of the influent will range between 0,015 

to 0,020 mgP/mgCOD for unsettled municipal effluents and 0,020 to 0,025 

mgP/mgC()D for settled effluents. The South African experience with regard 

to P removal is that for anaerobic mass fractions of 0,15 and greater, 

~P/influent COD ranges from about 0,015 mgP/mgCOD with unsettled influent 

COD•s of 200 mgCOD/i to 0,020 mgP/mgCOD with unsettled influent COD•s of 

1000 mgCOD/t. Experience has also indicated that with shorter sludge ages, 
the LU>/influent COD tends to be higher. In the light of these observations 

and examining Table 2.1, it would seem that, except for the Bath study, the 

P/COD ratios of the influent flows were too low to test the P removal 

potential of these systems - the low effluent P concentrations obtained are 

not tmexpected. 

'lhe Bath pilot plant sttdy appears to be the most valuable in terms of the 

P removal capacity of a short sll.dge age A/O system. 'lhe unit was fed with 

wastewater from the Mtmicipeli ty of Be.th containing a significant portion 

of industrial waste which was high in Jiiosphorus. Accordingly, the influent 

to the unit contained 20 mgP/t (total P) and 13 mgP/e (soluble P). 1he 

system, while operating under non-ni trifying conditions with a 33 percent 

anaerobic mass fraction, was able to remove 8,6 mgP/t (soluble P). In terms 

of P removal per influent COD, the tmit removed 0,028 mgP/mgC()D which is 

high canpa.red with the more usual value of 0,015 to 0,020 mgP/mgC()D 

achieved in long sludge age plants in South Africa. At the Patapsco waste­

water treatment plant in the City of Baltimore, studies were conducted on 

the effect of cyclic flow conditions. 'lhe pilot plant was operated under 

two modes of diurnal flow variation; the first was to simulate the average 

flow conditions with daily fluctuations of 79 to 130 percent and the second 

was to simulate the flow variations obtained in the month with the Illa.Xi.arum 

flow, i.e. flows from 104 to 173 percent. The system was :nm with a low 

underflow recycle ratio (0,32 and 0,42) for the two mod.es respectively. The 

sludge acctmrulated in the settler during the high flow period so that there 

was a variation of MI.NSS concentration in the system and because the BOD 

concentration of the wastewater during the high flow period was higher than 

during the low flow period, an even larger variation in the F/M ratio of 
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the sh.dge in the reactors. To equalise the F /M ratio, the underflow 

recycle ratio was increased during the period of high flow and reduced 

during the period of low flow. Without going into detail, the P and BOD 

removals appeared to have about the same efficiencies under constant and 

cyclic flow and load conditions. 

1he effect of low temperatures on biological excess P removal using auto­

mated batch fill and draw tmi ts is reported by Hong et al. ( 1982) • 'Ihe 

principal point of interest here is that P removal was not adversely 

affected by low temperatures, indeed, the authors note that the P removal 

improved when the temperature decreased. fran 10 to 5oC. Whether the same 

behavioural pattern would be exhibited in continuous feed systems is a 

matter for speculation. 

Based on the results of pilot plant sttrlies, large scale plant 

investigations were conducted at Largo (Kricbten and Hong, 1981) and 

Pontiac (Kang, Horvatin and Briscoe, 1985) by converting sections of exist­

ing plants. 1he investigation inchded operation under non-ni trifying and 

nitrifying/denitrifying conditions. 

1he Largo plant configuration consisted of a 5-stage '\Dierated section and 

a 5-stage aerobic section. To obtain deni trification, 3 unaerated zones 

were ·made anaerobic (anaerobic mass fraction of 0, 19) , the remaining two 

were made anoxic ( anoxic mass fraction of 0, 19) and an inter . reactor 

recycle was introduced fran the last aerobic reactor to the first anoxic 

reactor. No information is supplied on the underflow or inter reactor 

recycles or on the system sludge age. 1he study is very poorly reported. 

Because of the incomplete nature of the information, there is little 

conment, of a quantitative nature, that can be made. Qualitatively, under 

both non-nitrifying and nitrifying/denitrifying conditions, the plant 

removed the phosphorus in the influent effectively and produced. good 

settling sludges. 

A full-scale demonstration of a nitrifying A/O system was conducted. by Kang 

et al. (1985) at Pontiac (Michigan) for two JXlll>OSes; firstly, to determine 

the effect on P removal of nitrate in the recycle, and secondly, to 
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investigate full scale operation in a cold climate. The plant was first run 

tmder nitrifying conditions and then under non-nitrifying conditions. The 

performance of lx>th modes of operation are StmDarised in Table 2.2. Kang et 

al. maintain that, under nitrifying and non-nitrifying conditions, the P 

removal of the system was good, the nitrate in the' recycle stream had no 

effect on the P removal and that the cold climate had no evident 

detrimental effects on the system behaviour. It is difficult to assess 

whether the nitrate did in fact effect the P removal because; (i) influent 

wastewater had a low '!'KN/COD ratio (approximately 0,075 mgN/mgCOD) and a 

low P/COD ratio (approximately 0,016 mgP/mgC()D), (ii) no recycle ratios are 

reported, and (iii) tmder nitrifying and non-nitrifying conditions, the P 

removal per influent COD was low (0,013 and 0,012 mgP/mgCOD respectively). 

2.1 General discussion and conclusions 

From a review of the literature on short sl\dge age Phored.ox-A/O systems, 

the following points merit cooment: 

( 1) 1be A/O system operating in the non-ni trifying mode appears to give 

adequate P removal at sh.dge ages as low as 2 days with approximately 

25 percent anaerobic and 75 percent aerobic mass fractions. At these 

low sl\dge ages, the anaerobic and aerobic mass fractions appear to be 

adequate to allow all the P release possible in the anaerobic phase and 

all the P uptake possible in the aerobic Jiiase. These response patterns 

imply that the rates of the biochemical reactions in these processes 

are fairly rapid. 

( 2) In all the systems the sl\dge settleabili ty appeared to have been 

excellent, the mean SVI's reported ranging from 38 to 75 mt/g. 

( 3) 'Die tmderflow recycle ratios were all very much EIDBl.ler than those 

employed in South Africa, ranging from 0,15 mini.nn.o to 0,42 JDBXimum 

whereas in South Africa a recycle ratio of 1 or higher is the norm. The 

reason why the low recycle ratios were successful undoubtedly Ja1St be 

ascribed to the good settleability of the sludge. In South Africa, 

Diluted Sludge Volune Irdices of 150 mt/g and higher are not uncamK>n 

for long sltdge age nutrient removal plants. With such poor settling 
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sludges in settling tanks designed. to the normal IFC criteria, 

densification to the concentrations required with recycle ratios of say 

0, 2 is not likely to be achieved before the settled shdge b.iilds up to 

the overflow level. The si tue.tion is relieved partially by having 

higher recycle ratios and deep settling tanks. With our present state 

of knowledge, it would seem rather risky to assume that these short 

sludge age plants always will produce good settling sludges. 

(4) A further point that becomes evident in the sttrly is the effect of low 

recycle ratios on the response of short sludge age plants under cyclic 

flow and load conditions. These plants may have naninal hydraulic 

retention times of 4 hours or less. Under cyclic flow conditions and 

with low underflow recycle ratios, there will be an appreciable shift 

of the sludge mass between the reactor system and the settling tank 

causing a possible loss of efficiency in P removal over parts of the 

cycle and putting undue load on the settling tank. It would seem that 

with low underflow recycle ratios, it is necessary to operate the 

system with different recycle ratios at different parts of the cycle in 

order to have greater equality in the loading on the sludge and on the 

settling tank. Once one accepts that· greater recycle ratios are 

necessary over parts of the cycle, there is merit, fran a practical 

aspect, in investigating the system under a continuous higher recycle 

ratio. Low recycle ratios would have the advantage in short sludge age 

ni trifying systems that less nitrate is transported to the anaerobic 

reactor and therefore the adverse effect of nitrate on the P removal 

would be reduced rut again, the effect of cyclic loading is not so 

clear. The short sludge age studies reported here do not aive 

sufficient inf o:noation on the response behaviour to follow with con­

fidence their views on low underflow recycle ratios. 

In the long sludge age systems the nominal hydraulic retention time may 

be up to 20 hours; this, combined. with the normal high underflow 

recycle ratios, greatly reduces the shift in loading on the sludge and 

also the mass of sludge to be stored in the settling tank. Thus, by 

shortening the sludge age, aspects that are of little consequence at 

long sludge ages become of significant importance at short sludge ages. 
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The general conclusion from this review is that short sludge age P removal 

systems have potential as a viable and practical system but that further 

study is required to obtain quanta ti ve and qualitative information on the 

following aspects: The effect of the anaerobic, Blloxic and aerobic mass 

fractions on P removal, nitrification, denitrification, sludge settling and 

effluent COD quality over a rBJ'lge of short sludge ages from 6 days down to 

say 2 days; the response of the plBllts llllder higher recycle ratios and 

cyclic flow and load conditions. 
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Fig 2.1: Schematic diagram of the 5-stage Barden}ilo system. 

5-RECYCLE 

Fig 2.2: Schematic diagram of the Johannesburg system. 

a-RECYCLE 

S-RECYCLE 

Fis 2.3: Schematic diagram of the ta system. 

5-ffECYCLE 

Fig 2.4: Schematic diagram of Phoredox-A/O system. 
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CHAPI'ER THREE 

EXPERIMENTAL PR0CEDURF.s AND APPARATUS 

1. INTRODUCTION 

In this chapter, the experimental procedures, apparatus and analytical 

methods employed in the investigation are set out in some detail, particu­

larly so because it may assist investigators doing further research in this 

area. 

2. EXPERIMENTAL DESIGN 

Prior to this investigation, very little work had been reported on excess P 

removal at short sludge ages and therefore, at the outset of the project, 

it was not possible to devise a detailed experimental design. Rather, it 

was decided, to commence with a simple system and from the observations and 

analysis of these, to modify the system accordingly • 

. Due to the initial paucity of understanding of process behaviour at short 

sludge ages, it was decided to have a comprehensive testing program that 

also included parameters not overtly associated_ with excess biological P 

removal. With further understanding of the processes, these parameters may 

be found to be of importance. 

3. EXPERIMENTAL APPARA'IUS 

In the design of all the equipnent, emphasis was placed on simplicity, 

durability and ease of dismantling for cleaning and maintenance. 

3.1 Reactors 

Reactors were constructed from 115 11111 diameter perspex tubes with a maximum 

volume of 3t. A typical design for a reactor is shown in Fig 3.1. 

The mixed liquor in the reactor was kept thoroughly stirred by means of 

perspex paddles mol.mted along the length of a stainless steel shaft. The 

shaft was driven by en electric motor fixed to the lid of the reactor. The 

motor was a brushless 115V AC motor equipped with an integral gearbox to 

give an output of 30 r.p.m. The size and position of the paddles were 
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chosen to give complete mixing, independent of the bubble aeration mixing 

effect in the aerobic reactors, without causing turbulence on the surface 

of the mixed liquor. Each reactor· was fitted with two vertical baffle 

plates, mounted on the inside of the perspex tubes, to improve the mixing 

action by preventing the fonna.tion of a vortex. 

The reactor cover plate was removable for cleaning purposes and was provi­

ded with a 40 DID diameter access port for sampling, cleaning and inserting 

dissolved oxygen or pH probes. When a reactor served as an anoxic or 

anaerobic zone, the access port was sealed with a rubber bung. 

The inlet and outlet ports were located at the bottom of the reactor, and 

consisted of 10 nm internal diameter perspex glass tubes glued over 10 DID 

holes drilled through the base plate. The outlet port was cormected to an 

inverted U-tube, the height of which could be adjusted to control the 

liquid voltnne in the reactor. 

Aeration was through porous stones, of the type normally used in fish 

tanks, attached to a perspex tube passing through the top cover; it could 

be lowered or raised to any depth of inmersion. Air to the airstone 'W8S 

from a low pressure line supplied by a large compressor. 'lhe flow rate to 

each reactor was controlled by a fine needle-valve to maintain the 

dissolved oxygen (D.O.) concentration greater than 3 mgO/f.. 

In the latter part of the investigation, a selector reactor was added to 

the system. This was constructed from 60 millimetre diameter perspex tubing 

and had a volume of 350 ml!. The inlet to the reactor was in the baseplate 

while the outlet pipe was at a fixed height in the sidewall of the reactor. 

Vigorous stirring was provided by a single paddle driven at approximately 

120 r.p.m. by a 220V AC motor. An airstone was built into the base of the 

selector such that the top of the airstone was level with the bottom of the 

reactor. 

The reactors were mounted on a vertical board which was held in a frame on 

roller wheels, thus allowing the unit to be moved to any convenient place 

in the laboratory. Each reactor was set with its overflow point higher than 

that of the receiving reactor so that the reactors discharged under gravity 
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from one to the other. A large shallow galvanised metal tray, extending 

beyond the reactor installation, was positioned below the units in order to 

catch and retain any sludge spilled due to blockages, split pipes or broken 

connections. Any sludge spilled was aerated and returned to .the system. 

The units were operated in a temperature controlled laboratory at 2ooc. 

3.2 Settling tank 

The settling tank was constructed from 80 nm diameter perspex tube, as 

shown in Fig 3.2. The settling tank was mounted on a wooden holder and set 

at an angle of 60<> to the horizontal. The mixed liquor inlet and the under­

flow recycle outlet were located opposite each other at the bottom of the 

settler and were set at 90o to each other. The effluent outlet was located 

near the top of the settler tube. 

To prevent sludge from adhering to the sides and bottom of the settler and 

to prevent the sludge from settling into a solid mass, two wiper blades 

were attached to a central shaft to sweep the sides and the bottom at any 

desired interval. The shaft was driven at a speed of 1,33 r.p.m. by a 220V 

AC electric motor and, by connecting the motor to an on/off electronic 

timer, the frequency of on and off times could be set as desired. The usual 

setting was one revolution of the wiper blades every 3 minutes. 

3.3 Pumps and tubing 

The feed and recycle pumps were of the peristaltic type developed in the 

University of Cape Town, Civil Engineering workshops: Four vertical rollers 

were driven by a 0, 5 kW brushless 115V AC motor. The pumping action was 

provided by stretching tubes horizontally across the rollers. The pumps 

could acconmodate up to eight channels and, by adjusting the tension on the 

tubing, it was possible to obtain the same flow rate in each channel. 

Experience had shown that, once set, the flows remained constant for a 

considerable time. The pump tubing was periodically checked and replaced. 

By driving the pump through an on/off electronic timer, the daily flow 

rates could be set very accurately. 

For the connections between the reactors, settler, feed container and re­

cycle pump, tubes of soft transparent plastic were used. Tube lengths were 
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kept to a mininn..un to reduce the retention time in them, thereby minimizing 

any bacterial reaction occurring outside the reactors. The diameter of the 

tubes was chosen such that the mixed liquor flow rate was high enough to 

prevent sludge settlement. It was important to have soft tubing so that 

regular cleaning of wall growths could be carried out by squeezing the 

tubing. 

3.4 Daily feed container 

The daily feed container was made from a length of 310 nm diameter plastic 

pipe with a flat base glued to it. It had a maximum capacity of 35 litres. 

An outlet was located close to the bottom of the container. A 10 r.p.m. 

motor, mounted on a cross-member resting on top of the container, drove a 

paddle in the wastewater. By trial and error selection, the .paddle size was 

found which kept the solids in the wastewater in suspension but provided no 

visible turbulence on the surf ace. To prevent oxygen entering the feed 

liquid, a cover of expanded styrene was floated on the container contents. 

Both the hole in the cover for the shaft and the gap between the cover and 

the container wall were kept as small as possible. To minimise biological 

degradation of the influent feed, the container was placed in a large chest 

refrigerator which maintained the temperature of the influent between 5 and 

soc. The feed container and the cover were washed daily .with hot water to 

remove any growth adhering to the sides. 

4. EXPERIMENTAL PROCEDURE 

4.1 Wastewater collection and storage 

The activated sludge was fed with raw (unsettled) sewage from the 

Mitchell's Plain Sewage Works near Cape Town. The wastewater to this plant 

is primarily of domestic orgin. A major advantage in using this wastewater 

was that the sewer network is new so that infiltration during the rainy 

season was negligible. Consequently, dilution of the influent wastewater 

during rainy periOds was minimal. The unsettled wastewater was collected in 

a 1000 litre tanker every 10 to 14 days. It was collected between 12h00 and 

14h00 in order to provide a COD concentration of approximately 1200 mgC()D/l 

and a TKN/COD ratio of approximately 0,1 mgTKN/mgCOD. Experience had shown 

that in the early morning the TKN/COD ratio reached values as high as 0,185 

mgTKN/mgCOD while in the late afternoon it dropped to 0,075 mgTKN/mgC()D. 
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It was found that the tanker must be . thoroughly washed before collecting 

the wastewater; any sewage left in the tank fermented and innoculated the 

new batch so that there was accelerated loss of COD during storage in the 

cold room. 

At the laboratory, the wastewater was gravity fed through a fine macerator 

into 400! stainless steel tanks kept in a cold room at 4oc. In order to 

ensure.the same constitution in each tank, the filling hose was moved from 

one tank to the next approximately every ten minutes. 

The wastewater was collected a couple of days before the previous supply 

was exhausted. This enabled the COD and TKN concentrations of the new 

sewage to be analysed before use. Before any sample or daily feed was taken 

from a tank, the contents of the tank were thoroughly mixed with a mixer 

consisting of a large diameter wooden disc fixed at right angles to a long 

steel rod. 

4.2 Feed. preparation 

At a set time each day, the contents of a chosen tank were thoroughly mixed 

and a calculated vol\.llle of wastewater was drawn off through a tap at the 

base of the tank. The wastewater was sieved through a coarse wire mesh to 

remove any large solid objects and then diluted to the required COD by the 

addition of tap water. 

SodilDll bicarbonate was added for pH control; the amomlt of bicarbonate was 

determined by trial and error and ranged between zero and two flat tea­

spoons per 25t of feed. 

The Mitchell's Plain wastewater contained insufficient phosphorus for the 

nature of the experimental work. The wastewater was therefore supplemented 

with a solution .of di-potassium hydrogen orthophosphate ( 32 g/ t ) • The 

volume added varied with the system tmder investigation but ranged from 20 

to 50 ml per 25t of feed. 

The contents of the feed solution were thoroughly mixed and a 200 mt sample 

was extracted from the middle of the bucket. Two drops of 8,6 g/E mercuric 

chloride were added to the sample to halt all bacterial action. The sample 
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was then stored in the refrigerator for testing the following day. The feed 

itself was transferred to the feed container . 

.4.3 Sampling 

The effluent from the laboratory unit was collected in an open bucket. 

Before 8811lpling, the contents of the bucket were stirred with a wooden rod 

to give a representative effluent sample. A 200 mt sample was extracted 

from the middle of the bucket and filtered through What.man's No .1 filter 

paper. Two drops of mercuric chloride were added to the filtrate. 

At the outset of the investigation, mixed liquor samples were pipetted 

directly from the reactors. The pipette tips were filed down in order to 

widen the entrance thereby eliminating filtering effects. In all previous 

work carried out in the Water Research laboratory, no problems were 

encountered with this procedure. However, with the first system under 

investigation, poor consistency was obtained with volatile suspended solids 

(VSS) measurements. An alternative sampling procedure was tried whereby the 

sample was collected from the inverted U-tube (for details see below). This 

procedure resulted in more consistent and slightly higher values in the VSS 

determination and therefore was adopted for the remainder the investiga­

tion. 

The detailed reactor sampling procedure was as follows: A centrifuge tube 

was brushed and rinsed with 'Water. Two drops of 8,6 g/t. mercuric chloride 

solution were added to the tube. About a quarter of the mixed liquor in a 

particular reactor was allowed to flow out through the level controller 

into a storage container in order to clear the tubes of any settled shdge. 

The centrifuge tube was then filled, through the level controller, to a 

mark indicating 100 mt of sample. The shdge discharge in. the storage con­

tainer (to clear the tube) was then returned to the reactor and the level 

in the reactor was made up with effluent. The sequence of sampling of the 

reactors was from the downstream reactor in an upstream direction. After 

samples from all the reactors had been taken, the centrifuge tubes were 

centrifuged at 2000 r.p.m. for a minimum of 20 minutes. The supernatant was 

drawn off, VBCU\.IR filtered through What.man's No.I filter paper and ,stored 

for testing. The compacted solids in the centrifuge tube were washed into a 

porcelain crucible with distilled water from a squeeze bottle in prepara­

tion for the MLVSS test. 
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4.4 Experimental tests 

The samples extracted from the reactors and the effluent bucket, together 

with the influent sample taken the previous day and stored overnight at 

about 5°C, were tested for the parameters listed in Table 3.1. 

All the tests, except the DSVI, were perfonned daily. The frequency of the 

DSVI test depended on the settling behaviour of the sludge but ranged from 

once a day to once a week. 

Determinations of the COD, TKN and MLVSS concentrations were in accordance 

with the procedures laid down in "Standard Methods for the Examination of 

Water and Wastewater", 16th Fdition (1985). Nitrate concentrations were 

determined by auto-analyser in accordance with the Industrial Methods 33,68 

and 35, 69 W test techniques as set out in the Technicon Auto-analyser 

methodology. Mixed liquor pH was measured with a Radiometer type 80 pH 

meter. Dissolved oxygen concentrations and oxygen utilization rates (OUR) 

were measured with a Yellow Springs Instrument Co. probe and meter connec­

ted to a Phillips chart· recorder. The OUR's were measured. in the aerobic 

reactors as follows: With the feed rate continuing as nonnal, the dissolved 

Table 3.1: Parameters measured in influent, reactor and effluent samples. 

Samples 
Parameter Unfiltered Unaerated Aerated Filtered 

Influent reactor reactor effluent 

COD ./ ./ 

'mN ./ ./ 

MLVSS ./ ./ 

Total Ji>.osphorus ./ ./ ./ ./ 

OUR ./ 

pH ./ ./ 

NO• ./ ./ 

.DSVI ./ 
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oxygen (D.O.) concentration in the reactor was raised from 2 to 6 mgO/t. 

Aeration was then stopped and the chart recorder plotted the change in 

dissolved oxygen concentration with time. It is important to note that 

during the measurement of the OUR, stirring and feeding were maintained. 

Aeration was restarted when the dissolved oxygen concentration reached a 

lower level of 2 mgO/t.. The slope of the line plotted by the chart recorder 

provided the rate of oxygen oonst111ption in mgO/e/h. Under normal operation, 

the oxygen concentration in the aerobic reactors was maintained around 4 

mgO/P. 

Total phosphorus determinations only were made during the investigation. 

Orthophosphate determinations were not possible as the natural colour of 

the effluent from the Western Cape causes gross inaccuracies when using 

colorimetric methods. The total phosphorus test requires the conversion of 

all the phosphorus to the orthophosphate form whereupon, in this investiga­

tion, the concentration was measured by the molybdate vanadate technique. 

'nle technique for converting to orthophosphate and for removal of natural 

colour is described in detail in Appendix B. 

Sludge settleabili ty tests were conducted on the mixed liquor from the 

first aerobic reactor using the Diluted Sludge Volume Index test (00\TI) 

proposed by Stobbe (1964). In this test, the shdge is diluted such that 

the 30 minute settled voltune (SVi 0 ) is less than 200 me in a le cylinder. 

The 00\TI is given by the sv ..... divided by the diluted sludge concentration ... 
in the cylinder. 

4.5 Control of sludge age 

The sludge age was established by "hydraulic control". To maintain a speci­

fic sludge age, a fraction of the total reactor vohnoe was wasted every 

day. When wasting, due cognisance was taken of the volune of mixed liquor 

already abstracted for testing. For example, for a 4 days sludge age, 1/4 

of the total volume was wasted per day. Assume 1/8 of the total mixed 

liquor volume was removed for testing, then a further 1/8 of the mixed 

liquor volume had to be removed to maintain the sludge age at 4 days. 

Sludge was wasted only from the aerobic reactors. The sampling of the 

reactor contents took place at approximately 08h30 and the balance, to 

maintain the sludge age, was removed at about 15h30. The disadvantages of 
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hydraulic control in short shdge age systems are discussed in Chapter 4, 

Section 2 . 4 .1. 

4.6 Cleaning 

In laboratory-scale activated sludge plant operation, the surface/vol1.111e 

ratio is very large and particularly so at short sltdge ages. It is import­

ant therefore that attached growth is continuously removed. At leat twice a 

day, the walls of the reactors were brushed to remove the adhering sludge. 

Periodically through the day, the interconnecting soft plastic tubing was 

squeezed to free the film of sludge that formed on the tube walls. Once 

every 2 days, the feed container and the feed line to t.he pump were 

thoroughly scrubbed and rinsed with hot water. At the same time, the 

effluent bucket was scrubbed and rinsed. Despite this cleaning procedure, 

some adhering growths developed on the reactor walls and brushing apparent­

ly did not dislodge them. After brushing, although the walls appeared to be 

clean, growths were visibly reestablished within an hour. To remove these 

growths, the reactors and tubing had to be washed in hot water and sodiun 

hypochlori te every two weeks. During this operation, the sludge from the 

unit was stored in a plastic bucket and aerated. Before returning it to the 

unit, the sludge was sieved through a wire mesh to break up sl\.dge lumps 

and to remove large solid objects. 
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RUBBER 

WIPER BLACE 

MIX ED LIQUOR 
FROM AERATION 

ZONE 

SHAFT CONNECTED 
TO 220v AC MOTOR 

,, 

EFFLUENT 

80mm diamPERSPEX 
TUBING 

SLUDGE RECYCLE 

/ 

WIPER BLADE 

Fig 3.2: Details of the construction of the settling tank. 
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CHAPI'ER FOUR 

SYSTEM INVESTIGATION AND ANALYSIS 

1. INTRODUCTION 

This chapter systematically describes the progress of each of the various 

experiments by firstly, discussing the choice of the system configuration, 

then describing the system response and any problems that came to light and 

finally, formulating conclusions from each particular experiment • 

. 2. PHOREDOX SYSTEM AT FOUR DAY SLUDGE AGE 

2.1 Sygtem Selection 

The limited literature available on excess P removal at short sludge ages 

indicated that most research had been carried out on the Phoredox system 

(known in the USA as the A/0 system). Accordingly, a "regular" Phoredox 

system was selected as the first configuration (see Fig 4.1). 

The system sludge age was selected at 4 days with an anaerobic mass frac­

tion of 0,5. With these two parameter selections, the expectation was that 

the 2 day "aerobic sludge age" would be less than the mininn.an sludge age 

for nitrification at 20oC (R ), i.e. nitrification would not occur. 'lhe 
Blllzo 

0, 5 anaerobic mass fraction should provide sufficient anaerobic mass to 

break down the readily biodegradable COD to lower fatty acids which, in 

turn, would be sequeste~ by the polyP organisms. 

A series configuration of reactors was selected for the following reasons; 

firstly, it would provide ad.di tional inf orma.tion on the kinetics of the .. 
various processes within the system, and secondly, the anaerobic zone, if 

subdivided in a series system of reactors, would improve the efficiency of 

conversion of readily biodegrdable COD (Sbs) to lower fatty acids, because 

this conversion takes place as a first order kinetic reaction with respect 

to the readily biodegradable COD (Wentzel et al. , 1984) • Accordingly, a 

series of 2 unaerated (anaerobic) and 2 aerated reactors were set up, each 

reactor providing a liquid volune of 2t, giving a total process volune of 

8t. 
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The concentration of MLVSS in the system was selected at about 2100 mgVSS/t 

which, for the system voh.llle of St stated above, would give a total shdge 

mass of 16800 mgVSS. To provide this mass of VSS it is necessary to 

estimate the COD mass loading rate on the system. For this purpose, the 

characteristics of the wastewater have to be known. The wastewater used in 

the investigation was that from the satellite town of Mitchell's Plain 

(Cape Town) consisting virtually totally of domestic effluent. Fran pest 

experience with this unsettled wastewater, the COD can be sul:xtivided into 

the following fractions; approximately 8 percent unbiodegradable soluble 

COD ( f us = 0, 08) , 8 percent unbiodegrada.ble particulate COD ( fup = 0, 08) , 

giving a biodegradable fraction of (1-f - f ) = 0,84. us up 

For the purpose of design, it is accepted that all the biodegradable COD is 

metabolised. Using the activated shdge theory tmder steady state operation 

by Marais and Ekama (1976), the mass of volatile solids (MX ) is expressed v 
as: 

where MX 
v 

~ti 

1\i 
Yb 
f 

f 
CV 

Rs 

= mass of VSS in the system (mgVSS) 

= mass of COD entering the system (mgC()D/d) 

= endogenous respiration rate (0,24/d) 

= yield coefficient (0,45 mgVSS/mgC()D utilised) 

= endogenous residue (0,20 mgVSS/mgVSS) 

: COD/VSS ratio (1,48 mgC()D/mgVSS) 

= shdge age (d) 

(4.1) 

Subs ti tut ion for MX = 16800 mgVSS and R = 4 days and solving for ~t. 
v s 1 

gives a COD mass loading rate of 14792 mgCOD/d. This calculated value was 

rotmded off to 15000 mgC()D/d which should produce a VSS concentration of 

2129 mgVSS/t. The wastewater COD concentration was selected at 500 mgCOD/t 

and hence a rate of 30 t /d was required in order to produce the loading 

rate of 15000 mgCOD/d. 

The tmderflow recycle ratio was selected at s = 1, i.e. a flow rate of 1:1 

with respect to the feed flow rate. Theoretically, if the system does not 
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ni t_rify, this ratio could have a range of values without influencing the 

excess P removal. Indeed, in some Phoredox plants, the s-recycle ratio has 

been as low as 0,15 (Hong et al., 1982). However a higher ratio of s = 1 

has the advantage that, with a poor settling sltrlge, it allows higher loads 

on the settling tank before failure of the tank or, from a different point 

of view, provides greater security against tank failure. 

A schematic diagram of the Phoredox configuration is shown in Fig 4.1 and 

the specificiations for the system are presented in Table 4 •. 1. 

2.2 System Operation 

Details of the daily operation, control and experimental procedures 

followed in running the system have been set out in Chapter 3. 

The system was operated for 65 days from 6/2/85 to 14/4/85. After allowing 

13 days for the system to stabilise, daily measurements of process para­

meters were taken for 51 days (18/2/85 to 10/4/85). 

2.2.1 Influent characteristics 

The measured influent characteristics, COD. ( Sti) , readily biodegradable COD 

(~i), tmfiltered TKN and total phosphorus over the experimental period 

are shown in Figs 4.2 to 4.5. 

Over this period, 7 different batches of wastewater were fed to the sludge. 

Some of the wastewater characteristics, such as TKN/COD ratio, differed 

substantially from one batch to another so that it is not desirable to 

present mean influent characteristics over the entire period. The mean 

influent characteristics for each batch are presented separately in Table 

4.2. These mean values are not calculated but estimated by visual investi­

gation of the plots of the daily values. 

2.3 System Reswnse 

Figures 4. 2 to 4. 22 show the measured responses of the various parameters 

in the reactors and the effluent, i.e. COD, soluble TKN, OUR, VSS, P, 

nitrate and DSVI. The detailed results for the system are tabulated in 

Appendix A. 
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(i) COD 

A plot of the influent and effluent COD values is shown in Fig 4.2. 'lhe COD 

removal showed little fluctuation throughout the period of operation of the 

system despite the short aerobic sludge age. The influent COD, of approxi­

mately 500 mgCOD/e, was reduced to an effluent value of approximately 50 

mgCOD/t, i.e. a 90 percent removal or 10 percent remaining. 

(ii) Nitrogen behaviour 

The TKN concentrations of the infuent and filtered effluent are plotted in 

Fig 4.4. The nitrate concentration in the effluent is plotted in Fig 4.6. 

Initially the nitrate concentration in the effluent was zero, i.e. no 

nitrification occurred, but gradually during the course of the experiment 

nitrification developed (see Fig 4.6). Once nitrate was present, denitrifi­

cation took place due to the recycle of the nitrified underflow (a-recycle) 

to the una.erated zone. With an a-recycle ratio of 1, the concentration of 

nitrate removed would be equal to that present in the effluent, provided 

the anaerobic reactors were not overloaded with nitrate, which they were 

not. 

If one accepts that the nitrogen content of the volatile solids is 0,10 

mgN/mgVSS, as suggested by the WRC ( 1984) , the nitrogen removal through 

sludge wastage (N ) should be 
s 

O,l.MXv _ 0,1.16800 
N = ---s Q.R - 30.4 

B 

- 14 mgN/t influent 

This calculated nitrogen removal is very near the observed mean reduction 

in TKN (influent TKN - filtered effluent TKN) when no nitrification took 

place. When nitrification took place cognisance 111USt be taken of the nitri­

fication/denitrification effect as follows: 

N = TKN. - [TKN t + 2 NO. ff] s in ou e 
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where all values are in mgN/t influent. During the periods of nitrifica­

tion, the nitrate in the effluent was approximately 4 mgN/t and, substitut­

ing this and the values of the TKN. and TKN t into the above equation, 
In OU 

the nitrogen removal through sltdge wastage is 13 mgN/t influent which is 

close to the value when no nitrification took place. 

(iii) Volatile Suspended Solids (VSS) 

The VSS concentrations in the 4 reactors are plotted against time in Figs 

4. 7 to 4 .10. The VSS 's in all the reactors were stable over the pericxi of 

operation. '!he VSS's in both the una.erated reactors were approximately 2000 

mgVSS/ t , and in both the aerated reactors approximately 2200 mgVSS/ t • No 

further cooment on the volatile solids will be made at this stage. The 

measure in which the concentrations correspond to those theoretically 

expected is considered in greater detail when discussing the applicability 

of the general activated sludge model to short sludge age anaerobic/anoxic­

/aerobic systems in Chapter 5. 

(iv) Qxygen utilization Rate (OUR) 

The plot of OUR versus time for the 2 aerated reactors, is presented in Fig 

4.11. 

In each reactor the OUR showed considerable fluctuation. Furthermore the 

fluctuations in the 2 reactors appeared to be in step. There was always a 

higher OUR in the first reactor than in the second. Although the magnitW.e 

of the OUR in the 2 reactors tended to show wide fluctuations, because 

these fluctuations tended to be in step, the difference in the rates 

between the two remained relatively stable. 

( v) P release, uptake and removal 

The concentrations of phosphorus in the effluent and the 4 reactors are 

plotted versus time in Figs 4 .12 to 4 .16. The plots of P release, uptake 

and removal are shown in Figs 4.17 to 4.21. 

The excess P removal was initially erratic but after 29 days the fluctua­

tions reduced considerably. Although the excess P removal changed from one 

batch of sewage to the next, it was consistent within each batch with aver­

age values of approximately 16 to 17 mg(PO,.-P)/e influent removed in the 

sytem. 
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(vi) Settleability 

The plot of Diluted Sludge Volume Index (DSVI) versus time is presented in 

Fig 4. 22. The Phoredox system was started with sludge from a laboratory 

scale Modified UCT system operating at a 21 day sludge age with a DSVI of 

168 mt/g. Over the first 30 days of operation, the DSVI decreased to 

between 65 and 80 mt /d and remained at this low level throughout the 

experimental period. Unfortunately, at the time these experiments were 

performed, the techniques for identifying and evaluating the filamentous 

organisms in the mixed liquor were not yet available so thB.t no inf onnation 

can be given on the types of filaments present and their relative frequency 

of occurrence. 

(vii) Running problems 

The system presented few difficulties as regards maintenance. During the 

operation of the system, one particular batch of sewage caused the excess P 

removal to drop precipitously from 17 mg(PO ... -P)'/t to below 10 mg(PO ... -P)/t. 

Similar reductions in P removal were observed in two long sludge age modif­

ied UCT systems, using the same sewage as influent; evidently the sewage 

batch contained some toxicity. As soon as this situation was identified, 

the batch was discarded for another batch, whereupon the systems recovered. 

The toxic agent in the sewage was not identified. 

2.4 Analysis of Phoredox sygtem at 4 dayg sludse a,se 

2.4.1 ~~!!~!!~!-~!~!~ 
The experimental data obtained on the Phoredox system generally showed some 

dispersion. To obtain values representative of the average behaviour, it is 

necessary to analyse the data by some statistical procedure. In this in­

vestigation, a graphical procedure was adopted for the following re'8ons; 

1. Possible outlyers, that is data points that appear to fall outside the 

group behaviour and probably arose from errors in the sampling or chem­

ical analyses, can be identified visually and such suspect data then can 

be tested for rejection (Laubscher, tmdated). 

2. Usually one expects the distribution of data to be approximately normal. 

The graphical statistical analysis procedure adopted gives a rapid 

visual assessment as to whether this is so or whether biomodial distri­

butions have arisen due to some substantive change in the process 
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behaviour over the period of the investigation. Only if data approxi­

mates normality can the mean value have any significance. With nonnally 

distributed data, it is also p:>ssible to determine graJ:iiically the 

standard deviation and hence a confidence interval (at some selected 

probability, say 95 percent) for the mean, i.e. there is a 95 percent 

probability that the interval spans the true mean value. In the absence 

of nonnality, neither the mean nor the standard deviation can be deter­

mined graphically. In this event the best measure of central tendency is 

the median but a confidence interval for the median cannot be detennined 

by the nonnal distribution theory. 

The procedure for graphical analysis of the data is given in Appendix D. 

For each set of data, the plots showed strong nonna.l characteristics. 

Therefore, the mean values and the standard deviations for the means were 

determined from the statistical plot. This procedure was followed for every 

set of experiments in this investigation. 

For the Phoredox system, the set of mean values and standard deviations for 

the various parameters are set out in Table 4. 3. These values form the 

basic input data for any numerical process analysis. 

2.4.2 ~eta~!!!~i-~f-~~ 
Before analysing the behaviour of the system it is essential to establish 

if the data observed can be accepted with confidence. A powerful. means for 

establishing acceptability is to perform mass balances on appropriate para­

meters. '!here are 2 mass balances significant to this work; 

( i) Carbonaceous organic material (COD) 

(ii) Nitrogenous material. 

Mass balance equations to determine the COD and nitrogen recoveries were 

derived for a general nitrification/denitrification activated sludge system 

in Appendix E. The equations used in analysing the non-nitrifying Phoredox 

system are presented below. 

Carbonaceous organic material 
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Q.St1• = Q.Ste + f .x q + ot.v - 4,57.N .Q - 0,71.AN .Q cv v. aer ne s 

ANs = s.Nne - (a+l) .Nnanox 

where Q = average influent flow rate (t/d) 

Sti =total unfiltered influent COD concentration (mgCOD/t) 

Ste = total unfiltered effluent COD concentration (mgC()D/l) 

f : COD:VSS ratio (mgCOD/mgVSS) 
CV 

X = mixed liquor volatile suspended solids concentration in the 
v 

reactor from which the waste sludge is removed (mgVSS/l) 

q = average waste sludge flow rate (t/d) 

Ot : observed oxygen const111ption rate (mgO/t/d) 

V = aerobic reactor volume (t) aer 
Nne =effluent nitrate concentration (mgNO.-N/t) 

AN = system nitrogen removal (mgN/l influent) s 
s = underflow mixed liquor recycle ratio 

N = anoxic reactor nitrate concentration (mgN/t) nan ox 

Nitrogenous material 

Q.Nt
1
. : Q.Nte + Q.N + f .X .q + Q.AN ne n v s 

where Nti =unfiltered TKN concentration in influent (mgN/l) 

Nt.e =unfiltered TKN concentration in effluent (mgN/t) 

f = nitrogen fraction of the sltdge (JQgN/mgVSS) 
n 

4.8 

(4.2) 

(4.3) 

The concentration of nitrate in the anoxic reactor was not measured but, 

since the effluent nitrate concentration never exceeded 6 mgNO.-N/l during 

the experimental period, it could be safely assumed that all the nitrate 

recycled in the l.Dlderflow to the unaerated zone would have been 

denitrified, i.e. in Eqs (4.2 and 4.3) we can ass\.Ulle the N = O. nan ox 

The data from Table 4.3 was inserted in the mass balance equations and the 

percentage COD and nitrogen recoveries were calculated. Ass'l.Ulli.ng a COD:VSS 

ratio of 1,48 mgCOD/mgVSS and a N:VSS ratio of 0,1 mgN/mgVSS for the 

sludge, the data provided a COD recovery of 87 percent and a nitrogen 

recovery of 97 percent. The COD recovery is low; values of about 92 to 97 

percent are more usual (WRC, 1984). 



Univ
ers

ity
 of

 C
ap

e Tow
n 

4.9 

These higher recoveries were obtained on short and long sludge age aerobic 

systems and on long sludge age ( 10 to 20 days) anaerobic/arioxic/aerobic 

systems. No information on the short sludge age version of these systems 

was available. The low COD recoveries, coupled with the satisfactorily high 

nitrogen recoveries would indicate that either the COD test was not 

correctly perfonned or that factors causing electron losses were present 

that were not recognised previously due to possible small effects in long 

sludge age anaerobic/anoxic/aerobic systems. It is unlikely that the COD 

test was incorrectly perf onned because COD mass balances on long sludge age 

and aerobic systems done at the same time as the short sludge age investi­

gation gave acceptable recoveries. A review of the factors that could have 

led to the low COD recovery therefore is presented. 

(i) Filtered effluent sample 

The effluent sample for COD, TKN and nitrate measurement was always 

filtered and therefore any particulate material carried over was not 

accounted for in the mass balance equation. Since the sludge settled 

very well and a limited amount of nitrification occurred, it is un­

likely that the error due to filtering would have been sign.ifica.t. 

(ii) Hydra.ulic control of sludge age 

The sludge wastage procedure used in this investigation was the 

hydraulic control method. This entails the daily abstraction of a 

calculated volune of mixed liquor directly from the aerobic reactors. 

The daily volune of mixed liquor to be abstracted (q) for a selected 

sludge age (R ) is given by 
s 

q = v /R p s 

Thus, if say a sludge age of 10 days is required, one tenth of the 

volume must be wasted every day. Theoretically, the hydraulic method 

of sludge age control demands that the mass of sludge in the second­

ary settling tank is negligible with respect to that in the process 

reactors, that the draw-off takes place over 24 hours and, if the 

wastage is from a single reactor in a series of reactors, then the 

VSS concentrations in all the reactors must be the same. At short 

sludge ages, the assl.Ullption of negligible sludge mass in the settler 

is not always valid as the settler may contain up to 10 percent of 
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the sludge in the system, particularly if the settling is poor. How­

ever, in this test, the sludge settleabili ty was excellent so that 

this effect could not have been significant. 

With regard to the wastage procedure, the sludge was not drawn off 

continuously but at two fixed ti.J:nes during the day. The reason for 

not practising continuous draw-off was that the waste flow rate would 

need to be slow and experience has shown that thickening of sludge in 

the draw-off pipe occurs. The liquid tends to filter through .the 

sludge without the sludge itself being wasted, giving the correct 

voh.une drawn off, but an incorrect mass. To guard against this, the 

compromise wastage scheme was adopted in which the wastage draw-off 

was divided equally between 2 sessions during the working day, 

approximately 7 hours apart; no sludge wastage was practised at 

night, The sludge age/sludge concentration of the system then 

possibly followed the pattern shown in Fig 4.23. Clearly, the selec­

ted times for wasting were not well chosen as the wasting did not 

correspond with the times giving the theoretical mean behaviour. 

Intennittent draw-off always gives rise· to errors; these are negligi­

bly small in long sludge age systems but may be significant in short 

sludge age plants. In the system tested here with a 4 day sludge age, 

1/8 of the sludge mass was wasted per draw-off which would have 

induced an appreciable transient state in the periods between the 

draw-offs. 

A more acceptable approach to sludge age control, when having to 

waste a large fraction of the sludge mass, is to draw off the waste 

mixed liquor at intervals of about 4 hours by automatic pt.mp control, 

i.e. 6 draw-offs per daily cycle. F.ach draw-off should take place 

over a short period so that the pumping rate is high and filtration 

effects are minimised. The draw-offs can be set to give slightly less 

than the required total daily waste volume and the additional mixed 

liquor volume withdrawn once a day. 

(iii) Conversion of glucose to acetate 

The activated sludge biomass in an anaerobic/aerobic system contains 

acidogenic organisms. Under anaerobic conditions, these f acul tati ve 
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anaerobes convert glucose and glucose-type material (readily biode­

gradable COD) to short chain fatty acids, say acetate, in order to 

meet their energy requirements. Ass'l.Ulling that the readily biode­

gradable COD consists of glucose, it is possible to calculate the COD 

loss during acidogenesis by conversion of H+ to Ha gas. 

COD of 1 mole glucose 

1 e - equivalent 

i.e. 24 e-

i.e. 1 mole glucose 

i.e. 180 mg glucose 

COD of 1 mole acetate 

8 e 

i.e. 1 mole acetate 

i.e. 60 mg acetate 

= 8mg01 

- 192 mg02 

= 192 mgOa 

- 192 mg02 

- 64 mg0 2 

= 64 mgOa 

- 64 mgOa 

COD lost in conversion of glucose to acetate 

1 mole glucose ... 2 mole acetate 

i.e. 192 mgOa ... 128 mg02 

The remainder of the COD is lost as Ha 

i.e. COD lost = (
192-128)100 

192 

= 33% of original COD 

Ass'l.Ulling 20 percent of the total COD is in the readily biodegradable 

(glucose-type) form, the •COD lost from the total influent COD, is 

detennined as follows: 
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Let influent COD = Sti 

i.e. readily biodegradable COD ~ 0,2.Sti 

i.e. COD loss through acidogenesis ~ 0,333 (0,2.Sti) 

~ 0,067.Sti 

4.12 

Therefore approximately 7 percent of the total influent COD can be 

lost in the conversion of glucose to acetate. 

The conversion of readily biodegradable COD to short chain fatty 

acids in the anaerobic zone cannot be measured directly in P removal 

plants; in the anaerobic zone, the poly-P organisms take up the lower 

fatty acids by releasing phosphate to the liquid medium, so that 

usually no fatty acids are detected in this zone. Indirectly however, 

one can conclude that lower fatty acids were generated by observing 

the P release in this zone - 1 mole of P is released for one mole of 

acetic acid taken up. In many waste flows and in particular the waste 

flow from Mitchell's Plain, the short chain fatty acids constitute 

only a minor fraction of the readily biodegradable COD in the influ­

ent. Consequently, if P release is observed this indicates that con­

version of readily biodegradable COD tO a lower fatty acid must have 

taken place in the anaerobic zone. Since a P release of between 50 

and 60 mgP/t was obtained in the system, considerable acidogenic 

action must have taken place with the concomitant loss of COD as 

hydrogen gas. A word of caution is necessary however with this 

hypothesis: if the glucose is converted to propionate instead of 

aacetate, there will be no COD loss as H2 is not generated. 

2.5 Discussion 

The objective of this experiment was to detennine if a biological excess P 

removal system could be operated successfully at such a short sludge age 

that nitrification would not take place. To accomplish this objective, a 

Phoredox system (see Fig 4.1) was operated at a total sludge age of 4 days 

with a 50 percent tmaerated (anaerobic) zone, i.e. with a 2 day aerobic 

sludge age. Such a system was not expected to nitrify if the mean specific 

growth rate of the nitrifiers was less than about 0,4/day. The influent COD 

was set at 500 mgCOD/t with a mean readily biodegradable COD concentration 

of approximately 100 mgCOD/l. 
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The experimental results indicate that: 

( i) At a 4 day system sludge age with 2 days aerobic sludge age and with 

the influent wastewater utilised, the system nitrified partially, 

that is the system operated very near the minimum sludge age for 

nitrification. 

(ii) The settleability of the sludge in the system was excellent with DSVI 

values of approximately 70mt /g. This supports the observations of 

Timmennan (1979) who noted that good settleability was a feature with 

the non-nitrifying A/0 (Phoredox) system. 

(iii) 

(iv) 

(v) 

The COD removal of the system (COD. - COD . t) was consistent at a 
l.n OU 

value of approximately 90 percent, i.e. the filtered effluent was 

about 10 percent of the unfiltered influent. 

No maintenance problems were encountered while running the system. 

Excess P removal of approximately 16 mgP/t was obtained, giving a 

AP/influent COD ratio of about 0,032 mgP/mgCOD. Compared with long 

sludge age um' systems operating on the same influent, the removal 

achieved by the Phoredox system was about 50 percent higher. 

(vi) The COD recovery of 87 percent was a most unsatisfactory aspect, One 

of the causes was attributed to electron (COD) loss in the formation 

of hydrogen gas during acidogenesis in the anaerobic reactor. 

At· a 4 day sludge age, despite the partial nitrification, the system gave 

such excellent P removal with good settleability and ease of operation, 

that it seemed worthwhile to investigate the system at sludge ages even 

shorter than 4 days in an effort to ensure no nitrification while maintain­

ing the system's advantageous properties. 

3. PHOREDOX SYSTEM AT 3 DAY SLUOOE AGE 

3.1 System selection 

The Phoredox system described in Section 2 was operated at a 4 days sludge 

age and at 20°C with the expectation that the sludge would not nitrify, 

Although there were periods of no nitrification, there were also periods 



Univ
ers

ity
 of

 C
ap

e Tow
n 

4.14 

when the system nitrified partially, i.e. the 2 day aerobic sludge age must 

have been very close to the minimum sludge age for nitrification. Since the 

objective of the project was to investigate excess P removal in short 

sludge age systems in the absence of nitrification, it was decided to re­

duce the system sludge age to 3 days (by changing the sludge wasting rate) 

in an effort to eliminate nitrification completely. For the sake of com­

parison, all other process parameters were left unchanged so that thecon­

figuration was the same as that presented in Fig 4.1. Tile detailed system 

specifications are tabulated in Table 4.4. 

3.2 System operation 

Tile system was operated for 72 days from 16/4/85 to 26/6/85. After allowing 

8 days for the system to stabilise, daily measurements of process para­

meters were taken for 64 days (24/4/85 to 26/6/85). Details of the daily 

operation, control and experimental procedures fallowed in rtmning the 

system have been set out in Chapter 3. 

3.2.1 Influent characteristics ------------------------
Tile measured influent characteristics, COD (Sti)' readily biodegradable COD 

( S. . ) , unfiltered TKN and total phosphorus · over the experimental period 
-bs1 . 

are shown in Figs 4.24 tO 4.27. Over this period, 6 different batches of 

wastewater were fed to the sludge. The mean influent charcteristics are 

presented separately for each batch in Table 4, 5. These mean values were 

not calculated but estimated visually from the plots of the daily values. 

3.3 System response 

Figures 4.24 to 4.44 show the measured responses of the various parameters 

in the reactors and the effluent, i.e. COD, soluble TKN, OUR, VSS, P, 

nitrate and DSVI. 

(i) COD 

A plot of the influent and filtered effluent COD values is presented in Fig 

4.24. The COD removal, based on the filtered effluent, showed little fluc­

tuation throughout the period of operation of the system despite the short 

aerobic sludge age. The influent COD, of approximately 500 mgCOD/ e , was 

reduced to an effluent value of approximately 70 mgCOD/f, i.e. 86 percent 

removal, or 14 percent remaining. The effluent was very turbid but 

unfortunately no COD values were detennined for the unfiltered effluent. 
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(ii) Nitrogen behaviour 

The TKN concentrations of the influent and filtered effluent are plotted in 

Fig 4.26. The nitrate concentration in the effluent is plotted in Fig 4.28. 

Theoretically, accepting that the nitrogen content of the volatile solids 

is 0,10 mgN/mgVSS and using the experimentally observed volatile suspended 

solids concentration, the TKN reduction through sludge wastage should be 

about 13 mgN/t influent. 

The plot of effluent nitrate concentration (Fig 4. 28) indicates that the 

system nitrification decreased to a reasonably consistent level after 28 

days of operation (this includes the 8 day stabilisation period when no 

readings were taken). The concentration of nitrate in the effluent after 

the 28 days varied between 1 and 3 mgNO.-N/t which indicates that very 

little nitrification took place. This suggests that the system was operat­

ing virtually at the minimum sludge age for nitrification at 2ooc (R ). 
Bmao 

If the 1, 5 days aerobic sludge age was shorter than R , then 99. 9% of 
Bmao 

the nitrifiers should have been washed out within 3 sltdge ages, i.e. 9 

days. Since the nitrate concentration took more than three times this 

period ·to decline to its lowest value, the syatem sludge age DRJSt have been 

very close to R • 
SDl20 

(iii) Volatile Suspended Solids (VSS) 

The VSS concentrations in the 4 reactors are plotted against time in Figs 

4.29 to 4.32. The VSS in reactors 1, 3 and 4 showed a slow downward trend 

and by the time the system was closed down, the VSS's in all the reactors 

were approximately the same at 1300 mgVSS/t. 

· (iv) Oxygen Utilisation Rate (OUR) 

The plot of OUR versus time for the 2 aerated reactors is presented in Fig 

4. 33. The values in the 2 reactors were stable throughout the period of 

operation of the system, with the OUR in the first aerobic reactor always 

higher than that in the second aerobic reactor. 

(v) P release, uptake and removal 

The concentration of phosphorus in the effluent and the 4 reactors is 

plotted versus time in Figs 4, 34 to 4. 38. The plots of P release, uptake 

and removal are presented in Figs 4.39 to 4.43. 
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The excess P removal suffered an early setback when toxic sewage was fed to 

the system from day 9 to day 14 causing the removal to drop below 10 mgP/t.. 

Thereafter the removal attained a high level of between 13 and 17 mgP/i, 

each sewage batch giving a slightly different removal. 

(vi) Settleability 

The settleability of the sludge in the 3 day sludge age system is shown as 

a plot of DSVI versus time in Fig 4. 44. 'lbe DSVI tended to be unstable and 

was generally higher than the values fmmd during the 4 .day sludge age 

experiment (cf. Fig 4. 22 and Fig 4. 44) • The DSVI never exceeded 170 mt /g 

but, for long pericxis, it was virtually impossible to take readings in the 

DSVI test because the turbidity of the supernatant was so high that the 

upper surface of the settling sludge could not be monitored closely. A 

microscope study of the sludge revealed the following microorganism popula­

tions present: 

Thiothrix II - abundant 

Thiothrix I - very coomon 

S.natans - coomon 

Type 0092 - sane 

Type 0914 - sane 

Thiothrix is u8ually associated. with hydrogen sul}ilide in the sewage 

(Jenkins, Richard and J>a.igger, 1984 ) ; all the other activated sh.dge tmi ts 

in the laboratory showed similar bulking problems during this period of 

operation, suggesting that the cause of the poor settling lay with the 

batches of sewage rather than the system configuration. 

(vii) Running problems 

Throughout its operation, the 3 day sludge age Phoredox system provided 

problems with maintenance. 'lbe following difficulties were encotmtered; 

( 1) Pipes connecting reactors became blocked overnight and the sludge 

overflowed. This sludge was collected in overflow trays and replaced 

the following morning but of course the steady state of the tmit :was 

disturbed. 
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(2) Even when the pipes did not block, sludge tended to stick to the pipe 

surfaces and the mixed liquor was filtered through the sludge. 

Smaller diameter pipes were used to increase the flow velocity in the 

pipes but no substantial improvement was observed. 

(3) The turbidity of the effluent and the poor settleability in the 

settling tank caused sludge to be carried over into the effluent 

bucket. Each day this sludge was returned to the reactors but this, 

in itself, created an lIDCertainty as to the exact mass that was with­

drawn daily, i.e. there was a measure of uncertainty with regard to 

the actual sludge age. 

3.4 Analysis of Phoredox system at 3 days slu:)se age 

3.4.1 ~~~!~~!~!-~!~!~ 
The experimental data obtained from the 3 day sludge age Phoredox system 

was analysed by the statistical procedure set out in Appendix D; the means 

and the associated standard deviations for the means are listed in Table 

4.6. 'lhese values form the basic input data for all the nt1Derical analyses 

of the system such as mass balances, P removal, etc •• 

3.4.2 ~E~~!!!~l-~~-~~ 
'!he statistically determined mean values in Table 4.6 were used in the mass 

balance equations (Bqs. 4. 2 and 4. 3) to calculate the percentage COD and 

nitrogen recoveries. Assuming a COD:VSS ratio of 1,48 mgCOD/mgVSS and a 

N:VSS ratio of 0,1 mgN/mgVSS for the sludge, the data provided a COD 

recovery of 81 percent and a nitrogen recovery of 96 percent. As with the 

Phoredox system at a 4 day sludge age, the COD recovery was low. The 

factors discussed in Section 2. 4. 2 again could have been totally, or 

partially, responsible for the low recovery. 

3.5 Discussion 

The objective in this experimental series was to determine if the bio­

logical excess P removal Phoredox system could be operated successfully in 

the absence of nitrification. In the first experiment, a Phoredox system 

operated at a 4 day sludge age (2 day aerobic sludge age) had nitrified 

intermittently. Therefore, to accomplish the objective of no nitrification, 

the sludge age was reduced to 3 days and an anaerobic mass fraction of 0,5 

was retained as before, i.e. the aerobic sludge age was reduced from 2 days 
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to 1,5 days. The influent COD remained at 500 mgC()D/t with a mean readily 

biodegradable COD concentration of approximately 100 mgC()D/t. 

The experimental results indicate the following: 

(i) With the influent wastewater utilised, the system nitrification 

decreased gradually until an effluent nitrate concentration of 

between 1 and 3 mgN/t was obtained. The slow decrease in nitrifica­

tion indicates that the system was operating close to the minimtun 

sludge age for nitrification at 2ooc. 

(ii) The settleability of the sludge was poor (DSVI. - 150mt/g) due to the 

dominant presence of the filamentous organism Thlothrlx and the minor 

presence of S.natans. The dominance of the Thlothrlx is related 

virtually totally to the presence of high sulJiiide concentrations in 

the wastewater and cannot be ascribed to the system configuration •. 

(iii) The COD removal of the system, based on the l.Ulfiltered influent and 

filtered effluent, was consistent at a value of approximately 86 

percent, i.e. 14 percent of the influent COD appeared in the filtered 

effluent. 'Ibis percentage is significantly higher than that measured 

in the same system operated at a 4 day sludge age, viz. 10 percent. 

Furthennore, the unfiltered effluent was very turbid .<tmfortunately 

the COD was not measured) • 'Ibis latter observation would make the 

system entirely unsuitable as a final treatment facility, but 

adequate as a pretreat.ment one, provided. of course, the settleability 

could be improved. 

(iv) The system, as operated at laboratory scale, proved extremely 

difficult to maintain at steady state due to the sludge characteris­

tics - the sludge settled poorly, often caused blockages in the 

connecting tubes and, by sticking to the tube walls, tended to filter 

out some of the mixed liquor from one reactor to another. The last 

effect is a problem peculiar to the laboratory scale at which the 

system was operated; it would not be a problem on large scale plants. 

( v) The system produced excellent excess P removal of approximately 15 

mgP/t. The LU>/influent COD ratio of 15/500 = 0,03 was much higher 
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than that normally obtained on 20 day sludge age Bardenpho and UCT 

systems treating this wastewater, i.e. M>/influent COD = 0,02. 

It was noted above that, when the experiment was tenninated, the effluent 

nitrate concentration was between 1 and 3 mgN/t. This suggests that the 

objective of operating a P removal system, in the absence of nitrification, 

had been achieved. However, on reducing the sludge age to 3 days (from 4 

days in the previous experiment) it required 28 days before nitrification 

finally ceased, i.e. the system was still being operated. very near the 

minimum sludge age for nitrification, For this wastewater, the aerobic 

sludge age in fact needed to be less than 1,5 days to ensure non-nitrifying 

conditions - it would indicate a maximum specific nitrifier growth rate of 

about 0,65/day. This rate is tmusually high but it does indicate that, if a 

non-ni trifying Phoredox plant is contemplated, some experimental data on 

the nitrification rate should be obtained to establish the maximum aerobic 

sludge age that will not give rise to nitrification at the highest expected 

operating temperature. If the plant should nitrify, the biological excess P 

removal, which is sensitive to nitrate in the recycle stream, could be 

sharply lowered and the very objective for having a Phoredox system would 

be negated. 

From the discussion above, it seems that, depending on the wastewater, it 

may not be practical to operate a stable Phoredox system at such a short 

sludge age that nitrification does not occur. It would seem more practical 

to design a system such that, should nitrification occur either continuous­

ly or at intervals, it would not fail in its P removal fllllction. 

4. PHOREDOX SYSTEM AT 3 DAY Sll.JDGE AGE - A REPEAT INVESTIGATION 
During the short sludge age investigation in 1985, a Phoredox system was 

operated at a sludge age of 3 days (see Section 3) , The laboratory-scale 

system provided excellent excess P removal but proved to be very difficult 

to maintain due to blockages of the tubes and poor settleability. The cause 

of the poor settleability was ascribed to the dominant presence of 

Thiothrix, with S.natans present as a minor filamentous organism. 

Thiothr ix usually proliferates only when sulphide is present in the in­

fluent so that, in the experiment it was not certain whether improved 

settleability would have been obtained if the influent wastewater were free 

of sulphides. At the beginning of 1986, it was decided to repeat the 3 day 
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sludge age experiments, to monitor the sulphide in the influent and, should 

it be present, to remove it prior to feeding the unit. Accordingly, the 

system was set up exactly as that for the previous 3 day sludge age 

Phoredox system (see Section 3) , except that the influent flow was reduced 

from 30 to 25 t/d in order to provide greater security against failure of 

the settling tank, should poor settleability again be encountered. The 

configuration is shown in Fig 4.1 and the system specifications are presen­

ted in Table 4.7. 

4.1 Sygtem operation 

The system was seeded with sludge from a Modified UCT system operated at a 

21 day sludge age. After allowing 4 days for the system.to stabilise, daily 

readings were taken for 23 days from 20/1/86 to 13/2/86. Fran conmencement 

of the study, the settling properties deteriorated and, after 23 days, had 

deteriorated to such an extent that the sludge had to be. discarded. Re­

placement sludge was again obtained from the 21 day sludge age Modified l:cT 

system and the system was nm for 12 days before testing reconmenced. 

Thereafter, measurements were taken for 37 days. The settleabili ty again 

deteriorated but not to the same degree as before. 

Details of the daily operation, control and experimental procedures have 

been set out in Chapter 3. 

4.1.1 Influent characteristics 

The measured influent characteristics, COD (Sti)' readily biodegradable COD 

( ~i) , unfiltered TKN and total Jiiosphorus over the experimental period 

are shown in Figs 4.45 to 4.48. 

Over this period, 7 different batches of wastewater were fed to the system; 

the mean influent characteristics are listed separately for each batch in 

Table 4. 8. These mean values were not calculated but estimated visually 

from the plots of the daily values. It should be noted that during the 

initial period, up to 27 days, no measurements of S.. • were taken due to a 
-bSl. 

problem with the oxygen probes. Consequently, it is not possible to analyse 

effectively the data for the first 27 days. 
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4.2 System response 

Figures 4.45 to 4.69 show the measured responses of the various parameters 

in the reactors and the effluent, i.e. COD, soluble TKN, OUR, VSS, P, 

nitrate and DSVI. 

A plot of unfiltered influent and filtered effluent COD values is shown in 

Fig 4.45. The COD removal based on the filtered effluent COD showed little 

fluctuation throughout the period of operation of the system. The influent 

COD, of approximately 500 mgCOD/l, was reduced to a filtered effluent value 

of approximately 70 mgCOD/l, i.e. 86 percent removal, 14 percent remaining. 

This reduction was the same as that obtained with the previous 3 day sludge 

age Phoredox system. As in the previous 3 day sludge age Phoredox system, 

the unfiltered effluent was very turbid so that particulate COD escaped 

with the effluent. 

The TKN concentrations of the influent and filtered effluent are plotted in 

Fig 4. 4 7. The nitrate concentrations in the reactors and the effluent are 

plotted in Figs 4.49 to 4.53. 

It is clear from the nitrate concentrations in the aerobic lU'lits over the 

first 20 days of monitoring that the aerobic sludge age was insufficient to 

cause nitrification. After the system was innoculated with the new sludge, 

nitrification occurred. The nitrate concentration in the effluent fluctua­

ted between about 6 and 13 mgN/l. During this period of nitrification, the 

measured readily biodegradable COD concentration was above normal, i.e. 

approximately 120 mgCOD/l as against the more usual 100 mgCOD/l for this 

wastewater. Thus, despite the rather high nitrate recycled to the anaerobic 

reactor, the excess P removal was about 10 mgP It . The removal in the 

previous 3 days sludge age investigation averaged about 15 mgP/f. but, in 

that investigation, the effluent nitrate concentration ranged from 1 to 3 

mgN/ t • Taking the high nitrate concentrations in the present investigation 

into accolmt, it would appear that the P removal was consistent with that 

in the previou8 3 day sludge age test. The P removal per influent COD was 

LU'/COD = 10/500 = 0,02 mgP/mgCOD. This aspect is discussed in greater 

detail in Chapter 5. 

With regard to the volatile suspended solids (VSS) concentrations (see Figs 

4.54 to 4.57), the VSS's in all the reactors decreased for the first 5 days 
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of monitoring. Thereafter, the values stabilised and remained steady for 35 .. 
days before dropping sharply. No reason could be found for' this drop in 

vss. 

The plot of OUR versus time for the 2 aerated reactors is presented in Fig 

4. 58. From the limited m..nnber of OUR d.etenninations, the OUR in the 2 reac­

tors appeared to be stable with the OUR in the first aerobic reactor always 

being higher than that in the second. Again, these behavioural characteris­

tics were close to those observed in the first 3 days sludge age 

investigation. 

The settleability of the sludge is Shown as a plot of Diluted Sludge Volume 

Index (DSVI) versus time in Fig 4.69. The settling deteriorated from a DSVI 

of 120 mt./g to 240 mt/g within 20 days and it was no longer possible to 

contain the sludge in the settling tank. A microscope study revealed the 

principal cause for the poor settling to be a dominant growth of the f ila­

mentous organism S.natans. After the sludge was replaced, the DSVI again 

rapidly increased fran an initial DSVI of 80 mt/g to about 140 mt/g but 

thereafter remained stable around this value. S.natans was again the organ­

ism causing the poor settling hJt now it did not attain such high concen­

trations as in the first phase of the test. 

Whilst cleaning the system, large jelly-like deposits were noticed on the 

walls, stirrers and airs tones in the aerobic reactors. Al though they did 

not appear to influence the process behaviour, on occasions they caused the 

airstones to become blocked, thereby reducing the dissolved oxygen concen­

tration in the aerobic reactors from the normal 4 mgO/t to about 2 mgO/t. 

S. na tans has been implicated as a short sludge age, low dissolved oxygen 

filament. The periodic decline in dissolved oxygen concentration may have 

been sufficient to create conditions favourable to the growth of S.natans. 

4.3 Analygis of Phoredox sygtem at 3 day sludge age - repeat 
investigation 

The experimental data obtained for the repeat investigation was analysed by 

the graphical statistical procedure set out.in Appendix D. The set of mean 

values and their standard deviations, for the period in which OUR and ~i 

readings were taken, is presented in Table 4.9. 
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The statistically determined mean values were used in the mass balance 

equations, derived in Appendix E, to calculate the percentage COD and 

nitrogen recoveries. Assuming a COD:VSS ratio of 1,48 mgC()D/mgVSS and a 

N:VSS ratio of O,l mgN/mgVSS for the sludge, the data provided a COD 

recovery of 86 percent and a l'}itrogen recovery of 109 percent. The factors 

discussed in Section 2.4.2 again could have been partially responsible for 

the low COD recovery. In addition, the generation of the slime observed in 

the aerobic reactors could have had an effect on the COD.be.lance. It is 

generally accepted that, in systems with a high ratio of carbonaceous sub­

strate to organisms and/or a nutrient deficiency, the substrate uptake rate 

exceeds the rate of metabolism. The excess substrate bypasses the energy 

yielding reactions and is secreted as an extracellular polymer, usually a 

polysaccharide. This polysaccharide is, to all intents and PJI'POSes, unbio­

degra.dable. The generation of polysaccharides could have led to low COD 

recove.ries because the polysaccharide slime that adhered to the peddles and 

aeration stones in the aerobic reactors was removed outside the reactors. 

Consequently the contribution of these masses to the COD was not included 

in the VSS measurement. In retrospect, the slime removal procedure was 

wrong because the ammmt of COD lost from the system through slime forma­

tion was \.D'lknown. 

4.4 Conclusions 

If the results of both 3 day sludge age Phoredox system investigations are 

analysed together, the following conclusions appear to be merited. 

1. It is possible to obtain nitrification in these systems at system sludge 

ages as low as 3 days with a 50 percent unaerated mass fraction. 

2. By comparing the P removal performance of the first and second 3 day 

sludge age Phoredox systems it is evident that the first system did not 

nitrify and an average P removal of about 15 mgP/t was obtained whereas 

with the second system which did nitrify, the P removal fell to about 10 

mgP/t. This does not constitute proof of the detrimental effect of 

nitrate discharge to the anaerobic reactor but it is consistent with 

this hypothesis. 

3. The settling of the sludge can be poor due.to the growth of the filamen­

tous organism S.natans. 
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4. Jelly-like, extracellular material can be generated in the aerobic zone, 

probably due to some imbalance between substrate and nutrient supply 

internal to the organism. 

5. The effluent from the system is turbid and will not be suitable for 

discharge to the environment, even if no limitation is placed on 'IKN 

concentration. 

6. The filtered effluent COD is higher than that of a UCT system treating 

the same influent at a sludge age of 21 days ( 14 percent versus 6 per­

cent of the influent COD). 

5. SPLIT-FEED SYS'l'™ 

5.1 Sygtem selection 

The data obtained from the two investigations into the 3 day sludge age 

Phoredox system indicated that the configuration had the potential to 

remove a large ammmt of phosphate 0, 02 to 0, 03 mgP per mgCOD in the in­

fluent. However, the system also appeared to have the potential for 

generating the filamentous organism S.natans, which causes severe bulking. 

The bulking potential of a Phoredox conf igUration is an important factor in 

any proposal for using this system in full scale design •. Some attention 

therefore was given to possible changes in the system configuration that 

might reduce this problem. 

Ekama and Marais (1985) folllld that, in long sludge age Bardenpho plants, if 

a selector was installed ahead of the main aeration reactor and a fraction 

of the influent feed was discharged to the selector, the growth rate of the 

heterotrophs was increased. This, they concluded, allowed the heterotrophic 

organisms to gain a selective growth advantage over the filamentous organ­

isms, causing the filament concentration to diminish substantially. The 

filamentous organisms in long sludge age plants are principally type 0092 

and 11.parvicella, organisms not observed in short sludge age plants. Never­

theless, it was hypothesized that, if a selector should be installed in a 

Phoredox system and the feed split between the anaerobic reactor and the 

selector, conditions might develop that reduce the concentration of 

S.natans. From the work of Ekama and Marais, a selector reactor voltune of 

about 4 percent of the system voltune was indicated, i.e. a selector voltune 

of 350 me. 
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The Split-feed operational mode was applied initially by discharging a 

fraction of the influent feed to the first aerobic reactor, see Fig 4.70, 

that is, a selector was not yet introduced. In order to maintain a high 

level of excess P removal, the larger fraction of the wastewater (2/3) was 

fed to the first anaerobic reactor with the remainder (1/3) fed to the 

first aerobic reactor. The actual ratio of 2/3 : 1/3 was chosen because of 

the ptBllping facilities available. 

All other process parameters were left tmChanged from the 3 day sludge age 

Phoredox system described in Section 4. The specifications are presented in 

Table 4.10. 

The system was operated for 12 days. After allowing 1 day for the system to 

stabilise, daily measurements of process parameters were taken for 11 days. 

On the last day of the period, an aerobic batch test was carried out to 

detennine the maximum specific growth rates of the heterotrophs and the 

nitrifiers. Also on the twelfth day the selector reactor was introduced 

into the system as shown in Fig 4. 71. The specifications for this modified 

system are presented in brackets in Table 4.10. Daily process parameter 

readings were taken for a further 8 days. Another aerobic batch test was 

perf onned on day 20 when the experiment was terminated. 

5.2 Sygtem operation 

5.2.1 Influent characteristics 

The measured influent characteristics, . COD (Sti), readily biodegradable COD 

(~i)' unfiltered TKN (Nti) and total phosphorus over the experimental 

period are shown in Figs 4.72 to 4.75. 

Over this period, 3 different batches of wastewater were fed to the sludge. 

The mean influent characteristics are presented separately for each batch 

in Table 4 .11. The mean values were not calculated but estimated visually 

from the plots of the daily val\Jes. 

5.3 System resoonse 

Figures 4.72 to 4.96 show the measured responses of the various parameters 

in the reactors and the effluent, i.e. COD, soluble TKN, OUR, VSS, P, 

nitrate and DSVI. 



Univ
ers

ity
 of

 C
ap

e Tow
n 

4.26 

(i) COD 

The influent and effluent COD values, presented in Fig 4.72, showed little 

fluctuation throughout the period of operation of the system. The influent 

·COD, of approximately 500 mgCOD/t, was reduced to an effluent value of 

approximately 60 mgCOD/t, i.e. an 88 percent removal, or alternatively, 12 

percent of the influent COD appeared in the filtered effluent.· 

(ii) Nitrogen behaviour 

The TKN concentrations of the influent and filtered effluent are plotted in 

Fig 4.74. The nitrate concentrations in the reactors and the effluent are 

plotted in Figs 4.76 to 4.80. 

The TKN and nitrate data indicated that partial nitrification took place 

throughout the period of steady state and that the incorporation of the 

selector reactor increased the amol.mt of nitrification. The selector 

reactor increased the aerobic mass fraction and therefore the increase in 

nitrification was not llllexpected. Nitrification was, however, never com­

plete indicating that the system was operating slightly above the minimum 

sludge age for nitrification at 20oc. 

(iii) Volatile Suspended Solids (VSS) 

The VSS concentratios in the 4 reactors are plotted against time in Figs 

4.81 to 4.84. The VSS's in all the reactors were stable over the period of 

operation and \.Ulaff ected by the introduction of the selector reactor. The 

increase in the volume of the system due to the introduction of the 

selector would have had a marginal effect only as the selector volune was 

only 5 percent of the original volume. 

(iv) Ox.vgen Utilisation Rate (OUR) 
f 

The plot of OUR versus time for the 2 aerated reactors is presented in Fig 

4.85. Before the introduction of the selector, the OUR in the first aerobic 

reactor was always higher than that in the second. After the introduction 

of the selector, the OUR•s in the two aerobic reactors were very nearly the 

same but lower than before the selector introduction. 1his difference in 

behaviour was due to nitrification effects: before the selector was intro­

duced, nitrification occurred principally in the first of the two aerated 

reactors; after the selector was introduced, a large fraction of the nitri­

fication occurred in the selector. The OUR•s in the two aerobic reactors 
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were now controlled largely by the rate of hydrolysis of the particulate 

COD, a relatively slow reaction, so that the stored COD, and hence the 

OUR•s also, remained substantially the same in both reactors. 

( v) P release, uptake and removal 

The concentratic;m of }'.il.os}iiorus in the effluent and the 4 reactors is 

plotted versus time in Figs 4.86 to 4.90. The plots of P release, uptake 

and removal are presented in Figs 4.91 to 4.95. 

The excess P removal was approximately 9 mgP/t during the period without 

the selector and reduced to about 6 mgP/t after the selector was incorpora­

ted. The lower P removal probably was due to the increased nitrification 

which resulted in a higher concentration of nitrate being recycled to the 

anaerobic zone. The decrease in P release in the first anaerobic reactor 

(Fig 4.91) supports this hypothesis. 

Comparing the P removal of the 3 day sludge age Split-feed system with that 

in the 3 day sludge age Phoredox systems (Sections 3 and 4) , the mean 

removal of the Split-feed system ranged from 6 to 9 mgP/f. and that of the 

Phoredox systems ranged from 9 to 15 mgP/I.. The generally higher removals 

in the Phoredox system can be ascribed tO the total influent flow being 

directed to the anaerobic reactor; in the Split-feed system, 2/3 of the 

influent was directed to the anerobic reactor so that the P removal could 

be expected to be two-thirds lower, i.e. reduced from 9-15 mgP/f. to 6-12 

mgP/t. It would seem therefore that, from a P removal point of view, the 

split-feed mode of operation is not to be reconmended in nutrient removal 

plants at short sludge ages. 

(vi) Settleability 

The settleability of the sludge is shown as a plot of Diluted Sludge Volume 

Index (DSVI) versus time in Fig 4.96. 

During the running of the Phoredox system prior to splitting the feed, a 

slow increase in the DSVI of the sludge was observed. A microscope study 

revealed an abundance of the filamentous organism S. na tans. The known 

causes of this organism are firstly, a low dissolved oxygen concentration 

in the aeration basin and secondly, a nutrient deficiency. The organism has 

clinging properties which allows it to attach itself to the inside of pipes 
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and reactors and therefore it can thrive in areas providing favourable 

conditions such as dirty feed lines and dirty reactor surfaces. However, 

extreme care was taken to prevent these conditions - the feed lines were 

cleaned with hot water daily and any clinging sludge was removed by 

stretching the pipe arotmd a tap handle; the fe~ bucket was scrubbed and 

rinsed with hot water daily; the reactor walls were brushed frequently 

during the day, and stirring paddles were cleaned every second day. 

At the time the feed was split, the DSVI of the sludge was approximately 

165 mt' /g. Thereafter operating the system for 19 days, the DSVI increased 

to 540 mt /g (see Fig 4. 96) . The selector reactor . was then introduced 

between the anaerobic and aerobic sections (see Fig 4.71). After the intro­

duction of the selector, the settleability continued to deteriorate and 

within 9 days, the DSVI of the sludge had reached 688 ml'/g and the system 

was aborted. 

In order to determine whether the introduction of the selector did 

influence the maximum specific growth rates of the heterotrophs and the 

ni trifiers <Ai.i and ~) , these parameters were measured the day before the 

selector was introduced into the system and 9 days later. Til.e procedure 

used to determine the maximum specific growth rates was that proposed by 

Ekama.,Dold and Marais (1986). Til.e detailed results and calculations are 

presented in Appendix C. 

Contrary to expectation, ~ decreased after introducing the selector which, 

if Ekama and Marais• findings were applicable to short sludge age systems, 

would indicate a greater propensity for b.tlking. 

(vii) Running problems 

Til.roughout its operation, the Split-feed system provided problems with 

maintenance. The clinging properties of S.natans resulted in large deposits 

of sludge adhering to the sides of reactors and the walls of the inter­

connecting pipes. This necessitated vigorous and regular brushing and 

cleaning. The presence of the filamentous organisms also resulted in a 

carry-over of sludge into the effluent bucket. This ~ludge was returned to 

the reactors daily but it created an tmcertainty as to the exact mass that 

was wasted, i.e. a measure of tmcertainty with regard to the actual sludge 

age. 
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Large polysaccharide deposits were observed on the stirrers, walls and 

airstones in the aerobic reactors. Although apparently not influencing the 

behaviour of the system, these deposits required regular cleaning. 

Lumps of red worms were observed in the aerobic reactors but they were not 

present in sufficient quantities to cause blocking in the pipes. 

5.4 Analysis of Split-Feed system 

5.4.1 ~~~!~~!~!-~!~!~ 
The experimental data obtained from the Split-feed system was analysed by 

the statistical procedure outlined in Appendix D. The plots showed strong 

normal characteristics for all process parameters. The set of mean values 

and the standard deviations for the various parameters are presented separ­

ately for the two configurations (with and without the selector) in Tables 

4.13 and 4.14. 

5.4.2 ~~p~~!!!~~-~!-~~ 
The statistically determined mean values for the Split-feed system without 

the selector (Table 4 .13) were used in the mass balance equations derived 

in Appendix E. Assuming a COD:VSS ratio of 1,48 mgCOD/mgVSS and a N:VSS 

ratio of 0,1 mgN/mgVSS for the sludge, the data provided a COD recovery of 

78 percent and a nitrogen recovery of 92 percent. As with all the short 

sludge age systems investigated, the COD recovery is low. The factors dis­

cussed in Section 2. 4. 2, as well as the generation of slime discussed in 

Section 4.3, could have been responsible for the poor COD mass balance. 

A mass balance could not be performed on the system incorporating the sel­

ector because OUR measurements were not taken in that reactor. 

5.5 Discussion 

The objective of this experiment was to detennine whether introducing a 

selector and splitting the feed between the anaerobic and the aerobic zones 

would inhibit the growth of the filamentous organism S .natans in the 

Phoredox system. In order to achieve this objective, a Phoredox system was 

operated with a 3 day sludge age (1, 62 day aerobic sludge age) with 2/3 of 

the feed directed into the first anaerobic reactor and the remainder into 

the first aerobic reactor. After 12 days of operation, a selector was 

introduced between the last anaerobic reactor and the first aerobic reactor 
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and the feed previously directed into the aerobic zone was fed into the 

selector. 

The response of the system prior to the introduction of the selector makes 

it clear that splitting the feed does not inhibit the growth of S.natans 

but, rather, favours it. Within 12 days of operation, the DSVI of the 

sludge rose from about 165 mt/g to about 540 mt/g due to the rapid growth 

of S. na tans. The behaviour .of the system after the introduction of the 

selector indicates that the selector did not inhibit the growth of 

S.natans. The DSVI of the sludge continued to rise at the same rapid rate 

as observed prior to the incorporation of the selector. 

With the poorer P removal relative to the Phoredox systems and the greatly 

increased bulking tendency observed, it would appear that the split feed 

operation of the Phoredox system at low sludge ages is not to be 

recommended. 

6. 3-STAGE BARDENPHO SYS'I»t 

6.1 System selection 

In Sections 2, 3 and 4 a detailed aoco\IDt was.presented of the behaviour of 

Phoredox systems with 50 percent tma.erated mass fractions operated at 3 and 

4 day sludge ages. The principal findings were that, at the operating tem­
perature of 20°C, the 4 day system nitrified partially and the 3 day system 

intennittently; the 4 day system gave a good settling sludge, clear 

effluent and a filtered effluent COD a little above that observed in long 

sludge age plants treating the same effluent whereas the 3 day sludge age 

systems gave bulking sludges, turbid effluents and filtered COD•s about 50 

percent higher than those from long sludge age systems. With regard to P 

removal, both the 4 and 3 day sludge age systems gave biological excess P 

removals significantly higher than those observed in long sludge age units, 

6P/t:..COD = 0,025 to 0,03 as against 0,015 to 0,02. The adverse effect of 

nitrate recycled to the anaerobic reactor was also clearly evident in the 

short sludge age units. 

The fact that nitrification could occur in these units at such short sludge 

ages and that nitrate has such an adverse effect on P removal, placed the 

Phoredox system in doubt as a reliable P removal system, particularly 
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during the s\.UIUiler months. One could provide greater security against nitri-
" fication by reducing the sludge age below 3 days but the experimental indi-

cations are that the systems then have a higher potential for producing 

bulking sludges, turbid effluents and higher filtered effluent COD's. 

As a consequence of the findings above, it was decided to accept 

nitrification and to study systems, such as the 3-stage Bardenpho and UCT 

systems, that allow control of the nitrate concentration in the recycles to 

the anaerobic reactor. However, to retain the short sludge age character, 

an upper limit to the sludge age of 6 days would be imposed on the system. 

The first system selected was the 3-stage Bardenpho system shown 

diagrama.tically in Fig 4. 97. The four reactor Phoredox system described in 

Sections 2 and 3 was retained but an a-recycle was introduced, from the 

second aerated reactor to the second unaerated (anoxic) reactor in order to 

reduce the nitrate concentration in the effluent via,denitrification in the 

anoxic reactor. 

The sludge age was selected at 6 · days with a 50 percent unaerated mass 

fraction ( 25 percent anaerobic and 25 percent anoxic) • The system would 

have a 3 day aerobic sludge age which should be adequate for canplete 

nitrification (judged in terms of experience with the two previous systems) 

and yet not increase the total sludge age substantially. 

For this system to operate at its maximum· efficiency, the anoxic reactor 

should be operated at its full denitrification potential. The choice of the 

a-recycle ratio therefore was important. Initially it was chosen as 2:1 

with respect to the feed. flow rate but, when the nitrate concentration in 

the anoxic reactor was measured to be zero, the a-recycle ratio was 

increased to 4: 1 with respect to the feed. flow rate; the nitrate in the 

anoxic reactor increased to about 5 mgN/t which indicated that the nitrate 

supply slightly exceed.ed the removal potential. As the full denitrification 

potential was being used, the recycle ratio of 4:1 was retained. 

A VSS concentration of approximately 2400 mgVSS/I. was selected and, from Eq 

(4.1), a COD mass loading rate of 12500 mgCOD/d was calculated. The 

wastewater COD concentration was selected at 500 mgCOD/i and hence a rate 

of 25 l/d was required in order to meet the calculated loading rate. 
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All other process parameters were left unchanged from those in the 3 and 4 

day sludge age Phoredox systems. The system specifications are presented in 

Table 4.15. 

6.2 Sygtem operation 

Details of the daily operation, control and experimental procedures 

followed in nmning the system have been set out in Chapter 3. 

The system was operated for 86 days from 27/6/85 to 1/10/85. After allowing 

14 days for the system to stabilise, daily measurements of process 

parameters were taken for 71 days (11/7/85 to 30/9/85). 

During this period (after 24 days of taking readings) , 7 t of sludge was 

lost due to a pipe connection breaking overnight. The sludge was replaced 

with sludge from a modified UCI' system operating at a 21 day sludge age. 

The system was given 8 days to stabilise before testing recoomenced. 

6.2.1 Influent characteristics 

The measured influent characteristics, COD (Sti)' readily biodegradable COD 

(~i), llllfiltered TKN (Nti) ~ total phosphorus over the experimental 

period are shown in Figs 4.98 to 4.101. 

Over this period, 8 different batches of wastewater were fed to the sludge. 

The mean influent characteristics are presented separately for each batch 

in Table 4 .16. These mean values were not calculated but estimated by 

visual investigation of the plots of the daily values. 

6. 3 Sygtem Resoonse 

Figures 4.98 to 4.122 show the measured responses of the various parameters 

in the reactors and the effluent, i.e. COD, soluble TKN, OUR, VSS, P, 

nitrate and DSVI. 

(i) COD 

A plot of influent and effluent COD values is presented in Fig 4. 98. The 

COD removal showed little fluctuation throughout the period of operation of 

the system. The influent COD, of approximately 500 mgCOD/e, was reduced to 

a filtered effluent value of approximately 40 mgCOD/e, i.e. a 92 percent 

removal, 8 percent remaining. 
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(ii) Nitrogen behavour 

The TKN concentrations of the influent and filtered effluent are plotted in 

Fig 4.100. The nitrate concentrations in the reactors and the effluent are 

plotted in Figs 4.102 to 4.106. The system nitrified completely throughout 

its pericxi of operation and consistently reduced the TKN to an effluent 

value of less than 5 mg(TKN-N)/t. 

Fr~ day zero to day 9, with an a-recycle ratio of 2:1, the nitrate quality 

in the effluent was low (about 6 mgN/ t ) and in the anoxic reactor, zero. 

The TKN in the influent during this pericxi was exceptionally low, only 33 

mgN/t. 'Ihe remaining batches all had TKN values of 45 mgN/t and higher 

which conformed more closely to those expected for this wastewater. The 

nitrate in the effluent concomitantly increased to about 14 mgN/t. To 

ensure that the anoxic zone was used to its full denitrification potential, 

the a-recycle ratio was increased to 4:1 on day 9. This increase, canbined 

with a higher TKN in the influent, caused the nitrate in the anoxic zone to 

increase from zero to about 8 mgN/t so that the denitrification capacity of 

the anoxic zone was being used to its Ml potential. 

(iii) Volatile Suspended Solids (VSS) 

1he VSS concentrations in the four reactors are plotted in Figs 4.107 

to 4 .110. The VSS • s in all the reactors were stable at approximately 

2200 mgVSS/t over the pericxi of operation. 

(iv) Oxygen Utilization Rate (OUR) 

The plot of OUR versus time, for the 2 aerated reactors, is presented 

in Fig 4 • 111. 

The OUR's in the 2 aerated reactors were reasonably stable throughout 

the test pericxi. The OUR in the first reactor was always higher than 

in the second, the difference remaining relatively constant at about 

30 mgO/t/h. 

( v) P release, uptake and removal 

The concentrations of Jiiosphorus in the effluent and the 4 reactors 

are plotted versus time in Figs 4 .112 to 4. 116 ~ The plots of P 

release, uptake and removal are shown in Figs 4.117 to 4.121. 
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The excess P removal (Fig 4.121) initially was erratic but, after day 

16, it stabilised at approximately 8 mgP/e. A removal of 8 mgP/t 

(LU>/influent COD = 0,016 mgP/mgC()D) is much less than that obtained 

with the 3 and 4 day sludge age Phoredox units (± 15 mgP/e when no 

nitrification occurs, i.e. .6P/influent COD = 0,03 mgP/mgCOD in 

influent). The principal cause for the reduced removal in the 3-stage 

Bardenpho system was the high nitrate concentration recycled to the 

anaerobic reactor ( ± 13 mgN/ t ) • In the 3 and 4 day sludge age 

Phoredox systems, nitrification, when it did occur, was partial and 

the nitrate concentration in the underflow recycle rarely exceeded 5 

mgN/t. The adverse influence of the nitrate concentration in the 

underflow recycle is clearly demonstrated in Figs 4 .106, 4 .117 and 

4.121 showing the nitrate concentration in the effluent (and hence in 

the underflow) , the P release in the anaerobic reactor and the P 

removal respectively. From day zero to day 9 1 the effluent nitrate 

concentration was about 6 mgN/ t , the P release in the anaerobic 

reactor about 40 mgP/t and the P removal about 12 mgP/t. After 10 

days, the effluent nitrate was 13 mgN/f., the P release about 8 mgP/t 

and the P removal about 7 mgP/t. 

(vi) Settleability 

The plot of Diluted Sludge Volune Index (DSVI) versus time is 

presented in Fig 4.112. The results from the system demonstrate how a 

low F/M (food/microorganism), bulking sludge can be cured by imposing 

a high organic loading rate: As described earlier after 24 days of 

taking readings, 7t of the Bt of sludge in the system was lost due to 

a pipe connection breaking overnight. The replacement sludge, from a 

modified UCT system operating at a 21 day sludge age, had a DSVI of 

over 250 mt/g. As illustrated in the plot, the OOVI in the 3-stage 

Ba.rdenpho system decreased to less than 100 ml/ g within 25 days and 

the settling was maintained at this level thereafter. 

(vii) Running problems 

The TKN/COD ratio of the sewage varied considerably from one batch to 

the next, as can be seen from Fig 4.100. When changing from a sewage 

with a low TKN/COD ratio to one with a high TKN/COD ratio, 

deni trification occurred in the settler for 4 to 5 days after the 
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change. The nitrogen bubbles becwne entrapped in the sludge and the 

whole, or pll't of, the mass floated to the surface, from where it was 

carried over with the effluent; this made control of sludge age 

difficult. Three different measures were taken to remedy the sludge 

carry over and collectively these proved effective. Firstly, the 

stirring time in the settler was increased to release the nitrogen 

bubbles from the attached sludge. Secondly, the effluent outlet from 

the settler was lowered while maintaining the same liquid level,. so 

as not to remove the floating sludge. Thirdly, the sludge from the 

bottom of the settler was recycled through a peristaltic pump back 

into the settler; this once again sepll'ated the nitrogen bubbles from 

the sludge and reduced sludge flotation. 

Whilst cleaning the system, the large jelly-like deposits described in 

Section 4.3 were again observed on the stirrers, walls and airstones in the 

aerobic reactors. These deposits were periodically cleaned outside the 

reactors in order to prevent system blocking. 

Throughout the operation of the system, lumps of red worms were observed 

round the airstones and in the cracks in the aerobic reactors. When the 

reactor walls were brushed, these red worms broke away from their places of 

adherence but remained in lumps which caused clogging of inter reactor 

piping. The sludge mass was sieved regularly to remove the worms. This 

proved to be an adequate measure of controlling the worms but it did not 

eliminate them completely. The reason for the growth of these worms could 

not be detennined; growth appears to be a seasonal phenomenon because the 

red worms proliferated at the same time in other tmits (with sludge ages of 

20 days) in the laboratory. 

6.4 Analygis of 3-stage Bardenpho sygtem 

6.4.1 ~~!!~!!~!-~!~!~ 
The experimental data obtained from the 3-stage Bardenpho system was 

analysed by the statistical procedure set out in Appendix D. A steady state 

period was identified, days 26 to 51, the mean values and their standard 

deviations were detennined and these are presented in Table 4.17. 
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6.4.2 ~~~E~~!!!~~-~~-~~ 
The statistically detennined mean values were used in the mass balance 

' 
equations (derived in Appendix E) to calculate the percentage COD and 

nitrogen recoveries. Assuming a COD:VSS ratio of 1,48 mgCOD/mgVSS and a 

N/VSS ratio of 0, 1 mgN/mgVSS for the sludge, the data provided a COD 

recovery of 75 percent and a nitrogen recovery of 83 ·percent. These 

recoveries are even lower than those observed with the four previous short 

sludge age systems. The three factors discussed in Section 2.4.2 as well as 

the slime generation discussed in Section 4. 3 again could have been 

partially responsible for the low recoveries. 

6.5 Discussion 

The objective of this experiment was to determine whether, with a 3-stage 

Bardenpho System (see Fig 4.97), the nitrate concentration in the underflow 

to the anaerobic reactor could be reduced sufficiently to enable high P 

release and associated excess P removal. To accomplish this objective, the 

system was operated at a total sludge age of 6 days with a 50 percent 

tmaerated zone ( 25 percent anoxic, 25 percent anaerobic) , giving a 3 day 

aerobic sludge age. The a-recycle was initially set at 2:1 with respect to 

the feed flow rate and this resulted in the nitrate concentration being 

zero in the anoxic reactor; the a-recycle ratio was increased to 4:1 with . 
respect to the feed flow rate, to introduce more nitrate into the anoxic 

zone and, since nitrate appeared in the recycle stream from this reactor, 

the reactor must have been operating at its full denitrification potential. 

The COD was set at 500 mgCOD/t with a readily biodegradable COD 

concentration of approximately 90 mgCOD/t. 

The experimental results indicate•the following: 

( i) With the influent wastewater utilised, the system ni trif ied 

completely throughout its period of operation. Denitrification 

fluctuated somewhat with the nitrate in the effluent ranging from 4 

to 19 mgN/ l ; these concentrations were recycled to the anaerobic 

reactor via the underflow recycle. 

(ii) The biological excess P removal was very variable but averaged 

approximately 8 mgP/l. This removal was significantly less than that 

achieved in the 3 and 4 day sludge age Phoredox systems (see Sections 
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2, 3 and 4). The reduced removal most likely was caused by the high 

average nitrate concentration in the underflow recycle, approximately 

13 mgN/t. 

(iii) The settleabili ty of the sludge was consistently good (DSVI - 100 

me/g). 

(iv) The COD removal of the system, based on the filtered effluent, was 

steady at a value of approximately 92 percent, i.e. 8 percent of the 

influent COD appeared in the filtered effluent. This COD effluent 

fraction is lower than those obtained in the 3 and 4 day sludge age 

Phoredox systems. 

(v) The good settleability and clear effluent made the system easier to 

operate and maintain than the 3 day sludge age Phoredox system. 

From the results of the 3-stage Bardenpho system, it is apparent that, with 

the wastewater used in this investigation (TKN/COD - 0,1), despite having a 

large anoxic mass fraction ( 25 percent) operating at its full 

denitrification potential, the nitrate concentration in the effluent 

averaged about 13 mgN/l • This concentration of nitrate was recycled to the 

anaerobic reactor and therefore, a large fraction of the influent readily 

bicxlegradable COD in the anaerobic reactor must have been used up for 

denitrification. The reduced readily bicxlegradable COD concentration in the 

anaerobic reactor then would be expected to lead to a lower than normal P 

release and associated excess P removal; this, in fact, proved to be the 

case. This data therefore supports the contention of the WRC ( 1984) that 

the 3-stage Bardenpho configuration is not an acceptable system for 

biological excess P removal, particularly for the treatment of wastewaters 

with high TKN/COD :ratios. Indeed, the system configuration is such that 

nitrate will always be recycled to the anaerobic zone. The only operational 

option available to the operator to improve the situation is to reduce the 

underflow recycle ratio. This option however would be available only if the 

settling tank was designed for this lower recycle ratio at some maximtun 

DSVI. 

It is apparent from the performance of the above system that, in order to 

obtain optimal biological excess P removal, the nitrate concentration 
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recycled to the anaerobic reactor must be controlled so that it is low, 

preferably zero. There are two system configurations that allow greater 

control of the nitrate recycled to the anaerobic zone; (1) the UCT/Modified 

UCT system and (2), a modification of the Phoredox system in which an 

anoxic zone is introduced into the underflow recycle. This modification has 

been proposed by the Johannesburg municipality and, for that reason, will 

be termed the Johannesburg system. It was decided therefore to investigate 

both the UCT and Johannesburg systems as alternatives to the 3-stage 

Bardenpho system for biological excess P removal at short sludge ages. 

7. UCT SYSTEM 

7.1 ~~!~-~~!~!~~~ 
The reasons for the choice of the UCT system were twofold. Firstly, having 

encountered problems with a high nitrate concentration in the underflow of 

the 3-stage Ba.rdenpho system (see Section 6) , it was decided to operate a 

system in which the effluent nitrate concentration (and hence underflow 

nitrate concentration) did not affect the excess P removal. In the UCT 

system, by setting the a-recycle at a value found by trial and error, the 

anoxic reactor can be operated at, or just below, its denitrification 

potential, i.e. the nitrate concentration in the anoxic reactor will be 

approximately zero. The recycle from the anoxic to the anaerobic reactor 

(r-recycle) therefore will return no nitrate to the anaerobic zone, thereby 

allowing the polyP organisms to obtain full benefit of the readily 

biodegradable COD in the influent wastewater. The second reason for the 

system selection was that, although considerable success had been obtained 

with excess P removal in the UCT system at long sludge ages, the system had 

not been tested at a shdge age of less than 10 days; for the sake of 

completeness, the behaviour under short sludge age conditions was of great 

interest. 

The sludge age of 6 days for the 3-stage Bardenpho system had resulted in 

relatively stable nitrification and therefore it was retained for the UCT 

system. 

As explained ear lier, the choice of the a-recycle in the UCT system is 

important as its magnitude will detennine whether nitrate will be present 

in the anoxic reactor or not. Initially, the a-recycle ratio was set at 2:1 

with respect to the feed flow rate but, under these conditions, the stream 
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leaving the anoxic reactor contained approximately 4 mgN/t. This indicated 

that the anoxic reactor was overloaded with nitrate. Accordingly, after 34 

days, the a-recycle ratio was reduced to 1:1 which resulted in zero nitrate 

in the anoxic reactor. 

The r-recycle ratio was selected at 1. Experience with long sludge age 

plants had led to the conclusion that higher ratios result in smaller P 

removals. Lower ratios lead to excessively large anaerobic reactor voltUDes 

with respect to the anaerobic sludge mass fractions (WRC, 1984). 

With one exception, all other process parameters and reactor voltunes were 

left unchanged from those in the 3-stage Bardenpho system. The exception 

was the anaerobic mass fraction; by retaining the same volunes as in the 

Bardenpho system with an r-recycle ratio of 1:1, the mass fraction was in 

effect reduced from 25 percent to 14 percent. The system specifications are 

presented in Table 4.18 and a schematic diagram of the UCI' configUration is 

presented in Fig 4.123. 

7.2 Sygtem Operation 

The system was operated for 7-0 days from 1/10/85 to 10/12/85. After 

allowing 10 days for the system to stabilise, daily measurements of process 

parameters were taken for 60 days ( 11/10/85 to 10/12/85) • The a-recycle 

ratio was changed from 2 to 1 on 13/11/85 ( 34 days after starting 

measurements). In the middle of the study period, a batch of sewage was 

received that contained an appreciable concentration of dissolved hydrogen 

sulphide (H2 S). This caused bulking to develop through the growth of the 

filamentous organism Thiothrix. To prevent overflow of the secondary 

settler, the tmderflow recycle ratio was increased from 1: 1 to 2: 1 and 

simultaneously the a-recycle ratio was reduced from 1:1 to zero to maintain 

the same mass of nitrate in the recycle to the anoxic zone. 

Details of the daily operation, control and experimental procedures 

followed in running the system have been set out in Chapter .3. 

7.2.1 Influent characteristics 

The measured influent characteristics, COD (Sti)' readily biodegradable COD 

( ~i) , unfiltered TKN and total phosphorus over the experimental period 

are shown in Figs 4.124 to 4.127. 
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Over this period, 4 different batches of wastewater were fed to the sludge. 

The mean influent characteristics are presented separately for each batch 

in Table 4.19. These mean values are not calculated but estimated by visual 

investigation of the plots of the daily values. 

7 • 3 SYBtern Response -

Figures 4.124 to 4.148 show the measured responses of the various 

parwneters in the reactors and the effluent, i.e. COD, soluble TKN, OUR, 

VSS, P, nitrate and DSVI. 

(i) COD 

A plot of the influent and effluent COD values is shown in Fig 4.124. The 

COD removal showed little fluctuation throughout the period of operation of 

the system. The influent COD, of approximately 500 mgCOD/C, was reduced to 

an effluent value of approximately 35 mgCOD/f, i.e. 93 percent removal, 7 

percent remaining. 

· (ii) Nitrogen behaviour 

The TKN concentrations of the influent and filtered effluent are plotted in 

Fig 4.126. The nitrate concentrations in the reactors and the effluent are 

plotted in Figs 4.128 to 4.132. The system nitrified completely throughout 

the period of study and the effluent TKN was consistently around 3 mgN/C. 

The nitrate in the anoxic reactor (Fig 4.129) shows that while the recycle 

was maintained at 2: 1, nitrate was present in the anoxic zone averaging 

about 4 mgN/C. When the a-recycle ratio was reduced to 1:1 on day 34, the 

nitrate in the anoxic reactor fell to about 1 mgN/t. 

(iii) Volatile Suspended Solids CVSS) 

The VSS concentrations in the 4 reactors versus time are shown in Figs 

4.133 to 4.136. The VSS's in all the reactors were stable over the period 

of operation. 

(iv) Qxygen Utilisation Rate (OUR) 

The plot of OUR versus time for the 2 aerated reactors is presented in Fig 

4. 137. The values in the 2 reactors were stable throughout the period of 

operation of the system with the OUR in the first aerobic reactor always 

higher than that in the second aerobic reactor. 
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(v) P release, uptake and removal 

The concentrations of phosphorus in the effluent and the four reactors are 

plotted versus time in Figs 4.138 to 4.142. 'ihe plots of P release, uptake 

and removal are shown in Figs 4.143 to 4.147. 

Over the first 34 days while the a-recycle ratio was 2:1, the P release in 

the anaerobic reactor (number 1) ranged between zero and 5 mgP/t. In the 

anoxic (second) reactor, there was a further slight release. The removal 

averaged about 7 mg/t. giving a AP/(influent COD) = 0,014. This poor removal 

probably was due to nitrate being recycled to the anaerobic zone 

(approximately 4 mgN/t). When the a-recycle was reduced to 1:1 on day 34, 

the nitrate in the r-recycle fell to about 1 mgN/t. and less. Imnediately 

the P release in the anaerobic reactor ccmnenced to increase from near zero 

and continued to do so for the rest of the test period attaining about 25 

mgP/e release by day 60. At the same time, the P removal showed a steady 

increase and by day 60 had attained a removal of 12 ml!,P/t.. From the removal 

pattern observed, there is every indication that the removal would have 

increased further should the experiment have been continued longer. 

(vi) Settleability 

The . plot of Diluted Shdge Voll.Ulle Index (DSVI) versus time is presented in 

Fig 4.148. The DSVI was consistently low initially (approximately 110 mt./g) 

but increased sharply during a period in the middle of the study due to a 

proliferation of the filamentous organism Thlothrlx. This growth was due to 

high sulphide concentrations in a sewage batch. When this was established, 

the batch was discarded and another batch collected, whereupon the 

settleability improved markedly and was still improving when the system was 

shut down. 

(vii) Running Problems 

The principal problem experienced with :nmning the system occurred during 

the period when the settleabili ty deteriorated due to the growtii of 

Thiothrix. Sludge built up in the settler, the sludge mass turned anoxic 

and denitrified. Nitrogen bubbles became entrapped in the sludge which 

floated to the surface and was carried over with the effluent. The three 

measures described in detail in Section 6.3(vii) again were implemented and 

these proved effective in preventing sludge loss in the effluent. Briefly 

the measures entailed: 

-----,.,---- ~------------· ·-------· -·--- -------- -··-·-·--··--· 
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concentration in the anoxic reactor was measured to be approximately 4 

mgN/t, it was concluded that the anoxic reactor was overloaded with nitrate 

and the a-recycle ratio was reduced to 1. Thereafter, the nitrate 

concentration in the anoxic reactor was about 1 mgN/ t. The underflow ( s) 

and r-recycle ratios were set at 1:1 with respect to the feed flow rate. 

'nle system was fed with 25 t Id of raw wastewater having a total COD 

concentration of approximately 500 mgC()D/t and a readily biodegradable COD 

concentration of approximately 95 mgCOD/t. 

The experimental results indicate the following: 

( i) With the influent wastewater utilised, the system ni trified 

completely throughout its period of operation. For an a-recycle ratio 

2:1, about 4 mgN/f. of nitrate was present in the r-recycle to the 

anaerobic zone and the P release was near zero. 

(ii) The biological excess P removal was stable at approximately 7 mgP/t 

while nitrate was recycled to the anaerobic reactor, i.e. a = 2. From 

the time that the a-recycle ratio was reduced to 1, the nitrate in 

the r-recycle to the anaerobic reactor became near zero and the P 

release and excess P removal coomenced to increase steadily, and were 

continuing to do so when the experiment was tenninated, by which time 

the P release had reached about 25 mgP It and the P removal about 12 

mgP/t. 

(iii) The settleability of the sludge was good (DSVI - 110 mt/g) excepting 

a period during the experiment when the set_tleabili ty deteriorated to 

DSVI values of approximately 200 ml/g (see Fig 4.148) due to the 

presence of the filamentous organism Thiothrix. The presence of this 

filament is related to high concentrations of sulphide in the 

wastewater. On changing the sewage batch, the settleability rapidly 

improved. 

(iv) The COD removal of the system, based on the filtered effluent, was 

consistent at a value of 93 percent, i.e. 7 percent of the influent 

COD appeared in the filtered effluent. 

(v) The system provided no serious running problems. 
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From the results of the UCT system, it is evident that the initial low 

excess P removal was due to the a-recycle ratio being incorrectly chosen -

the a-recycle ratio was too high and therefore the anoxic reactor was 

overloaded with nitrate, i.e. despite working at its full denitrification 

potential, the anoxic reactor still contained approximately 4 mgN/ t • The 

recycle stream to the anaerobic reactor ( r-recycle) therefore contained 

about 4 mgNO ~-NI e which, on entering the anaerobic reactor, would have 

utilised approximately 8,6 x 4 = 34,4 mg of readily biodegradable COD per 

litre recycled. Therefore, approximately 1/3 of the readily biodegradable 

COD in the influent was utilised for denitrification, leaving only 2/3 for 

sequestration by the polyP organisms. When the a-recycle ratio was reduced 

to 1: 1, there was little or no nitrate in the anoxic reactor, and the P 

release and excess P removal inmediately started to increase. These 

parameters were still increasing when the experiment was terminated and 

therefore steady state values were not obtained. Despite this premature 

shut-down, the results from the experiment indicate that, by careful 

selection of the system recycle rates, the UCT configuration may be used 

effectively as a P removal system to treat wastewaters with high TKN/COD 

ratios at short sludge ages. 

8. JOHANNESBURG SYSTEM AT A 3 DAY SllJDGE AGE 

8.1 System Selection 

The data obtained from all the experimental investigations indicated that, 

in order to achieve the optimal excess P removal, it is necessary to 

minimise the nitrate in the recycle to the anaerobic reactor. In Section 

6.5, two configurations were proposed to achieve this control of nitrate in 

the recycle; the UCT system and the Johannesburg system. The UCT system was 

investigated in Section 7 and, although the experiment was terminated 

prematurely, it did indicate that the system has the ca.paci ty to produce 

high levels of excess P removal even when treating waters with high TKN/COD 

ratios. This section will describe the investigation into the potential of 

the Johannesburg system for minimising the nitrate entering the anaerobic 

reactor. 

A Johannesburg system was set up as shown in Fig 4. 149. Note in particular 

that the denitrification reactor is located in the underflow recycle. With 

a 1:1 underflow recycle ratio, this implies that the denitrification 

reactor is required to remove only 50 percent of the total nitrate 
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generated in order to ensure a nitrate free discharge to the anaerobic 

reactor. The fraction of nitrate requiring denitrification can be reduced 

by decreasing the recycle ratio; for example, if the recycle/influent flow 

ratio is 1:2, then only 1/3 of the total nitrate generated need be removed. 

A low recycle ratio however will be possible only if the sludge settles 

well • Should the nitrate in the underflow be deni trif ied in the anoxic 

reactor, all the readily biodegradable COD in the influent would become 

available to the polyP organisms for sequestration in the anaerobic reactor 

and the system would provide the optimal conditions for P removal. 

The system was operated at a 3 days sludge age with a 50 percent unaerated 

mass fraction ( 25 percent anoxic, 25 percent aerobic) • With a 1: 1 recycle 

ratio, the density of the sludge in the underflow is twice that in the 

system and accordingly, the volume of the anoxic reactor (ll) was only half 

that of the anaerobic reactor ( U ) • This redl.K!ed the actual process voltune 

to U but maintained the effective volume at 8t • All other process 

pe.rameters were left lUlChanged from the Phoredox systems. The system 

specifications are presented in Table 4.21. 

Although, for consistency, this experiment is reported at this point in the 

sequence of the investigation, in fact it was conducted out of the sequence 

reported and followed inmediately after the split-feed experiment reported 

in Section 5. The split-feed system showed excessive bulking behaviour and 

the study was tenninated just before the settling tank failed. The sludge 

was retained for the Johannesburg system investigation. 

8.2 System Operation 

The system was operated for 33 days from 5/5/86 to 6/6/86. After allowing 

one day for the system to stabilise, daily readings were taken for 32 days. 

8.2.1 Influent characteristics 

The measured influent characteristics, COD (Sti), readily biodegradable COD 

(~i), Wlfiltered TKN (Nti) and total phosphorus over the experimental 

period are shown in Figs 4.150 to 4.153. 

Over this period, 3 different batches of wastewater were fed to the sludge. 

The mean influent characteristics are presented separately for each batch 
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in Table 4.22. These mean values were not calculated but estimated visually 

from the plots of the daily values. 

8.3 System Response 

Figures 4.150 to 4.177 show the measured responses of the various 

parameters in the reactors and the effluent, i.e. COD, soluble TKN, OUR, 

VS, P, nitrate and DSVI. 

(i) COD 

A plot of the influent and filtered effluent COD values is presented in Fig 

4.150. The COD removal, based on the filtered effluent, showed little 

fluctuation throughout the period of operation of the system. 1be 

unfiltered influent COD of approximately 500 mgC()D/ € was reduced to a 

filtered effluent value of approximately 60 mgC()D/t, i.e. 88 percent 

removal or, alternatively, 12 percent of the influent COD appeared in the 

filtered effluent. 

(ii) Nitrogen behaviour 

The TKN concentrations of the influent and filtered effluent are plotted in 

Fig 4.152. The nitrate concentrations in the reactors and the effluent are 

plotted in Figs 4.154 to 4.159. 

Figure 4 .152 indicates that the TKN reduction of the system 

(TKN. - TKN t) fluctuated between approximately 20 and 40 mgN/t. Sharp in OU 
drops in the reduction occurred on day 8 and also on the two occasions that 

the wastewater feed batch was changed (days 16 and 28). 

The fluctuating TKN reductions of the system were reflected in the nitrate 

concentrations in the reactors and the effluent (see Figs 4 .154 to 4 .159) • 

This behaviour indicates that, as in the other 3 day sludge age studies, 

the system sludge age was very close to the minimum for nitrification at 

20°C. Under such conditions, minor changes in the feed composition or 

operational procedures can cause the nitrifiers to be either retained or 

washed out of the system; hence the fluctuating nitrate values. 

(iii ) Volatile Suspended Solids (VSS) 

The VSS concentrations in four of the reactors are plotted against time in 

Figs 4.160 to 4.163. The VSS in the selector was not measured. 
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The VSS's in the first two reactors (unaerated reactors) were stable over 

the period of operation. As expected, the solids concentration in the first 

reactor was approximately double that in the second. The VSS's in the last 

2 reactors displayed a slow rise and fall between days 1 and 12. Thereafter 

the solids concentrations remained stable. 

(iv) Qxygen Utilization Rate (OUR) 

The plot of OUR versus time for the three aerated reactors is presented in 

Fig 4.164. 

In each reactor, the OUR showed slight fluctuations. Furthennore the 

fluctuations in the 3 reactors appeared to be in step. The OUR in the 

selector was approximately three times the rate observed in the following 

two reactors. The rates in the last two reactors were very similar, with 

the OUR in the last reactor always being slightly lower than that in the 

preceding reactor. 

The fluctuations in OUR in the system possibly stenmed from the variable 

nitrification.· 

(v) P release, uptake and removal 

The concentrations of phosphorus in the effluent and the five reactors are 

plotted versus time in Figs 4.165 to 4.170 •• The plots of P release, uptake 

and removal are shown in Figs 4.171 to 4.176. 

The excess P removal was fairly stable at approximately 8 mgP/t for the 

first wastewater batch and at approximately 9 mgP/t for the next two 

batches. Figure 4.154 indicates that all the nitrate in the 'lmderflow was 

denitrified in the first unaerated reactor and consequently, it should have 

had no effect on the P release in the anaerobic zone. 

(vi) Settleability 

The plot of Diluted Sludge Voltmle Index (DSVI) versus time is presented in 

Fig 4.177. The system was started with a very poor settling sludge (DSVI of 

approximately 680 mt I g) that contained an abtmdance of the filamentous 

organism S.natans. Over the first seven days of operation, the DSVI 

declined sharply to approximately 300 me/g. Thereafter the DSVI dropped at 

a steady rate and, when the 3 day sludge age experiment was tenninated 

after 32 days, the DSVI was 230 me/g. 
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A microscope study on day 9 revealed that the slt.dge still contained an 

ab.mdance of S.natans. Many of the filaments had floe-formers growing along 

their length which may indicate that the filaments were dying off - when 

proliferating, the filaments tend to be free of attached floes. 

(vii) Rtmnins problems 

The initial poor settleability of the sludge caused denitrification to 

occur in the settler. The nitrogen bubbles became entrapped in the slt.dge 

and the sludge rose to the surface from where it was carried over into the 

effluent bucket. The three measures described in detail in Section 6.3(vii) 

again were implemented and these proved effective in reducing sludge carry 

over with the effluent. 

A small nlUil.ber of red worms was always present in the aerobic reactors. 

Their nlUil.bers however were insufficient to cause any pipe blockages. 

The large jelly-like deposits noted in Section 4.2 were observed on the 

stirrers, walls and airstones in the aerobic reactors. These necessitated 

vigorous and regular cleaning. 

8.4 Analysis of Johannesburg sygtem at 3 days sludge ye 

8.4.1 ~~!!~!!~!-~~!~ 
The experimental data obtained from the system was analysed by the 

statistical procedure set out in Appendix D. The set of mean values and the 

standard deviations for the Va.rious parameters are presented in Table 4.23. 

8.4.2 ~E~~!!!~l-~f-~~ 
The mean values from Table 4. 23 were used in the mass balance equations 

derived in Appendix E. Asslllli.ng a COD:VSS ratio of 1,48 mgC()D/mgVSS and a 

N:VSS ratio of 0,1 mgN/mgVSS for the sludge, the data provided a COD 

recovery of 80 percent and a nitrogen recovery of 94 percent. The low COD 

recovery could be due to the three factors discussed in Sectdon 2.4.2 or to 

the generation of slime (see Section 4.3). 

8.5 Discussion 

The objective of this experiment was to operate a system where optimal P 

removal could be attained by minimising the nitrate concentration entering 

the anaerobic reactor. Since the nitrate concentration in the anoxic 
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reactor was approximately zero throughout the period of operation, in this 

respect the experimental objective was achieved. 

The system consistently removed between 8 and 9 mgP/t. In order to compare 

this excess P removal with those achieved in the two 3 day sludge age 

systems, the removals together with other relevant infonnation are listed 

in Table 4.24. 

Clearly, when no nitrate was generated, the Phoredox system appeared to 

have a high potential for removing phosphorus, probably because of the high 

anaerobic mass fraction; once nitrate was present in appreciable 

concentrations as in Phoredox ( 2) 1 the effective anaerobic mass and the 

available readily biodegradable COD in the influent were reduced and the P 

removal concomitantly decreased. From the data for Phoredox (2) however, it 

is not possible to link explicitly the nitrate concentration in the recycle 

to the reduction in p removal because of the massive and almost random 

fluctuations in the nitrate. 

The Joharmesburg 3 day sludge.age system had to contend with appreciable 

nitrate concentrations in the recycle (8,6 mgN/t on average).This nitrate 

however was always removed in the anoxic reactor. The excess P removal 

achieved (8-9 mgP/t influent) was significantly less than that in Phoredox 

(1 ) which also had zero nitrate discharge to the anaerobic reactor. The 

anaerobic mass fraction of the Johannesburg system was 25 percent as 

against 50 percent of the Phoredox (2) and this reduced mass fraction may 

have been the ma.in reason for the reduced P removal in the Johannesburg 

system. 

9. JOHANNESBURG SYSTEM AT FIVE DAY SWDGE AGE 

9.1 System selection 

In Section 8, the 3 day sludge age Johannesburg system was evaluated for 

conditions in which no (or relatively little) nitrification occurred. Under 

these cond.i tions, the system dealt effectively with the nitrate in the 

underflow recycle and gave a reasonable P removal (0,018 mgP/mgCOD in the 

influent) . However, as with the other 3 day sludge age systems 

investigated, the effluent was turbid and the system produced a bulking 

sludge. As the Johannesburg system appeared to deal very effectively with 

the nitrate in the recycle, it raised the question as to whether this 
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system could serve as an alternate to the UCT and 3-stage Bardenpho systems 

at a 6 day sludge age if complete nitrification did take place. Should the 

Johannesburg system operate successfully, then certainly it would be 

preferable to the other 2 systems in that no other recycles would be 

needed, i.e. the Johannesburg system would be simpler to operate than both 

the UCT or 3-stage Bardenpho systems. Accordingly, a Johannesburg system 

was set up that should nitrify. 

This study was the last one to be \.llldertaken in the investigation. Research 

work into the kinetics of the activated sludge process had, by this time, 

been developed to a sophisticated degree by Dold and Marais ( 1985) • 

Accordingly, the kinetic model was used to proportion the reactor volunes 

to give a theoretical response that would be satisfactory in terms of 

nitrate removal, nitrification and COD removal. Using this approach a 

Johannesburg system, as shown schematically in Fig 4.°178-, was developed. 

The sludge age was 5 days, anoxic mass fraction 0, 36, anaerobic mass 

fraction 0, 24 and aerobic mass fraction 0, 40. The aerobic sludge age 

therefore was 2 days. The specifications of the system are listed in Table 

4.25 

In retrospect, it is tmfortunate that so much weight was put on developing 

the system using the kinetic model as a basis. All previous studies at the 

longer sludge ages were at 6 days sludge age. From a comparison aspect, it 

would have been preferable to have used the longer sludge age of 6 days and 

to have retained the same anoxic, anaerobic and aerobic mass fractions as 

for the other systems. 

9.2 System Operation 

The system was operated with an \.lllderflow (s) recycle ratio of 0,5:1 for 22 

days. After allowing 5 days for the system to stabilise, daily measurements 

of process parameters were taken for 17 days. The nitrate in the anoxic 

reactor proved to be zero which indicated that this reactor was operating 

below its deni trif ication potential. Accordingly the \.lllderf low recycle 

ratio was increased to 1:1 and, in order to maintain all the mass fractions 

the same as before, the volume of the anoxic reactor was increased from 1,0 

to 1,5€. Thereafter, daily readings of process parameters were taken for 43 

days. 
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9.2.1 Influent characteristics 

The measured influent characteristics, COD (Sti)' readily biodegradable COD 

(8bsi)' unfiltered TKN, (Nti) and total phosphorus over the experimental 

period are shown in Figs 4.179 to 4.182. 

Over the period, 5 different batches of wastewater were fed to the sludge. 

The mean influent characteristics are presented separately for each batch 

in Table 4.26. Measurements of the readily biodegradable COD concentration 

were not undertaken for the first 3 sewage batches due to a breakdown of 

the oxygen measuring equipnent. From the TKN and COD values, the TKN:COD 

ratio for the influent ranged from 0,08 to 0,12 mgTKN/mgCOD. 

9.3 Sygtem Response 

Figures 4.179 to 4.206 show the measured responses of the various 

parameters in the reactors and the effluent, i.e. COD, soluble TKN, OUR, 

VSS, P, nitrate and DSVI. 

(i) COD 

A plot of the influent and filtered effluent COD values is presented in Fig 

4.179. The COD removal (CODiilf-filtered CODeff) showed little fluctuation 

throughout the period of operation. The influent COD, of approximately 500 

mgCOD/ l was reduced to a filtered effluent value of approximately 50 

mgCOD/ e , i.e. 90 percent removal, or, 10 percent of the influent COD 

appeared in the filtered effluent. The unfiltered effluent COD was not 

measured but the effluent was very clear. 

(ii) Nitrogen behaviour 

The TKN concentrations of the influent and filtered effluent are plotted in 

Fig 4.181. The nitrate concentrations in the reactors and the effluent are 

plotted in Figs 4.183 to 4.188. 

The TKN in the effluent ranged from 1 to 15 mgN;t with a mean value of 

about 8,5 mgN/l. This indicated that the nitrification was incomplete, that 

is that the 2 day aerobic sludge age must have been only slightly longer 

than the minimum sludge age for nitrification. 

Over the first 17 days of taking readings, when the a-recycle ratio was set 

at 0,5:1, the nitrate concentration in the anoxic (first) reactor was close 



Univ
ers

ity
 of

 C
ap

e Tow
n 

4.52 

to zero indicating that all the recycled nitrate was being denitrified. 

This behaviour of the anoxic reactor indicated that it was operating below 

its denitrification potential. Accordingly, the tmderflow recycle ratio (s) 

was increased to 1:1 and the anoxic reactor voltmle was suitably adjusted to 

maintain the anaerobic, anoxic and aerobic mass fractions as before. After 

the change was made, the nitrate in the anoxic reactor increased steadily 

over about 4 days to 5 mgN/t. The positive nitrate concentration indicated 

that the anoxic reactor was now overloaded with nitrate, that is, its 

deni trification potential was exceeded and nitrate was recycled to the 

anaerobic reactor. 

(iii) P release, uptake and removal 

The concentrations of phosphorus in the effluent and the five reactors are 

plotted versus time in Figs 4.189 to 4.194. The plots of P release, uptake 

and removal are shown in Figs 4.195 to 4.200. 

With an s-:-recycle ratio of 0,5:-1, the nitrate recycled to the anaerobic 

reactor was zero and the excess P removal of the system was stable at 

approximately 13 mgP It • When the a-recycle ratio was increased to 1: 1, 

there was an illlnediate increase in the nitrate concentration leaving the 

anoxic reactor (i.e. entering the anaerobic reactor) from zero to about 2,5 

mgN/ t • Concomitantly, there was an inmediate decline in the excess P 

removal from 13 to about 7 mgP/t. The nitrate concentration ~ntering the 

anaerobic zone fluctuated widely between zero and 5 mgN/t and, likewise, 

the P removal fluctuated between 2 and 12 mgP/t ~ The behavioural patterns 

of these parameters appears to be strongly linked, thereby supporting the 

hypothesis that, · as nitrate entering the anaerobic zone increases, the 

system P removal decreases. 

(iv) Volatile Suspended Solids (VSS) 

The VSS concentrations in the reactors are plotted against time in Figs 

4.201 to 4.204. The VSS in the selector was not measured. 

The VSS 's in reactors 2, 3 and 4 were stable over the entire period of 

operation and were tmaffected by altering the underflow recycle ratio (s) 

because the voltunes and associated mass fractions of these reactors were 

not altered. The volume of reactor 1 was altered although the sludge mass 
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fraction remained the same and accordingly, the mean VSS changed as 

expected theoretically. 

(v) Ox:ygen Utilisation Rate (OUR) 

The plot of OUR versus time for the 3 aerated reactors is presented in Fig 

4.205. 

The OUR in the selector was approximately twice the rate observed in the 

following two reactors. The rates in the last two reactors were very 

similar with the OUR in the last reactor always being slightly lower. The 

change in the underflow recycle ratio on day 17 had virtually no effect on 

the OUR•s in the various reactors. 

(vi) Settleability 

The plot of Diluted Sludge Voltune Index (OOVI) versus time is presented in 

Fig 4.206. The system was started with a sludge containing an abtmdance of 

the filamentous organism S. na tans and having a D.SVI of approximately 230 

mt/g. The settleability was unchanged for the first 28 days of taking 

readings. Then, within 10 days, the OOVI of the sludge dropped to 

. approximately 130 ml/g and remained at this level thereafter. 

A microscope study on the sludge performed during the period when rapid 

improvement in settleabili ty was taking place indicated that no S. na tans 

was present. ·Thiothrix was the dolitinant filamentous organism while Type 

0914 (containing large sulphur granules) was also C0111110n. The sudden change 

in settleabili ty did not coincide with a new sewage batch or with any 

change in operational procedure. A microscope study on the sludge just 

prior to shutting down the unit, when the D.SVI - 130 mt/g, indicated that 

both filaments were still present but at reduced concentrations. Throughout 

this experiment, S. na tans was present only in minor concentrations. The 

bulking tendency therefore appears to be principally due to Thiothrix; the 

growth of this organism we have noted previously is usually associated with 

dissolved hydrogen sulphide in the influent. 

(vii) Maximum specific growth rates 

Prior to closing down the unit, an aerobic batch test was carried out on 

the sludge to determine the maximtun specific growth . rates of the 

heterotrophs and the nitrifiers. The detailed results and calculatie>ns 
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associated with this test are presented in Appendix C. The . following 

maximum specific growth rate values were determined: 

Aii = growth rate of heterotrophs 

'°N = growth rate of nitrifiers 

(viii) Running problems 

= 
= 

4,3 /d 

0,44 /d 

The initial poor settleability of the sludge resulted in an accumulation of 

sludge in' the settling tank. Since the sludge was under anoxic conditions, 

denitrification took place and sludge was carried over into the effluent. 

The amount of sludge carried over was minimal however and no measures to 

contain the sludge were necessary. 

A small mDnber of red wonns was always present in the aerobic reactors. 

Every two weeks the sludge was sieved through a wire mesh to remove lumps 

of these wonns and prevent them from blocking up pipes. 

The large jelly-like deposits noted in Section 4.3(vii) again were observed 

on the stirrers, walls and airstones in the aerobic reactors. These 

necessitated vigorous and regular cleaning. 

9.4 Analysis of Johannesburg system at 5 day slu.ige age 

9.4.1 ~~~!~~!~!-~!~!~ 
The experimental data from the investigation was analysed by the 

statistical procedure set out in Appendix D. The data for the 2 different 

operating parameters (a-recycle ratios of 0,5 and 1) were analysed 

separately and the two sets of mean values and standard deviations for the 

various parameters are presented in Tables 4.27 and 4.28. 

9.4.2 ~~~E~~!!!~~-~f-~~ 
The statistically determined mean values from Tables 4. 27 and 4. 28 were 

used in the mass balance equations (see Appendix E) to calculate the 

percentage COD and nitrogen recoveries. With both sets of data, a COD:VSS 

ratio of 1, 48 mgCOD/mgVSS and a N :VSS ratio of 0, 1 mgN/mgVSS were assumed 

for the sludge. The Johannesburg system with an underflow recycle ratio of 

0,5 produced a COD recovery of 79 percent and a nitrogen recovery of 104 

percent; the system with an underflow recycle ratio of 1 provided a COD 

recovery of 80 percent and a nitrogen recovery of 103 percent. As with all 
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the systems operated in this investigation, the nitrogen recoveries are 

acceptable but the COD recoveries are very poor. Again the reasons for the 

low COD recoveries could be the 3 factors discussed in Section 2.4.2 and 

the slime generation discussed in Section 4.3. 

9.5 Discussion 

The Johannesburg configuration was proposed to minimise the nitrate 

recycled to the anaerobic reactor, and thereby produce the optimal excess P 

removal. This investigation indicates that, if the underflow recycle ratio 

can be reduced sufficiently so that no nitrate passes from the anoxic to 

the anaerobic reactor, the system can achieve excellent excess P removal. 

While the system was operated with an underflow recycle ratio of 0,5:1, the 

nitrate concentration in the anoxic reactor was zero and the excess P 

removal averaged about 13 mgP If. . When the underflow recycle ratio was 

raised to 1, the nitrate concentration in the anoxic reactor varied between 

1 and 5 mgN/f. and the excess P removal dropped to about 7 mgP/f.. 

Tite 5 day sludge age version of the Johannesburg system did not ni tri fy 

completely (the effluent TKN ranged from 2 to 12 mgN/t). If the maximlDll 

specific growth rate of the nitrifiers was equal to the value observed in 

the batch test, ~ = 0,44/d incomplete nitrification was to be expected. 

Roughly, the aerobic sludge age required for nitrification would then be 

given by l/~ = 1/0,44 - 2,3 days and the aerobic sludge age for the system 

was 2 days. This comparison is not strictly valid as the death of the 

nitrifiers takes place also in the unaerated zones. One can readily see 

that if ~ had declined to about 0,3/day due to temperature or other 

effects, nitrification probably would have ceased completely. On the other 

hand, should nitrification be complete, the data obtained in this 

experiment indicated that the anaerobic reactor can be protected from 

nitrate entering by the underflow recycle for TKN/COD values up to about 

0,10 mgTKN/mgCOD provided the settleability of the sludge is sufficiently 

good that Wlderflow recycle ratios of about 0,5 to 0,7 can be used. 
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Table 4.1: Specifications for Phoredox system 

Type 

Sludge age (R ) 
s 

Daily average influent flow rate (Q) 

Influent COD (Sti) 

Volume of sludge wasted per day (q) 

Underflow recycle ratio (s) 

Ntnnber of una.erated reactors 

Ntnnber of aerated reactors 

Reactor volumes 1 

2 

3 

4 

total 

Reactor sludge voltune and mass ratios 

1 

2 

3 

4 

Anaerobic mass fraction 

4.56 

Phoredox 

4 days 

30 t/d 

500 mgCOD/l 

2 t/d 

1 

2 

2 

2 t 

2 l 

2 l 

2 t 

8 e 

volune mass 

0,25 0,25 

0,25 0,25 

0,25 0,25 

0,25 0,25 

0,5 



Univ
ers

ity
 of

 C
ap

e Tow
n 

Table 4.2: Influent wastewater characteristics for Phoredox system 
operating at 4 day sludge age. 

SEWAGE CHARACTERISTICS 

SEWAGE BATCH NO. 

4.57 

COD ~i 'IKN Phosphorus 

(mgCOD/t) (mgC()D/t) (mgN/t) (mgP/t) 

1 490 65 39 21 

2 500 85 48 20 

3 540 120 44 23 

4 510 110 38 23 

5 530 100 34 23 

6 500 130 37 23 

7 500 110 29 23 
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Table 4.2: Influent wastewater characteristics for Phoredox system 
operating at 4 day sludge age. 

SEWAGE CHARACTERISTICS 

SEWAGE BATCH NO. 

4.58 

COD ~i TKN Phosphorus 

(mgCOD/e) (mgCOD/e) (mgN/e) (mgP/€) 

1 490 65 39 21 

2 500 85 48 20 

3 540 120 44 23 

4 510 110 38 23 

5 530 100 34 23 

6 500 130 37 23 

7 500 110 29 23 
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Table 4.3: Mean data for 4 day sludge age Phoredox system. 

System type 
Steady state period 

Experimental process volume 
Influent flow rate per day 
Sludge wasted per day 
System sludge age 
s-recycle ratio 
a-recycle ratio 
r-recycle ratio 
Anaerobic mass fraction 

Influent COD concentration 
Effluent COD concentration 
Influent readily biodegradable COD 

Influent TKN concentration 
Effluent TKN concentration 
Nitrate concentration in reactor 1 

2 
3 
4 
Effluent 

Phosphate concentration in Influent 
reactor 1 

2 
3 
4 
Effluent 

P Uptake reactor 1 
2 
3 
4 

System P release 
System P uptake 
System P removal 

Oxygen utilisation rate in reactor 3 
4 

Volatile suspended solids in reactor 1 
2 
3 
4 

(e) 
(l/d) 
(t/d) 

(d) 

(mgCOD/l) 
(mgCOD/t) 
(mgCOD/l) 

(mgN/l) 
(mgN/t) 
(mgN/l) 
(mgN/e) 
(mgN/t) 
(mgN/t) 
(mgN/l) 

(mgP/l) 
(mgP/t) 
(mgP/l) 
(mgP/l) 
(mgP/l) 
(mgP/f) 
(mgP/l!) 
(mgP/e) 
(mgP/t) 
(mgP/t) 
(mgP/t) 
(mgP/t) 
(mgP/e) 

(mgO/l/h) 
(mgO/l/h) 

(mgVSS/t) 
(mgVSS/l) 
(mgVSS/e) 
(mgVSS/l) 

4,.59 

Phoredox (4d) 
Days 17 to 51 

8 
30 

4 
2 
1 

0,5 

515,0 ± ll,'5 
61,0 ± 4,9 
115 ± 9 

40,5 ± 2,6 
22,5 ± i., 5 

1,1 ± 0,2 

23,5 ± 0,5 
37,2 ± 1,0 
44,2 ± 1,3 
20,5 ± 1,0 
7,8 ± 0,5 
6,3 ± 0,6 

- 43,1 
- 14,0 
+ 47,4 
+ 25,4 

57,1 
72,8 
15,7 

66 ± 3 
45,5 ± 3,0 

2080 ± 70 
1960 ± 70 
2220 ± 95 
2160 ± 90 
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Table 4.4: Specifications for Phoredox system 

Type 

Sludge age (R ) 
8 

Daily average influent flow rate (Q) 

Influent COD (Sti) 

Volume of sh.dge wasted per day ( q) 

Underflow recycle ratio (s) 

Number of unaerated reactors 

Number of aerated reactors 

Reactor volumes 1 

2 

3 

4 

total 

Reactor sludge volune and mass ratios 

1 

2 

3 

4 

Anaerobic mass fraction 

4.60 

Pho red.ox 

3 days 

30 l/d 

500 mgCOD/t 

2,67 t/d 

1 

2 

2 

2 t 

2 I. 

2 t 

2 t 

8 I. 

volume mass 

0,25 0,25 

0,25 0,25 

0,25 0,25 

0,25 0,25 

0,5 
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Table 4.5: Influent sewage characteristics for Phoredox system operating 
at 3 day sludge age. 

SEWAGE CHARACTERISTICS 

SEWAGE BATCH NO. 
8ti ~i TKN Phos}'.ilorus 

(mgCOD/l!) (mgCOD/e) (mg'I'KN-N/e) (mgP/e) 

1 500 110 42 23 

2 490 115 39 23 

3 490 105 40 25 

4 480 90 47 26 

5 500 80 40 27 

6 500 85 53 27 
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Table 4.6: Mean data for 3 day sludge age Phoredox system. 

System type 
Steady state period 

Experimental process voltnne 
Influent flow rate per day 
Sludge wasted per day 
System sludge age 
s-recycle ratio 
a-recycle ratio 
r-recycle ratio 
Anaerobic mass fraction 

Influent COD concentration 
Effluent COD concentration 
Influent readily biodegradable COD 

Influent TKN concentration 
Effluent TKN concentration 
Nitrate concentration in reactor 1 

2 
3 
4 
Effluent 

Phosphate concentration in Influent 
reactor 1 

2 
3 
4 
Effluent 

P Uptake reactor 1 
2 
3 
4 

System P release 
System P uptake 
System P removal 

Oxygen utilisation rate in reactor 3 
4 

Volatile suspended solids in reactor 1 
2 
3 
4 

(l') 
(t/d) 
(t/d) 
(d) 

(mgCOD/t) 
(mgCOD/l) 
(mgCOD/l) 

(mgN/t) 
(mgN/t) 
(mgN/t) 
(mgN/t) 
(mgN/t) 
(mgN/t) 

. (mgN/t) 

(mgP/t) 
(mgP/t) 
(mgP/t) 
(JQgP/t) 
(mgP/l) 
(mgP/t) 
(mgP/l) 
(mgP/t) 
(mgP/t) 
(mgP/l) 
(mgP/t) 
(mgP/l') 
(mgP/l) 

(mgO/t/h) 
(mgO/e/h) 

(mgVSS/t) 
(mgVSS/t) 
(mgVSS/t) 
(mgVSS/t) 

4.62 

Phoredox (3d) 
Days 15 to 64 

8 
30 

2,67 
3 
1 

0,5 

490,0 :l: 2,8 
67,0 :l: 0,8 

89 :l: 3 

43,7 :l: 0,6 
26,2 :i: 0,6 

1,9 :l: 0,1 

25,7 :l: 0,3 
31,0 :l: 0,9 
38,9 ::I: 1,4 
24,1 :t 0,8 
11,2 ::I: 0,8 
10,7 :l: 0,7 

- 25,1 
- 15,8 
+ 29,6 
+ 25,8 

40,9 
55,4 
14,5 

60 :t 1 
42 :t 1 

1280 :i: 18 
1210 :t 20 
1400 ± 17 
1300 ::I: 28 
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Table 4. 7: Specifications for 3 day shrlge age Phoredox system ( 1986) • 

Sludge age (R ) 
s 

Type 

Daily average influent flow rate (Q) 

Influent COD (St.) 
~ l. 

Voltune of sludge wasted per day (q) 

Underflow recycle ratio (s) 

Number of \.U'laerated reactors 

Number of aerated reactors 

Reactor volumes 1 

2 

3 

4 

total 

Reactor sludge vol\.Ulle and mass ratios 

1 

2 

3 

4 

Anaerobic mass fraction 

Pho red.ox 

3 days 

25 t/d 

500 mgCOD/t 

2,67 t./d 

1 

2 

2 

2 t 

2 t 

2 t 

2 t 

8 e 

vohnne mass 

0,25 0,25 

0,25 0,25 

0,25 0,25 

0,25 0,25 

0,5 
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Table 4.8: Influent sewage characteristics for Phoredox system operating 
at 3 day sludge age. 

SEWAGE CHARACTERISTICS 

SEWAGE BATCH NO. 
8ti ~i TKN Phosphorus 

(mgCOD/t) (mgCOD/t) (mg'I'KN-N/t) (mgP/t) 

1 490 57 23 

2 480 39 22 
• 

3 500 41 24 

4 490 75 43 24 

5 490 120 43 24 

6 450 120 44 23 

7 490 120 51 23 
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Table 4.9: Mean data for repeat investigation of 3 day sludge age Phoredox 
system. 

System type 
Steady state pericxi 

Experimental process volume 
Influent flow rate per day 
Sludge wasted per day 
System sludge age 
s-recycle ratio 
a-recycle ratio 
r-recycle ratio 
Anaerobic mass fraction 

Influent COD concentration 
Effluent COD concentration 
Influent readily bicxiegradable COD 

Influent TKN concentration 
Effluent TKN concentration 
Nitrate concentration in reactor 1 

2 
3 
4 
Effluent 

Phosphate concentration in Influent 

P Uptake 

System P release 
System P uptake 
System P removal 

reactor 1 
2 
3 
4 
Effluent 

reactor 1 
2 
3 
4 

Oxygen utilisation rate in reactor 3 
4 

Volatile suspended solids in reactor 1 
2 
3 
4 

( t) 
(t/d) 
(t/d) 
(d) 

(mgCOD/l) 
(mgCOD/t) 
(mgCOD/t) 

(mgN/f) 
(mgN/t) 
(mgN/t) 
(mgN/t) 
(mgN/t) 
(mgN/t) 
(mgN/t) 

(mgP/l) 
(mgP/t) 
(mgP/t) 
(mgP/e) 
(mgP/t) 
(mgP/t) 
(mgP/t) 
(mgP/t) 
(mgP/l!) 
(mgP/t) 
(mgP/t) 
(mgP/t) 
(mgP/t) 

(mgO/t/h) 
(mgO/t /h) 

(mgVSS/l) 
(mgVSS/t) 
(mgVSS/e) 
(mgVSS/t) 

Phoredox (3d) (repeat) 
Days 33 to 44 

8 
25 

2,67 
3 
1 

0,5 

485,0 :t: 5,5 
62,0 :t 3,3 

120 :t 3 

44,1 ± 0,7 
18,5 :t: 1,3 
0,3 :t: 0,1 
0,5 :t: O,l 
6,7 :t: 0,4 
8,4 ± 1,2 
9,2 :t: 0,8 

23,7 :t: 0,4 
29,7 :t: 1, 1 
31,9 :t: 1,1 
20,4 :t: 0,6 
13,8 :I: 1,0 
17,9 :t: 1,2 

- 21,9 
- 4,4 
+ 23,0 
+ 13,2 

26,3 
36,2 
9,9 

52,0 ± 4,0 
40,0 :t 2,0 

1275 :t: 53 
1240 :I: 47 
1200 :t: 59 
1200 :t 62 
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Table 4.10: Specifications for Split-feed system 

Type 

Sludge age (R ) 
s 

Daily average influent flow rate (Q) 

Influent COD (Sti) 

VoltUDe of sludge wasted per day (q) 

Underflow recycle ratio (s) 

Number .of una.erated reactors 

Number of aerated reactors 

Reactor voltunes 1 

2 

selector 

3 

4 

total 

Reactor sludge voltune and mass ratios 

1 

2 

selector 

Anaerobic mass fraction 

3 

4 

Split-feed 

3 

25 

500 

2,44 

1 

2 

2 (3) 

2 

2 

(0,35) 

2 

2 

8 (8,35) 

volume 

0,25 (0,24) 

0,25 (0,24) 

- (0,04) 

0,25 (0,24) 

0,25 (0,24) 

0,52 

days 

t/d 

mgC()D/( 

e/d 

l 

l 

t 

e 
~ 

e 

mass 

O, 27 (0, 26) 

0,27 (0,26) 

- (0,04) 

(0,23 (0,22) 

(0,23 (0,22) 
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Table 4.11: Influent wastewater characteristics for Split-feed system 

SE'WAGE BATCH NO. 
8ti ~i 

(mgCOD/l) (mgC()D/f) 

1 500 115 

2 450 115 

3 490 

Table 4.12: Ma.xi.mum specific growth rates 

Without selector 

With selector 

SE'WAGE CHARACTERISTICS 

Nti 
(mgN/t) 

~(Id) 

2,98 

1,89 

40 

34 

45 

Phosphorus 

(mgP/t) 

24 

23 

23 

~ (/d) 

0,32 

0,54 
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Table 4.13: Mean data for Split-feed system without selector reactor. 

System type 
Steady state period 

Experimental process voll.mle 
Influent flow rate per day 
Sludge wasted per day 
System sludge age 
s-recycle ratio 
a-recycle ratio 
r-recycle ratio 
Anaerobic mass fraction 

Influent COD concentration 
Effluent COD concentration 
Influent readily biodegradable COD 

Influent TKN concentration 
Effluent TKN concentration 
Nitrate concentration in reactor 1 

2 
3 
4 
Effluent 

Phosphate concentration in Influent 

P Uptake 

System P release 
System P uptake 
System P removal 

reactor 1 
2 
3 
4 
Effluent 

reactor 1 
2 
3 
4 

Oxygen utilisation rate in reactor 3 
4 

Volatile suspended solids in reactor 1 
2 
3 
4 

Split-feed without selector 
Days 1 to 11 

(l) 
(l/d) 
(e/d) 
(d) 

(mgCOD/l) 
(mgCOD/e) 
(mgCOD/l) 

(mgN/e) 
(mgNJe) 
(mgN/l) 
(mgN/I!) 
(mgN/l) 
(mgN/l') 
(mgN/l) 

. (mgP/t) 
(mgP/() 
(mgP/i) 
(mgP/t) 
(mgP/t) 
(mgP/e) 
(mgP/e) 
(mgP/i) 
(mgP/l) 
(mgP/e) 
(mgP/e) 
(mgP/t) 
(mgP/l) 

(mgO/e/h) 
(mgO/t/h) 

(mgVSS/t). 
(mgVSS/e) 
(mgVSS/t) 
(mgVSS/e) 

8 
25 

2,44 
3,57 

1 

0,545 

502,0 :t 5,1 
61,0 ± 5,1 
117 :t 3 

39,8 :t 0,9 
12,1 t 0,7 
0,07 ± 0,01 
0,22 :!: 0,04 
4,00 :t 0,5 
6,4 ± 0,8 
2,2 :I: 0,3 

24,2 :t 0,3 
30,3 :t 1,1 
31,5 :t 0,9 
20,8 :t: 0,8 
15,3 :t 0,7 
20,1 t 0,7 

-19,1 
- 2,0 

+ 19,0 
+ 11,0 

21,1 
30,0 

+ 8,9 

53,5 :t 3,0 
39,5 :t: 2,0 

1320 :t 63 
1280 :i: 63 
1225 :t: 69 
1170 :t 67 
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Table 4.14: Mean data for Split-feed system with selector reactor. 

System type 
Steady state period 

Experimental process voltDDe 
Influent flow rate per day 
Sludge wasted per day 
System sludge age 
s-recycle ratio 
a-recycle ratio 
r-recycle ratio 
Anaerobjc mass fraction 

Influent COD concentration 
Effluent COD concentration 
Influent readily biodegradable COD 

Influent TKN concentration 
Effluent TKN concentration 
Nitrate concentration in reactor 1 

2 
Selector 
3 
4 
Effluent 

Phosphate concentration in Influent 

P Uptake 

System P release 
System P uptake 
System P removal 

reactor 1 
2 
Selector 
3 
4 
Effluent 

reactor 1 
2 
Selector 
3 
4 

Oxygen utilisation rate in reactor 3 
4 

Volatile suspended solids in reactor 1 
2 
3 
4 

Split feed with selector 
Days 12 to 20 

( t) 
(l/d) 
(f/d) 
(d) 

(mgC(}D/l) 
(mgCOD/e) 
(mgCOD/l) 

(mgN/l) 
(mgN/e) 
(mgN/l) 
(mgN/t) 
(mgN/e) 
(mgN/e) 
(mgN/l) 
(mgN/l) 

(mgP/l!) 
(mgPN) 
(mgP/e) 
(mgP/l!) 
(mgP/e) 
(mgP/e) 
(mgP/t) 
(mgP/e) 
(mgP/e) 
(mgP/e) 
(mgP/t) 
(mgP/t) 
(mgP/l!) 
(mgP/e) 
(mgP/t) 

(mgO/l!/h) 
(mgO/e/h) 

(mgVSS/I!) 
(mgVSS/e) 
(mgVSS/e) 
(mgVSS/t) 

835 
25 

2,44 
3,72 

1 

0,505 

436,0 :I: 13,3 
57,0 ± 8,0 

33,6 :I: 1, 3 
6,0 ± 1,1 

0,25 ± 0,02 
0,5 ± 0,1 

7,2 ± 0,8 
8,5 :t: 1,1 
6,6 :I: 1,2 

22,6 :I: 0, 4 
26,6 :I: 1,7 
27 ,9 :I: 1,4 

19,4 :I: 1,2 
16,0 :I: 0,7 
17,7 ± o,7 

- 13,3 
- 2,2 

+ 15,3 
+ 6,8 

15,5 
22,1 

+ 6,6 

33,0 :I: 1,0 
24' 5 :I: 2 ,o 

1320 :I: 63 
1280 ± 63 
1225 :I: 69 
1170 :t: 67 
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Table 4.15: Specifications for 3-stage Bardenpho system 

Type 

Sludge age (R ) 
s 

Daily average influent flow rate (Q) 

Influent COD (Sti) 

VollDile of sludge wasted per day (q) 

Underflow recycle ratio (s) 

a-recycle ratio (a) 

NlDilber of unaerated reactors 

NtDnber of aerated reactors 

Reactor volumes 1 

2 

3 

4 

total 

Reactor sludge volume and mass ratios 

Anaerobic mass fraction 

1 

2 

3 

4 

3-sta.ge Ba.rdenpho 

6,0 days 

25 e/d 

500 mgCOD/t 

1,33 e/d 

1 e/d 

4 (2) 

2 

2 

2 e 
2 e 

2 t 

2 e 

8 t 

vol tune mass 

0,25 0,25 

0,25 0,25 

0,25 0,25 

0,25 0,25 

0,25 
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Table 4.16: Influent sewage characteristics for 3-stage Bardenpho system 
' operating at 6 day sludge age. 

SEWAGE-CHARACTERISTICS 

SEWAGE BAIDI NO. 
COD ~i TKN Phosphorus 

(mgCOD/e) (mgCOD/l) (mg'I'KN-N/e) (mgPO ... -P) 

1 500 70 33 21 

2 490 105 50 23 

3 500 100 53 25 

4 500 75 53 25 

5 490 80 45 27 

6, 510 100 45 23 

7 500 100 45 24 

8 500 90 58 25 
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Table 4.17: Mean data for 3-stage Ba.rdenpho System. 

System type 
Steady state period 

Experimental process voh.une 
Influent flow rate per day 
Sludge wasted per day 
System sludge age 
s-recycle ratio 
a-recycle ratio 
r-recycle ratio 
Anaerobic mass fraction 

Influent COD concentration 
Effluent COD concentration 
Influent readily biodegradable COD 

Influent TKN concentration 
Effluent TKN concentration 
Nitrate concentration in reactor l 

2 
3 
4 
Effluent 

Phosphate concentration in Influent 
reactor 1 

P Uptake 

System P release 
System P uptake 
System P removal 

2 
; 3 

4 
Effluent 

reactor·l 
2 
3 
4 

Oxygen utilisation rate in reactor 3 
4 

Volatile suspended solids in reactor 1 
2 
3 
4 

(t) 
(l/d) 
(e/d) 
(d) 

(mgCOD/l) 
(mgCOD/e) 
(mgCOD/l) 

(mgN/i) 
(mgN/e) 
(mgN/t) 
(mgN/t) 
(mgN/i) 
(mgN/t) 
(mgN/i) 

. (mgP/l) 
(mgP/l) 
(mgP/t) 
(mgP/fi) 
(mgP/l) 
(mgP/e) 
(mgP/l) 
(mgP/t) 
(mgP/l) 
(mgP/e) 
(mgP/l) 
(mgP/l) 
(mgP/l) 

(mgO/t/h) 
(mgO/t/h) 

(mgVSS/e) 
(mgVSS/i) 
(mgVSS/t) 
(mgVSS/l) 

4.72 

3-stage Ba.rdenpho 
Days 26 to 51 

8 
25 

1,33 
6,0 

1 
4 

0,25 

493,0 ::t: 4,9 
40,0 ± 2,2 

85 ± 5 

50,7 ± 2,0 
3,3 ± 0,5 
0,1 ± 0,1 
8,8 ± 0,6 

12,0 ::t: 0,6 
13,2 ± 0,4 
13,4 ::t: 0,9 

25, 7 ::t: 0,6 
24,1 ± 0,7 
19,8 :I.: 0,7 
19,2 ± 0,4 
18,0 ::t: 0,6 
18,0 ± 0,6 

- 4,5 
+ 1,4 
+ 3,6 
+ 7,2 

4,5 
12,2 

+ 7,7 

74 ± 2 
47 ± 3 

2390 ± 77 
2315 ± 65 
2285 ± 83 
2310 ± 52 
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Table 4.18: Specifications for UCT system 

Type 

Sludge age (R ) 
s 

Daily average influent flow rate (Q) 

Influent COD (Sti) 

Volume of sludge wasted per day (q) 

Underflow recycle ratio (s) 

a-recycle ratio (a) 

r-recycle ratio (r) 

Number of tmaerated reactors' 

Number of aerated reactors 

Reactor voltnneS 1 

2 

3 

4 

total 

Reactor sludge volume and mass ratios 

1 

2 

3 

4 

Anaerobic mass fraction 

ucr 

6 ' 

25 

500 

1,167 

1 

2 (1) 

1 

2 

2 

2 

2 

2 

2 

8 

volume 

0,25 

0,25 

0,25 

0,25 

o, 14 

4.73 

days 

lid 

mgCOD/f. 

t/d 

t 

t 

t 

t 

t 

mass 

0,14 

0,29 

0,29 

0,29 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

4.74 

Table 4.19: Influent sewage characteristics for UCT system. 

SEWAGE CHARACTERISTICS 

SEWAGE BATCH NO. 
COD 8bsi TKN Phosphorus 

(mgCOD/t) (mgCOD/l') (mgN/l') (mgPt) 

1 500 105 60 27 

2 505 85 44 27 

3 510 .90 48 25 

4 520 90 42 26 
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Table 4.20: Mean data for UCT system. 

System type UCT 
Steady state period Days 43 to, 60 

Experimental process voltune ( t) 8 
Influent flow rate per day ( l/d) 25 
Sludge wasted per day U'/d) 1,167 
System sludge age (d) 6,0 
s-recycle ratio 1 
a-recycle ratio 1 
r-recycle ratio 1 
Anaerobic mass fraction 0,142 

Influent COD concentration (mgCOD/l) 510,0 :l: 3, 7 
Effluent COD concentration (mgCOD/e) 40,0 ± 1,6 
Influent readily biodegradable COD (mgCOD/l) 88 ± 5 

Influent TKN concentration (mgN/l) 41,9 ± 0,8 
Effluent TKN concentration (mgN/e) 3,5 ± 0,3 
Nitrate concentration in reactor 1 (mgN/i) 0,5 ± 0,1 

2 (mgN/t) 1,5 ± 0,2 
3 (mgN/l) 9,4 ± 0,4 
4 (mgN/e) 10,6 ± 0,5 
Effluent (mgN/t) 10,5 :t 0,4 

Phosphate concentration (by day 60) in 
Influent (mgP/l) 27,1 ± 0,9 

reactor 1 . (mgP/l) 40,0 
2 (mgP/£) 27,0 
3 (mgP/l) 18,7 
4 (mgP/e) 18,1 
Effluent (mgP/l) 18,0 

P Uptake reactor 1 (mgP/t) - 25,9 
2 (mgP/t) - 1,8 
3 (mgP/€) + 24,9 
4 (mgP/t.) + 16,8 

System P release (mgP/t) 27,7 
System P uptake (mgP/l) 41,7 
System P removal (mgP/e) + 14 

Oxygen utilisation rate in reactor 3 (mgO/l/h) 78,5 ± 4,0 
4 (mgO/t/h) 43,0 :l: 4,5 

Volatile suspended solids in reactor 1 (mgVSS/l) 1300 ± 37 
2 (mgVSS/t) 2350 ± 78 
3 (mgVSS/l) 2380 ± 74 
4 (mgVSS/e) 2370 ± 78 
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Table 4.21: Specifications for 3 day sludge age Johannesburg system. 

Type Johannesburg 

Sludge age (R ) 3 days s 
Daily average influent flow rate (Q) 25 I. /d 

Influent COD (Sti) 500 mgCOD/t 

Volume of sludge wasted per day (q) 2,78 t/d 

Underflow recycle ratio (s) 1 

Number of unaerated reactors 2 

Number of aerated reactors 3 

Reactor volumes 1 1 I. 

2 2 t 

selector 0,35 t 

3 2 l I 

4 2 t 

total 7,35 f. 

Reactor sludge volume and mass ratios volume mass 

1 0,14 0,24 

2 0,27 0,24 

selector 0,05 0,04 

3 0,27 0,24 

4 0,27 0,24 

Anaerobic mass fraction 0,24 
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Table 4.22: Influent wastewater characteristics for Johannesburg system 
operating at 3 day sludge age. 

SEWAGE CHARACTERISTICS 
SEWAGE BATCH NO. 

sti ~i Nti Phosphorus 

(mgCOD/t) (mgCOD/l) (mgN/l) (mgP/t) 

1 490 37 22 

2 510 50 22 

3 500 41 22 
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Table 4.23: Mean data for Johannesburg system at 3 day sludge age. 

System type Johannesburg 
Steady state period Days 0 to 32 

Experimental process voltune ( t) 7,35 
Influent flow rate per day (t/d) 25 
Sludge wasted per day (t/d) 2,78 
System sludge age (d) 3 
s-recycle ratio 1 
a-recycle ratio 
r-recycle ratio 
Anaerobic mass fraction 0,24 

Influent COD concentration (mgCOD/l) 497,0 :t 6,7 
Effluent COD concentration (mgCOD/l) 51,0 :t 3,3 
Influent readily biodegradable COD (mgCOD/t) 

Influent TKN concentration (mgN/l) 50,1 :t 1,1 
Effluent TKN concentration (mgN/t) 14,2 :t 1,8 
Nitrate concentration in reactor 1 (mgN/l) 1,3 ::!: O, 1 

2 (mgN/t) 0,5 ± o, 1 
Selector (mgN/t) 2,4 :t 0,1 
3 (mgN/t) 6,3 :t 0,9 
4 (mgN/l) 8,9 :t 0,8 
Effluent (mgN/t) 8,6 :t 0,6 

Phosphate concentration in Influent (mgP/t) 22,2 :t 0,3 
\ 

reactor 1 (mgP/l) 17,0 :t 0,4 
2 (mgP/t) 27,8 :t O, 7 
Selector (mgP/€) 24,6 :I: 0,6 
3 (mgP/t) 18,6_ :t 0,3 
4 (mgP/t) 13,8 :t 0,6 
Effluent (mgP/l) 13,7 :t 0,5 

P Uptake reactor 1 (mgP/l) - 3,2 
2 (mgP/t) -16,4 
Selector (mgP/t) + 6,4 
3 (mgP/t) + 12,0 
4 (mgP/t) + 9,6 

System P release (mgP/t) 19,6 
System P uptake (mgP/t) 28,0 
System P removal (mgP/t) + 8,4 

Oxygen utilisation rate in selector (mgO/l/h) 98 :t 6 
reactor 3 (mgO/l/h) 36 ± 1 

4 (mgO/t/h) 31,5 :t 2 

• Volatile suspended solids in reactor 1 (mgVSS/l') 2280 ± 104 
2 (mgVSS/l') 1315 ± 44 
3 (mgVSS/t) 1400 ± 50 
4 (mgVSS/t) 1390 :t 75 
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Table 4. 24: Comparison of excess P removal behaviour for the Phoredox and 
Johannesburg systems at 3 day sludge age. 

System Anoxic mass Anaerobic p 
Remarks 

fraction mass fraction removal 

Phoredox (1) zero 0,5 14,5 No nitrification 

Phoredox (2) zero 0,5 9 ± 9 mgN/e to 
anaerobic reactor 

Johannesburg 0,25 0,25 9 zero nitrate to 
anaerobic reactor 
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Table 4.25: Specifications for Johannesburg system at 5 day sludge age, 

Type 

Sludge age (R ) 
s 

Daily average influent flow rate (Q) 

Influent COD (Sti) 

Vo lune of sludge wasted per day ( q) 

Underflow recycle ratio (s) 

Number of unaerated reactors 

Number of aerated reactors 

Reactor vohunes 1 

2 

selector 

3 

4 

total 

Reactor sludge volt111e and mass ratios 

1 

2 

selector 

3 

4 

Anaerobic mass fraction 

volume 

0,16 (0,22) 

0,31 (0,29) 

0,05 (0,05) 

0,24 (0,22) 

0,24 (0,22) 

Johannesburg 

5 days 

18 t/d 

500 mgC()D/t 

1,67 f./d 

0,5 (1) 

2 

3 

1 (1,5) t 

2 (2) t 

0,35 (0,35) t 

1,5 (1,5) t 

1,5 (1,5) t 

6,35 (6,85) t 

mass 

0,36 (0,36) 

0,24 (0,24) 

0,04 (0,04) 

0,18 (0,18) 

0,18 (0,18) 

0,24 
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Table 4.26: Influent wastewater characteristics for Johannesburg system 
operating at 5 day sludge age. 

SEWAGE CHARACTERISTICS 

SEWAGE BA'IOI NO. 
8ti ~i Nti Phosphorus 

(mgCOD/t) (mgC(}D/t) (mgN/t) (mgP/t) 

1 480 41 24 

2 510 42 23 

3 490 44 21 

4 470 135 50 23 

5 . 500 130 61 23 
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Table 4.27: Mean data for Johannesburg system at 5 day sludge age (s = 
o, 5). 

System type 
Steady state period 

Experimental process volume 
Influent flow rate per day 
Sludge wasted per day 
System sludge age 
s-recycle ratio 
a-recycle ratio 
r-recycle ratio 
Anaerobic mass fraction 

Influent COD concentration 
Effluent COD concentration 
Influent readily biodegradable COD 

Influent TKN concentration 
Effluent TKN concentration 
Nitrate concentration in reactor 1 

2 
Selector 
3 
4 
Effluent 

Phosphate concentration in Influent 
reactor 1 

2 
Selector 
3 
4 
Effluent 

P Uptake reactor 1 
2 
Selector 
3 
4 

System P release 
System P uptake 
System P removal 

Oxygen utilisation rate in Selector 
reactor 3 

4 

Volatile suspended solids in reactor 1 
2 
3 
4 

(I!) 
(l!/d) 
(e/d) 
(d) 

( mgC()D I I! ) 
(mgC()D/e) 
(mgCOD/l) 

(mgN/e) 
(mgN/e) 
(mgN/e) 
(mgN/t) 

. (mgN/I!) 
(mgN/l') 
(mgN/e) 
(mgN/t) 

(mgP/t) 
(mgP/t!) 
(mgP/l!) 
(mgP/l') 
(mgP/e) 
(mgP/1!) 
(mgP/I!) 
(mgP/t) 
(mgP/e) 
(mgP/e) 
(mgP/t) 
(mgP/I!) 
(mgP/e) 
(mgP/I!) 
(mgP/(!) 

(mgOJe/h) 
(mgO/I! /h) 
(mgO/t/h) 

(mgVSS/e) 
(mgVSS/e) 
(mgVSS/t) 
(mgVSS/I!) 

Johannesburg (5d) 
Days 5 to 17 

6,35 
18 

1,67 
5 

0,5 

0,24 

505,0 :I: 13,3 
61,0 ± 2,6 

42,0 :I: 1,2 
8,5 ± 0,9 

0,14 ± 0,01 
0,48 ± 0,03 

3,5 ± 0,6 
9,2 ± 1,0 

14,2 ± 1,6 
13,6 ± 1,1 

22,7 ± 0,4 
28,5 :I: 2,1 
41,4 ± 1,3 
31,6 :I: 1,0 
18,6 ± 1,7 
10,2 ± 0,5 
9,7 :I: 0,5 
- 9,2 
- 25,2 
+ 14,7 
+ 19,5 
± 12,6 

34,4 
46,9 
12,5 

86,0 :!: 6,0 
46,0 :I: 3,0 
35,0 ± 3,0 

4195 :I: 16 
1650 :I: 25 
1650 ± 44 
1600 ± 25 
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Table 4. 28: Mean data for Johannesburg system at 5 day sludge age ( s = 1). 

System type 
Steady state period 

Experimental process voltmle 
Influent flow rate per day 
Sludge wasted per day 
System sludge age 
s-recycle ratio 
a-recycle ratio 
r-recycle ratio 
Anaerobic mass fraction 

Influent COD concentration 
Effluent COD concentration 
Influent readily biodegradable COD 

Influent TKN concentration 
Effluent TKN concentration 
Nitrate concentration in reactor 1 

2 
Selector 
3 
4 
Effluent 

Phosphate concentration in Influent 
reactor 1 

2 
Selector 
3 
4 
Effluent 

P Uptake reactor 1 
2 
Selector 
3 
4 

System P release 
System P uptake 
System P removal 

Oxygen utilisation rate in Selector 
reactor 3 

4 

Volatile suspended solids in reactor 1 
2 
3 
4 

( t) 
(e/d) 
(t/d) 

(d) 

(mgCOD/t) 
(mgCOD/t) 

(mgCOD/l!) 

(mgN/l!) 
(mgN/i) 
(mgN/l) 
(mgN/e) 
(mgN/£) 
(mgN/l) 
(mgN/l) 
(mgN/l) 

(mgP/£) 
(mgP/t) 
(mgP/e) 
(mgP/l) 
(mgP/t) 
(mgP/l) 
(mgP/f) 
(mgP/l) 
(mgP/t) 
(mgP/l) 
(mgP/f) 
(mgP/e) 
(mgP/£) 
(mgP/t) 
(mgP/f) 

(mgO/t/h) 
(mgO/t/h) 
(mgO/l/h) 

(mgVSS/t) 
(mgVSS/l!) 
(mgVSS/e) 
(mgVSS/e) 

Johannesburg (5d) 
Days 17 to 57 

6,85 
18 

1,67 
5 
1 

0,24 

479,0 ± 9,2 
44,0 ± 2,8 

129 ± 13 

46,8 ± 1,3 
7,0 ± 0,9 
2,2 ± 0,3 

0,13 :.!: 0,01 
2,3 ± 0,2 
7,9 ± 0,3 

13,0 ± 0,4 
13,6 ± 0,3 

22,2 :I: 0,6 
19,8 ± 1,3 
31,7 ± 1,9 
24,9 ± 1,0 
20,3 ± 1,1 
14,8 ± 1,3 
13,4 ± 0,5 

- 5,0 
- 21,4 
+ 13,6 
+ 9,2 
+ 11,0 

26,4 
33,8 
7,4 

89,0 ± 4,0 
46,0 ± 3,0 
41,0 ± 2,0 

2660 ± 104 
1560 ± 71 
1530 ± 60 
1510 :t 57 
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Fig 4.2: Daily performance of the unfiltered. influent and filtered 
effluent COD concentrations for the 4 day slujge age 
Phoredox system. 
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Fig 4.3: Daily performance of the influent readily biodegradable 
COD concentration for the 4 day slujge age Phoredox system. 
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Fig 4 .10: Daily performance of the volatile suspended solids in the 
fourth reactor of the 4 day sltdge age .Phoredox system. 

130 

120 

- 110 

~ 100 
i 
E 80 -
i 80 

70 
~ 80 
~ 
:J eo 
5 40 

i5 30 

~ 20 

I I I I I I HEW SEWAGE - a I I I I I '__J - a I I I I I I 
D + I I I I I I . 

.a d I I I I I 
I l I I I I 

. DP I I I I al DD 
I - I d aD 9 all I D ID a REACTOR 3 . ++ I J' p D la " I 

I D flD +9 D 
• + -ti a I D I DD 

l+D a I -ti a a ~ +I a+a I+ + + 
D 

. 
+ I + -tj4' 

D++a + + 
I++ + + I+ 1f+ I + . I++ I - + I I+ "I +++ I++ . I I I + I I + + I REACTOR -4 

I I I I I I . 
I I I I I I 

10 . I I I I I I 

0 I I I I I I 
I I I I I 

0 20 60 

TIME (doye) 
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Fis 4 .16: Daily performance of the JiiosJiiorus concentration in t.he 
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Fis 4.18: Daily performance of the P'losP'lorus uptake in the second 
reactor of the 4 day sludge age Fhoredox system. 
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Fig 4 .19: Daily performance of the piosphorus uptake in the third 
reactor of the 4 day sludge age Phoredox system. 
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Fig 4.20: Daily performance of the Jiiosphorus uptake in the fourth 
reactor of the 4 day sludge age Phoredox system. 
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Fig 4.21: Daily performance of the phosphorus removal in the 4 day 
sludge age Phored.ox system. 
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effluent TKN concentrations for the 3 day ehdge age 
Phored.ox system. 

50 

,..... 

' Q.. 
40 

I 
'It 
0 
a.. 
ti' 
E 30 ...... 
z 
0 

~ 
~ 20 z 
w 
C.l z 
0 
C.l 

'It 10 0 
Q. 

0 

I I I I 
I I I I 
I I I I 

- I I I I 
I I I I 
I I I I 
I I I I -
I I CD I ~ 

a rP d o I~ ~ 4otPrf-rtth°o 
°ocP b:i d I C\f' d 0 

- I I c 
I p 
I I 
I I - I I 
I I 
I I 
I I 
1 

0 

I 
I 
I 
I 
I 
I 
I 
I 

20 

I 
I 
I 

I I 

40 

TIME (days) 

I 
I 
I 
I 
I 

I 

I 

I NE.W SE.WAGE 
1.---J 
I 
I 
I 
I 
I 
I 
~a 

I a 

I CD 

I 
I 
I 
I 
I 
I 
I 

I 

60 

Fis 4.27: Daily perfonnance of the JiiosJiiorus concentration in the 
influent to the 3 day sludge age Phoredax system. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

,..... 

' z 
I 

l'1 
0 z 
Cl> 

E 
'-' 

z 
0 

~ 
IJJ 
() 
z 
0 
u 
l'1 
0 z 

10.-~~,,~-.-,~~~-1r-~~~.,~~~~---,.,~~~--. 

I I I I I NEW SEWAGE 
f I I I 1----1 
I I I I f 
I I I I I 
I I I I 1 

l I I I I cc I 
'"' I I I I 

9 -

a-

7-

6-

"" I I I I 
5-CD 

0
c0 1 I I I I 

o I I 0 I I I 
I I c c 

I I I 
1 0 9 I I I I CIJ p p 

1
o I cPIC!ti I 

I c 
0 

cl 
0 

~ c cc I 
I I o0C1tictbrPCJDC!ti 0 1° 00 c I 
I I I I Clti I 

4 -

2-

-
I I I I cP I 

O-t-~~~l,___.__l__,~~-......,_'~~--.~'~~-.-~---1'__,.--~----1 
I I I I I I 

0 20 40 

TIME (days) 

60 

Fis 4.28: Daily performance of the nitrate concentration in the 
effluent fran the 3 day slt.dge age Rtoredox system. 

4.98 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

4 
I 
I . 
I 

~ 3 
g.? 
O> 

E 
"'J'"' 

I . I 
I, 

. I 
z" 
01! 

~~ 2 

~ z 
0 
0 

I 

- I 
b 

D I - ado D 
D DI 

en 
~ 

D - I 
I 

- I 
I 
I 
• 0 

0 

I I I 
I I I 
I I I 
I I I 
I I I 
I I I 
I I I 
I I I 
I I I 
I I I 

al I I 
9 Dcti I ~D I 
F D ctJ o'\p D Da::Jb 
I DD D 
I 
I 
I 
I 

• 
20 

D I I 
D I 

I 
I 
I 

• 
40 

TIME (days) 

I 
I 
I 
I 

4.99 

I NEW SEYi~ 
1---1 
I 
I 
I 
I 
I 
I 
I 
I 

D I 
D I D 

Cb D 

D I D DD 

Cb D ID 
D I D F 

I 
I . I 

60 

Fig 4. 30: Daily perfo~ of the volatile suspended solids in the 
second reactor of the 3 day sludge age Phoredax system. 

I I I . 
I I I . 
I I I I 
I I I I 
I I I I 

3-

I I I I - D I I I I 
I I D I I 

D I I I I 
cop b DD I I 

a q D ~ a D C\:i DD I CD a I Cb 
0

1 I D~DVDC\Jdlq~ Do D I 

: :C\:i I I Da 0 :a °a 
I I I I D D 60 
I I I I I 

2. 

-

-, -
-

I I I I I 
O-i-------~'---......_1 _______ ,1_.l ______ ~1------.-----'-l--.---------1 

J I t I 

0 20 40 

TIME (days) 

60 

Fis 4.31: Daily performance of the volatile suspended solids in the 
third reactor of the 3 day sludge age 'Aloredox system. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

~ a.. 
I v 

0 
a.. 
O'I 
E ......, 
z 
0 

~ z 
w 
0 z 
0 
0 

v 
0 
Cl. 

Fig 4.34: 

.. 

....... 

' a.. 
l 
v 
0 
a.. 
O'I 

E ...... 
z 
0 

~ z 
w 
0 z 
0 
0 

'<f". 
0 
Cl.' 

60 

so 

40 

.30 

20 

10 

r 
0 

I 

I I I I 
I I I I 

- . - I ·I I -- I 
I I I I 

0 I 01 I I 
.... I I I I 

I I I I 0 00 
0 I I . t:tJ 6 0 0 ~tOJi:i 0 0 

CJJ ~co I o::ic c o c °t:i c - b 0 
c d r;;J 0 I c 

I I 
- I 10 

I I . , 
.I . I 

- f.- I 
I I 
I I 
I I 

0 20 

0 
c 

. 

0 

Cd 
I 
I 

. 
I 
1-

I 
I 
I 
I 

I 

40 

TIME (days) 

I 
I f 0 

I -
' -I 

.. 
I 
r 
I 
I 
I 

I 

4.101 

I 

INf.li~ 
1---1 
I 
I 

.-

I 
I 
j 

I 
I 
1cDca:i 
be 
I 
I 
I 
I 
I 
I 
I 

60 

Daily performance of the phosphorus concentration in the 
first reactor of the 3 day sludge age Phoredox.system.. 

60 

so 

40 

.30 

20 

10 

0 

. , . 

I I I I 

I I I I 
I I I I c - 0. I .o I- -- I - , . 
I l I - 0 

I Cb c 

- t:tJ 
I I cP c I occocb 

0 cc 0 c 
o~ c 0 6 c 

0 I er) cc 
c 

I 1-
- I' ,_ 

I I 
1: I 

- J' - lo 
I I 
I I 

- I I' 
I I' 
I I -
I 

0 ... 20 
, -

J - -

l [jlo o I 10 
I 
I 
I 
I 
I. 
I I 

I 
I -
I 

I I 

40 

TIME (days) 

,, 
I 
I 
I, 
1· 
I 
I· 
I 
I 
I 
I 

I 
I 

I 
-- r 

I 

c I 
l 

tn:F I r;;J 
c 

I c 

0 b0
c 

1-
I 
I 
I 
I 
I· .. 1--i 
I NEYt' SEYi>a:. 

I I 

60 

Fis 4. 35: · Daily performance -of the phosphorus coricentration in the 
second reactor of the 3 day sludge age Aloredox system~ 

--.i~- • 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

Fig 4.38: 

,.... 
~ 
J. 
0 
Q. 
OI 
E ........ 

l&J 

~ 
~ 

'Ot" 
0 
Q. 

I I I I l 
I I NE.W SEWAGE 
I 1._j 
I I 
I 

40 -

I 
I 

30- I 
I 

Cl 

20 - I 
Cl 

I a I 

al ~ '°Cb Pa I D 
1 0 - Cl Cl Cl D I Cl rib. ..: ~ rA\:p °t::D bin J°ci 

r:F Cl lb I tba - """'d"' . I t:I::! Cl Cl:b I 
a "'be I I I I 

I I I I I 
0-+-----~·._.,_._ ___ , _____ ~·...-.-----.~·-----.----~·-.-------4 

0 20 40 60 

TIME (days) 

4.103 

Daily performance of the Jiiosphorus concentration in the 
filtered effluent from the 3 day sludge age Phoredox system. 

50 

40 -
.30 -
20 -
10 -

0 

-10 -
-20 - Cl 

-30 - Cl 
D 

Cl 
-40 -
-50 

0 

I I I 
I I I 
I I I 
I I I 
I I I 
I I I 
I I I 
I I I D 

I I I 

I IC I D 
I I I 
I I d I 

0 
I 9 ~ c I c I r:fl D 

D D c I I D 

r:rJD °c t\:oD I 
01 p 

I I 
I nl 
I I 

20 

pc:PDD b 
0 D ct:JCC I Cl D I 

I 
I 
I 

q r:fl Cl 

I I 

40 

TIME (days) 

~ 

I 
I 

c 
D 

I 

I NEW SEYiAGf. 
1--J 
I 
I 
I 
I 
l 
I 
I 

b 
I Do 
I 

0 
c 

I Cl c 
I 
I 
I 
I 
I 

I 

60 
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Fig 4.48: Daily performance of the phosphorus concentratioq in the 
influent to the 3 day sludge age Rloredox system (repeat 
investigation). 
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(repeat investigation). 
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(repeat investigation). 
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(repeat investigation). 
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system (repeat investigation). 
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Fig 4.55: Daily performance of the volatile SUBpended solids in 
the second reactor of the 3 day sltdge age Phoredox 
system (repeat investigation). 
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the third reactor of the 3 day shdge age Phoredox 
system (repeat investigation). 

4.112 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

,,..., 

' ~ 
E -,..., 
z" o'g u 
0 z 
8 
~ 

3 

2 

0 

I tIDY satNif. 
I 

- I ,-.-J I -
I I - I I - I I 

- I I 

- I I 
I I . - a I I 

Dea I -
~ - \alXJ acD a d a 

- I cP D I D 

I - Dr 

I I - I I - I I 
- I I 

I I 
t I 

0 20 

I I 

I I I 
a I I I 

I I I 
I I I 
I I I 

I I I 
I I I 
I I I 
I a I b a 

rP° d.ic I I a 
r/lc I a aD a I I 

I Del I 
I I I D 

I p ale 

I I I q 
I I I NEW 

SLUDGE I I I 
I I t 

I -. l 

80 

TIME (days) 
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Fis 4. 59: · Da.ily perf o:manoe of the phosJiiorus concentration in 
the first reactor of the 3 day sludge age AioredOK 
system (repeat investigation). 
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Fig 4.61: Daily perf onmmce of the phosphorus concentration in 
the third reactor of the 3 day sl\.dge age PhoredaK 
system (repeat investigation). 
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Fig 4.62: Daily performance of the Jiiosphorus concentration in 
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system (repeat investigation). 
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system (repeat investigation). 
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Fis 4. 65: Daily performance of the phos}ilorus uptake in the second 
reactor of the 3 day sludge age Fhoredox system (repeat 
investigation) • 
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Fig 4.66: Daily performance of the }ilos}ilorus uptake in the third 
reactor of the 3 day sludge age Aloredox system (repeat 
investigation) • · 
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investigation). · 
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(repeat investigation). 
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Fig 4.72: Daily performance of the unfiltered influent and filtered. 
effluent COD concentrations for the 3 day slUdge 
age Split-feed system. 
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Fis 4.73: Daily performance of the influent readily biodegradable 
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Split-feed system. 
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Fis 4.74: Daily performance of the tmfiltered influent and fil~red 
effluent TKN concentrations for the 3 day sl\Ege age 
Split-feed system. 

Fig 4.75: Daily performance of the :Ptos:Ptorus concentration in the 
influent to the 3 day sh.dge age Split-feed system. 
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Fig 4.79: Daily performance of the nitrate concentration in the 
fourth reactor of the 3 day shdge age Split-feed system. 
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Fis 4. 82: Daily perf ormanoe of the volatile suspended solids 
in the second reactor of the 3 day sludge age 
Split-feed system. 
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Fig 4.88:· Daily performance of the phosphorus concentration 
in the third reactor of the 3 day sludge age 
Split-feed system. 
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Split-feed system. 

"4-0 
I ADDED I HEW SEWAGE 

I I SELECTOR I 
30- • l__J I 

I I - 20 - I I 
~ I I 

~ 10 - I I 
I I 

G' 
I I E - 0 
I I Ill 

~ I al 
-10 - la a I :::> 

I a a la a -it a a a a a 
f -20- a a a a I I a a 

al I 
-30- I I 

I 
I 

-40 . . I . . I I 

0 2 4 e 8 10 12 14 18 18 

TIME (daye) 

Fig 4. 91: Daily performance of the Jiios}'.ilorus uptake in the 

1 ~ 

20 

4.131 

first reactor of the 3 day shdge age Split-feed system. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

4.132 

30 
NE.W SEWAGE I ADDEO 

I I SELECTOR 
20 - 1__J 

I ,.... 
I ~ 

~ 10 - I 
I 

Q. I gt 

! -' a 
I 0 -- a a D 

~ 
a a a a ID I I a a a a a 

D 
I D al 

:::> -10 - I I 

~ I I 
Q. I I 

-20- I I 
I I 
I I 

-30 I I 
I ' I . . I I I I ' ' I • I I I 

0 2 4 6 8 10 12 14 16 18 20 

TIME (daya) 
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second reactor of the 3 day sl\.dge age Split-feed system. 
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Fig 4.102: Daily performance of the nitrate concentration in the first 
reactor of the 6 day sludge age 3-stage Bardenpho system. 
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Fis 4.104: Daily performenoe of the nitrate concentration in the third 
reactor of the 6 day sludge age S-stage Bardenib> system. 
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Fis 4.105: Daily performance of the nitrate concentration in the fourth 
reactor of the 6 day sludge age 3-stage BardenPio system. 
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Fig 4.107: Daily performance of the volatile suspended solids in the 
first reactor of t.he 6 day sludge age 3-stqe Ba.rderqilo 
system. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

4.141 

Fis 4.108: Daily performmce of the volatile suspended solids in the 
second reactor of the.6 day sludge age 3-stage BardenJiio 
system. 
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Fis 4.110: Daily perform8nce of the volatile suspended solids in the 
fourth reactor of the 6 day sludge age 3-stage Bardenpho 
system. 
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system. 
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Fig 4.112: Daily perfol'llBnCe of the im.<>sJiwrus concentration in the 
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Fig 4.113: Daily performance of the JiiosJiiorus COllCEl'ltration in the 
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system. 
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Fis 4.114: Daily performance of the Jiiosphorus concentration in the 
'third reactor of.the 6 day sludge age 3-stage Barden:Pio 
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Fig 4.115: Daily performance of the Jiios'Plorus concentration in the 
fourth reactor of the 6 day sludge age 3-stage Bardenpho 
system. 
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Fig 4.116: Daily performance of the }ilosphorus concentration in the 
filtered effluent from the 6 day sltdge age 3-stage 
Barden}ilo system. 
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reactor of the 6 day sltdge age 3-stage Berden)'ilo system. 
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Fig 4.119: Daily performance of the JitosJitorus uptake in the third 
reactor of the 6 day sludge age 3-stage Bardenpho system. 
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Fig 4.120: Daily performance of the Jii,os}ilorus uptake in the fourth 
reactor of the 6 day shdge age 3-stage Bardenpw system. 
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Fig 4.163: Daily performance of the volatile suspended solids in the 
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Fis 4.175: Daily performance of the Jiiosphorus uptake in the fourth 
reactor of the 3 day slu:lge age Joharmeshlrg system. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

18 

18 

12 

10 a a 
8 a a 

a 
D 

8 
D D D D 

2 

NEW SEWAGE I L_: 

a 

a 

I 
I 
I 
I 
I 
I 

D I D 
D D 
I a 

D I 
D I 

I 
I 
I 
I 
I 

D D 

aD D 

I 
la 
I 
I 
I 
I 
I 
I 
I 

D D 
D 

0-+---.~-.-......... ~..----.-~..--.---.....--.---.~-.-......... ~..--.-~..-~ 
0 8 12 16 20 24 28 32 

TIME (doya) 

Fig 4.176: Daily performance of the piospie>rus removal in the 3 day 
sludge age Johannesburg system. 

Fig 4.177: Daily performance of the Diluted Slmge Vol\.llle Index for 
the 3 day sludge age Johannesburg system. 
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effluent COD concentrations for the 6 day slw)ge age 
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CHAP1'ER FIVE 

COMPARISON OF EXPERIMENTAL OBSERVATIONS WITH-ffiEDICTIONS 
OF THE GENERAL ACTIVATED SLUDGE MODEL AND THE 

P RELEASE/REMOVAL MODEL 

1. INTRODUCTION 

This chapter is divided into two sections: 

5.1 

1. Simulation of the experimentally observed data on the General 

Activated Sludge Model (Dold and Marais, 1985), discussion of 

deviations between predicted and observed results, and suggestions of 

possible processes that need to be incorporated in the model to pre­

dict short sludge age behaviour. 

2. Simulation of the experimentally observed data on the P release­

/excess P removal model of Wentzel, Dold, Ekama and Marais (1984) and 

discussion of any shortcomings in the model. 

2. COMPARISON OF OBSERVED AND ffiEDICTED BEHAVIOUR USING 'l1IB GENERAL 
ACTIVATED SLUDGE MODEL 

2.1 Description of model 
I 

Research into the behaviour of activated sludge systems at the University 

of Cape Town culminated in the formulation of a general kinetic model by 

Dold and Marais (1985). The model describing the system response is highly 

complex. It incorporates carbonaceous material oxidation, oxygen demand, 

nitrification, denitrification, sludge generation and other processes under 

steady state or daily cyclic flow and load conditions, in series reactor 

systems with inter reactor recycles and with both aerated and una.erated 

reactors. A brief description of the model is given in Appendix F. 

The model has been tested extensively over the pa.st few years and the con­

sensus has been that the model simulates the response behaviour of activa­

ted sludge systems satisfactorily over a wide range of process conf igura­

tions, sludge ages and operating conditions. 

Certain parameter constants in the model have been found to be specific to 

the waste flow or are influenced by the operating conditions. There are 5 
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of these, viz. (1) the maximum specific growth rate of the nitrifiers, (2) 

the maximum specific growth rate of the heterotrophs, and the influent (3) 

readily biodegradable, ( 4) particulate unbiodegradable and ( 5) soluble 

\IDbiodegradable COD fractions. 

(1) The maximum specific growth rate of the nitrifiers can vary fran 0,2 to 

O, 7 per day and there is no substantive criterion whereby one can 

estimate this constant; each waste flow appears to give rise to .its own 

value. Therefore, for design, either some experimental estimate is 

found, often by curve fitting to the experimental nitrate response 

using the simulation model or, in the absence of an experimental 

estimate, a conservative (low) value is selected to give a high proba­

bility that the design will provide an adequate aerobic mass fraction 

and a long enough sltdge age for nitrification. 

(2) With regard to the maxinn.mi specific growth rate of the ·heterotrophs, 

there is conclusive evidence that this rate is influenced by the pro­

cess configuration (Still, Black.beard, Ekama and Marais, 1985). Single 

completely mixed reactors tend to give "low" values of about 2/de.y, 

series reactors give higher values, and ·the highest values of about 

4,5/day (Still et al.) have been obtained with "aerobic selector reac­

tors" installed ahead of the main aeration reactor and recei vingt.he 

influent and underflow recycle. For simulation purposes, the high or 

low specific growth rate usually does not result in significantly 

different responses when municipal waste water !iJerves as influent 

because the solubilization of particulate COD tends to control the rate 

of growth. However the magni b.rle of the specific growth rate is import­

ant in predicting bulking sltdge developnent: high growth rates appear 

to be associated with good settling sltdges. For our purposes there­

fore, the default value in the program was adequate. 

( 3) The readily biodegradable COD fraction of the influent can vary from 

0,1 to 0,3 with respect to the total COD of unsettled municipal waste­

waters. Experimental estimates therefore are necessary, either from a 

biological short sludge age plant operated in a specific manner .(Ekama, 

Dold and Marais, 1986) or fr6m a physical separation technique (Bagg, 

Dold and Marais, 1986). In our experimental studies, this COD fraction 

was measured daily using the short sludge age procedure. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

5.3 

( 4) 'Ihe particulate unbiodegradable influent COD fraction tends to be less 

variable than the readily biodegradable COD. Usually, the factor most 

likely to affect this fraction is whether or not garbage-grinding, with 

disposal to the sewer, is practised. If garbage-grinding is practised, 

as is usually the case in the USA, then the fraction with respect to 

the unsettled municipal waste COD is approximately 0,22; if garbage­

grinding is not permitted, the fraction is nearer 0,13 [which is the 

default value accepted for design in South Africa (WRC, 1984)]. How­

ever, for municipal flows from particular regions, this fraction can 

deviate quite substantially from the general mean value of 0,13. For 

example, for the satellite town of Mitchell's Plain near Cape Town, the 

wastewater is virtually 100 percent domestic and the experimental 

responses repeatedly have indicated that the unbiodegradable 

particulate COD fraction is approximately 0,08. 

(5) Historically the influent soluble tmbiodegrada.ble COD has been estima­

ted as equal to the filtered effluent from a system operated tmder 

aerobic sludge ages of 10 days or longer (WRC, 1984). This approach has 

been adopted because experience has shown that, for systems operated on 

the same se'Wage, there appears to be no observable difference in this 

fraction for aerobic sludge ages ranging from about 3 to 30 days. 

In assessing the suitability of the general model to the short sludge age 

systems sttdied in this investigation, it should be noted that the majority 

of check simulations done in the past were on systems operated at long 

sludge ages ( 10 to 30 days) incorporating ana.erobic/anoxic reactors with 

mass fractions ranging from 30 to 70 percent. A ntlllber of check simulations 

were also carried out on c01Bpletely aerobic systems, with both single and 

series reactor configurations, for.sludge ages ranging from 3 to 30 days. 

For both sets of simulations the correspondence between predicted and 

observed responses was so close that it was assumed that the model would 

also be valid for the systems operated in this investigation, even though 

strictly the conditions of operation fell outside the experience on which 

the model was built; that is, short total sll.dges, as low as 3 days, with 

unaerated mass fractions of 50 percent. 

2.2 Selection of process constants 

For simulation, the model requires, inter al ia, input of (1) wastewater 
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composition, ( 2) constants defining the kinetic behaviour of the various 

processes, and ( 3) constants def ini.ng the stoichiometric relationships 

between the various mass transformations that take place. Taking cognisance 

of our remarks ear lier, on the factors influencing the magn.i tudes of 

certain constants, appropriate changes to the default input constant values 

were made. Information on the tmbiodegradable COD fractions of the influent 

was obtained from experimental observations on activated sl\.dge systems 

operating at relatively long shdge ages (10 days or more). These gave the 

following fractions with respect to the total influent COD; tmbiodegradable 

soluble 0,06 and tmbiodegradable particulate 0,08. The readily biodegrad­

able COD was measured experimentally according to the procedure proposed by 

Ekama, Dold and Marais (1986). The maxi.Im.In specific growth rate of the 

ni trifiers at 20oc (µ ) was selected by trial to fit the nitrate res-
nm2 o 

ponse of the system being investigated. Accordingly, the relevant constants 

in the model were adjusted fran the default values. The other constants 

were kept unchanged as these had been fotmd, frau experience, either not to 

be affected by the sl\.dge age and system configuration (yield, endogenous 

mass loss, etc.) or not to be critical in steady state operation (maxi.mtln 

specific growth rate of the heterotrophs). 

In simulating the responses of the different systems studied experimentally 

in this investigation, it soon became apparent that the difficulties 

encotmtered were COlllDOD to all the systems. Consequently, in discussing the 

various points of interest in the study, it was decided to t.ake one system 

as an example and to develop these points of interest around it. Applica­

tion to the other systems then is readily appreciated. The system selected 

as the reference one was the 4 day sludge age Fhoredox system described in 

Section 2. 

The model input data for the first simulation (default constants and other 

constants modified as discussed above) is listed in Table 5 .1 under 

"SIMUIATION ONE". On simulating the response of this system (and the others 

studied experimentally in this investigation), it was inmediately apparent 

that there were appreciable differences between the simulated and observed 

responses. For example, Table 5.2, showing the simulated results and the 

observed results for the 4 day sludge Phoredox system, suggests that, in 

systems with short sludge ages and large anaerobic mass fractions, the 

m.unerical values of some of the constants need to be changed and that the 
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model itself may need to be modified. To assess these changes, the signifi­

cance of each major deviation is discussed below. 

(l} Filtered effluent COD/soluble lD1biodegradable COD 

'!be first significant difference observed in Table 5.2 is that the simula­

ted prediction of the filtered effluent quality is very much lower than the 

value observed ( 34, 1 mgCOD/t predicted versus 61 mgC()Dfe observed) • In 

terms of the model, the simulated effluent COD is composed of two frac­

tions; an lU1biodegradable fraction derived from the influent, and a biode­

gradable soluble fraction remaining from incomplete degradation in te 

process. In practice, a third soluble effluent COD component exists; name­

ly, COD generated through intennediate and end product f onnation and cell 

lysis and death, i.e. COD of microbial origin. 'Ibis fraction is not 

accotmted for in the model because, for the sludge ages generally used in 

South Africa, the contribution is very small (Dold, Bagg and Marais, 1986). 

In attempting to accotmt for the observed under-prediction of the effluent 

soluble COD by the model , it should be noted that the simulated soluble 

biodegradable fraction is small; in no manner, by changing the kinetic 

constants defining the rate of growth of the heterotro}ils and the rate of 

solubilisation, could the effluent COD be raised to the observed level. 

Also, the effluent COD could not be increased rationally by increasing the 

influent tmbiodegradable COD fraction because the filtered COD of pe.rallel 

systems, operating under long shdge age conditions with the same influent, 

at the same COD concentration, continued to deliver filtered effluents with 

COD concentrations of approximately 30 mgC()D/t. 1berefore, it 'W8.S concl\.ded 

that the higher COD in the effluent must be due to mdegraded soluble COD 

from the microbial source. It is worthwhile to consider for a moment the 

aspect of microbial soluble COD generation within the process in more de­

tail in order to appreciate why this component is excluded from the model: 

Generally data on the microbial generation of effluent COD has been 

presented in the f onn of a linear relation between the effluent soluble 

COD (0.45µ filtrate usually) and the influent COD. For example, ex-
m 

perimental work of Chudoba ( 1985) on both batch and continuous flow 

laboratory systems utilising completely biodegradable substrates has 

shown that the effluent COD is approximately 1 percent of the influent 

COD; that is, for a typical influent COD of 500 mg/( the portion of the 

effluent COD originating from microbial activity would be approximately 

5 mgft. 
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A generation of 1 percent would seem surprisingly small considering the 

attention given to this aspect in the sanitary engineering literature. 

Perhaps this attention has arisen partially because these observations 

are based on experimentation using only synthetic substrates such as 

glucose where all of the influent substrate is biodegradable. In this 

case all of the effluent COD is derived from the microbial source, and 

assumes a certain importance in terms of percentages. However, in the 

case of a typical 500 mgCOD/t municipal wastewater, an amolU'lt of 5 mg/t 

is relatively small in a soluble effluent COD of 25 to 50 mg/t, and is 

certainly small compared to a typical influent 8t:>s of 120 mg/ t of the 

same influent. In the case of municipal wastewater treabnent, an 

additional factor is likely to minimise the microbial contribution; 

namely, the diversity of organisms. With the wide range of substrates 

present in a municipal wastewater the mixed organism population should 

be extremely diverse; this diversity should increase the possibility of 

degrading the complex molecules arising from microbial activity can­

pared to either a pure culture or a culture grown on a limited synthe­

tic substrate. 

'Ihe contribution fran microbial sources to the effluent COD has been 

related principally to the influent concentration. However, limited 

research has demonstrated that system operating parameters, . and in 

particular the sh.dge age or solids retention time, also will influence 

the production. Grady.and Williains (1975), on the basis of results from 

completely-mixed reactor systems (without recycle) receiving a mixed 

synthetic substrate, proposed that the soluble effluent COD is related 

inter al ia inversely to the slu)ge age and can be IDOdelled by an 

expression of the form 

S = K"S + K•S /SIU 
0 0 

where s = effluent soluble COD concentration 

s = influent COD concentration 
0 

SIU = solids retention time (slu)ge age) 

K• ,K" = constants 

The data of Grady and Williams ( 1975) was collected. over a range of 

operating conditions very different to those encountered in municipal 
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wastewater treatment practice; namely solids retention times ranging 

from 0, 17 to 0, 46 days with average suspended solids concentrations 

between 148 and 797 mg/e. It is possible that at the low reactor solids 

concentrations the influence of adsorption and enmeshment of 

microbially-generated matter would be less evident than in full-scale 

treatment plants where the solids concentration is in the range 3000 to 

5000 mg/e. In this respect the data of Saunders and Dick (1981) is more 

pertinent to this discussion. In that stt.dy laboratory plants were 

operated over a range of sludge ages from 0,8 to 19,4 days, with a 1:1 

mixture of raw sewage and synthetic substrate. The soluble ( <0,45µ ) 
m 

effluent COD samples were fractionated into 3 di visions defined as 

follows: 

Fraction 

High molecular weight 
Low molecular weight 
Dissolved 

Approx. MW range 

> 100 000 
500 - 100 000 

< 500 

The effect of sludge age on the 0,45 µ, ·COD 'W8S marked with the average 
m 

value decreasing from 57 to 20 mg/t in an inverse manner for sludge 

ages from 0, 8 . to 19, 4 days with an influent COD of approximately 450 

mg/t; in contrast the dissolved fraction (< 500 MW) was near constant. 

· 'Ihese results show that the contribution of microbial material with 

molecular weight in excess of 500 increases with decreasing sludge age; 

an observation in conformity with the interpretation of data by Chudoba. 

(1985) and the data observed in this investigation. 

To explain the observed data, Saunders and Dick (1981) have noted that the 

diversity of organisms in activated sludge systems is lower at short than 

at long sludge ages; as sludge age decreases, certain organisms will be 

"washed out" depending on the maximum specific growth rates. Therefore the 

presence of a high undegraded COD fraction in short sludge age systems 

would not be lll1expected. 

It is also likely that, above a certain sludge age, the heterotrophic 

organism mass has developed a fully diversified organism conmunity, where-
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upon the unbiodegradable soluble effluent will exhibit a fixed fraction of 

generated unbiodegradable soluble material. Such a fully developed 

conmunity indeed is implicitly suggested by the death-regeneration hypothe­

sis of Dold, Ekama and Marais (1980) a hypothesis which fonns the basis of 

the general activated sludge kinetic model. The death-regeneration 

hypothesis indicates a high interaction between organisms, leading to death 

and regeneration using the dead material as substrate. The model response 

indicates that, for aerobic sludge ages greater than 3 days, the inter­

action effects dominate which can be interpreted to mean that at a 3 day 

sludge age, a stable climax-type ecosystem has been established, by the 

effluent COD quality obtained in the systems stuiied. In Fig 5 .1, the 

filtered effluent COD is plotted versus the aerobic sludge age for each of 

the systems. The data clearly shows that, as the sludge age decrepes below 

3 days, the filtered effluent COD increases sharply whereas the COD remains 

essentially constant for aerobic sludge ages greater than 3 days. 

Because the general activated sludge model does not provide for soluble 

microbial COD generation, this effect has to be accoomodated by empirically 

raising the fraction of soluble unbiodegradable COD in the influent ( f ) us 
to equal the filtered COD value observed experimentally. Accordingly, in 

the second simulation, the f in the wastewater was increased to a value 
us 

that very nearly gives the filtered effluent COD, an approach that was used 

also with all the other system simulation stuiies. 

(2) Acidogenesis COD loss 

A second significant difference observed in Table 5.2 is that the simulated 

predictions of the VSS concentrations in the reactors are considerably 

higher than the observed values ( 3050 mgVSS/ t predicted as against 2100 

mgVSS/t observed). This behaviour was present in all the systems studied in 

the investigation. The model is based on a 100 percent COD mass be.lance but 

in the experimental systems, only about 80 percent recoveries were obtain­

ed. This difference shows itself principally in the higher predicted VSS 

values. The question now arises as to why there appears to be less COD 

leaving the experimental system than entering it. One, of a nunber of 

options, is the following: 

In the anaerobic reactor, the Acinetobacter organisms sequester lower 

fatty acids (and only lower fatty acids) by releasing stored polyP. 

Looking at it in another way, the fact that P is released implies 
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that lower fatty acids have been taken up out of the liquid. Yet, in 

this wastewater, the fatty acid content was low, that is, the fatty 

acids must have been generated in the anaerobic zone by acidogenesis, 

a process that converts carbohydrates to lower fatty acids by 

hydrolysis and release of hydrogen gas. When a carbohydrate, such as 

glucose for example, is converted to acetate, approximately a third 

of the electrons are transferred to the hydrogen ions to form hydro­

gen gas (see Chapter 4, Section 2. 4. 2) • This implies that in acido­

genesis, one third of the COD of the glucose may be lost from the 

system via hydrogen gas. In biological P removal studies, the hypoth­

esis has been accepted that the readily biodegradable COD in the 

influent is the only fraction that can be broken down to lower fatty 

acids. This hypothesis finds considerable support in the release 

behaviour of phosphorus in the anaerobic zones of long sludge age UCT 

and Bardenpho systems. In particular, in batch experiments, the 

implied conversion of readily biodegradable COD to fatty acids 

presents a reasonably consistent picture (Wentzel et al., 1984). 

However, in the long sludge age systems, the anaerobic mass fractions 

are relatively small ( 10-15 percent) whereas in the short sludge age 

systems in this investigation these ranged from 14 to 50 percent. It 

is possible that, in these short sludge age systems, not only is the 

conversion of readily biodegradable carbohydrates to fatty acids 

relatively complete, but that solubilization of particulate carbohy­

drate materials also takes place under anaerobic conditions, i.e. 

there is break-down of complex carbohydrates like starch to simpler 

glucose components. To account for the 20 percent loss in COD via 

acetate fonna.tion and hydrogen gas production in acidogenesis, a COD 

fraction much larger than that indicated by the influent readily 

biodegradable COD would need to be involved. Thus, if this COD loss 

arose from acid.ogenesis, then solubilization of particulate COD must 

have taken place. 

Accepting the behavioural pattern described above, a sample calculation to 

account for the 20 percent COD loss via acidogenesis is given for the 4 day 

sludge age Phoredox system. 
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Total influent COD (Sti) 

Percentage COD recovery 

i.e. Hydrogen produced 

Readily biod. COD in influent (8bsi) 

i.e. Hydrogen produced from ~i 

i.e. Hydrogen from hydrolysed~ 

i.e. 8bs hydrolysed 

i.e. Total ~ in system 

Effluent COD (Ste) 

i.e. fus - Ste/Sti 

f up 

i.e. Total ·biodegradable COD 

= 515 

= 87 

= 515.(1-0,87) 

= 67 

= 115 

= 1/3.115 

= 38,3 

= 67 - 38,3 

= 28,7 

= 3.28,7 

= 86,1 

= (115 + 86,1).2/3 

= 134,1 

5.10 

mgCOD/t 

% 

mgC()D/t 

mgCOD/t 

mgCOD/t 

mgCOD/t 

: 61,0 mgCOD/t 

= 0,13 

= (0,08.515)/(0,87.516) 

= 0,09 

= 0,09 + 0,13 

= 0,22 

= 1 - 0,22 

= 0,78 

= 0,78.0,87.515 

= 349,5 

= 134,1/349,5 

= 0,38 

mgCOD/t 

Accepting the solubilisation with conversion to acetate, the data to be 

entered into the model was: 
8ti = 448,1 mgCOD/t 

f bs = 0,38 

f = 0,13 
up 

f = 0,09 us 

(3) COD:VSS ratio 

In the experimental systems, a vital requirement is that a COD balance of 

near unity is obtained. The COD:VSS ratio of the mixed liquor forms· an 
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integral pa.rt in perfonning such a balance because the practice has arisen, 

prompted by convenience, to determine the VSS rather than the COD of the 

mixed liquor and to convert the VSS to COD by accepting a COD:VSS ratio 

( f ) • Considerable research has been 'lmdertaken to establish a value for 
CV 

f and to detennine the factors affecting it. Various researchers have 
CV 

calculated different theoretical values for f by accepting a single empi­cv 
rical stoichiometric f ormul.ation for the biological shdge mass. These 

theoretical values range from 1,22 to 1,48 mgC()D/mgVSS. 

Experimentally, for no assignable cause, the COD:VSS ratios for different 

influents often can differ appreciably so that it is not a good p:>licy to 

use the VSS as a surrogate parameter for detennining COD for accurate mass 

balances, the COD of the sludge should be measured directly. However prac­

tically, there is difficulty in obtaining precise repeatable results due to 

the difficulty in obtaining representative samples of the sludge; at best, 

one must accept a wide dispersion of measured results on the same sludge. 

The above discussion indicates that the f value for the sludges in this 
CV 

investigation could have differed from the default value of 1, 48 mgC()D-

/mgVSS. Measurements of f were taken on the Johannesburg B)'Stea operat-cv 
ing at a 5 day sludge age and these produced an average value of 1, 64 

mgC()D/mgVSS. Unfortunately, no measurements of the ratio -were taken on the 

other systems, so there is \DlCertainty introduced in all the lllBSS balances. 

Probably f lies between 1, 48 and 1, 64 mgC()D/mgVSS but the ratio may 
CV 

differ for the 3 and 6 day sludge age investigations. 

Because of the \lllCertainty with regard to the COD:VSS ratio, a sensitivity 

analysis was perf armed by entering different ratios into the aodel am! 

noting the system response with respect to volatile suspended solids. For 

the COD:VSS ratio range of 1,48 to 1,54 mgC()D/mgVSS, the response showed 

relative insensi ti vi ty, at the most approximately 5 percent. Hence it is 

tmlikely that a wrong COD:VSS ratio could have more than a marginal effect 

on the COD balance. 

Taking cognisance of the remarks made above, Sti' fbs and fus -were modified 
to accol.ll'l.t for the COD loss through acidogenesis, acetate f orma.tion and 

1.ll'l.biodegradable soluble COD generation respectively and hence f had to 
up 

be modified to fit into the model structure (although the concentration of 
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tmbiodegradable particulate COD remained the same). 'lbe COD:VSS ratio was 

selected in the range 1, 48 to 1, 54 mgC()D/mgVSS to provide the greatest 

"improvement" in the simulation. 'lbe set of constants used in the model for 

the second simulation of the 4 day sludge age Phoredox systan are listed in 

Table 5 .1 under "SIMULATION TWO". The system response is listed in Table 

5.2. 

Evidently there was a considerable improvement in the correspondence 

between the observed and simulated responses. Al though there is little or 

no experimental evidence supporting the anaerobic solubilisatian hypothe­

sis, the improvement in prediction achieved does indicate that the 

hypothesis merits further sttdy. 

Following on the success in simulating the 4 day slooge age :Aioredox sys­

tem, the method of calculating in]1lt data for the model as set out above 

was applied to all the other stulies. The revised in]1lt data for all the 

sys"te.m9 is presented in Table 5. 3. A comparison between the predicted and 

the observed data for the systems is given in Tables 5. 4 to. 5. 9. Again the 

approach was generally successful but, where COD recoveries were excessive­

ly poor (approximately 70 percent) , the slowly biodegradable COD required 

for solubilisation was greater than that in the influent to the system, 

(i.e. fbs > 1) and the approach could not be used rationally. 

2. 3 · Discussion of simulation results 

In reviewing the results obtained in simulating the various systems, the 

hypothesis that led to a general improvement in the predicted responses 

when canpa.red with those observed, was the one proposing firstly, anaerobic 

solubilization of particulate slowly biodegradable COD to the readily bio­

degradable f onn and secondly, accepting that the readily biodegradable 

material is converted to acetate in which process electrons (COD) are lost 

from the system by the fonna.tion of hydrogen gas. Simulations based on the 

sewage modifications suggested by this hypothesis gave significantly 

improved volatile suspended solids concentration and oxygen utilization 

rate (OUR) values. In particular, with the OUR's, the relative values simu­

lated in the series of aerobic reactors followed reasonably closely the 

trend observed experimentally. From the fact that P release is observed in 

the anaerobic reactor, there is support that lower fatty acids are genera­

ted in the anaerobic reactor and this reaction must therefore contribute to 
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a loss of COD. However, the magnitu:le of lower fatty acid production 

required to account for the low COD recoveries is so high that one tends to 

doubt if the COD loss can be accounted for completely by this phenomena. In 

addition, there is difficulty in accepting that solubilisation of the slow­

ly biodegradable material could have taken place to the level required, 

particularly because this effect had not been evident to any marked degree 

in the anaerobic zones of long sludge age nutrient removal systems. Perhaps 

the most important conclusions from the simulation stu:ly are that, 

1. There is a loss of COD in the anaerobic reactor due to the conversion 

of COD to lower fatty acids but the magnitu:le of this loss. is not yet 

clear. It appears to be higher in short sludge age anaerobic/anoxic/ 

aerobic systems than in long sludge age anaerobic/anoxic/aerobic 

systems. 

2. There appears to be a case for the conversion of slowly biodegradable 

to readily biodegradable COD in the anaerobic zone. Again, this appears 

to be more prono'lll'lCed in short than in long sludge age systems. 

From the conclusions above, it would appear. that research stlklies into 

solubilisation and lower fatty acid formation should be undertaken. How­

ever, besides these phenomena, there is a further one that canplicates the 

behaviour of the anaerobic zone which, up to the present, has been oam­

pletely ignored in the general model, i.e. the influence of the polyP 

organisms. These organisms sequester lower fatty acids in the anaerobic 

zone and subsequently, in the anoxic and aerobic zones, utilise the stored 

material for the storage of phosphorus and growth. 'Ibe consequential remov­

al of COD from the non-polyP organisms and the subsequent utilisation of 

the remaining COD by the non-polyP organisms must affect the oxygen utilis­

ation rates in the aerobic reactors. The influence of the polyP organism 

mass on the behaviour of the system carmot be incorporated into the model 

until the characteristics of these organisms in the anaerobic/anoxic­

/aerobic environment is understood and quantified. 
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3. PHOSRIORUS REMOVAL MODEL 

3.1 Simulation 

At the outset of the investigation, the objective was to obtain experiment­

al data on the P removal behaviour of short ehdge age anaerobic/anaxic­

/aerobic systems and to check the measure in which the P removal model, 

proposed by Wentzel, Dold, Ekama and Marais (1984), predicts the removal in 

short sludge age systems. The model of Wentzel et al . was developed to 

predict P removal at long sludge ages ( 8 to 30 days) and no check on its 

predictive quality was available for systems operated with sltdge ages of 8 

days or less. 

The Wentzel model is a semi-empirical one. Briefly, an equation is develop­

ed linking the magni tuie of the P release in the anaerobic reactor to the 

concentration of readily biodegradable COD in the influent, the non-polyP 

heterotrophic mass, the anaerobic mass fraction and the reactor flow regime 

(see Eq 5.1). 

AP = c ·8bs· ·[ f MX 1 . - f MX 1 l 
n sp 

1 
l+K·~·~ /(l+r) (n-l) (l+K·~~ /(l+r)}n 

N Q · N Q · 

where AP 
n 

c sp 

= P release in the nth reactor per litre of influent flow 

= stoichianetric ratio (AP:~) 

· = 0, 5 mgP() 4 -P /mgC()D converted 

(6.1) 

8bsi = readily biodegradable CX>D available for conversion per litre 

influent 

= S.. • - r.8,6.N -bsi nr 
~i = readily biodegradable influent COD concentration (mgC()D/t) 

r = recycle ratio to anaerobic reaetor based on influent flow 

N = nitrate concentration in recycle to anaerobic reactor (mgN/t) 
nr 

K = first order rate constant 

f xa = anaerobic mass fraction 

N = number of anaerobic reactors of equal volune in series 

MXah 
--q- = 
MXah = active mass of non polyP organisms in system (mgVASS) 

Q = influent flow to system (t/d) 
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~N = readily biodegradable COD concentration leaving the last 

anaerobic reactor (mgC()D/t) 

5.15 

Yh = heterotrophic organism yield constant (0,45 mgVASS/mgCOD) 

\i = heterotro}:ilic endogenou8 mass loss rate constant (0,24/d at 

20oC) 

R = system sludge age (d) s 
n = reactor number in a series of anaerobic reactors, e.g. 

reactor 2 in a series of 3 will have n = 2, N = 3 

The authors then showed that a linear relationship existed between the 

biological excess P removal and the P release in the anaerobic reactor (Eq 

5.2). 

P(removal) = (a•-1) .P(release) + P(metabolic) (5.2) 

where P(metabolic) = normal metabolic P requirement wasted daily in the 

sludge (mgP/t) 

MX 
v 

a• 

= 0,03.MXyf (Q.Rs) 

= mass of VSS in the system (DCVSS) 

= constant ranging from 1, 145 at a shdge age of 

20 days to 1,198 at a sll.dge age of 8 days 

To estimate the P removal in the short shdge age systems,· the experimental 

mean values of the readily bipdegradable COD in the influent and the 

nitrate concentrations in the recycles to the anaerobic reactors were 

inserted in Eqs ( 5 .1 and 5. 2) to give the P release and excess P removal 

for each system. The predicted P release and excess P removal, the experi­

mentally observed P release and excess P removal, and the predicted and 

observed P removals per COD removed are listed in Table 5.10. A plot of the 

predicted versus observed P removal per COD removal is shown in Fig 5.2. A 

plot of predicted versus observed P release is shown in Fig .5.3. 

3.2 Discussion 

At first glance, the correlation between the observed and predicted P 

removal/COD removed appears to be reasonable al though the dispersion is 

large. The positive correlation probably is more apparent than real as the 

plot of observed versus predicted release (see Fig 5. 3) gives a poor 
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correlation. No proper critical analysis of the P removal kinetics is 

possible tmtil greater 1..U'lderstanding is obtained of the processes and the 

kinetics involved in biological excess P removal phenomena and, in this 

respect, there appears to be little merit in further pursuing the matter 

here. 

The short sludge age results highlight our deficiencies in \.W'lderstanding of 

the processes involved in biological excess p removal and the eventual 

solution would have to reconcile or modify some apparently conflicting 

hypotheses that had to be proposed to rationalise the observed system 

behaviour. An important conflict is apparent between .the P removal 

behaviour and the hypothesis that there is a COD loss due to lower fatty 

acid formation. The stoichiometric constant C in Eq ( 5 .1) is based on 
sp 

observed release per tmi t of acetate added. If this constant should be 

related .to the readily biodegradable COD (8t>s) as is done in Eq 5.1, and 

the s... is not in the lower fatty acid form, then clearly, C must differ -bs Sp 
from 0, 5 because there will be a loss of COD in. the conversion of ~ to 

lower fatty acids. The present value for C could be retained only if in sp 
fact a canpensating concentration of slowly biodegradable COD is converted 

to readily biodegradable COD. 

There is difficulty also in reconciling the P release, uptake and removal 

if the hypothesis is accepted that the loss of COD, which caused the poor 

COD recoveries in the mass balances of the short sludge age plants, was due 

to solubilisation of slowly biodegradable COD and conversion to lower fatty 

acids. If this hypothesis should be true, then very high masses of readily. 

biodegradable ·con should have been available to the polyP organisms in the 

anaerobic reactor in which event the P release should have been higher. 
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I!Wle §,l: Model inp..1t data for simulation of response of 4 day sludge aae 
Phoredox system. 

"' N :::> 
,..J z z ;;: 0 0 ...... ...... 
p 

p p 
,..J ;:i < ,..J :::> 

~ 53 < 
!>.. ...... ... 
"' (/) (/) c:::i 

'Wastewater Characteristics 

8ti llQgC()D/t) 515 448,1 

2 Nti (aigN/t) 40,5 40,5 

3 fbs (iQgCOD/mgCOD) 0,2 0,26 0,38 

4 f (mgC()D/mgC()D) 0,08 0,06 0,13 us 
5 f (mgC()D/mgC()D) 0,13 0,08 0,09 

up 
6 f (JllRN/qN) 0,84 0,84 0,84 na 
7 f (mgN/agN) 0,5 0,6 0,6 nox 
8 fnu (ll(CN/mgN) 0 0 0 

9 fxbh (~COD/mgC()D) 0 0 0 

Beterotropis 

1 PlJe lllBX. (d-1) 3,5 3,5 3,5 
2 KB (aCDD/a") 5 5 5 

3 Koh CllOa/•1 > 0,002 0,002 0,002 

4 1\i (d-·) 0,62 0,62 0,62 

5 q(solubilization) 0,37 0,37 0,37 

6 17(arowth) 1 1 1 

7 K (gN/m") 1 1 1 
no 

8 l\i (d-·) 2,2 2,2 2,2 

9 Rx 0,15 0,15 0,15 

10 K r <•"/ICOD/d) 0,016 0,016 0,016 

11 K (ltN/m1
) 0,1 0,1 0,1 na 

Autotrophs 

1 l'lJe lllBX • (d-1) 0,45 0,32 0,31 
2 Knh (gN/m") 1 1 1 

3 K ''°·'·") 0,002 0,002 0,002 
08 

2 b 
a 

(d-1) 0,04 0,04 0,04 

Stoichicmetry 

1 Yb (gCOO/gCOD) 0,666 0,666 0,666 

2 f (gCOD/gCOD) 0,08 0,08 0,08 e 
3 ixb llN/gCOD) 0,068 0,068 0,068 

4 i (gN/gCOD) 0,068 0,068 0,068 xe 
5 y (gCOD/gCOD) 0,15 0,15 0,15 a 
6 COD:VSS (gCOD/gV&S) 1,48 1,48 1,544 
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Table 5.2: Comparison between data predicted by the general activated 
sludge model and mean experimental results from a 4 day sludge 
age Phoredox system. 

PREDICTED VAWE 
EXPERIMENTAL SIMULATION SIMULATION 

VAWE ONE 'IWO 

VSS (mgVSS/i) Reactor 1 2080 :I: 70 3070 2168 

2 1960 ± 70 3069 2167 

3 2220 :I: 95 3068 2173 

4 2160 :t 90 / 3046 2156 

EFFLUENT COD (mgCOD/ I! ) 61,0 :t 4,9 34,1 61,3 

OUR (mgO/i/h) : Reactor 3 66 :t 3 63,4 62 

4 45,5 :I: 3 45,5 40 

EFFLUENT TKN (mgN/t) 22,5 :i: 1,5 22,6 24,8 

NITRATE Reactor 1 0 0 
(mgN/#!) 

2 0 0 

3 0,6 0,6 

4 1,1 :t 0,2 1,1 1,2 
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I 
Table 5.3: Model inp..it data for simulation of system responses, 

"" 0 u u 
....i "' "' < 0 0 0 
:> "" "' "' >: >: "" "' "' !--< o"" 0"" 11- """" """" ....i 0<'"1 0<'"1.., I z,., z"' ::0 "" t:l II ~ !--< ... ~II ~o < .,.: II .... 
"" 0 0 "" ....i u 

I "" :i:: !ll :t: !llGI "" 0 "' 0"' 
0 p.."' 

p.. "'"' "' 0 ..., "' ..., "' 
Wastewater Characteristics 

sti (mgCOD/l) 396,9 417,1 391,6 367 ,2 397,6 383,2 

2 Nfj (mgNH,/t). 43,7 44,1 39,8 41,9 50,1 46,8 

3 fbs (mgCOD/mgCOD) 0,2 0,63 0,42 O, 75 0,98 0,64 0,63 

4 f (mgCOD/mgCOD> 0,08 0,16 o, 14 0,15 0,10 0,12 0,11 us 
5 f (mgCOD/mgCOD) 0,13 0,10 0,09 0,10 0,11 0,10 0,10 up 
6 f (mgN/mgN) 0,84 0,84 0,84 0,84 0,84 0,84 0,84 na 
7 f (mgN/mgN) 0,5 0,5 0,5 0,5 0,5 0,5 0,5 nox 
8 f (mgN/mgN) 0 0 0 0 0 0 0 

nu 
9 fxbh (~COD/mgCOD) 0 0 0 0 0 0 0 

Heterotrophs 

1 l'lJe max. (d-') 3,5 3,5 3,5 3,5 3,5 3,5 3,5 
2 K (gC()D/m") 5 5 s 5 5 5 5 5 

3 Koh <so.;m•) 0,002 0,002 0,002 0,002 0,002 0,002 0,002 

4 1\i (d-l) 0,62 0,62 0,62 0,62 0,62 0,62 0,62 

5 q(solubilization) 0,37 0,37 0,37 0,37 0,37 0,37 0,37 

6 q(growth) 1 1 1 1 1 1 1 

7 K (gN/m•) 1 1 1 1 1 1 no 
8 ~ (d-·) 2,2 2,2 2,2 2,2 2,2 2,2 2,2 

9 Bx 0,15 0,15 0,15 0,15 0,15 0,15 0,15 

10 ~ (m1 /gC()D/d) 0,016 0,016 0,016 0,016 0,016 0,016 0,016 

11 K (f;N/m" l 0,1 0,1 0,1 . 0,1 .0,1 0,1 0,1 na 

Autotrophs 

1 l'lJe lllBX, (d- I ) 0,45 0,43 0,71 0,65 0,63 0,69 0,63 
2 Knh 1 1 1 1 1 1 1 

3 K 1so2;111• > 0,002 0,002 0,002 0,002 0,002 0,002 0,002 
08 

2 b (d-l) 0,04 0,04 0,04 0,04 0,04 0,04 0,04 a 

Stoichiaoetry 

yh (gC()D/gC()D) 0,666 0,666 0,666 0,666 0,666 0,666 0,666 

2 f (gC()D/gCOD) 0,08 0,08 0,08 0,08 0,08 0,08 0,08 e 
3 ixb (gN/gC()D) 0,068 0,068 0,068 0,068 0,068 0,068 0,068 

4 i (gN/gC()D) 0,068 0,068 0,068 0,068 0,068 0,068 0,068 xe 
5 y (gCOD/gC()D) 0,15 0,15 0,15 0,15 0,16 0,15 0,15 a 
6 COD:VSS (gCOD/gVSS) 1,48 1,544 1,544 1,544 1,48 1,48 1,48 
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Table 5.4: Comparison between data predicted by the general activated 
sludge model and mean experimental results from . a 3 day sludge 
age Phoredox system. 

VSS (mgVSS/t )' Reactor 1 

2 

3 

4 

KFFLUENT COD (mgCOD/ E ) 

OUR (mgO/t/h) : Reactor 3 

4 

EFFWENT mN (mgN/ E ) 

NITRATE 
(mgN/E) 

Reactor 1 

2 

3 

4 

EXPERIMENTAL 
VAWE 

1280 ± 18 

1210 :t 20 

1400 ± 17 

1300 :t 28 

67,0 :l: 0,8 

60 :t: 1 

42 :t 1 

26,2 :t 0,6 

1,9 :t O, 1 

PREDICTED 
VAUJE 

1365 

1365 

1386 

1377 

66,1 

61 

33 

28,0 

0 

0 

0,8 

1,7 
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Table 5.5: Comparison between data predicted by the general activated 
sludge model and mean experimental results from.a 3 day sludge 
age Phoredox system (repeat investigation). 

EXPERIMENTAL ~ICTED 
VAWE VAWE 

' 
vss (mgVSS/t) Reactor 1 1275 :t 53 1360 

2 1240 :I: 47 1361 

3 1200 :t 59 1363 

4 1200 :I: 62 1350 

EFFllJENT COD (mgC()D/l) 62,0 :t 3,3 61,3 

OUR (mgO/t/h) : Reactor 3 52,0 :t 4 52 

4 40,0 :I: 2 41 

EFFLUENT TKN (mgN/t) 18,5 :t 1,3 17,0 

NITRATE Reactor 1 0,3 :t o, 1 0,2 
(mgN/l) 

2 0,5 :I: o, 1 0 

3 6,7 :t 0,4 3,5 

4 8,4 :I: 1,2 7,1 
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Table 5. 6: Comparison between data predicted. by the general activated 
sludge model and mean experimental results fran the Split-feed. 
system. 

EXPERIMENTAL PREDICTED 
VAWE VAWE 

' 
vss (mgVSS/t) Reactor 1 1320 ± 63 1408 

2 1280 :t 63 1409 

3 1225 ± 69 1209 

4 1170 :t 67 1200 

EFFLUENT COD (mgC()D/t) 61,0 :I: 5,1 60,9 

OUR (mgO/t/h) : Reactor 3 53,5 :i: 3,0 62,2 

4 39,5 :t 2,0 37,8 

EFFLUENT TKN (mgN/t) 12,1 :I: 0,7 14,3 

NITRATE Reactor 1 0,08 ± 0,01 o, 1 
(mgN/t) 

2 0,22 :!: 0,04 0 

3 4,0 :t 0,5 3,3 

4 6,4 :t 0,8 6,7 
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Table 5, 7: Comparison between data predicted by the general activated 
sludge model and mean experimental results from a UCT system. 

EXPERIMENTAL mEDICTED 
VALUE VALUE 

VSS (mgVSS/€) Reactor 1 1300 :t 37 1071 

2 2350 ± 78 2110 

3 2380 :i: 74 2121 

4 2370 :i: 78 2113 

EFFLUENT COD (mgCOD/t) 40,0 :i: 1,6 37,8 

OUR (mgO/t/h) : Reactor 3 78,5 :i: 4,0 87,8 

4 43,0 :t 4,5 42,5 

EFFLUENT 'l1CN (mgN/t) 3,8 :t 0,3 4,0 

NITRATE Reactor 1 1, 1 :t 0,8 0 
(mgN/t) 

2 3,4 :I: 0,4 0,3 

3 9,3 :t 0,4 6, f$ 

4 10,6 :I: 0,4 9,4 
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Table 5. 8: Comparison between data predicted by the general activated 
sludge model and mean experimental results from . a 3 day sludge 
age Johannesburg system. 

EXPERIMENTAL PREDICTED 
VAUJE VALUB 

. 
vss (mgVSS/t) Reactor 1 2280 :t 104 2252 

2 1315 :t 44 1185 

sel. 1193 

3 1400 :t 50 1205 

4 1390 :t 75 1195 

EFFLUENT COD (mgC()D/t) 61,0 :I: 3,3 49,5 

OUR (agO/t/h) : Reactor sel. 98 ± 6 83 

3 36 :i: 1 56 

4 31,5 ± 2 39 

EFFLUENT mN (mgN/t) 14,2 :i: 1,8 19,3 

NITRATE Reactor 1 1,3 ::i: 0,1 5,3 
(mgN/t) 

2 0,5 :t O, 1 o, 1 

sel 2,4 :t o, 1 0,8 

3 6,3 :I: 0,9 4,9 

4 8,9 :t: 0,6 9, 1 
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Table 5. 9: Comparison between data predicted by the general activated 
sludge model and mean experimental results fran . a 5 day sludge 
age Johannesburg system. 

EXPERIMENTAL PREDICTED 
VAWE VALUE 

. 
vss (mgVSS/t) Reactor 1 2660 :t 104 2366 

2 1560 :t 71 1242 

sel. 1251 

3 1530 :t 60 1258 

4 1510 :!: 57 1248 

BFFllJENT COD (mgC()D/t) 44,0 :I: 2,8 44,2 

OUR (qO/t/h) : Reactor sel. 89 :I: 4 85 

3 46 :I: 3 61 

4 41 :t 2 44 

EFFLUENT 'llCN (~/t) 7,0 :I: 0,9 8,1 

NITRATE Reactor 1 2,2 :t 0,3 5,9 
(mgN/t) 

2 0,13 :t 0,01 0,1 

sel 2,3 :I: 0,2 1,6 

3 7,9 :t 0,3 7,9 

4 13,0 :I: 0,4 13,6 
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lDt!l~ :i,lQ: Canpa.rison of observed and predicted P nmoval behaviour. 

PREDICTED OBSERVBD 
P Rl1M>VAL I 

COD Rl1M>VAL 

p RELEASE P REMOVAL P RELEASE P REMOVAL PREDICTED OBSERVED 
(9"P/l) (rCJ'/l) (ICP/t) (•Pit) (mgI>/qCOD) (~/~D) 

Fhoredox (R
8
:4d) 48,5 13,8 57,1 15,7 0,030 0,035 

Fhoredox (R
8
:3d) 32,9 10,0 40,9 14,5 0,024 0,034 

Fhoredox (R
8
:3d)-repeat 18,5 7,6 2,8 4,8 0,018 0,011 

Split-feed 8,2 5,0 15,5 6,6 0,013 0,017 

3-staae Bardenpho 0 3,7 4,5 7,7 0,008 0,017 

'l£T (a=2) 19,8 7,3 1,6 8,1 0,016 0,017 

'l£T (a:l) 40,3 11,3 25,0 12,0 0,024 0,026 

Joharmesburi (R
8 
:3d) 40,4 12,4 16,4 8,4 0,028 0,019 

Johannesburg (R
8
:5d, 45,5 13,3 25,2 12,5 0,031 0,029 

a=0,5) 
Johannesburi (R

8
:5d, 39,0 11,8 21,4 7,4 0,026 0,017 

a=l) 
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CHAPl'ER SIX 

DISCUSSION, CONCLUSIONS AND RECOr-MENDATIONS 

The study of short sludge age biological excess P removal activated sludge 

systems was motivated by the need to: 

( i) check the extremely favourable findings obtained on this system by 

the conmercial f inn that developed it in the United States of 

America, 

(ii) develop a viable pre-treatment P removal facility for existing 

trickling filter systems. 

The system tested by the Americans essentially reduced to 

( i) a non-ni trifying Fhoredox system, which they designated the A/0 

system, and 

(ii) a nitrification/d.enitrification system identical to the Modified 

3-stage Ba.rdenpho system. 

The major part of their study was focussed on the non-nitrifying system. In 

their system configuration, each reactor, anaerobic and aerobic, was speci­

fically subdivided to approach plug-flow . conditions. An important f ee.ture 

in the operational design was the very low underflow recycle ratios 

employed, ranging from as little as 0,15 to 0,42 with respect to the influ­

ent flow rate. 'lbese low recycle ratios were possible because the systems 

developed very good settling sludges with SVJ•s of less than 100 mf/g. The 

American researchers f O\md that these good settling properties were obtain­

ed with system sludge ages as short as 2 days and with anaerobic mass fract 

ions ranging from about 30 to 40 percent; this implied aerobic sl\dges of 

about 1,2 to 1,4 days. At these short sludge ages the effluent was clear 

with low COD and low suspended solids concentrations. The phosphorus 

removals, achieved in the majority of the laboratory and pilot scale 

plants, did not provide infonnation on the full potential of these systems 

as the P/COD ratios in the influent were apparently less than the reovval 
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potentials; as a consequence, their effluent phosphorus concentrations were 

always very low. '!his viewpoint is supported by the one pilot-scale plant 

which treated a wasteflow with an \musually high P/COD ratio - the AP/COD 

ratio achieved in this plant was excellent (0,028 mgP removed/mg influent 

COD). 

In order to specifically check the findings above, a non-ni trifying 

Phoredox-A/O system was set up using \mBettled Dllmicipal waste water from a 

largely residential suburb (Mitchell •s Plain). 'lhe system slu:Jge age was 

selected at 3 days with an anaerobic mass fraction of 0, 5, giving an 

aerobic slu:)ge age of 1,5 days. Each of the aerobic and anaerobic zones was 

subdivided into two reactors in series in order to approach plug flow con­

ditions. 'lhe ma,gni tl.de of underflow recycle ratio could be varied but 

initially was selected at 1:1. '!his system gave results varying signifi­

cantly in some aspects fran those reported in the USA. 'lhe effluent quality 

was poor, the filtered COD being almost twice as high as those obtained on 

systems with larger slu:)ge ages ( 6 days and more) , and the effluent was 

very turbid. Furthennore the system gave rise to growth of the filamentous 

organism S.natans in the slu:)ge mass and hence DSVli's of up to 200 ml./g 

were recorded. 'lhe system was tested in two separate experiments and, on 

both occasions, gave the same response as that noted above •. With regard to 

the P removal, in the first experiment the system did not ni trify and a 

very high mean AP/influent COD was obtained (0,03 mgP/JQICOD). In the second 

experiment, partial and rather variable nitrification was obtained.; this 

influenced the P removal giving rise to variable AP/influent COD with 

AP/COD•s ranging from 0,01 to 0,02 mgP/mg influent COD. It was not possible 

to reduce the nitrate feedback by lowering the underflow recycle ratio 

because of the poor settling properties of the mixed liquor. 

Comparing the results obtained on American and South African Phoredax-A/O 

systems, there are some significant differences: 

( i) Effluent COD guali ty - In the USA at a 2 day slu:)ge age and with 

anaerobic mass fractions of about 30 percent, the A/O system produced 

a clear effluent with a high percentage COD reduction (± 92 percent). 

In South Africa at a 3 day shdge age and with a 50 percent anaerobic 

mass fraction, the A/O system produced a turbid effluent with a rela­

tively low COD reduction ( ± 86 percent) • During the investigation, 
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two other systems were operated at a 3 day sltdge age and, on each 

occasion, poor quality, turbid effluents were obtairied. 

(ii) Slud.ge settleability - The American experience indicates exceptional­

ly good settleability whereas the South African experience irdicates 

poor settleability. The poor settleability in South Africa was caused 

by the proliferation of S.natans, a high F/M, low D.O. filament whose 

growth is promoted by high surface area/volune ratios. The South 

African systems were operated at D.O. concentrations and F/M ratios 

which should not have favoured the growth of S.natans. However, while 

the South African sttdies were conducted on laboratory-scale uni ts 

with high surface area/volume ratios most of the American investiga­

tions were perfonned on pilot-scale plants. In order to minimise the 

surface area/voll.Dlle effect, the reactor surfaces were thoroughly 

scrubbed at least twice a day to remove attached growths, the feed 

bucket was washed with hot water daily and the inter-reactor tubing 
was cleared periodically. Despite these precautions, the surface area 

effect cannot be eliminated and therefore it is not possible to cane 

to a definite conclusion with regard to the bulking potential of this 

system at 3 days sludge age. 

(iii) Nitrification - At aerobic sltdge ages of 1,5 days and at 20oc, it 

would appear that nitrification is still a possibility. When nitrifi­

cation does occur, it has a significant adverse effect on P removal. 

The nitrification effect could have been reduced by lowering the 

' underflow recycle ratio but this could not be tested because of the 

poor settleability of the sltdge. 

The factors discussed above (poor quality effluent, susceptibility to bulk­

ing sludges and the possibility of nitrification) raise doubts as to the 

viability of the Phoredox-A/O system in South Africa. 

As a consequence of the difficulties encmmtered in the Phoredox-A/O system 

discussed above, it was decided to study the response of short sludge age 

nitrifying systems. From an earlier study on a 4 day sludge age Phoredox 

system with a 50 percent anaerobic mass fraction, it was f mmd that the 

system nitrified significantly, the filtered effluent COD was near the 

quality expected from a long sludge age plant, the effluent was clear and 
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the sludge settleability was excellent (DSVI - 70 rnt/g). Taking cognisance 

of these results, it was decided to accept a sludge age of about 6 days and 

an anaerobic mass fraction of about 50 percent for testing ni trifying, P 

removal systems. '"1ree systems were investigated; a MOdified 3-stage 

Bardenpho, a tcr and a Johannesburg system. 

The 3-stage Bardenpho system was selected in preference to the 5-stage 

version because of the high TKN/COD ratio of the wastewater to be treated 

(TKN/COD - O,l mgN/mgCOD). Research on long sludge age. systems indicated 

that, at this ratio, maximum denitrifica.tion is achieved by removing the 

secondary anoxic zone and adding its mass to the primary anoxic zone (WRC, 

1984) • The underflow recycle ratio was selected at 1: 1 because there was no 

guarantee that the sltdge settleability would be good. 

Despite the consolidation of the 2 anoxic zones into a single primary 

anoxic reactor, it was still not possible to obtain a near nitrate-free 

effluent. Consequently, appreciable nitrate concentrations ( ± 13 agN/ t ) 

were recycled to the anaerobic reactor, thereby reducing the P removal 

significantly. The settleability of the sltdge was excellent (~ - 90 

mt/g) and therefore the underflow recycle ratio could have been lowered to 

reduce the nitrate returned to the anaerobic reactor. However, such an 

action would not have resolved the basic fault of the Modified 3-stage 

Bardenpho system that, above a certain TKN/COD ratio, there will always be 

nitrate in the effluent and hence in the underflow recycle. The P removal 

will therefore always be diminished to sane degree. 

The tm system provides positive and selective removal of the nitrate in 

the flow recycled to the anaerobic reactor. By discharging the underflow 

and other denitrification recycle flows to the primary anoxic reactor, it 

is possible to reduce the nitrate in the primary zone to zero and complete­

ly free the anaerobic zone from its dependency on the nitrate in the 

effluent/underflow recycle. As soon as the tm system was operated with 

zero nitrate in the recycle to the anaerobic zone, there was a gradual 

increase in P removal and by the time the experiment was terminated 

(unfortunately rather prematurely), the removal had climbed to 14 mgP/t. 

giving a 61>/influent COD of 0,028 mgP/mg influent COD. This ratio would 

very likely have improved even further if the test was continued. The 

settleability of the mixed liquor was not as good as that of the Modified 
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3-stage BardenJito system (DSVI of :!: 110 mtlg for OCT and :!: 90 mtlg for the 

3-stage Ba.rdenJito system). Fran the South African experience on settle­

ability in long sludge age P removal plants the settleability in both these 

systems is relatively speaking. very good. In any event, no limitation is 

placed on the magni t\.de of the underflow recycle in the t£T system because 

this recycle does not affect the P removal potential. 

In the Johannesburg system, the primary and secondary anoxic zones are 

removed from their original locations, combined and placed in the underflow 

recycle. 'Ihe denitrification capacity of the anoxic zone per unit DBSS of 

sludge is well below that of a primary anoxic zone, and approximately the 

same as that in the secondary anoxic zone. Despite the reduced denitrifica­

tion potential, the mass of nitrate that needs to be deni trified is also 

reduced; for example, with a 1:1 underflow recycle ratio, half of the DBSB 

of nitrate passes out with the effluent and the other half is recycled via 

the anoxic zone in the underflow recycle to the anaerobic. reactor. 1bus, 

this system selectively removes the nitrate fran the recycle to the anaero­

bic zone. With an anoxic mass fraction of 0, 36, a TKNICOD ratio of about 

0,1 mgNlmgC()D and an underflow recycle ratio of 1:1, the effluent fran the 

anoxic zone ranged between 1 and 5 mt.NI l and the average P removal. was 

between 7 and 8 mt.Pit. When the recycle ratio was reduced to 0,5:1, the 

effluent nitrate fran the anaxic zone became zero and the P removal 

increased to an average of 12,5 ~It. An analysis of the system shmai 

that the recycle . ratio could have been increased to about 0, 7: 1 and still 

maintained a zero nitrate flow to the anaerobic reactor. 1b.e settleability 

of the sludge was reasonably good - from the previous 3 day sludge age 

Split-feed experiment with a mvI of 688 mtlg, the mvI of the Johannesburg 

experiment decreased to a final value of 130mtlg. 

One aspect repeatedly highlighted is that nitrate entering an anaerobic 

reactor always has an adverse effect on the P removal. In this study, the 

possibility of nitrification was very high for sludge ages longer than 3 

days, even for tma.erated mass fractions of 50 percent. In the Phoredox 

system when nitrate was not generated, P removal was always higher than 

when nitrate was generated and recycled to the anaerobic reactors. 1b.e use 

of shorter sludge ages to positively prevent nitrification does not seem to 

be the answer as the effluent COD and effluent volatile suspended solids 

concentrations increase very sharply at 3 days sludge age and the settle-
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ability deteriorates due to the growth of S.natans. At sludge ages of 4 

days and longer, the settleability and effluent quality improve 111Brked.ly. 

Where a selected sludge age could give rise to nitrification, it would seem 

that the Phoredox system is not to be recoomended. It would further seem 

that the design should always allow for nitrification, in which event the 

~fied 3-stage Bardenpho system is likely to present the same problems as 

the Phoredox system, i.e. nitrate entering the anaerobic zone. 'lhe tm 

system can positively control nitrate entering the anaerobi'c reactor; this 

system however requires , 3 recycle streams and an enlarged vol\.llle for the 

anaerobic reactor to preserve the same anaerobic mass fraction as that in 

the 3-stage Bardenpho and Phoredox systems. A solution, which in a sense is 

a compromise one between the simplicity of the Phoredox system and the 

complexity of the tm system, is the Johannesburg system. Essentially, this 

system has a denitrification reactor built into the underflow recycle line 

which conveys the settled mixed liquor to the anaerobic ~tor. Even at a 

high underflow recycle ratio of 1: 1, this deni trification . reactor has to 

deal with only half the nitrate generated. and correspoodingly less if the 

recycle ratio is reduced below 1. If the TKN:COD ratio is not above 0,09 

mgN/mgC()D and if the recycle ratio is not allowed to go above 1: 1, the 

underflow anoxic reactor usually has the capability to reduce the nitrate 

to zero and thereby allow optimal P removal opportunity. At high TKN/COD 

ratios, the nitrate can still be controlled by reducing the underflow 

recycle ratio. 

From the P removal aspect discussed above, this study gives rise to the 

reconmendations that: 

1. Short sludge age biological excess P removal systems should be designed 

to take account of the possibility of nitrate generation. 

2. Sludge ages should not be as low as 3 days, probably 6 days is an 

acceptable value. 

3. The Phoredox and the 3-stage BardenJiio systems cannot effectively 

prevent the nitrate generated fran entering the anaerobic zone. 

4. The UCT and Johannesburg systems can effectively prevent nitrate enter­

ing the anaerobic reactor and therefore are the recoomended systems. 
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5. Provided the TKN:COD ratio and the readily biodegradable COD concentra­

tion are within the normal range for raw nnmicipal wastewaters (0,08 to 

0,09 mgN/mgCOD), and provided the settleability of the sltdge is not so 

poor that the underflow recycle ratio needs to be higher than 1:1, the 

Johannesburg system should function adequately. It is a less complex 

system than the UCT system and hence would seem to be a viable alterna­

tive system for P removal plants at short sltdge ages. However, this 

. system should be investigated further to determine the ranges within 

which it can be practically utilised. 
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APPENDIX A 
TABULATION OF EXPERIMENTAL DATA 

LIST OF TABLES 

A.la to A.lb Daily results for 4 day sludge age laboratory-scale Phoredox 
system with system specifications listed in Table 4.1. 

A.2a to A.2b Daily results for 3 day sludge age laboratory-see.le Phoredox 
system with system specifications listed in Table 4.4. 

A.3a to A.3c Daily results for repeat investigation of 3 day sludge age 
laboratory-see.le Phoredox system with system specifications 
listed in Table 4.7. 

A.4a to A.4c Daily results for laboratory-scale Split-feed system with 
specifications listed in Table 4.10. 

A.6a to A.5c Daily results for 6 day sludge age laboratory-scale 3-stage 
Ba.rdenJiio s)>stem with system specifications listed in Table 
4.15. 

A.6a to A.Sc Daily results for 6 day sludge age laboratory-scale UCT 
system with system specifications listed in Table 4.18. 

A. 7a to A. 7c Daily results for 3 day ·sludge age laboratory-scale 
Johannesburg system with system specifications listed in 
Table 4.21. 

A.Sa to A.8c Daily results for 5 day sludge age laboratory-scale 
Johannesburg system with system specifications listed in 
Table 4.25. 

ABBREVIATIONS 
t. COD = chemical oxygen demand (mgCOD/t) 

2. 'mN = total Kjeldahl nitrogen (mgN/t) 

3. P04 = total )ilosJiiorus concentration (mgP/t) 

4. VSS : volatile suspended solids (mgVSS/t) 

6. OUR = oxygen utilization rate (mgO/t/h) 

6. NO• 
7. DSVI 

8. ~i 
9. Pupt 

10.Prem 

= filtered nitrate concentration (mgN/t) 

= diluted sludge volume index (mg/E) 

: influent readily biodegradable COD (mgCOD/t) 

= }ilosphorus uptake (mgP/t) 

= }ilosphorus removal (agP It ) 

Subscript in ref ere to influent concentration 

" out " " effluent " 
.. 1 

" 2 

" 

" 
" 

3 

4 

sel. 

" 
" 

" 

" 
" 

" reactor m.unber 1 

" reactor number 2 

" reactor number 3 

" reactor number 4 

" selector reactor 
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hblt A.Ii : Emriautal rmlts Im Pbmdox 111tu lis=4dl 

Dir Me. CDDin CODout Sbsi DUR,3 DUR,4 vss,1 vss,2 vss,3 VSS,4 TKllin TKNout ND31ul 

l19CODfl) l19CDD/ll l19COD/ll 1190/l/bl lagD/l/bl l19YSS/ll !19YSS/ll l19YSS/ll l19YSS/ll l19N/ll l19N/l l l19N/I l 

I 498.5 55.6 97 93 61 1399 1269 1466 1374 30.0 20.3 NA 
2 487 .2 38.1 70 104 69 1431 1259 1422 1378 40.3 23.1 o.o 
3 493.4 36.1 NA 112 70 ISOO 1364 mo 1484 38.4 18.8 0.0 
4 483.1 42.2 67 116 104 1549 1431 1756 1509 41.4 23. 7 o.o 
5 456.4 39.! NA 78 46 1382 1310 1383 ms 38.9 20. 7 0.0 
6 476.9 34.0 64 95 60 1699 1640 1601 1617 38.6 19.9 0.0 
7 S54.I NA 81 84 52 1225 1225 1238 1180 38.9 20.3 1.3 
8 S27 .3 56.1 111 54 38 1304 1165 1323 1261 48. 7 28.4 1.2 
9 466.1 55.0 90 62 43 1345 1245 1331 1348 28.6 19.6 0.5 

10 485.8 48.8 69 55 41 1591 1m 1514 1406 45.9 11.3 1.3 
II NA 26.0 153 6S 47 1998 1433 1427 1462 53.5 22. 7 I.I 
12 540.8 52.9 105 70 49 1827 148-0 1901 1762 44.5 26. 7 0.9 
13 S51.2 59.2 NA NA NA 1347 1339 1483 130S 47.9 26.6 0. 7 
14 541.8 66.4 NA NA llA 1431 m3 1952 1902 44.2 24.4 I. 7 
15 532.S 70.6 NA NA NA 2052 1952 2065 1925 45.1 26.0 0.6 
16 572.9 52.9 137 74 54 1974 1862 2669 2025 42.6 25.8 0.6 
17 521. I 61.2 142 70 46 ma 1833 2153 2108 42.0 26.3 0.8 
18 516.9 56.1 148 57 38 2025 1422 2048 2234 40.0 27.4 o. 7 
19 511. 7 61.2 163 63 44 2024 1962 2332 ~8 36.4 23.2 0.8 
20 520.0 57.1 139 57 36 1797 mo 2521 2251 40.9 NA 0.8 
21 481.6 70.6 NA 72 48 2304 1859 1894 2184 42.3 21.6 1.3 
22 496.0 57.3 147 51 35 1995 2047 llA 2234 34.7 22.3 1.4 
23 505.4 63.6 NA 74 50 2172 1900 2289 2302 JU 21.6 1.5 
24 531.4 57 .3 70 70 53 2193 2270 2775 2396 36.4 20.2 0.9 
2S 488.6 41.8 108 53 42 2273 1894 2349 2114 32.5 11.2 1.3 
26 489.6 32.6 108 59 44 2263 ms 2054 2182 35.0 17.5 2.1 
27 504.2 Sl.2 107 NA NA 1936 1838 2318 2409 34.4 21.0 2.1 
28 537. 7 66.8 Ill 77 S7 23S8 2176 2109 2125 33.6 IU I. 7 
29 588.8 65.8 110 67 44 2111 1962 2579 2446 36.1 17.6 o.o 
30 559.6 62.6 NA 73 so 2156 2521 2143 2536 32.2 12.2 1.8 
31 566.9 56.4 80 7S S3 2242 1908 2304 2379 37.S 16.4 0.8 
32 Sl3.6 60.6 112 68 46 2058 1982 2360 2394 30.8 14. 7 1.6 

'33 439.S 31.3 106 OJ 43 2235 2937 2333 2193 28.6 13.9 2.8 
34 519.9 8S.6 NA 60 41 1610 1691 1699 1917 32.5 16.2 2.3 
35 533.S 61.6 109 SI 36 NA 1ooa 2000 1968 35.6 14.7 2. 7 . 
36 486.0 65.0 138 74 S3 1731 16S9 2045 1991 37.5 17.4 2.2 
37 NA NA 149 S3 3S 1577 1563 1889 1691 38.2 16.8 2. I 
38 507.7 S2. 7 169 79 63 1974 2064 2155 1871 37.8 15.3 2.9 
39 450.3 89.4 135 64 42 2262 20S8 2062 1932 32.5 IS.4 2.3 
40 550.1 76.5 NA 75 52 2302 2162 2176 2057 29.7 12.6 0.8 
41 596.2 69.9 74 NA NA 2572 2298 2178 2210 30.4 10.4 4.1 
42 m.5 89.1 96 72 so 2099 1961 1973 1976 33.3 10.9 S.9 
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0.y lo. CODin CODout Sbsi OUR,3 OUR,4 YSS,I YSS,2 YSS,3 YSS,4 TKNin TKNout ID3out 

l19CODlll l19COO/I l l19COO/ll 119011 /bl !19011 /bl l19YSS/ll l19VSS/I l l19VSSll l l19VSS/I l l19N/ll l19Nll l l19N/I l 

43 NA 78.1 96 81 57 2379 2192 2673 2546 40.9 10.2 5.1 
44 588.4 75.6 130 78 52 2623 2287 2556 2431 IA NA llA 
45 450.7 82.3 125 65 46 2026 2043 2593 2602 30.5 u NA 
46 505.3 98.4 NA NA llA 1937 1944 2346 2283 25.2 7.8 5.1 
47 477.6 55. 9 130 NA NA 1647 1664 2562 2044 25.8 8.5 5.4 
48 524.3 106.9 102 NA NA 2001 2007 2197 1900 25.5 8.4 3.9 
49 462.6 66.8 -118 62 40 1888 1636 2074 2165 22.2 7 .3 4.8 
50 505.6 76.6 157 58 39 1969 1973 20bb 2010 26.0 7 .b NA 
51 465. 7 65.8 NA 62 41 1949 1917 1779 1719 24.9 7 .6 5.4 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

Table A.1b : Experimental results from Phoredox system 1Rs=4dl 

Day No. P04in P04,1 P04,2 P04,3 P04,4 P04e ff Pre 1, 1 Prel,2 Pupt,3 Pupt,4 Pr· em 

(19P/ll (19P/l l l1gP/ll (19P/ll (19P/ll lmgP/ll !mgP !1i !mg Pili l1119Pil l (1gPil l (mgP!ll 

1 16.5 26.1 34.6 11.9 2.5 3.6 -33.2 -17.0 45.4 18.8 14.0 
2 20.3 29.8 35.8 15.9 4.3 3.5 -35.0 -12.0 39.8 23.2 16.(l 
3 21.4 34.0 38.1 17.6 6.0 4.5 -40.6 -8.2 41.0 23.2 15.4 
4 20.5 36.8 40.3 17.3 14.2 10.6 -38.9 -7.0 46.0 6.2 6.3 
5 21.5 31.5 36.5 15.6 4.3 3.2 -37.2 -10.0 41.8 22.6 17.2 
6 23.2 25.7 37.4 12.8 7.2 10.8 -21 .0 -23.4 49.2 11.2 16.0 
7 22.0 31.9 39.8 19.7 6.5 8.8 -35.3 -15.8 40.2 26.4 15.5 
8 17.2 32.1 37.9 16.8 4.5 4.5 -42.5 -11.6 42.2 24.6 12.7 
9 21.2 36.5 42.5 34.1 NA 18.1 NA -12.0 16.8 NA N' Fi 

10 18.S 23.8 30.0 11.8 9.0 7.4 -20.1 -12.4 36.4 5.6 9.5 
11 19.0 25.7 28.4 16.1 6.7 8.4 -25.7 -5.4 24.6 18.8 12.3 
12 23.1 35.1 41.6 20.6 8.0 10.6 -39.1 -13.0 42.0 25.2 15.1 
13 23.4 NA NA 38.8 17.4 11.4 NA NA NA 42.8 6.0 I 14 22.5 29.6 38.9 20.4 8.6 8.8 ~28.t -18.6 37.0 23.6 13.9 
15 22.9 31.2 42.2 26.3 11. 7 5.2 -27.8 -22.0 31.8 29.2 11 ~· j 

.,L 

I 16 26.0 42.0 52.2 24.9 9.0 5.8 -49.0 -20.4 54.6 31.8 17.0 
17 24.3 39.0 48.0 19.6 8.5 4.3 -45.2 -18.0 56.8 22.2 15.8 I 

; 
18 21.8 38.0 43.4 19.0 8.5 4.3 -45.7 -10.8 48.8 21.0 13.3 
19 21.3 40.0 47.3 19.0 5.1 5.1 -53.6 -14.6 56.6 27.8 16.2 

. 20 24.7 41.5 47.8 23.9 8.5 . 6.3 -49.8 -12.6 47.8 30.8 16.2 
21 22.2 40.2 45.9 17.3 8.7 7.4 -49.5 -11.4 57.2 17.2 13.5 
22 23.5 37.8 50.0 23.0 6.7 5.6 -45.4 -24.4 54.0 32.6 16.8 
23 22.8 35.3 45.1 19.9 7.9 4.7 -39.9 -19.6 50.4 24.0 14.9 
24 20.0 35.9 45.8 24.3 6.6 2.6 -45.2 -19.8 43.0 35.4 13.4 
25 21.8 31. 7 38.6 15.7 4.3 2.6 -37.3 -13.8 45.8 22.8 17.5 

\26 23.3 39.7 46.7 18.3 8.0 6.3 -48.1 -14.0 56.8 20.6 15.3 
27 28.5 39.6 46.2 25.8 8.5 8.5 -42.2 . -13.2 40.8 34.6 20.0 
28 22.6 41.2 47.9 20.8 6.6 6.6 -53.2 -13.4 54.2 28.4 16.0 
29 25.7 37.8 48.7 23.2 6.1 5.5 -43.8 -21.8 51.0 34.2 19.6 
30 23.5 39.8 47.1 21.1 6.6 5.0 -49.5 -14.6 52.0 29.0 16.9 
31 23.7 36.6 47.2 18. 7 4.6 5.8 -44.9 -21.2 57.0 28.2 19 .1 
32 21.6 37.7 39.0 17.4 5 ? . 5.1 -48.6 'l • 43.2 24.4 16.4 ·~ -i..b 

33 22.6 34.3 40.0 14.0 2.7 11.5 -43.3 -11.4 52.0 22.6 19.9 
34 23.3 37.1 45.3 24.9 13.2 11.5 -37.7 -16.4 40.8 23.4 10.1 
35 17.1 29.3 38.8 19.0 7.0 7.1 -34.5 -19.0 39.6" 24.0 10.1 
36 24.5 37.8 42.8 'lC Q LJ,: 12.4 7.7 -38.7 ~10.0 33.8 27.0 12.1 
37 22.9 34.9 41.5 10.2 7.9 6.3 -39.0 -13.2 62.6 4.6 15.0 
38 24.1 36.0 43.5 21.0 7.0 4.8 -40.9 -15.0 45.0 28.0 17 .1 
39 21.8 35.9 43.4 21.6 7.1 4.7 -42.9 -15.0 43.6 29.0 14. 7 
40 23.0 38.5 43.9 20.4 7 ? 8.4 -46.8 -10.8 47.0 26.4 15.8 ... 
41 25.8 38.4 48.1 22.0 8.6 a.o -42.4 -19.4 5·~ " 26.8 17.2 l..i.. 

42 22.8 41.2 49.0 22.0 B.b 5.6 -51.0 -15.6 54.0 26.8 14.2 
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Day No. P04iri P04,1 P04,2 P04,3 P04,4 P04ef f Prel,1 Pr·e 1,2 Pupt,3 Pupt,4 Pr· em 

(mgPill (1119P/ll !mgP /IJ (mgP /l l l19P /I l (mgP Ill (1gP!l l l19P/1 l !1119P/ll (mgP /ll !mgP fl) 

43 25.b 37.3 49.b 24.5 10.0 7.5 -39.0 -24.b 50.2 29.0 15.6 
44 24.5 43.2 48.2 17.9 7.4 11.4 -54.5 -10.0 60.6 21.0 17 .1 
45 23.5 34.7 42.1 20.b 8.5 7.0 -37.4 -14.8 43.0 24.2 15.0 
46 24.b 32.7 37.8 19.0 10.0 6.5 -30.8 -10.2 37.6 18.0 '. , 

i 't. 0 
47 24.9 37.0 40.7 24.9 9.3 8.0 -39.8 -7.4 31.6 3i 'i 1 oL 15.b 
48 23.9 34.2 41.0 19.8 7.4 5.6 -37.1 -13.6 42.4 24.8 16.5 
49 24.S 34.8 40.0 19.8 10.0 6.0 -35.1 -10.4 40.4 19.6 14.5 
so 23.1 30.0 35.5 17.2 7.4 6.3 -29.5 -11.0 36.6 19.b 15.7 
51 24.1 33.8 40.3 19.2 7.6 7.0 -35.9 -13.0 4~· 'i ..... 23.2 16.5 
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Table A.2a : hperim\al results fro• Phoredo1 mtea !Rs:3di 

Day No. CODiri CODoul Sbsi OUR,3 OUR,4 VSS,l vss,2 VSS,3 VSS,4 OSVI TKNin TKNoul ll03oul 

!19COD/1 l !19COD/1 l !19COO/ll !19011 /til !19011 /h l !19VSSll l !19VSS/ll !19VSS/1 l (19VSS/1 l (11/9) !19N!I l (19N/l l l19N/1 J 

I 535.6 67.6 98 72 55 NA NA NA NA 38.1 22.7 5.0 
I 2 m.3 59.7 138 59 45 NA NA NA NA 42.3 21.4 5.0 

3 m.2 68.0 114 61 44 1440 1336 1891 1697 76 42.0 22.7 4.5 
4 626.2 76.2 137 70 49 1628 1546 1991 2015 52.6 22.0 6.5 
5 499.b 45.2 90 73 48 1340 1033 2398 1932 41.2 22.1 5.3 
6 -m.5 52.4 99 6a 49 1321 1209 1698 1736 .47 .0 19.5 6.5 
7 48U 6!. 7 Ill 69 4B 1508 1379 1&87 2019 43.0 24.0 5.0 a ' 450.3 67 .8 101 54 35 1498 1192 ms 1784 KA 37 .8 21.1 5.3 
9 525.3 59.6 117 57 42 1592 1385 1616 1694 118 42.0 21.0 5.8 

10 499.6 70.0 103 59 41 1523 1764 1847 1944 41.7 20.2 2.8 
II 494.4 60.8 141 55 40 2091 1372 lb&! 1831 35.8 22.3 3.6 
12 4&5.2 44.3 114 57 42 NA NA llA •A 38.4 22.5 3.2 
13 430.5 57. 7 •A 51 39 !900 1556 1591 1679 37.8 21.4 J.2 
14 452.2 48.4 llA 62 43 1611 1462 1563 1449 34.2 19.5 3.6 
15 462.6 58.7 9! 51 40 ' 1842 mt 1790 1914 44.2 20.3 J.O 
16 494.4 52.5 120 42 26 1853 10&3 1094 970 43.7 22.3 4.4 
17 486.2 65.9 125 57 32 961 924 1043 981 41.4 23.7 4.7 
ta 507.8 6!. 7 b& b& 45 1475 1186 1677 2192 41. 7 17.l 2.8 
19 517.1 80.J llA 5a 40 1091 1027 2267 2115 41.2 30.7 4.2 
20 497.5 73.t IA 56 43 1725 1473 1544 1727 72 39.2 23.9 1.5 
21 502.6 69.0 109 52 42 1594 1409 1&63 2042 49.3 21.1 1.6 
22 460.4 67.0 111 55 38 1459 1391 1709 1842 36.4 24.4 2.3 
23 471.2 68.3 104 IA llA 1628 1281 1660 1799 40.6 24.6 l.7 
24 45!.9 75.5 105 52 40 1442 1261 1894 llA 37.5 24.1 1.6 
25 467.2 56.7 104 55 40 230 1043 1750 913 39.4 26.5 2.5 
26 507.9 94.9 76 5a 41 1112 761 1495 1!77 42.& 30.5 t.6 
27 466.t 80.6 94 50 39 1372 1145 1220 1445 Ja.I 25.& 2.J 
28 m.2 70.9 llA 50 40 1422 1264 1326 1443 38.6 23. 7 1.6 
29 556.1 67.& 144 60 41 1315 ttt9 t439 1321 46.2 25.6 1.5 
JO 515.0 6!. 7 90 51 46 1127 tt53 1127 l064 44.2 29.5 t.6 
31 49!.4 67.& llA 55 46 1432 1434 1472 1427 46.5 31.1 u 
32 495.5 67.9 95 57 47 1386 1349 1407 1423 47.3 29.J 1.4 
33 473.9 73.0 83 56 42 1350 1350 1360 1m 47.J 29. 7 1.4 
34 478.0 77.1 MA 59 42 1359 1280 1340 1440 44. 5 27. 7 1.4 
35 481.1 76.1 llA 67 40 1384 1361 1406 1414 45.1 2&.& 2.0 
36 469.7 61.8 NA 60 42 1260 1249 1276 1234 155 45.6 29.4 1.6 
37 475.9 60.8 NA 55 39 1385 1407 1439 1436 48.2 29.7 t.5 
38 486.2 57. 7 NA 59 39 1298 1252 1378 1293 48.2 31.5' 2.8 
39 47U 65.9 llA 60 41 1178 1158 1208 1197 46.5 29.4 2.9 
40 496.5 68.0 RA 61 45 1174 1160 1241 1174 48. 7 30.4 1.8 
41 445.4 76.8 NA 53 37 1169 1123 1170 1145 27.J 2.5 
42 523.3 62.5 78 62 43 126(1 1249 1343 1306 38.1 22.7 2.4 
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Dir h. CODi1 CODnl Shi DUR,3 OUR,4 YSS,t YSS,2 YSS,3 YSS,4 DSYI TKllin TKll1ut NOJnl 

(19COD/11 !19CODlll !19COD/ll !19Gllm !1190/1/hl !19YSS/ll (19YSS/ll !19YSS/ll (19VSS/ll (11/gl l19N/ll (1911/11 (119M/ll 

43 549.9 1U 114 65 45 1236 1215 1303 1317 40.3 17.5 1.8 
44 550.9 64.5 100 66 44 1424 llA 1507 145ii 43. 7 18.5 2.3 
45 545.I 65.7 tot 75 47 1517 15ii2 1511 1590 42.6 20.3 2.6 
46 511.t 71.8 98 74 47 1386 13&2 1408 t4ll 39.5 tl.2 2.5 
47 525.3 72.1 too 7J 49 ma 1349 1343 1369 35.3 tl.6 2.2 
41 477.t 64.6 74 aa JJ 453 1094 1590 ltl5 39.2 tl.6 I.I 
49 m.o 61.7 15 62 29 714 679 647 m 139 JU 20.7 2.2 
50 477.t 65.7 llA 76 41 IJ40 961 1028 961 40.6 20.2 t.I 
51 457.0 64.J 79 72 44 992· 926 967 1024 43.7 tlJ t.4 
52 497.6 ao.o 59 66 43 151 792 IJO 150 41.0 20.0 l.J 
53 482.5 72.4 51 10 45 945 Ill 926 970 Ja.9 23.9 f.7 
54 474.3 61.J 67 73 44 1465 1462 tJ7J ma 40.3 22.5 0.1 
55 356.0 7Q.6 6J llA llA llA llA llA !IA IA llA 0.9 
56 257.5 69.5 14 llA llA llA llA NA IA llA llA 
57 411.4 66.4 BJ 51 JO 673 635 640 696 50.4 35.6 
SI 496.7 57.2 96 49 41 1127 112 772 613 ltJ 47.J 32.3 
59 497.7 56.2 n 54 44 1407 1091 1018 1221 57.7 34.7 
60 521.4 57.2 BJ 52 J4 1621 1529 t5JJ t4J9 55.4 36.t 
61 497.7 56.3 70 66 49 1550 1239 1494 1420 127 53.1 35.4 
62 504.8 65.5 49 31 ma 1432 lm tt74 52.9 34.7 
63 IA IA 63 43 tll4 tl41 tn5 tll5 52.9 35.0 
64 495.6 55.J 61 35 53.1 37.2 
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Table A.2b : Experimental results from Phoredox system 1Rs=3dl 

Day No. P04in P04,1 P04,2 P04,3 P04,4 P04out Pupt,1 ,PUF·t 12 Pupt,3 Pupl,4 Prni 

lmgP/l i l19P/ll lagP/ll l19P/l l lagP/11 lmgP/1l !19P/l l lagP 11 l lsgP 11 l lmgP!li lmgP/l I 

22.7 33.1 39.0 19.4 6.9 11. 7 -36.6 -11.8 39.2 25.0 15.8 ,.. 26.8 31.5 41.3 23.0 8.9 8.9 -27.3 -19.6 36.6 28.2 17 '9 i, 

3 25.0 31.6 40.9 20.0 7.7 6.8 -30,5 -18.6 41.8 24.6 17.3 
4 25.6 28.3 38.8 25.2 9.5 7.5 -21.5 -21.0 27.2 31.4 16.1 
5 23.7 42.2 49.6 16.2 10.0 10.0 -50.7 -14.8 66.8 12.4 13.7 
6 22.9 25.8 34.1 21.8 10.6 7.2 -18.1 -16.6 24.6 22.4 12.3 
7 22.8 27.~ 36.6 16.9 6.0 5.1 -26.0 -18.4 39.4 21.8 16.8 
8 23.5 31.8 38.9 15.6 4.8 7.3 -35.3 -14.2 46.6 21.6 18.7 
9 24.8 31.0 40.2 19.6 6.3 6.3 -30.9 -18.4 41.2 26.6 18.5 

10 22.4 29.9 38.5 16.3 4.6 4.6 -32.8 -17.2 44.4 23.4 17.8 
11 22.6 31.8 38.4 16.5 7.8 6.3 -33.2 -13.2 43.8 17.4 14.8 
12 19.0 29.4 35.3 18.7 10.1 10.1 -29.7 -tt.8 33.2 17.2 8.9 
13 26.5 44.0 49.7 29.8 12.9 12.9 -48.6 -11.4 39.8 33.8 13.6 . 
14 22.1 26.0 34.4 23.0 11.5 7.4 -18.4 -16.8 22.8 23.0 10.6 
15 17.4 29.7 37.7 18.2 6.8 6.7 -35.2 -16.0 39.0 22.8 10.6 
16 23.3 20.9 17.5 14.2 12.0 7.5 -6.5 6.8 ' 6.6 4.4 11.3 
17 23.8 28.5 35.9 21.9 12. 1 11.3 -21.1 -14.8 28.0 19.6 11. 7 
18 24.4 28.9 37.1 24.0 11.5 9.2 -21.9 -16.4 26.2 25.0 12.9 
19 24.8 30.4 40.0 24.2 11.5 9.8 -24.5 -19.2 31.6 25.4 13.3 
20 . 24.8 33.2 41.8 21.9 9.6 9.2 -32.0 -17.2 39.8 24.6 15.2 
21 25.0 32.9 42.8 22.8 8.9 8.9 -31.9 -19.8 40.0 27.8 16.1 
22 24.8 30.6 40.8 22.l 9.2 8.0 -27.2 -20.4 37.4 25.8 15.6 
23 24.8 29.2 38.0 23.0 10.0 8.9 -23.6 -17.6 30.0 26.0 14.8 
24 27.0 34.1 39.9 24.0 11. 7 9.5 -29;5 -11.6 31.8 24.6 15.3 
25 27.0 35.4 42.4 27.6 12.5 12.0 -31.J -14.0 29.6 30.2 14.5 
26 25.8 30.4 36.2 24.7 10.2 15.2 -24.8 -tt.6 23.0 29.0 15.6 
27 24.8 27.9 35.0 21.5 9.8 10.8 -21.2 -14.2 27.0 23.4 15.0 
28 24.7 26.0 34.0 23.9 10.4 10.8 -16.9 -16.0 20.2 27.0 14.3 
29 26.4 32.2 37.4 19.8 13.4 12.5 -24.6 -10.4 35.2 12.8 13.0 
30 26.8 30.9 39.7 24.2 13.4 11.8 -21.6 -17.6 31.0 21.6 13.4 
31 25.9 31.2 40.0 21.6 12.0 11.9 -24.5 -17.6 36.8 19.2 13.9 
32 26.0 29.8 38.7 23.7 9.9 9.6 -23.7 -17.8 30.0 27.6 16.1 
33 26.3 33.1 42.2 24.2 9 .1 10.0 -30.8 -18.2 36.0 30.2 17c2 
34 26.(l 31.8 41.0 23.8 9.8 9.5 -27.8 -18.4 34.4 28.0 16.2 
JS 26.(l 33.4 42.9 25.0 10.0 8.8 -30.8 -19.0 35.8 30.0 16.0 
36 25.6 31.3 38.7 23.6 9.6 9.2 -27.4 -14.8 30.2 28.0 16.(i 
37 25.3 32.8 41. 7 22.8 8.9 11.4 -31.4 -17.8 37.8 27.8 16.4 
38 23.8 32.0 43.0 25.3 8.0 1.0.6 -32.2 -22.0 35.4 34.6 15.8 
39 23.0 31.2 40.4 27.7 8.0 10.6 -31.4 -18.4 25.4 39.4 15.(l 
40 23.9 31.3 42.7 25.8 7.6 9.0 -31.1 -22.8 33.8 36.4 16.3 
41 22.4 33.4 NA 26.1 8.6 9.0 -35.8 NA NA 35.0 13.8 
42 26.9 32.1 41. 7 25.0 10.2 10.0 -27.1 -19.2 33.4 29.6 16.7 
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I Day No. P04in P04,1 P04,2 P04,3 P04,4 P04out Pupt,1 Pupt,2 Pupt,3 Pupt,4 Prem 

(mgP /ll !mgP/ll !mgP ill {1119Pill !mgPill !mgP Ill !mgP/ll (1119P/1l !mgP ill lmgP/l l !mgP/J l 

43 26.3 33.0 44.7 25.6 10.4 10.0 -29,3 -23.4 38.2 30.4 15.9 
44 25.6 34.7 44.0 24.0 8.5 6.7 -35.3 -18.6 40.0 31.0 17.1 
45 25.5 35.0 46.8 24.5 to. 7 8.2 -33.8 -23.6 44.6 21~6 14.8 
46 26.4 . 34.0 50.8 28.8 10.9 8.3 -30r7 -33.6 44.0 35.8 15.5 
47 25.9 35.7 44.8 26.8 1Lt 7.8 -34.4 -18.2 36.0 31.4 14.8 
48 26.4 30.2 60.4 61.2 43.2 24.2 9 '1 •L -60.4 -1.6 36.0 -16.8 
49 26.5 23.7 28.5 27.2 15.5 9.8 -5.4 -9.6 2.6 23.4 11.0 
50 26.4 30.9 36.0 23.7 13.0 9.8 -22.4 -10.2 24.6 21.4 13.4 
51 26.2 30.0 36.(i 24.1 13.2 10.0 -20.6 -12.(l 23.8 21.8 13.0 
52 25.2 33.0 35.9 25.4 13.3 10.9 -27.5 -5.8 21.0 24.2 1t.9 
53 26.4 29.5 36.8 24.3 13.0 12.0 -19.6 -14.6 25.0 22.6 13.4 
54 25.5 34.0 41.1 20.0 11. 7 11.3 -30.8 -14.2 4? ? ..... 16.6 13.8 
55 NA NA . NA NA NA NA NA NA NA NA NA 
56 

' 
NA NA NA NA NA NA NA NA NA NA NA 

28.3 15.3 14.7 -4.4 ·-1 t.2 13.2 12.8 10.4 57 25.7 22.7 21. 7 
58 25.3 25.6 30.1 21.4 13.9 13.2 -12.0 -9.0 17.4 15.0 11.4 
59 25.5 23.6 27.9 19.7 12.4 12.9 -9.3 -8.6 16.4 14.6 13.1 
60 20.1 26.5 34.9 24.2 22.5 20.3 -10.4 -16.8 21.4 3.4 -2.4 
61 20.1 25.9 32.9 22.4 11.1 11. 9 -20.6 -14.0 21.0 22.6 9.0 
62 26.3 28.2 36.3 27.6 14.5 13.4 -15.6 -16.2 17.4 26.2 11.8 
63 23.5 28.0 36.7 22.7 12.6 12.4 -19.9 -17.4 28.0 20.2 10.9 
64 NA NA NA NA NA NA NA NA NA NA 
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Table A.3a : Experimental results from Phoredox system !Rs=3dl - repeat 

Day No. CODiri CODout Sbsi OUR,3 OUR,4 vss,1 vss,2 VSS,3 VSS 14 [l5Vl 

tmgCOO/l l !mgCOO/ll !1gCOD/ll !1190/1 /hl lmgO!l /hl !1gVSS/ll !mgVSS/ll tmgVSSill lmgVSS/ll Im l /9! 

1 505.4 66.7 . NA NA NA 1752 1654 1716 1583 
2 488.7 55.2 NA NA NA 1663 1508 1510 1458 
3 498.8 68.3 NA 71 46 1553 1553 1588 1434 . 136 
4 477.4 62.2 NA 76 60 1516 1516 1412 1369 
5 495.7 61.2 NA NA NA 1300 1388 1332 1243 202 
6 499.8 NA NA NA NA 1556 1201 1247 1125 
1 481.4 65.1 NA NA NA 1431 1170 1268 1191 
8 481.4 NA NA NA NA 1211 1232 1255 1105 
9 479.4 71.4 NA NA NA 1223 1295 1224 1097 117 

10 NA NA NA NA NA NA NA NA NA 
11 475.3 79.6 NA NA NA 1245 1197 1247 1093 119 
12 478.4 77.5 NA NA NA 1219 1164 1131 1085 
13 467.3 60.1 NA NA NA 1175 1223 1212 1114 
14 529.4 75.3 NA NA NA 1127 1075 1135 976 
15 480.5 64.1 NA NA NA 1284 1219 1112 1017 135 
16 470.3 63.1 NA NA NA 1304 1298 1291 . 1161 
17 467.3 77.4 NA NA NA 1192 1135 1133 1064 
18 372.6 69.2 NA NA NA 1011 985 972 896 
t9 492.7 57.0 NA NA NA 1391 1249 1178 1122 249 
20 504.9 52.9 NA NA NA 1306 1298 1293 1272 
21 511.0 81.4 NA NA NA 1259 1236 1229 1171 
22 477.4 70.4 NA NA NA 1115 1063 1088 1042 
23 539.6 70.4 NA NA NA NA NA NA NA 
24 484.5 59.2 NA NA NA 1409 1382 1352 1356 70 
25 472.0 50.3 NA NA NA 1470 1433 1394 1388 
26 496.6 62.6 NA NA NA 1422 1430 1435 1418 98 
27 NA NA NA NA NA NA NA NA NA 
28 509.9 59.5 NA NA NA 1242 1289 1298 2698 
29 486.3 45.1 NA NA NA 1201 1192 1186 1235 141 
30 482.5 41.8 NA 49 39 1335 1300 1334 1292 
31 462.7 51.3 71 71 49 1291 1277 1274 1242 
32 474.0 51.3 81 NA NA 1347 1316 1312 1300 136 
33 520.2 62.6 121 59 44 1352 1343 1353 1310 
34 489.3 61. 7 111 60 42 1318 1293 1349 1297 
35 NA NA 143 NA NA NA NA NA NA 
36 543.8 67.8 143 57 31 1327 1331 1280 1254 
37 463.6 51.4 NA 54 39 1165 1152 1139 1150 
38 489.3 41.1 117 54 40 1244 i266 1216 1200 116 
39 NA NA NA NA NA NA NA NA NA 
40 494.5 65.8 121 58 40 1656 1611 1570 1574 143 
41 471.2 56.1 118 NA NA 1406 1354 1374 1332 
42 NA NA 119 NA NA NA NA NA NA 
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Oay No. COD in COOout Sbsi OUR,3 OUR,4 vss,1 vss,2 VSS,3 VSS,4 OSVI 

l19COD/ll lmgCOD/11 lmgC00/11 1190/l/hl 1190/l/hl ltgVSS/Jl (19VSS/JI lmgVSS/11 lmgVSS/11 lml/gl 

43 477.3 49 .1 119 56 ·42 1169 1174 1195 1145 
44 490.6 56.1 132 55 41 1147 1080 1085 1036 86 
45 390.7 53.0 121 60 36 1028 1020 1006 994 
46 463.1 63.2 165 45 35 846 808 808 733 
47 NA NA 116 NA NA NA NA NA NA 
48 NA NA NA NA NA NA NA NA NA 
49 NA NA 113 NA NA NA NA NA NA 
5i1 v NA NA NA NA NA NA NA NA NA 
51 NA NA 121 NA NA NA NA NA NA 
52 426.4 59.2 123 41 28 621 395 812 656 120 
53 430.4 49.0 125 56 45 686 627 650 558 
54 494.7 50.0 111 42 25 836 848 1703 1500 107 
55 471.4 65.0 125 NA NA 762 796 811 766 
56 499.9 71.1 121 44 41 988 868 808 829 
57 NA NA 124 50 46 823 830 844 NA 150 
58 NA NA 116 NA NA NA NA NA NA 
59 475.0 77.0 NA 43 34 1601 1578 1577 1483 
60 494.5 80.0 114 42 41 NA NA NA NA 143 
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Table A.3b : Experimental results from Phoredox system IRs=Jdl - repeat 

Dar No. TKNin TKNout N0311 NOJ,2 NOJ,3 N0314 NOJout 

!19N/l l !1gN/I I lmgN/ll !1gN/l J !mgN/ll (mgN/ll (mgN/11 

1 54.3 23.7 0.4 o.a 4.3 8.4 6.7 
2 57.4 24.9 0.3 0.4 3.7 7.4 6.3 
3 NA NA 0.4 0.1 NA NA NA 
4 57.i 28.6 0.2 0.1 NA NA NA 
5 59.4 26.5 0.1 0.2 4.1 6.1 4.3 
6 37.2 13.(l 0.2 0.1 2.7 3.8 3.0 
7 35.3 . 11.6 0.1 0.1 1.5 2.7 2.7 
8 36.1 15.3 0.1 0.1 1.2 2.5 2.0 
9 39.5 20.0 0.1 0.1 LO 1.6 1.5 

10 NA NA NA NA NA NA NA 
11 38.1 NA 0.2 0.1 1.2 1.3 1.6 
12 40.0 NA 0.3 0.2 1.5 1.9 1.4 
13 40.9 21.6 0.6 0.3 1.9 1.7 2.9 
14 38.9 23.0 0.5 0.3 t.7 1.5 1.2 
15 39.8 23.0 0.2 0.2 t.3 1.3 1.4 
16 38.9 22.1 0.3 0.2 2.1 2.1 1.7 
t7 38.1 21.0 0.2 0.2 t.5 t.5 1.9 
18 35.8 23.8 0.3 0.2 1.6 1.9 t.5 
19 38.6 24.9 0.2 0.1 1.5 1.2 1.9 
20 40.9 2L3 NA NA NA NA NA 
21 40.9 22.4 NA NA NA NA NA 
22 41. 7 23.5 NA NA NA NA NA 
23 42.6 19.6 NA NA NA NA NA 
24 38.6 19.9 0.4 0.2 3.0 5.5 5.2 
25 40.9 17.9 0.6 0.3 3.2 5.0 4.8 
26 44.5 15.9 0.9 0.3 5.0 7.6 6.5 
27 NA NA NA NA NA NA NA 
28 44.5 24.6 0.3 0.4 4.6 2.5 5.0 
29 45.9 24.6 0.3 0.5 4.6 5.8 5.2 
30 46.5 26.0 0.5 0.3 4.4 6.0 7 r, 

.J. 

31 43.4 26.3 0.4 0.5 5.7 7 .1 6.8 
32 44.0 24.9 . 0.4 0.5 5.7 8.1 6.0 
33 43.1 19.9 0.3 0.5 6.9 6.9 8.8 
34 44.2 33.9 0.3 0.5 6.2 7.1 7.2 
35 NA NA NA NA NA NA NA 
36 45.4 20.2 0.4 0.5 6.1 8.1 8.5 
37 43.4 18.2 0.3 0.5 5.3 7.5 9.0 
38 43.1 19.3 0.3 0.6 6.7 Q t; 

• oJ 10.6 
39 NA NA NA NA NA NA NA 
40 34.7 16.2 0.3 0.6 9.0 13.0 10.1 
41 45.4 i7.6 0.3 0.6 9.3 10 .1 10.3 
42 NA NA NA NA NA NA NA 
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Day No. TKNin TKNout N03,1 N03,2 N03,3 N03,4 N03out 

(1119N/ll lmgN/lJ (mgN/l) (mgNill (mgN/11 (mgN/l i (19N/l! 

43 45.1 16.0 0.3 0.5 6.9 9.4 8.0 
44 44.5 17.6 0.3 0.5 6.9 9.7 9.5 
45 28.6 3.1 0.3 0.5 7.5 10.9 10.1 
46 35.3 6.7 0.2 0.4 5.3 6.2 5.5 
47 NA NA NA NA NA NA NA 
48 NA NA NA NA NA NA NA 
49 NA NA NA NA NA NA NA 
50 NA NA NA NA NA NA NA 
51 NA NA NA NA NA NA NA 
52 48.4 23.5 0.3 0.4 5.1 .. ,., 

{ ..:. 7.0 
53 47.0 21.0 0.2 0.3 4.4 5.9 6.6 
54 53.8 21.8 0.2 NA NA 5.9 5.1 
55 51.2 21.0 0.2 0.3 3.7 5.5 5.9 
56 51.0 23.2 0.2 0.4 5.0 7.6 5.9 
57 50.1 23.0 0.2 0.3 3.7 6.4 6.2 
58 NA NA NA NA NA NA NA 
59 50.4 24.1 0.3 0.5 9.5 14.1 10.8 
60 52.6 21.3 0.4 0.3 9.2 15.0 12.9 
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Tab 1 e A.Jc Experi1ental results fro1 Phoredox systea (Rs=3dl - repeat 

Oay No. P04in P04, 1 P04,2 P04,3 P04 14 P04out Pupt,t Pupt,2 Pupt,3 Pupt,4 Pr· em 

!1gP/ll !mgP /ll !19P /l I !mgP /11 !19P /11 !mgP/ll !mgP !ll !1119P/1 l (mgP!ll (1119P/1l !lilgP/l i 

22.4 21.0 20.6 19.3 18.5 24.3 -1.1 0.8 2.6 1.b 3.9 
" 22.4 20.8 20.4 19.2 18.7 23.7 -0.5 0.8 2.4 1.0 3.7 i. 

3 22.8 21.4 20.7 19.5 19.4 24.3 -0.6 1.4 2.4 0.2 3.4 
4 22.5 21.1 19.4 18.1 17.0 17.7 -2.7 3.4 2.b 2.2 5,5 
5 22.7 21.9 21.5 19.8 18.2 23.7 -2.9 0.8 3.4 3.2 4.5 
6 20.8 21.1 19.7 18.5 17.5 NA -3.9 2.8 2.4 2.0 1 1 

tJ1\J 

7 22.3 20.4 19.2 18.0 17.8 24.8 -0.7 2.4 2.4 0.4 4.5 
8 21.6 19.2 19.3 17 .1 16.7 16.7 -0. t -0.2 4.4 0.8 4.9 
9 20.5 19.2 19.0 16.7 16.0 21.5 -1.9 0.4 4.6 1.4 4.5 

10 NA NA NA NA NA NA NA NA NA NA NA 
11 17.0 15.6 16.2 13.5 12.3 17.8 -1.9 -1.2 5.4 2.4 4.7 
12 19.0 18.2 19.0 17.9 15.0 15.6 -2.4 -i..6 2.2 5.8 4.0 
13 21. 7 17.4 19.8 15.9 14.4 15.2 t.3 -4.8 7.8 3.0 7.3 
14 22.6 17.3 i9.8 16.2 15.1 16.2 3.1 -5.0 7.2 ? ') ,_,L 7.5 
ts 22.2 20.4 19.4 16.4 14.4 15.2 -4.2 2.0 6.0 4.0 7.8 
16 . 22.2 18. t 20.4 18.3 14.8 15.1 0.8 -4.6 4.2 7.0 7.4 
17 20.7 22.t 22.0 18.4 16.4 22.3 -7.t 0.2 7.2 4.0 4.3 
18 21.0 20.8 22.2 18.6 16.5 20.3 -4.1 -2.8 7.2 4.2 4.5 
19 20.2 20.4 . 22.5 18.1 15.4 20.4 -5.2 -4.2 8.8 5.4 4.8 
20 24.0 23.4 25.7 19.9 tb. 7 . 21.6 -6.1 -4.6 11.6 6.4 7.3 
21 24.t 24.1 24.9 19.9 16.7 17.5 -7.4 -t.6 . 10.0 6.4 7.4 
22 23.6 22.9 25.t 19.9 16.9 17.2 -5.3 -4.4 10.4 6.0 6.7 
23 24.2 22.1 25.0 20.8 17.0 16.9 -3.0 -5.8 8.4 7.6 .. " 

( •'-
24 22.1 25.0 26.9 19.7 14.8 14.2 -13.t -3.8 14.4 9.8 7.3 
25 22.0 24.2 26.0 18.8 13.8 14.2 -12.6 -3.6 14.4 10.0 8.2 
26 23.0 25.9 27.4 19.5 14.1 14.1 -14.7 -3.0 15.8 10.8 8.9 
27 NA NA NA NA NA NA NA NA NA NA NA 
28 23.8 30.4 31.9 22.4 24.3 22.6 -12. 7 -3.0 19.0 -3.8 -0.5 
29 23.6 25.5 27.7 17.4 13.0 14.2 -14.4 -4.4 20.b 8.8 10.6 
30 23.4 26.2 29.2 19.9 13.5 NA -15.5 -6.0 18.6 12.8 9.9 
31 23.7 27.0 28.9 19.4 13.8 19.2 -16.5 -3.8 19 .0 11.2 9.9 
32 23.8 '>7 ' Ls ,b 29.7 20.2 14.1 19.5 -17.3 -4.2 19.0 12.2 9.7 
33 24.2 31.4 33.5 20.5 13.5 19 ,(l -25.1 -4.2 26.0 14.0 10.7 
34 23.7 28.0 30.3 19.6 12.4 14.5 -19.9 -4.6 21.4 14.4 11.3 
35 NA NA NA NA NA NA NA NA NA NA NA 
3b 24.0 29.8 33.1 19.6 11.8 12.6 -23.8 -6.6 27.0 15.b 1'i ') 

L.1.i.. 

37 23.9 30.4 32.7 21.3 14.3 18.2 -22.6 -4.6 22.8 14.0 9.6 
38 23.:l 29.7 33.0 19 .o 11.3 15.6 -24.8 -6.6 28.0 15.4 12.0 
39 NA NA NA NA NA NA NA NA NA NA NA 
40 24.3 32.2 34.3 18.9 10.2 16.7 -29.9 -4.2 30.8 17.4 14.1 
41 24.2 32.4 34.4 19.9 11.8 18.2 -28.8 -4.0 29.0 16.2 12.4 
42 NA NA NA NA NA NA NA NA NA NA NA 
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Day No. P04in P04 11 P04,2 P04,J P04,4 P04out Pupt,1 Pupt,2 Pu pt 13 Pupt,4 Pru 

(19P/ll · (mgP/ll (mgP/ll (mgP /I I (119P/ll tmgP/I l (agP II I (mgP/ll (mgP/l l !mgP/ll {mgP/l I 

43 24.2 31.2 33.6 21.2 12.3 16.6 -2s:9 -4.8 24.8 1-7.8 . 11.9 
44 25.3 32.2 36.1 23.4 13.8 20.5 . -25.3 -7.8 25.4 19.2 11.5 
45 .24.6 30.4 33.0 21.1 15.9 21.8 -20.3 -5.2 23.8 10.4 8.7 
46 23.5 27.7 30.6 21.6 15.4 19.4 -16.5 -5.8 18.0 12.4 8. t 
47 NA NA NA NA NA NA NA NA NA NA NA 
48 NA NA NA NA NA NA NA NA NA NA NA 
49 NA NA NA NA NA NA NA NA NA NA NA 
50 NA NA NA NA NA NA NA NA NA NA NA 
51 NA NA NA NA NA NA NA NA NA NA NA 
52 23.7 24.7 26.5 21.6 t5.9 20.0 -9.8 -3.6 9.8 11.4 7.8 
53 22.3 24.2 26.1 19.5 15.2 19.4 -10.9 -3.8 13.2 8.6 7.1 
54 23.0 NA NA 24.1 16.7 19.9 NA NA NA 14.8 b.3 

. 55 23.0 30.2 32.0 24.0 18.1 19.7 -19.3 -3.6 16.0 tt.8 4.9 
56 22.6 24.8 27.1 19.6 14.5 19.0 -12.5 -4.6 15.0 10.2 8.1 
57 22.7 29.7 30.0 20.2 14.4 21.0 -22.3 -0.6 19.6 11.6 8.3 
58 NA NA NA NA NA NA NA NA NA NA NA 
59 23.8 28.t 30.7 18.4 10.5 13.3 -21.9 -5.2 24.6 15.8 13.3 
60' 24.6 30.0 Jt.J t9.1 12. t .16.4 -23.3 -2.6 24.4 14.0 12.5 
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Table A.4b : Experimental results from Split-feed system 

Day No. TKNin TKNout N03, 1 N03,2 N03,3 N03,4 N03out 

(mgN/ll (19N!1 l (19N/l l (mgN/l J !11gN/l l (19N/1 l !mgN/ll 

1 39.5 11.8 0.1 0.3 3.8 5.5 NA 
2 4i.4 11.8 0.1 0.3 3.6 4.2 NA 
3 39.5 12.3 0.1 0.2 3.2 6.4 NA 
4 41. 7 11.5 0.1 0.3 4.9 6.0 2.6 
5 40.3 12.9 0.1 0.3 4.4 6.8 2.6 
6 37.5 10.9 0.1 0.2 5.(! 10.7 3.7 
7 36.7 11.5 0.1 0.3 5.1 10.5 4 'i •L 

8 NA 13.2 0.1 0.2 2.9 5.3 1.3 
9 40.0 12.6 0.1 0.2 3.9 7.0 1.4 

10 40.9 17.1 0.1 . 0.2 4.1 7.3 1.4 
11 38.9 10.1 0.1 0.1 0.9 3.0 1.2 
12 32.2 8.1 (!.3 0.5 6.6 7.7 5.1 
13 32.5 4.5 0.2 0.5 7.7 8.3 7.9 
14 34.2 6.9 0.3 0.5 6.6 7.6 7.1 
15 35.6 6.9 0.3 0.5 5.7 7.5 5.3 
16 36.1 6.3 0.3 0.5 7.5 . tt. 7 6.8 
17 33.9 4.6 0.3 0.6 8.0 9.3 8.4 
18 31.1 4.8 0.2 0.6 7.9 9.6 5.9 
19 46.2 11.1 0.3 . 0.6 6.9 6.5 5.6 
20 43.4 10.1 0.2 0.5 5.9 6.9 5.9 
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Table A.4c : Experimental results from Split-feed systet 

Day No. P04in P04 11 P04,2 P04,3 P04,4 P04out Pupt,1 Pupt,2 Pupt,3 Pupt,4 Prem 

(19P /Jl (19P/ll !mgP/li l19P/ll (19P/ll !mgP/1l lmgP /l l !19P/ll !19P/l l !19P/ll !mgP/I l 

1 24.4 31.0 31. 9 21.0 14.1 18.9 -21.3 -1.5 19.3 13.8 10.3 
2 24.3 28.0 30.2 20.i 14.7 20.8 -15.8 -3,7 18.2 10.8 9.6 
3 23.6 31.6 31.6 21.3 16.7 19.1 -20.2 0.0 17.9 9.2 6.9 
4 24.6 30.1 31.5 20.6 15.3 19.4 -18.5 -2.3 19.5 10.6 9.3 
5 24.2 29.6 30.3 20.0 13.3 19.7 -19.9 -1.2 18.6 13.4 10.9 
b 24.1 31.5 32.7 22.5 16.3 21.0 -20.1 -2.0 17.5 12.4 7.8 
7 24.0 32.2 33.1 21.0 15.9 20.7 -21.8 -t.5 21.2 t0.2 8.1 
8 23.5 29.4 31.5 21.0 17.3 21.4 -16.0 -3.5 18.3 7.4 6.2 
9 24.8 27.7 28.4 18.9 14.2 18.2 -15.4 -1.2 17.8 9.4 10.6 

10 23.2 29.0 30.6 21.0 15.4 21.0 -17.5 -2.7 16.7 11.2 7.8 
11 24.4 33.1 33.2 21.2 14.2 20.5 -24.7 -0.2 21.1 14.(l 10.2 
12 22.4 23.2 24.5 15.2 11.6 16.8 -12.1 :-2.2 17.9 7.2 10.8 
13 21.8 24.9 26.8 17.2 12.9 17.6 -14.1 -3.2 17.5 8.6 8.9 
14 22.3 28.8 31. 7 19.7 16.1 19.7 -17.0 -4.8 20.9 7.2 6.2 
15 22.8 27.7 28.4 19.9 16.2 18.4 -14.8 -1.2 15.1 7.4 b.b 
16 22.8 29.0 27.6 18.4 16.2 17.3 -16.9 2.3 16.8 4.4 6.6 
17 23.4 25.6 27.2 18.4 15.4 18.1 -11.7 -2.7 16.3 6.0 8.0 
18 21.6 23.2 27.2 . 19.5 16.6 15.4 -7.7 -b.7 13.5 5.8 5.0 
19 23.2 29.0 31.3 22.4 17.6 19.5 -15.3 -3.8 15.1 9.6 5.6 
20 22.4 27.2 28.6 26.4 16.5 17 .1 -13.9 -2.3 2.3 19.8 5.9 
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Table A.Sa : Experi1enlal results from "odified Bardenpho system 

Oay No. COO in CODout Sbsi OUR,3 OUR,4 vss, 1 vss,2 VSS,3 VSS 14 OSVI 

!mgC00/11 !19COD/ll lmgCOO/ll 1190/1/hl lmgO/l/hl (mgVSS/ll !mgVSS/ll lmgVSS/ll !mgVSS/11 (1111 /g) 

1 . 496.7 36.8 75 63 45 2049 1894 1921 1876 160 
2 495. 7 40.9 75 64 40 2709 1636 1563 1598 
3 489.9 40.4 80 71 39 1829 1790 2191 2172 
4 494.9 36.4 93 116 41 1926 1804 1825 1784 
5 487.8 45.5 72 65 35 2148 2143 2192 2348 t "··1 i.L 

b 476.7 46.5 66 69 43 2200 2078 2014 2024 
7 471. 7 52.5 63 67 45 2(186 1860 1772 1759 
8 479.8 43.4 77 65 41 1934 1789 ·1770 1815 
9 492.8 55.7 51 62 34 '2253 2080 2026 2(16(1 

10 462.5 64.8 107 72 45 2377 2187 2135 2055 
11 492.8 59.7 102 77 57 2055 1930 1944 1901 
12 469.6 58.7 102 73 50 2363 2119 2161 . 2262 125 
13 495.9 45.6 NA NA 
H 479.7 52.6 105 60 42 1575 1553 1507 1574 
15 504.9 41.5 113 73 55 1503 1416 1383 1480 
16 461.0 42.0 100 67 47 1831 1710 1704 1720 
17 456.0 44.0 110 61 41 1890 1699 1623 1701 
18 458.0 65.0 97 65 45 2149 1807 1771 1739 
19 561.0 57.0 102 68 50 1990 1889 1788 1798 201 
20 495.6 49.2 83 81 72 1882 1798 1744 1758 
21 501.8 50.2 94 87 82 2020 1939 1839 1930 
22 505.9 42.0 NA 86 60 2041 2182 2095 2251 
23 513.0 42.0 NA 82 62 NA 
24 
25 239 

26 476.2 37.9 106 64 44 2368 2414 2338 2357 174 
27 483.3 34.8 87 69 43 2403 2359 2291 2240 185 
28 493.6 34.8 66 73 54 2234 2169 2083 2144 177 
29 496.6 42.0 78 72 40 2203 2168 2045 2116 
30 524.3 38.9 66 NA 180 
31 503.8 42.0 59 88 78 2185 2159 2176 2057 
32 497.7 41.0 72 2298 2206 2034 2096 165 
33 492.S 39.9 ,74 84 74 2119 2014 1940 1923 
34 533.5 42.0 101 83 38 2218 2161 1980 2098 166 
35 480.3 41.0 67 64 42 2189 2230 2308 2532 
36 477.9 38.1 80 78 53 2240 2149 2047 2099 183 
37 496.5 36.1 70 78 31 2347 2288 2251 2218 
38 480.0 49.4 86 70 45 2515 2220 2172 2164 
39 457.3 39 •. 1 63 60 43 2356 2214 2187 2167 157 
40 480.0 48.4 NA 57 42 2198 2249 2205 2225 
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Day No. COO in COOout Sbsi OUR,3 OUR 14 vss,1 vss,2 VSS,J VSS,4 DSVl 

lmgCOO/ll lmgCOO/ll lmgCOD/ll !190/l/hl lmgO/l/hl lmgVSS/ll lmgVSS/ll !mgVSS/ll lmgVSS/ll !ml /gl 

41 499.7 46.1 89 79 32 21S1 2046 2107 2203 162 
42 584.7 25.6 99 74 50 2164 2099 2024 2046 
43 626. 7 32.8 139 77 37 2310 2247 2192 2252 126 
44 480.3 37.9 66 71 36 21S5 2iS8 2086 2132 
4S 471.0 29.7 85 71 31 2384 2376 2367 2261 
46 498.7 28.7 97 2155 2260 2244 2313 104 
47 470.0 24.6 78 67 40 2639 2510 2497 2509 
48 466.9 31. 7 93 69 39 2438 2346 2330 2312 106 
49 4S1.4 'l7 '7 

l.1 .1 70 73 41 2454 2178 2370 2306 
50 468.9 2717 64 73 41 2298 2183 2305 2136 96 
51 506.8 34.9 85 66 43 2588 2160 2300 2200 
52 S33.5 30.8 2S94 2552 2562 25S4 
S3 S53.0 35.9 80 48 2497 2307 2400 2435 101 
54 491.5 38.0 82 52 2776 2083 2597 2S01 
SS 538.6 41.0 93 80 48 2348 2012 2105 2104 100 
S6 S34.5 34.8 . 95 79 46 2805 2598 2536 2551 

79 59 105 
S7 83 60 2300 2059 2026 2026 
58 518.2 35.8 119 82 61 2699 2616 2653 . 2497 97 
59 511.0 22.5 111 84 55 2409 2591 2506 2541 . 
60 480.3 41.8 94 73 32 2769 2685 2689 2718 120 
61 524.3 40.9 101 69 39 2594 2488 .2487 2497 
62 499.8 34.7 72 80 49 2649 2455 2578 2497 
63 500.8 38.8 95 74 47 2639 2593 2606 2581 100 
64 476.0 45.2 126 82 48 2673 2560 2506 2533 
6S 520.2 34.6 50 81 48 2593 2488 2464 2509 80 
66 504.7 42.1 72 90 61 
67 500.6 39.1 70 83 52 2492 2439 2422 2460 101 
68 \ 508.9 21.8 69 80 50 2733 2385 2400 2488 
69 491.4 37.0 99 82 44 2320 2302 2363 2288 
70 491.4 29.8 95 83 52 2180 1985 2113 2035 
71 496.6 30.7 106 87 76 
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Table A.Sb : Experimental results from Modified Bardenpho system 

Oay No. TKNin TKNout N03,1 N03,2 N03,3 N03,4 N03out 

lmgN!ll (mg Nill {1119N/1 l (1119N!l l imgN/1 I imgN/ll lmgNiil. 

1 34.2 1. 7 .0 0.3 2.0 2.1 1.8 
2 33.3 2.0 .o 0.4 2.0 3.2 2.6 
3 32.2 ? ') 

.. ,L 0.3 0.3 8.6 7.0 6.0 
4 32.8 2.4 0.2 0.3 7.8 8.6 5.9 .. s 32.8 2 ') oL 0.2 0.2 8.5 6.3 7.6 
6 32.S 3.1 0.2 0.2 6.5 7.0 b.9 
7 32.8 2.0 0.0 0.1 5.2 4.7 6.7 
8 NA 2.9 
9 32.8 2.9 0.1 0.3 5.9 6.8 5.9 

10 48.2 4.9 0.1 5.7 13.3 14.9 11.3 
11 49.0 5.3 0.2 s ? ... 14.6 16.3 14.3 
12 48.7 5.7 0.1 5.7 12.7 15.0 14.3 
13 .. 14 50.1 10.1 0.1 b.7 15.6 17.7 17.9 
15 51.0 2.7 1. 9 9.7 12.4 12.b 13.1 
16 50.7 4.3 0.1 7.2 13.1 12.S 13.8 
17 50.7 3.5 0.1 10.0 13.4 14.4 14.5 
18 49.3 . 5.5 0.1 b.2 14.6 18.5 12.8 
19 54.3 4.9 0.1 . 10;5 12.0 12.7 14.0 
20 50.1 5.2 0.1 9.3 14.9 15.9 14.0 
21 52.1 3.4 
22 52.1 2.1 
23 48.2 3.0 
24 
?1; 
.. J 

26 47.6 2.7 0.2 8.7 11.6 13.9 9.9 
27 47.3 1. 7 0.1 9.0 10.3 13.4 11.2 
28 51.0 2.0 0.1 8.8 13.4 13.9 13.9 
29 50.4 2.7 0.2 9.5 14.8 16.9 14.1 
30 
31 52.9 3.5 0.3 8.6 12.4 13.7 12.9 
32 52.t 3.8 0.1 7.4 10.3 1 """1 ' t..l 10.4 
33 52.9 5.7 0.1 7.1 11.5 12.4 12.t 
34 53.2 3.4 0.1 .. 1 

t.iJ 11. 7 12.9 12.3 
35 53.2 4.5 0.1 9.6 13.3 13.3 13.6 
36 53.5 0.7 0.1 8.3 11.2 12.5 12.6 
37 52.9 2.9 0.1 9.6 13.3 13.6 12.5 
38 53.S 4.5 0.1 8.9 12.S 13.S 13.6 
39 52.b 4.8 0.1 9.9 12.7 14.7 1c, ? 

J ... 

40 S"' ') J.&. 4.2 0.1 7.9 11.6 12.3 11.8 
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Oay No. TKNiri TKNout N03,1 N03,2 N03,3 N03,4 N03out 

(119N/l l (agN/l l !19NilJ fmgN/I l (mgN!ll (mgN!ll (1gN/ll 

41 45. 1 5.3 1.2 13.6 18.3 19.4 16.3 
42 50.1 0.1 7.2 10.4 10.3 10.4 
43 49.8 4.1 0. 1 7.6 p~ ..... 14.1 18.5 
44 49.0 2.7 0.1 9.4 11.7 12.4 15.8 
45 45.1 3.9 0.1 8.3 11. 7 12.3 12.3 
46 44.2 2.7 0.1 10.0 9.3 11. 7 15.9 
47 43.7 2.9 0.1 9.8 12.3 13.6 16.5 
48 37.8 3.4 0.1 4.4 6.9 5.4 5.7 
49 37.S 3.6 o. 1 5.3 5.4 5.8 6.1 
50 37.5 1.5 0.1 4.0 5.4 5.7 5.4 
51 37.8 2.0 0.1 4.0 5.4 5.1 5.4 
52 42.0 2.2 0. 1 . 1. 7 4.1 4.5 5.6 
53 42.6 3.2 0.1 2.9 4.1 5.0 4.9 
54 26.6 2.7 0.1 3.0 3.9 4.4 4.7 
55 45.9 3.1 0.1 3;7 5.0 5.8 5.9 
56 44.2 3.2 0.1 2.6 5.0 4.0 5.0 

51 44.5 4.1 0.1 ·10.2 11.8 16.9 16.4 
58 45.1 3.4 0.1 8.7 12.4 16.0 16.2 
59 44.5 3.5 .o 10.5 14.4 tS.2 16.0 
60 43.1 6.3 .0 12.4 13.5 17.3 16.2 
61 42.6 2.8 .0 . 8.5 16.2 16.7 17.1 
62 45.4 3.2 .o 7.9 12.0 14.0 12.0 
63 2.9 .o 2.7 6.3 7.8 8.3 
64 44.0 4.1 .0 3.9 7.8 10.5 11.0 
65 44.5 1.3 .o 3.1 7.9 9.6 10.1 
66 55.7 3.2 
67 56.6 4.5 0.1 8.7 9.8 8.3 
68 58.0 5.2 0.1 2.3 6.0 7.3 5.6 
69 56.8 5.5 0.0 3.0 1.2 0.7 4.0 
70 0.2 1.5 6.6 5.4 7.0 
71 5.3 .o 4.9 8.0 7.7 8.4 
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Table A.Sc : Experimental results from Modified Bardenpho system 

Day No. P04in P04,1 P04 12 P0413 P04 14 • P04out Pupt,1 Pupt 12 Pupt,3 Pupt,4 Pr· em 

!mgP Ill (1gPili lmgP/I l lmgP/11 (mgP Ill l19P fl l lmgP/I l !1119P/ll l19P Ill (19P Ill !mgP/ll 

1 25.5 33.3 24.5 12.7 7.0 5.8 -34.1 -17.4 47.2 22.8 18.5 
2 23.5 31.5 22.2 14.2 7.3 .. , 

f, i -32.2 -11.2 32.0 27.6 16.2 
3 20.9 32.4 22.2 13.4 7.7 5.7 -36.2 -8.6 35.2 22.8 13.2 
4 20.0 35.1 24.2 15.6 9.2 °! A 

1,V -41.0 -8.2 34.4 25.6 10.8 
5 20.4 35.4 26.3 15.2 8.9 7.7 -41.5 -16.6 44.4 25.2 11.5 
b 20.9 33.5 22.S 14.9 8.5 6.8 -37.6 -6.0 30.4 25.6 12.4 
7 21.2 37.4 25.6 16.2 10.0 8.1 -43.6 -7.6 37.6 24.8 11.2 
a 20.0 33.2 20.2 12.5 a.6 7.4 -37.8 2.8 30.8 15.6 11.4 
9 20.6 32.6 23.a 16.3 10.3 a.a -34.3 -36.4 45.0 36.0 10.3 

10 20.4 28.5 20.9 19 .2 14.6 12.1 -22.0 -10.0 10.2 27.6 5.8 
11 20.3 29.4 23.0 24.a 19.2 17.3 -19.3 -2.4 -10.8 33.6 1.1 
12 21.3 1a.6 22.1 18.6 15.7 13.4 -0.2 -32.6 21.0 17.4 5.6 
13 NA NA NA NA NA 
14 22.t 24.0 20.0 19.7 20.0 17.6 -5.9 8.0 La -1.8 2.1 
15 23.0 23.6 20.4 19.8 18.8 19.5 -5.4 .0 3.6 6.0 4.2 
16 20.5 22.7 28.0 19.0 17.9 17.1 -7.0 -51.0 54.0 6.6 2.6 
17 25.0 24.0 21.5 19.0 17.1 17.5 -5.9 -12.6 15.0 11.4 7.9 
1a 25.3 24.0 21.4 18.9 17.3 18.4 -5.4 -11.2 15.0 9.6 8.0 
19 23.8 . 24.0 20.1 18.9 16.5 16.0 -7.7 -6.6 7.2 14.4 7.3 
20 26.7 25.8 20.1 .21.0 20.1 19.6 -4.8 11.4 -5.4 5.4 6.6 
21 26.2 25.5 21.1 19.9 19.0 18.5 -5.8 0.4 7.2 5.4 7.2 
22 25.2 26.0 21.0 19.0 17.6 17.7 -9.2 -3.6 12.0 8.4 7.6 
23 26.2 28.2 24.7 22.8 18.7 17.1 -11.5 -17.0 11.4 24 •. 6 7.5 
24 NA NA NA NA NA 
25 NA NA -NA NA NA. 

NA NA NA NA NA 
26 25.4 23.2 19.3 18.4 18.0 17.5 -3.0 2.6 5.4 2.4 7.4 
27 24.8 24.8 17.6 16.3 15.0 11.8 -9.a 4.0 7.a 7.a 9.8 
28 25.2 26.4 19.3 18.6 16.9 15.4 -10.7 4.6 4.2 10.2 8.3 
29 25.0 22.9 19.4 20.2 17.1 18.6 -3.7 -2.2 -4.8 18.6 7.9 
30 NA NA NA NA NA 
31 25.2 21.6 15.7 18.5 17.9 17.6 -0.1 20.6 -16.8 3.6 7.3 
32 25.0 21.6 18.6 18.8 17.4 14.1 -0.8 1.2 -1.2 8.4 7.6 
33 25.4 22.2 19.6 19.6 18.6 17.9 -0.4 1.2 0.0 6.(i 6.8 
34 25.9 22.8 22.6 20.7 18.0 18.0 -t. 7 -18.0 11.4 16.2 7.9 
35 25.3 22.6 19.2 18.8 18.0 17.7 -1.9 2.0 2.4 4.8 7.3 
36 25.2 -n ') 19.2 18.b 17.4 17.4 -3.8 0.8 3.6 7 ') 7.8 L1.laL l 1&. 

37 25.6 22.3 19.1 19.1 18.0 17.b -1.0 2.0 o.o b.b 7.b 
38 25.9 25.(i 20.4 19.3 18.1 17.8 -6.0 .o 6.6 7 ,., 

lal. 7.8 
39 25.4 23.0 19.2 18.8 17.9 18.1 -2.7 2.4 2.4 5.4 7.5 
4!) 26.1 23.3 21.0 20.1 19.0 19.0 -1.5 -3.4 5.4 6.6 7.1 
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Oay No. P04in P04,1 P04,2 P04,3 P04,4 P04out PuF-t,1 Put•t,2 Pup t, 3 Pupt,4 Pr· em 

lmgP/Jl l19Pill l19P 11 l lmgP Ill (mgP/lJ lmgP/ll (mgP 11 l lmgP/Jl lmgP !I) i19P/1 i !19P i1 l 

41 23.3 22.0 20.8 20.4 20.0 19.3 -0.7 -0.8 2.4 2.4 3.3 
42 29.2 22.2 21.4 20.1 19.0 19.3 3.8 -8.0 7.8 6.6 10.2 
43 27.8 29.8 23.1 21.9 20.8 20.7 -11.0 4.2 7 'i 6.6 7.0 •L 
44 27.6 25.6 20.5 19.0 16.9 19.6 -6.7 -4.2 9.0 12.6 10.7 
45 28.4 25.5 18.8 17.0 16.0 17 .0 -6.6 ') ') 

Ld .. 10.8 ' 11 b • . J 12.4 
46 27.4 24.8 21.0 19 .1 17.1 15.2 -5.1 -8.0 11.4 12.0 10.3 
47 26.7 25.7 20.5 18.5 17.9 18.3 -6.8 ,(l 12.0 3.6 8.8 
~8 20.4 21.0 16.8 16.2 15.6 16.0 -6.0 3.6 3.6 3.6 4.8 
49 24.7 25.3 26.3 23.6 21.6 18.4 -4.3 -20.8 16.2 12.0 3.1 
50 23.0 25.8 19.0 17.6 18.0 22.2 -10.b 9.6 8.4 -2.4 5.0 
51 24.3 23.2 16.6 16.4 14.0 16.9 -8.1 2.8 1.2 14.4 10.3 
52 25.2 30.4 20.4 16.7 14.3 15.2 -21.3 -4.4 2., ... , 

i..rl 14.4 10.9 
53 21.2 28.0 17.6 14.2 11.8 13.0 -23.0 -2.4 20.4 14.4 9.4 
54 21.8 29.0 18.0 13.7 10,8 12.6 -25.4 -6.8 25.8 17.4 11.(l 
55 22.9 29.4 18.9 15.5 13.7 14.0 -22.2 0.2 20.4 10.8 9.2 
56 24.8 33.8 19.7 13.0 13.7 15.8 -29.1 4.2 40.2 -4.2 11.1 

NA NA NA NA NA 
57 NA NA NA NA NA 
58 24.3 29.3 20.4 14.1 12.9 11.1 -21.4 -12.2 37.8 7.2 11.4 
59 2.3.2 41.2 -23.7 19.2 14.2 13.2 -45.0 -3.0 27.0 30.0 9.0 
60 NA NA NA 14A NA 
61 23.8 33.4 19.5 14.0 10.7 9.9 -32.3 -7.4 33.0 19.8 13.1 
62 23.8 .29.2 17.5 12.7 10.0 9.4 -24.6 -6.6 28.8 16.2 13.8 I 

63 23.5 27.4 20.0 14. 7 12;0 12.0 -19.3 -17.2 31.8 16.2 11.5 
64 24.6 31.0 19.8 19.2 13.4 12.9 -24.0 -3.2 3.6 34.8 11.2 
65 26.0 37.9 23.4 16.8 13.2 14.0 -36.6 -11.8 39.6 21.6 12.8 
66 25.6 24.8 19.0 17.2 15.4 15.7 -8.6 -2.8 10.8 10.8 10.2 
67 . 25.8 30.4 20.6 19.3 17.8 16.6 -17.2 8.4 7.8 9.0 8.0 
68 20.8 23.0 20.7 18.5 18.5 17.1 -6.7 -4.2 13.2 o.o 2.3 
69 28.1 25.6 22.2 20.0 18. 7 21.1 -4.4 -7.2 13.2 7.8 9.4 
70 29.7 27.1 22.4 20.8 19.4 24.1 -5.1 -2.6 9.6 8.4 10.3 
71 25.4 23.3 20.6 20.4 19.6 19 .1 -1.6 1.4 1.2 4.8 5.8 
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Table A.6a : Experimental results from U.C.T system 

Dar No. COfiin COD out Sbsi OUR,3 OUR,4 vss,1 vss,2 VSS,3 VSS,4 DSVI 

(19COfi/ll lmgCOO/ll (19COO/ll lmg0/1/hl lmg0/1/hl l1gVSS/ll lmgVSS/11 (19VSS/ll lagVSS/11 (11 /g) 

495.8 33.6 117 108 65 1119 2091 2133 2110 110 
'• 498.8 37.7 115 106 66 1145 1949 1975 1944 i. 

3 497.8 39.7 109 105 65 1233 2178 2336 2124 
4 500.9 38.6 97 104 71 1431 3011 2901 2623 108 
5 450.1 36.6 101 108 60 1085 1811 1803 1754 
b 517.1 32.5 i07 106 62 NA NA NA NA 115 
7 528.3 38.6 103 NA NA NA NA NA NA 
8 518.1 45.1 80 NA NA NA NA NA NA 
9 500.7 38.8 75 NA NA 2336 2231 1143 2066 

10 516.1 40.0 82 NA NA 1093 1773 1951 . 1951 
11 516.1 40.0 79 73 52 1171 2250 2299 2234 
12 499.7 46.2 83 85 41 1250 2843 2443 2490 116 
13 510.9 39.0 107 91 49 1349 2191 2388 2286 
14 518.2 45.9 119 83 42 NA 2207 2204 2069 
15 520.2 42.8 88 76 34 1293 2141 2171 2093 128 
16 513.0 42.1 76 NA NA 1153 1879 2176 2046 
17 514. 1. 41.8 95 75 39 1425 NA 2565 NA 
18 498.6 36.9 84 68 34 1348 2347 2501 2482 121 
19 486.3 32.8 92 55 26 1427 2495 2599 2494 
20 491.5 41.1 86 80 26 1311 2347 2388 2220 141 
21 478.1 32.8 91 86 43 1332 2476 2547 2561 
22 480.2 30.8 101 NA NA 1369 2645 2654 2764 174 
23 488.6 36.7 NA NA NA 1323 2603 2621 2554 
24 421.3 36.7 NA 95 46 1393 2366 2377 2417 
25 422.3 34.7 82 76 40 1380 2450 .2495 2419 197 
26 433.5 37.7. 69 68 31 1154 2102 2150 2129 
27 510.0 35.7 91 66 45 1000 2075 2072 2017 178 
28 503.9 42.7 105 80 58 1146 2254 2233 2182 
29 519.2 42.7 NA 87 51 1258 2654 2350 2124 160 
30 514.1 30.5 87 79 47 1093 2143 2230 2182 
31 NA NA 102 NA NA NA NA NA NA 
32 555.8 45.7 94 85 64 1374 2620 2690 2842 162 
33 533.5 26.7 85 81 48 1249 2253 2219 2281 
34 512.0 32.9 91 87 72 1089 1942 2285 2157 176 
35 534.6 52.4 96 87 52 1049 1982 2188 2323 
36 458.5 41.1 69 68 47 1176 2163 2151 2222 170 
37 514.0 31.9 NA 75 48 1205 2223 2343 NA 
38 505.8 39.t NA NA NA 1284 2237 2399 2316 
39 480.1 30.8 95 8(i 48 1280 2242 2317 2208 172 
40 503.7 41.1 85 73 48 1228 2041 2073 2072 
41 NA NA NA 74 47 1186 2056 2114 2087 174 
42 NA NA NA NA NA NA NA NA NA 
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Day No. COO in COOout Sbsi OUR,3 OUR,4 vss,1 VSS,2 VSS,3 VSS,4 OSVI 

(19COO/ll (1gCOD/ll l19COD/ll !190/1/hl (mgO/l/hl l1gVSS/ll (1gVSS/ll l1gVSS/ll (19VSS/ll (11/gl 

43 507.9 34.8 NA NA NA NA NA NA NA 166 
44 525.3 39.9 74 74 44 1177 2116 1143 2265 
45 510.0 36.9 100 77 42 1731 3068 3382 3409 
46 515.1 38.9 93 79 44 1326 NA 2427 2394 143 47 527.4 28.7 NA 88 47 1375 2559 2655 2520 
48 528.4 47.5 NA 78 42 1369 2678 2658 2686 156 49 513.9 47.5 NA 88 56 1641 - 3226 3092 2948 
50 510.8 40.2 NA 1396 2690 2484 ·2501 155 
50 517.0 39.2 NA 1399 2417 2592 2594 
51 513.9 '57.8 NA 1577 2917 2909 2882 
52 489.2 48.5 NA 82 46 1458 2542 2677 2696 128 
53 499.5 53.7 NA 84 43 1494 3027 2928 2714 
54 507.7 43.3 NA 82 44 1351 2499 2663 2610 115 
55 516.0 37.2 NA NA NA 1297 2437 2574 2452 
56 529.4 41.2 NA 76 35 1408 2509 2659 2615 112 
57 525.3 -34.0 NA NA NA 1324 2856 2476 2459 
58 526.3 52.5 NA NA NA 1260 2352 2517 2377 
59 510.9 65.9 NA 77 48 1395 2590 2758 2643 104 
60 533.5 45.3 NA 80 45 NA NA NA NA 
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Table A.6b : Experimental results from U.C.T system 

Oay No. TKNin TKNout N03,1 N03,2 N03,3 N03,4 N03out 

!19N/1 l (19N/l l (19N/l l (19N/l l (19N/l l l19N/l l !19N/l l 

1 59.9 2.8 0.9 6.3 15.4 16.0 t5.5 
2 59.4 3.2 1.4 7.5 15.5 23.0 17.9 
3 60.2 3.6 1.8 8.5 19.0 18.1 20.7 
4 60.8 3.5 0.8 7.2 15.5 20.0 17.9 
5 60.5 3.6 0.6 6.5 15.3 20.0 24.0 
6 50.4 3.4 0.7 3.9 10.3 12.0 15.4 
1 ' NA NA NA NA NA NA NA 
8 NA NA NA NA NA NA NA 
9 44.0 4.9 0.7 2.4 7.5 9.1 11. 7 

10 47.6 4.5 0.9 3.6 7.2 10.4 11. 9 
11 44.0 4.3 t.5 3.2 8.9 11.1 12.2 
12 44.0 4.8 0.0 2.1 9.2 10.5 8.2 
13 45.6 2.7 0.0 3.2 8.8 9.7 9.7 
14 46.5 3.4 0.6 4.4 10.0 13.2 10.9 
15 46.5 4.2 o.o 3.2 . 8.5 t0.2 11.6 
16 43.4 3.4 0.6 3.1 9.4 .10.2 10.9 
17 43.4 2.4 0.4 3.2 9.6 10.7 10.5 
18 43.7 2.9 0.9 4.0 9.1 9.6 10.8 
19 44.2 - 3.9 2.9 2.9 9.0 10.4 11.9 
20 44.0 ·3.1 1.6 4.0 11.6 12.3 12.3 
21 45.4 6.2 2.3 4.0 9 .1 10.0 11.2 
22 43.4 3.1 1.6 2.7 8.5 12.3 10.9 
23 44.5 4.3 3.0 j,5 9.8 10.7 11.6 
24 40.6 3.8 t. 7 4.8 9.2 tt.9 12.1 
25 40.6 3.3 1 .2 . 3.4 10.2 11. t 12.3 
26 46.5 5.7 1. 1 5.7 12.7 13.S 13.0 
27, 47.3 2.7 t.2 t.6 6.7 9.8 13.8 
28 47.3 3.4 1.9 3.4 10.0 12.2 12.2 
29 48.7 3.4 1.6 2.2 7.3 10.3 10,,6 
30 47.9 4.2 1.6 6.3 12.9 '11.1 19.6 
31 NA NA NA NA NA NA NA 
32 48.2 3.9 0.7 0.9 6.0 9.5 12.5 
33 47.9 3.9 0.3 4.3 11.6 11.6 6.8 
34 48.7 3.9 0.3 1. 7 7.4 11.5 6.6 
35 48.2 3.9 0.6 0.7 7.4 9.8 3.8 
36 47.6 3.6 0.3 0.6 9.2 9.,4 5.3 
37 47.6 3.8 4.2 1.8 13.0 15.3 5.3 
38 48.7 3.9 0.9 1.5 15.3 16.1 6.2 
39 45.4 3.6 0.7 t.3 12.8 16.3 8.8 
40 49.4 3.5 0.7 0.8 5.2 12.5 9.1 
41 47.9 4.8 t.6 t.8 4.7 16.1 10.0 
42 NA NA NA NA NA NA NA 
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Oay No. TKNin TKNout N03,1 N03,2 N03,3 N03,4 N03out 

(19N/ ll lmgN/ll l119N/I J (mg Nill lmgN/1 J lagN/1 J lmgN/lJ 

43 41.2 3.6 0.5 1.9 7.0 10.9 4.S 
44 40.6 3.4 0.8 1.2 14.2 12.7 10 .1 
45 4i. 7 2.8 0.4 t. 1 12.5 12.5 10.6 
46 41. 7 2.8 Li 0.7 10.8 12.8 14.0 
47 41.2 3.4 0.3 2.9 10.4 9.1 10.4 
48 41.4 2.8 0.9 2.3 ' ') o ... 9.9 9.3 
49 41. 7 4.1 0.7 2.2 9.1 9.5 10.7 
50 41.2 3.8 0.6 2.3 9.3 11.4 11.0 
50 40.0 3.6 0.7 5.4 9 .1 9.9 
St 40.6 3.6 0.6 2.3 9.5 9.8 9.9 
52 39.5 3.4 0.7 1.9 9.7 11.3 11.4 
53 45.1 4.5 0.4 1.5 7.8 10.6 10.8 
54 42.6 2.5 0.4 0.7 10.4 12.0 
55 42.3 3.1 0.3 0.9 11.0 10.3 10.3 
56 42.6 6.7 0.4 0.7 9.5 9.2 9.3 
57 43.1 3.2 0.1 1.2 7.7 10.1 11.5 

' 58 44.2 3.9 0.1 0.9 10.2 tt.2 11.4 
59 45.6 3.5 0.3 0.9 8.9 t0.2 11.4 
60 41. 7 2.7 0.3 t.O 7.9 9.6 9.9 
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Table A.be Experimental results from U.C.T system 

Day No. P04in P04,1 P04,2 P04,3 P04,4 P04out Pupt,1 Pupt,2 Put•t ,3 Pupt 14 Prei 

(1gP/l l (mgP/ll (19P/Jl !19P/l l (19P/Jl (19P/Jl (19P/ll !mgP/Jl tmgP ill (19P/ll !1119P /ll 

1 27.4 25.8 23.0 23.6 20.3 20.0 -1.2 -2.5 -2.4 13.2 7.1 
2 27.7 26.4 22.6 21.5 20.4 20.4 -2.5 1.0 4.4 4.4 7.3 
3 27.6 26.2 22.4 21.8 20.3 20.3 -2.4 1.3 2.4 6.0 7.3 
4 27.2 25.7 23.3 25.2 20.2 20.1 -0.9 -4.5 -7.6 20.0 7.0 
5 27.4 26.2 23.2 21.6 21.3 21.2 -1.8 0.3 6.4 1.2 6.1 
6 28.4 30.8 22.6 21.0 19.9 21.3 -10.6 8.3 6.4 4.4 8.5 
7 NA NA NA NA NA NA NA NA NA NA NA 
8 NA NA NA NA NA NA NA NA NA NA NA 
9 26.6 2? .. ... { 21.4 20.t 19.5 18.7 2.6 -3.1 5.2 2.4 7.1 

10 26.9 25.3 23.0 21.6 19.8 19.6 -0.7 -5.0 5.6 7.2 7.1 
11 27.8 24.2 21.6 20.5 21.3 19.1 1.0 4.3 4.4 -3.2 6.5 
12 26.8 22.4 18.3 17.7 15.8 19.6 0.3 0.7 2.4 7.6 11.0 
13 26.8 22.5 19.6 18.4 17.3 16.8 1.4 -1.t 4.8 4.4 9.5 
14 25.6 24.3 23.2 22.2 19.4 17.7 0.2 -9.2 4.0 11.2 6.2 
15 25.6 24.3 20.6 20.1 19. 1 18.4 -2.4 2.9 2.0 4.0 6.5 
16 25.0 25.5 22.2 20.5 19.5 18.8 -3.8 -1.5 ,6.8 4.-0 5.5 
17 23.2 24.5 21.1 20.4 18.4 18.4 -4.7 -1.3 2.8 8.0 4.8 
18 25.3 25.7 23.5 21.8 20.6 18.6 -2.6 -4.3 6.8 4.8 4.7 
19 27.6 28.4 23.7 21.2 18.3 19.0 -5.5 -6.8 10.0 11.6 9.3 
20 27.4 26.4 22.1 19.8 18.7 19.4 -3.3 -t.6 9.2 4.4 8.7 
21 27.1 25.8 21.0 20.0 18.6 19.0 -3.5 2.4 4.0 5.6 8.5 
22 27.0 25.7 22.4 20.1 17.8 18.4 -2.0 -7.2 9.2 9.2 9.2 
23 27.8 25.7 21.3 19.7 18.4 18.7 -2.3 0.1 6.4 5.2 9.4 
24 27.8 26.1 20!5 18.7 18.4 19.2 -3.9 4.9 7.2 1.2 9.4 
25 25.7 26.5 23.8 17.9 16.8 16.8 -3.5 -15.6 23.6 4.4 8.9 
26 20.4 21.2 18.8 17.2 16.0 16.4 -3.2 -3.6 6.4 4.8 4.4 
27 27.6 28.4 24.0 20.5 19.4 19.8 -5.2 -5.0 14.0 4.4 8.2 
28 23.8 24.4 23.0 19.4 18.8 19.8 -2.0 -9.8 14.4 2.4 5.0 
29 27.2 27.0 23.5 20.8 18.7 19.0 -3.3 -7.4 10.8 8.4 8.5 
30 23.4 25.4 21.6 20.3 20.0 19.6 -5.8 2.8 5.2 t.2 3.4 
31 NA NA · NA NA NA NA NA NA NA NA NA 
32 24.8 24.3 21.6 19.4 17.1 22.0 -2.2 I -8.1 8.8 9.2 7.7 
33 27.9 28.5 20.8 20.0 17.8 18.5 -8.3 6.4 3.2 8.8 10.1 
34 21. 7 22.0 19.1 17.2 16.0 21.8 -3.2 -3.5 7.6 4.8 5.7 
35 22.0 23.3 20.8 17.7 16.1 20.9 -3.8 -4.4 9.3 4.8 I\ Q .... 
36 22.6 27.1 25.5 19.7 18.0 22.3 -6.1 -11.8 17.4 5.1 4.6 
37 ' 23.9 24.1 21.4 18.3 16.7 22.1 -2.9 -4.0 9.3 4.8 7 ') oL 

38 23.4 27.0 21.6 18.8 16.6 . 20.1 -9.0 0.8 8.4 6.6 6.8 
39 23.1 26.5 21.4 18.0 15.8 19.1 -8.5 -1.(i 10.2 6.6 7.3 
40 24.1 28.8 23. i 19.6 17.4 21.1 -10.4 .o 10.5 6.6 6.7 
41 26.5 24.5 22.0 18.5 18.8 16.5 -0.5 -1.4 10.5 -0.9 7.7 
42 NA NA NA NA NA NA NA NA NA NA NA 
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Oar No. P04in P04, 1 P04,2 P04,3 P04,4 P04out Pupt ,1 Pupt,2 Pupt,3 Pupt,4 Pr-em 

l119P/l l !119P/ll !119P/l l !mgP/ll lmgP/l l !mgP/li !19P/l l !mgP/ll !19P/ll l119P/ll !mgP/ll 

43 23.8 24.0 22.9 20.4 18.2 16.5 -1.3 -7.2 7.5 6.6 5.6 
44 24.5 30.8 23.4 18.8 16.3 19.9 -13.7 0.6 13.8 7.5 8 ·j ... 
45 24.5 31.2 24.0 18. 7 . 18.1 19.3 -13.9 2.6 15.9 1.8 6.4 
46 24.7 31. 9 25.0 19.6 16.2 19.6 -14.1 -3.8 16.2 10.2 8.5 
47 24.2 30.1 22.3 17.4 15.0 17.5 -13.7 1.0 14.7 / 7.2 9.2 
48 25.4 36.3 29.2 25.3 18.5 18.2 -18.0 -7.2 11. 7 20.4 6.9 
49 24.2 30.7 23.4 17.5 15.1 17.0 -13.8 -2.0 17.7 7.2 9.1 
50 24.5 33.5 25.3 16.9 13.1 17.5 -17.2 -8.0 25.2 11.4 11.4 
50 25.(i 35.6 24.7 16.3 12.6 14.5 -21.5 -2.4 25.2 11.1 12.4 
51 24.7 34.2 24.5 18.1 12.7 15.1 -19.2 -4.2 19.2 16.2 12.(i 
52 24.3 33.9 25.5 16.9 13.8 15.1 -18.0 -6.6 25.8 9.3 10.5 
53 26.0 39.2 29.5 20.8 16.9 18.8 -22.9 -5.8 26.1 11.7 9.1 
54 25.2 36.4 26.2 18.2 14.1 18.9 -21.4 -3.8 24.0 12.3 11. 1 
55 26.1 38.2 26.2 18.7 13.2 18.0 . -24.1 -2.0 22.5 16.5 12.9 
56 26.2 37.9 27.6 18.4 12.3 17.5 -22.0 -tO.O 27.6 18.3 13.9 
57 25.8 36.4 26.4 20.0 14.9 2i.1 -20.6 -3.0 19.2 15.3 10.9 
58 25.8 38.7 27.9 18.9 16.0 26.3 -23.7 -2.2 27.0 8.7 9.8 
59 26.1 40.2 27.4 19.0 15.2 18.2 -26.9 1.2 25.2 11.4 10.9. 
60 25.4 38.0 26.6 19.3 14.1 17.3 -24.0 -2.2 21.9 15.6 11.3 
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Table A.7a : Exper-imental results from Johannesbur·g system rns=3dl 

Oay No. ' COO in COOout Sbsi OUR,3 OUR,4 OIJR,sel VSS11 vss,2 VSS,3 VSS,4 OSVI 

(mgCOO/ll (mgC00/11 (1gCOO/ll (190/1/hl lmgO/l/hl 1190/1/hl l19VSS/ll !mgVSS/ll lmgVSS/ll l19VSS/ll !ml /gl 

469.0 60.4 NA 32 27 78 2072 1128 1093 1024 680 
2 501.8 51.2 NA 32 25 84 2376 1337 1371 1444 512 
3 494.6 50.2 NA NA NA NA 2128 1269 1382 1201 314 
4 481.3 49.2 NA 46 38 96 2146 1341 1442 1433 314 
5 479.2 65.5 NA NA NA NA 2509 11\4' 

- .1 1607 1671 301 
6 499.7 71.7 NA NA NA NA 2126 1243 1400 1811 339 
7 489.5 50.2 NA 43 34 103 NA NA NA NA 265 
a 488.4 44.0 NA 43 42 120 2151 1301 1525 1583 265 
9 475.1 38.9 NA 31 25 89 2341 1209 1425 1665 283 

10 495.3 41.4 NA 36 27 108 2428 1237 1471 1609 324 
11 504.6 36.2 NA NA NA NA 1964 1214 1341 1176 NA 
12 507.7 49.6 NA NA NA NA 2625 1567 1513 1459 312 
13 385.7 49.6 NA NA NA NA 2001 1296 1324 1248 294 
14 351.6 50.7 NA 30 24 88 1814 1053 1145 . 1023 288 
15 499.4 60.0 NA 30 26 68 1885 1101 1122 1090 270 
16 500.4 43.4 118 NA NA NA 1877 1163 1284 1104 247 
17 519.1 50.7 162 38 31 112 2066 1257 1250 1209 246 
18 533.5 49.1 NA NA NA NA 2176 1266 1371 1261 249 
19 534.5 39.9 144 34 33 104 2381 1341 1379 1281 287 
20 528.4 58.3 NA 45 33 . 104 NA NA NA NA NA 
21 ; 511.0 42.9 152 42 36 112 2327 1332 1358 1317 312 
22 507.9 47.0 NA . 43 33 124 2527 1477 .1530 1564 257 
23 511.0 54.2 NA 37 35 92 2204 1321 1284 1414 249 
24 NA NA NA NA NA NA NA NA NA NA NA 
25 502.9 51.0 NA NA NA NA 2593 1529 1571 1515 293 
26 NA 
27 NA NA NA NA· NA NA NA NA NA NA NA 
28 526.3 63.7 120 41 36 100 2573 1561 1517 1465 220 
29 496.5 49.3 161 36 34 84 2437 1483 1443 1402 214 
30 497.0 61.1 NA 35 33 ·84 2432 1425 1418 1409 208 
31 490.0 47.1 NA 34 30 100 2596 1542 1500 1512 233 
32 482.0 43.1 NA 32 28 78 2446 1365 1380 1372 232 
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Table A.7b : Experimental results from Johannesburg system (ffs=3dl 

Oay No. TKNin TKNout N03,1 N03,2 N03,sel N03,3 N03,4 N03out 

(19N/ll lmgN/ll lmgN/l l !19N/ll (19N/l I lmgN/11 lmgN/1 l lmgN/l I 

45.9 10.8 2.0 0.4 NA 7.5 13.8 4.7 
... 36.4 5.7 0.1 0.3 NA 8.0 9.8 5.9 /. 

3 NA NA 0.0 0.2 NA 3.9 7.1 3.4 
4 33.3 6.2 0.0 0.1 NA ') q ,, ' 5.7 2.8 
5 36. 7. 4.2 0.8 0.8 NA 12.1 13.0 12.1 
6 36.7 4.3 0.8 0.8 NA 12.6 13.0 11.8 
7 37.2 4.3 1.9 0.9 NA 11.2 15.1 10.9 
8 37.2 4.3 1.1 0.5 6.3 9.5 12.2 11.9 
9 36.1 9.4 0.1 0.2 1.8 1.8 1.9 5.7 

10 37.0 16.4 0.1 0.1 0.8 1. 7 2.8 NA 
11 36.7 13.4 0.1 .. 0.2 t.1 2.4 3.9 3.4 
12 43.7 11.8 0.1 0.3 1.3 1.3 5.4 4.3 
13 37.8 9.2 0.5 0.3 1.6 3.9 6.6 5.1 
14 35.6 10.1 1.5 0.3 1.4 3.7 10.2 5.7 
15 37.5 8.3 0.2 0.2 1.3 3~9 6.5 5.5 
1b 36.7 8.0 0.5 0.3 3.1 4.6 7 .1 6.9 
17 49.6 13.0 0.4 0.4 2.2 5.1 7.2 6.6 

'18 51.0 15.3 0.3 0.4 2.2 5.3 7.6 1.1 
19 51.2 16.4 0.4 0.3 2.5 5.4 7.8 7.5 
20 51.0 16.8 0.7 0.4 . 2.4 6.0 8.9 8.1 
21 51.5 · 15.4 0.2 0.4 2.3 6.5 ,9.1 8.7 
22 49.0 13.6 1.6 0.5 2.3 9.0 12.4 10.9 
23 47.6 9.9 4.0 0.6 4.1 7.5 11.5 11.2 
24 NA NA NA NA NA NA NA NA 
25 49.0 8.3 3.1 ·0.6 4.1 8.6 1t.2 10.8 
26 
27 NA NA NA NA NA NA NA NA 
28 42.3 2.7 1.6 0.7 2.3 6.9 9.8 9.7 
29 40.9 5.5 1.4 0.6 3.4 7.0 9.6 9.7 
30 41. 7 8.1 2.0 0.5 2.1 6.0 9.0 8.3 
31 42.0 10.9 0.2 0.5 2.3 4.5 7.0 7.2 
32 41.4 9.0 0.6 0.5 2.4 5.5 8.1 8.6 
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Table A.Ba : Exrerimental results from Johannesburg srstem !Rs=5dl 

Oay No. COD in COO out Sbsi OUR,3 OUR,4 OUR,sel vss,1 vss,2 VSS,3 VSS,4 OSVI 

(mgCOO/ll (19COO/ll (1gCOD/ll (mgO/l/hl !190/l/hl (190/1/hl !1gVSS/ll (;gVSS/11 !mgVSS/ll (19VSS/ll !ml I g l 

474.2 53.1 NA 27 36 86 3785 1541 1663 1606 217 
') 482.4 57.2 NA NA NA NA 3916 1511 1622 1669 217 L 

3 NA NA NA NA NA NA NA NA NA NA NA 
4 453.8 45.0 NA NA NA NA 2493 1083 1164 1135 215 
I\ 486.5 40.9 NA NA NA NA NA NA NA NA 234 .I 

6 469 .1 38.8 NA 40 32 82 4199 1651 1660 1585 233 
7 515.1 46.0 NA 44 33 77 4213 1642 1686 1640 226 
8 503.5 52.8 NA 45 32 87 4200 1685 1639 1634 219 
9 534.6 39.4 NA NA NA NA 4204 1684 1689 1619 228 

10 523.2 48.7 NA 46 37 82 4188 1641 1613 1601 237 
11 509.7 43.5 NA 47 36 70 4193 1685 1716 1669 227 
12 501.4 46.6 NA 49 36 84 NA NA NA NA NA 
13 524.2 53.9 100 NA NA NA 3874 1498 1497 1444 226 
14 513.9 42.3 NA 39 33 . 93 4062 1590 1554 1511 220 
15 . 492.0 52.2 NA 54 50 96 4320 1701 1693 1614 245 
16 463.8 42.2 NA 49 39 96 3883 1553 1606 1523 229 
17 NA NA NA NA NA NA NA NA NA NA NA 
18 480.1 41.1 NA . NA NA NA 2890 1716 1691 1657 233 
19 464.7 49.3 NA NA NA NA NA NA NA NA 237 
20 470.8 43.2 NA NA NA NA 2713 1624 1561 1561 228 
21 453.3 42.1 NA NA · NA NA 2685 1573 1553 1495 NA 
22 452.3 36.0 126 39 32 80 2422 . 1474 1437 1434 222 
23 477.0 NA NA 35 35 80 2549 1519 1507 1460 217 
24 460.0 34.7 NA 43 34 76 2720 1638 1551 1524 223 
25 465.8 40.2 NA: NA NA NA . 2732 NA NA 1542 222 
26 507.0 21.1 NA NA NA NA 2717 1619 1620 1536 230 
27 481.9 34.2 NA 54 40 87 2519 1468 1473 NA NA 
28 495.0 38.2 NA 53 43 80 2595 1524 1598 1546 NA 
29 484.9 32.2 NA 50 44 86 2610 1553 1537 1489 228 
30 NA NA NA NA NA NA NA NA NA NA NA 
31 503.0 46.3 NA 47 43 85 3191 1878 1817 1776 . 213 
32 490.9 .50.3 NA 41 36 82 3070 1821 1749 1699 186 
33 464.8 48.3 NA 48 43 91 3074 1832 1752 1740 184 
34 NA NA NA NA NA NA NA NA NA NA NA 
35 NA 35.9 NA NA NA NA 3172 1828 1724 1715 165 
36 463.8 36.9 NA 41 38 70 2807 1670 1621 1550 157 
37 455.5 48.2 118 47 41 92 2899 1617 1600 1617 186 
38 484.3 40.0 107 40 34 95 2649 1552 1457 1440 138 
39 483.2 54.4 133 39 36 94 2501 1581 1461 1464 138 
40 467.9 38.0 148 NA NA NA 2631 1590 1456 1470 132 
41 491.5 81.0 NA 45 39 NA 2952 1783 1687 1650 141 
42 438.6 45.9 NA 49 41 98 2443 1456 1377 1355 148 
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Day No. COOiri COO out Sbsi OUR,3 OUR 14 OUR,sel vss,1 vss,2 VSS,3 VSS,4 DSVI 

lmgCOO/ll lmgCOO/ll !mgCOD/ll lmgO/l/hl lmgO/l/hl !mgO/l/hl !19VSS/ll l19VSS/ll !mgVSS/11 !agVSS/11 lml/gl 

43 50b.9 89.8 NA 43 38 92 2555 15bb 1413 1397 144 
44 NA NA 146 NA NA NA NA NA NA NA NA 
45 NA NA NA NA NA NA 3050 1744 1723 1645 144 
46 NA NA NA NA NA NA 2420 1384 1463 1386 135 
47 420.2 53.0 NA NA NA NA 2053 1246 1202 H98 128 
48 422.3 46.9 NA NA NA NA NA NA NA NA NA 
49 NA NA NA NA NA NA NA NA NA NA NA 
50 NA NA NA NA NA NA NA NA NA NA NA 
51 452.9 65.3 NA 62 40 106 2155 1268 1202 pn .... P' .. o 
52 481.4 46.9 NA 44 42 74 2316 1349 1277 1231 132 
53 495.7 41.8 106 44 42 88 2257 1286 1276 1184 135 
54 520.2 40.8 148 48 47 100 2234 1'i?') 

L .. L 1249 1197 136 
55 531.4 53.0 NA 47 46 98 2225 1313 1289 1244 NA 
56 526.J 44.9 NA 56 48 96 3149 1666 1605 1657 NA 
57 522.2 44.6 131 51 49 115 2736 1564 1785 1857 129 
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Table A.8b : Experimental results fro1 Johannesburg system 1Rs=5dl 

Day No. TKNin TKNout N03, 1 N03,2 · N03,sel N03,3 N03,4 N03out 

(egN/ll l111gN/I I (19N/I I (1gNill (mgN/I) l19N/ll (19Nill {19N/ 1 l 

1 41.4 9.8 0.2 0.6 4.1 9.5 13.2 13.1 
2 40.3 9.7 0.3 0.6 5.0 9.8 14.0 13.4 
3 NA NA NA NA NA NA NA NA 
4 43.1 7.8 0.3 0.6 5.0 7.B 10.2 11.5 
5 40.9 10.1 0.3 0.6 4.8 8.1 f 1.5 10.6 
6 43.1 7.7 0.2 0.6 4.0 9.2 12.7 13.4 
7 45.4 9.5 0.2 0.5 5.0 8.6 12.0 11. 9 
8 41. 7 8.0 0.3 0.5 4.4 9.2 12.9 13.3 
9 39.5 8.7 .0 0.4 2.2 8.8 14.0 13.5 

10 42.8 8.5 .o 0.4 2.4 10.1 15.8 14.5 
11 41.4 5.J 0.1 0.5 4.0 11.J 17.0 16.2 
12 39.S 6.4 0.0 0.0 J.8 10.4 19.3 14.7 
13 42.6 7.7 ·0.1 0.5 2.9 10.4 17.2 15.6 
14 38.9 9 .1 0.1 0.5 2.6 10.1 15.2 14.7 
15 42.6 12.2 0.1 0.2 J.7 1.7 7.2 10.4 
16 44.8 8.8 0.2 ' 0.4 ' 1.6 7.2 11.1 12.6 
17 NA NA NA NA NA NA NA NA 
18 42.3 6.9 0.2 0.4 2.4 7.6 9.8 13.5 
19 43.4 7..3 0.4 0.2 3.1 9.4 13.5 14.0 
20 40.6 6.7 0.8 0.5 3.2 8.1 12.9 13.2 
21 40.6 5.6 1.5 0.3 3.1 8.6 13.2 14.4 
22 42.0 5.9 1.4 o.s 3.0 8.J 12.6 13.2 
23 40.0 8.1 0.6 0.4 2.6 7 .1 NA NA 
24 44.5 5.9 2.1 0.5 2.1 7.8 11. 7 13.0 
25 40.J 3.8 2.9 0.1 2.6 8.2 12.0 13.4 
26 47.0 1.7 2.2 0.4 2.9 7.9 12.3 13.3 
27 45.9 4.2 4.6 0.1 1.1 ' 9.1 13.8 14.2 
28 45.4 4.5 4.5 0.1 2.8 9.0 14.4 14.6 
29 45.9 4.5 3.1 0.1 2.J 7.4 12.5 13.3 
30 NA NA NA NA NA NA NA NA 
31 45.4 5.5 1.4 0.1 2.3 7.3 12.6 12.6 
32 45.6 3.6 0.6 0.1 2.2 8.3 13.4 12.S 
33 48.7 4.8 0.9 0.1 2.3 7.3 13.0 13.0 
34 NA NA NA NA NA NA NA NA 
JS NA 5.2 3.6 0.1 2.3 7.5 13.8 13.8 
36 48.2 7.8 1.8 0.1 1. 7 7.0 11.8 13.6 
37 48.4 9.5 1.6 0 .1 2.4 8.4 13.4 f'i i L,. 

38 48.4 10.2 2.4 0.1 2.0 6.5 12.0 12.5 
39 49.6 8.8 2.4 0.1 1.8 6.7 12.3 NA 
40 49.6 9.4 3.8 0 .1 1.6 8.0 13.5 12.9 
41 48.7 9.4 2.9 0.1 1.8 7.5 14.i 13.5 
42 50.4 8.0 2.8 0 .1 1.3 6.8 12.1 14.2 
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Oar No. TKNiri TKNout N03,1 N03,2 N03,sel N03,3 N03 14 N03out 

(mgN!l l (19N/ll (1gN/ll l119N/I J lmgN/l l l1119N/l l (mgN/l J (mgN/l l 

43 51.2 13.2 0.5 0.1 1.5 6.1 H.O 11.0 
44 NA NA NA NA NA NA NA NA 
45 51.8 9.5 2.3 0.1 1.5 9.0 15.7 13.7 
46 48.2 7.1 4.3 0.1 2.0 8.0 13.5 14.6 
47 51.0 7.1 . 4.1 0.2 1.4 8.0 14.2 14.4 
48 50.4 5.5 4.7 0.6 ') c 

LoJ 9.6 14.2 15.0 
49 NA NA NA NA NA NA NA NA 
50 NA NA NA \ NA NA NA NA NA 
Cj 5? <1 13.4 0.8 0.1 1.8 7.3 13.2 13.0 J1 ... ' 
52 57.1 10.9 2.4 0.1 1.9 8.2 14.2 14.8 
53 59.4 12.7 3.7 0.1 2.2 8.7 15.1 14.8 . 
54 64.1 14.4 2 •. 1 O.i 2. i 9.0 15.5 NA 
55 63.8 14.4 3.5 0.2 2.2 8.4 15.7 15.5 
56 64.7 12.9 3.8 0.1 2.1 9.6 16.9 16.3 
57 61.9 p? ..... 2.1 0.1 2.2 8.7 15.5 15.9 
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h~lt Uc :,EmriatDhl malls Im lobaomborg srstu !Rs=5dl 

Du lo: PD4,ia PD4,t PD4,2 fll4,st1 PD4,3 P04,4 P04out Pup! ,t Pupt,2 Pupl,stl Pupt,3 Papi 14 Pru 

t19P/IJ l19P/ll l19P/1l l19P/1l l19P/ll l19P/ll l19P/ll l19P/I l lagP/11 l19P/ll lagP/ll l1gP/ll l19P/ll 

I 25.7 22.0 35.0 32.4 19.5 12.1 11.7 -5.0 -15.8 3.9 19.4 II.I 13.6 
2 '25.0 28.1 43.6 32.2 22.9 15.I 13.5 -6.5 . -26.4 17.1 14.0 11.7 9.9 
3 IA IA IA IA llA IA IA IA IA IA IA IA IA 
4 21.4 18.3 JJ.4 25.4 18.9 r. 14.4 12.4 -2.0 ·~19.6 12.0 9.8 6.7 7.0 
5 25.4 52.1 43.8 30.7 24.1 /4.3 .13.0 -18.9 -14.2 19.7 9.9 14.7 II.I 
6 2o.B 20.1 35.4 26.0 16.0 u a.2 -5.8 -22.2 14.t 15.0 II. I 12.2 
7 22.8 JO.O 40.7 31.4 21.5 ·-12.7 .10.4 -a.1 -23.3 14.0 14.9 13.2 tO.I 
a 23.1 32.3 41.7 3o.B 20.7 12.t . t0.3 -10.l -23.3 16.4 15.2 12.9 tt.O 
9 23.2 2a.2 41.4 32.2 19.2 10.7 10.0 -u -24.8 IJ.8 19.5 12.8 12.5 

10 23.2 28.0 46.0 36.1 20.t to.I 9.3 -9.0 -31.8 14.9 24.0 15.0 13.t 
ti 22.l 23.0 40.3 29.6 16.1 9.2 a.1 -6.9 -26.9 16.0 20.J 10.4 12.9 
12 21.9 20.3 45.5 33.0 18.0 10.3 9.6 -5.0 -36.2 IU 22.5 11.6 lt.6 
13 22.t 21.0 41.4 33.2 17.4 9.6 8.5 ~5.7 -29.5 12.3 23.7 11.7 12.5 
14 22.a '28.4 42.l Jl.7 18.9 9.5 9.5 -9.5 -U.2 15.6 19.2 ·14,1 13.3 
15 IA IA IA IA IA IA . .,, IA IA IA IA IA IA 
16 22.6 28.0 40.4 31.J 16.4 9.6 ·u ' ~9.2 -24.0 IJ.6 22.4 10.2 13.0 
t7 .llA IA llA IA IA IA IA IA IA IA RA IA IA 
18 20.5 IS.I 29.9 25.7 18.t lt.6 10.6 -6.5 -21.2 8.4 15.2 13.0 '1.9 
19 20-9 17.8 28.3 23.t 18.I 13.7 12.4 -4.t -17.9 10.4 10.0 u 7.2 
20 19.6 15.0 28.6 23.5 16.4 12.0 13.0 -3.0 -22.6 10.2 14.2 .a.a 1.6' 
21 19.4 13.7 27.0 .22.3 14.0 9.4 12. 7 -4.3 -20.9 9.4 16.6 9.2 to.o 
22 2M 16.7 28.9 ·23.4 17.6 12.2 12.4 -4.5 -20.6 lt.O lt.6 10.1 1.3 
23 20.2 15.2 28.0 24.3 16.6 10.a 12.2 -4.4 -20.6 7.4 15.4 11.6 !.4 
24 20.6 17.5 27.t 23.5 17.0 9.9 

' "" -7.6 -16.t 7.2 IJ.O 14.2 10.7 
25 20.6 15.1 27.0 23.0 15.6 to.a 10.4 -5.0 -17.6 a.o tu 9.6 1.8 
26 11.4 H.7 29.1 .24.3 ta.5 13.3 13.2 IA IA IA IA 'IA IA 
27. 20.4 18.0 28.6 20.7 13.a 1.7 12.3 -9.J -tu 15.a 13.8 . 10.2 U.7 
2a 21.J t7.0 26.2 21.6 16.9 10.a Jl.O -6.2 -14.1 ·9.2 9.4 12.2 10.5 
29 21.2 21.5 27.4 22.a 21.0 n.a 14.0 -3.7 -t2.I 9.2 J.6 6.4 J.4 
30 • IA IA IA u IA IA IA IA IA IA IA .IA 
JI 21.5 18.2 29.5 22.1 tu 12.8 12.4 -'5.4 -19.l .IU 4.6 14.t ,1.1 
32 21.9 17.9 31.t 22.5 19.7 15.4 14.1 ~2.5 •22.4 17.2 5.6 u ,6.5 
JJ 23.4 23.3 31.6 24.4 21.3 11.0 13.0 •5.3 "'16.5 14.4 6.2 6.6 'S.4 
34 IA .IA llA IA IA IA IA IA IA IA IA IA -IA 
35 22.0 19.4 Jo.6 24.9 22.0 18.2 13.8 -1.2 -19.8 11.4 5.8 7.6 3.8 
36 22.0 22.9 28.2 22.4 22.4 20.1 16.0 -2.a -tt.5 tl.6 o.o 4.6 t.9 
37 22.0 19.6 25.a 20.5 18.3 16.9 16.I -2.7 -10.0 lo.6 4.4 2.a 5.1 
Ja 22.1 ta.5 U.5 22.2 20.0 16.1 15.9 -2.4 -12.4 1.6 4.4 7.1 6.0 
39 23.6 17.7 29.0 23.3 19.4 15.4 15.7 -2.3 :..16.7 11.4 1.a 1.0 1.2 
40 23.1 18.9 29.0 21.9 19.4 t5.2 14.5 -3.7 -16.0 14.2 5.0 1.4 7.9 
41 23.7 23.1 40.2 31.4 27.4 20.4 15.7 ·-2.7 -33.6 17.6 a.o 14.0 3;3 
42 24.2 27.4 ·40,5 27.3 28.5 21.6 17.7 -5.8 -29.4 26.4 -2.4 13.8 2.6 / 
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APPENDIX B 

DETHRMINATION OF TOTAL FHOSPHORUS CONCBN'IRATION 

PRINCIPLE OF THE METHOD 

In the presence of vans.dates, phos}ilates react with molybdates to form 

yellow phosphovanadomolybdate. The intensity of the yellow colour is pro­

portional to the SIDO\IDt of phosphate present and is determined by 

absorbance using a spectrophotometer. This system obeys Beer's Law at a 

wavelength of 470 µto.a concentration of 300 mg/t. 

'lhe conversion of all the phos}ilate present takes place by autoclaving the 

sample with sulphuric acid and potassiun persulphate. 

REAGENTS 

1. ~~~!~-~!~_!~!~~!~ 
Add 6, 1 mt of concentrated sulpruric acid to approximately 500 mt of 

distilled water. Allow solution to cool and make up to 1t with 

distilled water. 

2. ~~!!~~!:!~P.!!~.-~l~!~ 
J?issol ve 3, 0 g of potassitlD persul:Pmte in 100 mt of distilled water. 

'!his shoUld require abOut 5 minutes of vigorous stirring. 

3. !~£!!.".?!~~-~~~ 
Solution A: 20 g of anmonitml molybdate tetrahydrate dissolved in 

:i: 250 mt distilled water 

Solution B: 1 g B111DOnium metavanadate dissolved in 40 mt concentrated 

nitric acid and ± 200 ml distilled water 

Mix solutions A and B, add 100 ml concentrated nitric acid, and dilute to 

1000 mt with distilled water. 
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TlDINI'JJE 

1. To a 100 mt conical flask, add the following: 

· (i) 20 ml of sample 

(ii) 5 me of potassiun persul.pbate solution 

(iii) 5 mf of sulphuric acid solution 

B.2 

Cover the top of the flask with ah.llliniun foil. 'Ibis step should be 

carried out on the following samples; distilled water, standard 

solutions of known phosphate concentration (for example solutions con­

taining 5, 10, 15, 20, 25 and 50 mgPO~P/l), a dumny sample of water and 

the samples of tmknown concentration. 

2. Pour water, to a depth of :t: 1 cm, into the bottom of a pressure cooker 

and heat the water to boiling. 

3. Place the conical flasks on a rack in the pressure cooker such that the 

base of the flasks is above the water level. 

4. Cover the pressure cooker with its sealed top but only place the 

pressure regulator over the escape nozzle when steam is flowing freely 

from this outlet. 

5. Allow the pressure to rise to 20 bar and maintain heating at . that 

pressure for 30 minutes. 

6. Allow the flasks to cool to room temperature. 

7. Vacuum filter the dUlllllY sample through 0,45 µ filter paper ill order to 

remove any phosphate fran the pa.per. Filter the remaining samples 

through the same filter pa.per. 

N.B. If any of the samples contain solid particles that may block the 
0,45 µ filter pa.per, then the paper llUSt 'be replaced after 
filtering that particular saI11ple. The new f1lter paper -.ust again 
'be cleaned with a du:mmy S8.1Ilple. 
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B.3 

8. To a 20 mt test tube add 5 at of sample and 5 mt of vanadomolybdate 

solution. Cover the test tube with "parafilm" plastic, shake and allow 

to stand for at least 20 minutes for the colour to develop. (It was 

fo\.Dld that the colour did not fade after standing for 24 hours). 

9. Set the spectrophotaneter _to a wavelength of 470 µ and zero it using 

the distilled water sample. Read the remaining samples. 

10. Plot the known concentrations of the standard phos:Pmte samples against 

their respective spectrophotaneter readings. Read off the lmknown 

samples from the plot. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 
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APPENDIX C 

AEROBIC BATCH TESTS 

During the course of the investigation, 3 aerobic be.tab tests were 

perfo:nned to detennine the maxi.nun specific growth rates of the hetero­

tro~s and the nitrifiers in the sludge. The procedure followed 'W8S that 

proposed by Bkama, Dold and Marais (1986). Briefly, a preselected volume of 

wastewater (V ) of known total COD strength (St.) is mixed with a pre-
~ 1 

selected volume of mixed liquor (VIili) of known MLVSS concentration (Xv) in 

an aerated and stirred batch reactor. From inmediately after mixing, up to 

a period of 24 hours, the oxygen utilization rate (OUR) is measured 

approximately every 5 minutes by the method outlined in Chapter 3, Section 

4.4. Hourly for the first 6 hours, and then two-hourly for the next 6 

hours, 50 mt samples of mixed liquor are taken. 

With correct selection of the F/M ratio, the OUR fraa the start of the test 

remains constant for a period of one to three hours (depending on the 

readily biodegradable COD fraction), wbereafter the OUR decreases fairly 

rapidly and levels off at a second plateau level. 'Die initial high OUR is a 
-

consequence of the utilisation of the readily biodegradable OOD fran the 

wastewater as well as that derived fran hydrolysis of the particulate bio­

degradable COD. The OUR is constant over this period because the conoentra­

tion of readily biodegradable COD is so high that the growth rate of the 

heterotrophs is at a maxi.nun, ~' in accordance with Monod. kinetics. Once 

the readily biodegradable COD from the 'W&Stewater is depleted, the OUR 

drops rapidly to :the second plateau level which is the rate associated with 

the utilisation of the readily biodegradable COD generated by hydrolysis of 

the particulate biodegradable COD. 'Ihe maxi.nun specific growth rate of the 

heterotro:Pis (/le) is proportional to the vertical height of the initial 

high OUR provided nitrification has not occurred in the test. If nitrifica­

tion has occurred, nitrate tests should be carried out on the mixed liquor 

samples in order to determine the OUR for nitrification. 'Ibis value is then 

subtracted from the total OUR. 

'lbe data obtained from the 3 ba.tch tests is provided in Tables C.l to C.3. 

The calculation of the maxi.nun specific growth rates is presented 

separately for each test below. 
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c.2 

1. Aerobic batch test on sh.dse fran Split-feed BYBtem prior to the 
intro<iuction of th.e selector reactor (17/4/86) 

The OUR data is plotted on 2 different time scales in Figs C.l and C.2. 'lbe 

filtered COD, filtered TKN ard filtered nitrate concentrations are plotted 

versus time in Figs C.3 to C.5. 

(a) Parent BYStem analYSiB 

In order to determine ~, the active fraction of the sludge mass with 

respect to the volatile solids (f ) is required. This may be detel1Di.ned av 
from the parent system, in this case a 3 day sludge age Split-feed system 

l f (1+1\.R ) 
f = 1 + f.1\i.Rs + f 'Jh.(1-f ~f ) 
av cv us up 

where f = endogenous residue (0,2 mg~/mgVSS) 

1\i = endogenous respiration rate (0,24/~) 

= sludge age (days) R s 
f · = particulate \mbiodegredable wastewater fraction (0,08) 
up 

f = soluble \B'lbiodegradable wastewater fr.acticm (0,07) 
us 

f = COD:\18.9 ratio (1,48 IQICOD/mgVSS) 
CV 

1 -. . r - 1,a81 
av 

f = 0,72 av 

(b) Batch test analYSiS 

v =· 1,75 t 
WW 

Sti = 1018 mgC(JD/t 

vmt = 1,75 t 

x = 1263 mgVSS/t v 

F/M = 1,75.1018 
1,75.1263 

= 0,81 
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At time 0 

xv = 77 4 mt.VSS/ t 
filtered COD = 220 JQgCOD/t 

TKN = 37,6 ,,gN/t 

N0 1 = 0,35 .,gN/t 

At time 24 hours 

X = 658 mgVSS/t 
v 

filtered COD = 88,9 ngC(JD/t 

TKN = 8,7 ~It 

N0 1 = 24,8 mgN/t 

Mass Balance 

C.3 

'!he VSS value used will be an average of the values at time 0 and after 24 

hours, i.e. 
I 

x = (774 + 1>58)/2 
v 

= 716 mt.VSS/t 

MXv =rXv.(Vww + Vmt) 

= 716.3,5 

: 2506 mgVSS 

(i) Oxygen requirements for, synthesis (M0
8

) 

(ii) 

MOS = 0,33.CODused 

= 0,33.(COD. - COD t - 0,08 COD. ) 
1n OU 1n 

= 0,33. (1, 75.1018 - 3,5.89 - 0,08.1·, 75.1018) 

= 438 mgO 

Endogenous respiration (MO ) e 

= f .• b.. .f .MX • (1-f) 9V -h av v 
= 1,48 • 0,24 • 0,72 • 2506 • 0,8 

: 512 mgO 
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(iii) Oxygen requirements for nitrification (MO ) 
n 

MOn = (Vww + Vml).4,57.(N03out-N03in) 
= (1,75 + 1,75) 4,57 (24,8 - 0,4) 

= 391 mgO 

(iv) Total oxygen requirements (MOt) 

=MO.+ MO +MO s e n 
= 438 + 512 + 391 

= 1341 mgO 

From Simpson's rule, the area under the curve in Fig C.1 is 410,l mgO/t 

••• MOt (from graJii) = 410,1. 3,5 

= 1435 ncO 

MOt (calculated) 
Percentage balance = MOt (fran gra}il) 

1341 
=~ 

= 93,4% 

C.4 

From Fig C.5 we observe that, for the first 14 hours, there is a linear 

relationship betWeen nitrate generated and time 

rate of nitrification = nitrate generated/time 

= (17,5 - 0,4)/14 

OUR due to nitrifiers = 4,57.1,2 

= 5,60 mgO/l/h 

In order to determine the mass of ni trif iers in the be.tch test sludge, the 

fraction of the VSS that is composed of nitrifiers must be known. '!his is 

calculated from the pa.rent system as follows: 
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Nitrogen requirements for synthesis in parent plant (N
8

) 

f .MX n v 
=~--R .Q 

s 

= 0,1.8800 
3.25 

= 11, 7 mgN/t 

Nitrate generated in parent system 

: 'mN. - TKN .- N 
lll out. B 

= 40 - 12 - 11,7 

= 16,3 ragN/I. 

Mass.of nitrifiers in parent system 

. . nitrifier to VSS ratio 

0,1.R s 
: (l+b .R ) • 16,3.Q 

n s 

= 109 mgVSS 

-= 109/8800 

= 0,012 sngN/mgVSS 

C.6 

'lbe concentration of nitrifiers in the batch test (MX ) can now be famd 
n 

= 0,012.2506/3,5 

= 8,9 mgX It n 

·~ = Y • mass of nitrate generated per mass of nitrifiers per n 
day 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

K 
ms 

: O,l • 1,2 • 24 
8,9 

= 0,324/d 

. [ , 24. (Vww+vmt) 
= 1/(1-f .Yb)~. OUR. f X V 

l cv J av· v· mt 

C.6 

where the ·OUR is equal to the initial OUR minus the OUR for nitrification 

• • • K = 6, 6 mgC()D/mgAVSS/d 
ms 

= 0,45.6,6 

= 2,98/d 

2. Aerobic batch test on sl1rige from Split-feed swtem 9 daye after the 
introdootion of the selector reactor (1/5/86) 

'11le OUR data is plotted in Fig C.6. 'Ille filtered ·COD, filtered TKN and 

filtered nitrate concentrations are plott.ed versus time in Figs C.7 to C.9. 

Due to demand for the oxygen·recording equipnent, this test could only be 

carried out for 9 hours and therefore, a 111888 balance could not be 

performed on the data. 

To prevent tedious repetition of the calculations in the previous batch 

test, only the results of the calculations will be presented. 

v = 1,7 t 
WW 

Sti = 1303,5 mgCOD/l 

vmt = 1, 7 t 

X = 1292 mgVSS/t v 
f

8
v = 0,72 (from pa.rent system) 

F/M = MSt./MX 
1 v 

= (1,7.1303,5)/(1,7.1292) 

= 1,01 
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At time 0 

X = 646 mgVSS/t 
v 

filtered COD = 300,2 mgCOD/t 

At time 8 hours 

'11CN = 58,7 mgN/t 

NOa = 1,7 mgN/t 

filtered COD = 96,6 mgC()D/t 

'mN = 35, 0 mgN/l 

NO• = 20,0 mgN/t 

~~-~if!~-~-!:!~-~f_th~-ni~Eif!~!:!! (~) 

C.7. 

Fran Fig C.9 we observe that, for the first 7 hours, there is a linear 

relationship between the nitrate generated and time 

rate of nitrification = 1,99 mgNO./t/h 

. . OUR due to nitrifiers = 9,01 mgO/t/h 

Fran the pa.rent .plant, the fraction of the VSS that is CUDJIOSed of 

nitrifiers is calculated. to be 0,0137 

x = 8,9 n 

~ = 0,636 /d 

~!!'_:w.!_!~!fi~-~-~f-~e h~~~ <Jlu> 
K = 4,2 mgC()D/mgAVSS/d 

ms 
Au = 1,89 /d 

3. Aerobic batch test on sltdge from: the Johannesburg sygtem operating at 
a 5 day sltdge age (12/8/86) 

'Ihe OUR data is plotted on 2 different time scales in Figs C.10 and C. ll. 

'Ihe filtered COD, filtered TKN and filtered nitrate concentrations are 

plotted versus time in Figs C.12 to C.14. 

To prevent tedious repetition of the calculations presented in the first 

batch test, only the results of the calculations will be presented. 
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v = 2,1 t 
WW 

Sti = 1042 mgCOD/t 

vmt = 1,4 t 

X = 1569 mgVSS/t v 
f = 0,64 (from parent system) 
av 

.•. F/M: 0,996 

At time 0 

x = 808 v 
filtered COD : 277 

mgVSS/t 

mgC(JD/t 

TKN = 68,6 mgN/t 

NO• = 4 mgN/t 

At time 24 hours 

X : 800 .,,.COD/ t v 
TKN = 13,7 mgN/t 

NO• = 47,5 9111,N/t 

Mass balance 

C.8 

'Dle VSS value used will be an average of the values at the st.art (time = 0) 

and after 24 hours 

x = 804 mt/,VSS/ t v 
Mxv : 2814 mgVSS 

Calculated oxygen requirements 

MO = 1597 mgO s 
MO = 512 mgO 

e 
MO = 696 mg() 

m 
MOt = 2805 mgO 
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C.9 

Fran Simpson's rule, the area under the gra}il in Fig C.10 is 825 mgO/l 

• MOt from graph : 2888 mgO 

. 
• • Percentage be.lance = ;;. % 

= 97,1 % 

From Fig C.14 we observe that for the first 8 hours, there is a linear 

relationship between the nitrate generated and time 

rate of nitrification = 3,23 .mgNO./t/h 

OUR due to nitrifiers = 14,74 mgO/t/h 

Fran the parent plant, the fraction of .the VSS that is canposed of 

nitrifiers is calculated to be 0,022 

. . 
x = 17,7 ·.X /t n n 

~ = 0,437 /d 

KIDS = 9,54 qO()D/mgAVSS/d 

~ = 4,30 /d 
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Table C.1a Results from Batch Test 1 (16/4/86) 

TIME OUR TitlE OUR TIME OUR 

<hours) CmgO/l/h) <hours) CmgO/l/h) (hours) CmgO/l/h) 

0.06 52.9 5.19 22.2 13.68 15.0 
0 .15 54.6 5.31 20.8 13.87 14.3 
0.24 53.7 5.46 20.9 14.07 14.6 
0.32 52.9 5.59 20. 1 14.26 14.6 
0.40 52.2 5.74 19.8 14.46 14.6 
0.49 52.2 5.89 20.0 14.67 14.5 
0.57 52.2 6.03 19.4 14.86 14.4 
0.65 48.0 6.18 18.6 15.06 13.5 
0.73 45.6 6.33, 18.8 15.26 13.7 

0.81 42.4 6.48 18.2 15.44 14.1 

0.90 34.6 6.63 19.6 15.62 13.7 
0.99 34.3 6.78 17.3 15.81 14.3 
1.08 31.9 6.94 18.4 16.01 13.2 
1.18 31.6 7.09 18.4 16.21 14.3 
1.28 31.9 7.25 18.2 16.41 13.3 
1.38 31.0 7.41 18.0 16.63 13.7 
1.47 30.5 7.57 17.8 16.83 14.4 
1.56 29.8 7.73 17.6 17.25 12.9 
1.66 30.8 7.89 17.3 17.47 13.2 
1.75 30.0 8.06 17.6 17.69 14.4 
1.85 30.0 8.22 17.3 17.91 13.2 
1.95 30.0 8.39 16.8 18.13 12.6 
2.04 28.8 8.57 16.5 18.37 12.5 . 
2.14 27.7 8.74 16.8 . 18.60 11.9 
2.24 27.9 8.91 16.~ 18.83 12.2 
2.34 27. 1. 9.10 16.4 19.06 12.2 
2.44 28.6 9.29 16.7 19.29 12.4 
2.54 28.6 9.46 16.4 19.54 12.4 
2.65 27.7 9.64 16.7 19.77 12.9 
2.75 27.9 9.82 16.5 20.00 12.1 
2.e5 27.9 10.00 16.1 i0.23 11.9 
2.96 26.7 10 .19 16.7 20.48 11.9 
3.07 26.1 10.37 16.9 20.72 12. 1 
3.18 26.9 10.55 16.5 20.97 11.5 
3.28 25.9 10.73 17.2 21.23 11.2 
3.39 25.5 10.91 16.5 21.49 11.5 
3.50 25.4 11.09 16.4 21.75 12. 1 
3.62 25.5 11 .27 16.4 22.03 11.7 
3.73 24.8 11.45 15.8 22.30· 11.5 
3.84 24.3 11.61 16. 1 22.57 12.0 
3.95 24.0 11.79 15.4 22.84 11.7 
4.07 23.4 11 .98 16.2 23.13 11.2 
4 .19 23.8 12 •. 17 15.8 23.41 10.7 
4.30 23.8 12.37 15.4 23.69 10.7 
4.42 22.4 12.54 15. 1 23.98 11.0 
4.54 21.9 12.74 15. 1 
4.67 20.8 12.93 15.0 
4.79 21.6 13. 11 14.9 
4.92 22.6 13.30 15. 1 
5.05 22.8 13.49 15.0 
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Table C. lb Results from Batch Test 1 <16/4/86) 

Tll1E TKN COD N03 

<hours) <mgN/l) <mgCOD/l) <mgN/l) 

0 37.S 220.2 0.4 
1 33.6 125.2 2. 1 
2' 25.2 105.0 3.2 
3 23.8 112. 1 4.2 
4 21.0 109. 1 5.7 
s 20.9 89.9 6.8 
6 19.2 134.3 8.8 
8 16.8 100.0 10.6 

10 HA 86.9 11.8 
12 13.0 97.0 16.3 
14 11.8 99.0 18.5 
21 9.4 92.9 24.0 
22 7.8 84.8 25.0 
23 9.3 90.9 25.3 
24 8.7 88.9 24.8 
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Table C.2a Results from Batch Test 2 C1/5/86> 

Tll1E OUR TI l'lE OUR 

<hours> CmgO/l/h) Chours) CmgO/l/h) 

0. 1 36.2 4.2 22.6 
0.2 35.2 4.3 22.6 
0.3 35.6 4.5 22.5 
0.4 34.9 4.6 22 .1 
0.5 33.1 4.7 21.3 
0.6 33.1 4.8 22.1 
0.7 33.4 5.0 20.9 
0.8 32.5 5. 1 21.3 
0.9 32.3 S.2 20 •. 8 
1.0 34.3 5.4 20.3 
1. 1 36.6 5.5 21.6 
1.2 35.2 5.6 20 .1 
1.3 34.0 5.8 19.6 
1.4 32.0 5.9 20.0 
1.5 24.6 6.1 19.9 
1.6 23 .• 1 6.2 18.5 
1.7 23.6 6.3 18.8 
1.9 24.3 6.5 18.4 
2.0 23.9 6.6 18.2 
2 .1 25.6 6.8 18.4 
2.2 24.2 6.9 18.0 
2.4 23.4 7 .1 18.5 
2.5 24.3 7.2 18.6 
2.6 23.3 7.4 17.9 
2.7 23.7 7.5 19.0 
2.8 25.2 7.7 18.2 
3.0 23.4 7.8 17.5 
3. 1 24.2 8.0 17.4 
3.2 22.6 8.1 17. 1 
3~·3 22.6 8.2 16.9 
3.4 22.6 8.4 17.0 
3.6 23. 1 8.5 16.9 
3.7 22.3 8.7 16.9 
3.8 21.7 8.9 16.8 
3.9 20.6 9.1 16.6 
4. 1 21.3 
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Table C.2b Results from Batch Test 2 Cl/5/86) 

Tl11E TKH COD H03 

Chours) CmgH/l) CmgCOD/l) CmgN/l) 

0 58.7 300.2 1.7 
1 54.5 298.1 5. 1 
2 50.5 220.0 5.8 
3 48.3 195.3 7.4 
4 44.7 156.3 8.4 
5 42.6 139.8 11.6 
6 39.3 125.4 13.0 
7 37.7 115.1 15.6 
8 35.0 96.6 20.0 
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Table C.3a Resul~s from Ba~ch Tes~ 3 (12/8/86> 

Til1E OUR TI11E OUR TU1E OUR 

(hours) CmgO/l/h) (hours> CmgO/l/h) Chou rs) CmgO/l/hl 

0.2 83 4.5 59 9.9 44 
0.4 79 4.6 59 10.1 43 
0.5 80 4.8 59 10.2 42 
0.6 80 4.9 58 10.4 41 
0.7 79 5.0 59 10.6 42 
0.9 80 5.2 56 10.7 42 
1.0 79 5.3 56 10.9 41 
1.1 79 5.4 55 11.1 41 
1.2 79 5.6 S7 11.3 42 
1.3 80 S.7 S4 11.S 42 
1.4 79 S.9 SS 11.6 41 
1.S 81 6.0 S3 11.8 42 

1.6 81 6. 1 S3 12.0 42 

1.7 80 6.3 S3 12.2 40 

1.9 79 6.4 S3 12.4 41 

2.0 81 6.6 S4 12.s 39 

2. 1 81 6.7 S2 12.7 39 

2.2 74 6.9 Sl 12.9 38 

2.3 64 7.0 Sl 13. 1 3S 

2.4 64 7.2 49 13.3 34 

2.S 64 7.3 49 13.S 30 
2.6 63 7.S 49 13.8 27 
2.7 63 7.6 S0 14. 1 24 
2.9 63 7.8 49 14.4 20 
3.0 63 7.9 48 14.7 18 
3. 1 64 8. 1 S0 1s.1 16 
3.2 62 8.2 49 15.5. 14 
3.3 63 8.4 47 16.0 12 
3.5 63 8.6 48 16.6 10 
3.6 63 8.7 47 22.2 5 
3.7 62 8.8 46 22.9 5 
3.9 61 9.0 47 23.6 5 
4.0 61 9.2 46 24.3 5 

4. 1 60 9.4 45 25.0 5 
4.2 59 9.5 45 25.6 5 
4.4 58 9.7 44 
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Table C.3b Results from Batch Test 3 <12/8/86) 

Til1E TKN COD N03 

<hours) CmgN/l) CmgCOD/l) <m~N/l) 

0 68.6 277.0 4.0 
1 61.3 205.2 7.2 
2 60.3 158.0 11.5 
3 55.3 133.4 14.3 
4 50.3 112.9 17.0 
5 45.2 100.5 20.3 
6 41.0 102.6 24.0 
7 37.0 96.4 27.0 
8 31.6 133.4 29.8 

10 25.8 88.2 35.0 
12 20.4 71.8 40.5 
22 13.2 119.0 43.8 
23 13.2 121.1 45.5 
24 13.7 119.0 47.5 
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Fis C.l: OUR data fran aerobic batch test on sludge from Split-feed SJ'Btem 
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APPENDIX D 

STATISTICAL ANALYSIS 

In analysing the experiment.al data, it was necessary to obtain a set of 

values of the process parameters for each system such that the values 

accurately represented the behaviour of the system. The method chosen to 

obtain the set of representative values involved testing the experimental 

data for normality and, if the distribution appeared t.o be statistically 

normal, determining the mean and standard -deviation of the mean far each 

process parameter. The detailed procedure followed is presented below. 

Assume we have a set of m ~ta points. Then 

1. Rank the-·data in ascending order, say X11 Xz • • • X n 
. . . x • 

m 

2. Assign a probability value of (n-1/2)/m to each, starting fran x 1 • 

3. Plot :the assigned prbabili ty values against the x values on probability 

paper. 

4. ~w the best straight line through the values. . 

5. Determine the mean ( i) from the 50 percent proba.bili ty value. 

6. Determine the standard deviation (o) from t:he 84 percent probability 

value, i.e. a = x.~ - x. 0 • 

7. Calculate the standard deviation of the mean (o ) using o = o".2/./m m m 

a. 21.Jijj 

In order to demonstrate the strong normal characteristics displayed by the 

data, the probability graphs for a typical set of experimental results 

(Johannesburg system at 5 day sludge age with an a-recycle ratio of 1) are 

shown in Figs D.l to D.23. 
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APPENDIX E 

MASS BALANCES ON EXPERIMENTAL DATA 

1. Carbonaceous Organic Material 

Biodegradable carbonaceous organic material in was~ter serves as an 

electron donor in an environment containing heterotrophic organisms and a 

suitable electron acceptor. In this investigation, the chemical oxygen 

demand (COD) test was used to estimate the potential for electron transfer 

of organic material in wastewater. In the COD test, the concentration of 

organic material is measured in terms of the concentration of oxidant or 

electron acceptor (dichroma.te/sulphuric acid) that is required for the 

transfer of electrons from the organic material. From the half reaction for 

the reduction of oxygen; 

it can be seen that 1 mole of molecular oxyaen ( 32g) is equivalent to 4 

electron equivalents. By definition, when the equivalent of lg of oxygen is 

used in the COD test, the mass of COD ~idised is also lg. 'lberefore, 

lg COD :! lg oxygen : 1/8 electron equivalent (B.l) 

Since all the organic material is oxidised in a COD test, it is possible to 

perform a mass balance on an aati vated sltdge system under steady st.ate 

conditions of flow and load. 'lbe mass of organic material entering the 

system in the wastewater can be aocotmted for in the following fractions: 

1. A fraction leaves the system in the effluent. 

·2. A fraction is incorporated into the sltdge mass by synthesis, absorption· 

and enmeshment and leaves the system in the daily sludge wastage. 

3. A fraction is oxidised (the electrons are transferred from the organic 

material to the electron acceptor) • 'lbe extent of electron transfer can 

be calculated from the measured oxygen utilisation rate. 
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Therefore the COD balance for a purely aerobic system can be written as 

follows: 

IC'.>Dinf : M:X>D ff + K:X>D 1 + t£0D e s ox (E.2) 

where KX>D. f = mass of COD in the influent per day in. 
K:;()Deff = DBSB of COD in the effluent per day 

M:X>D el = mass of COD in wasted sh.dge per day 

M:X>D = IDBSB of COD oxidised per day. ox 

Ass'Lllli.ng that a proportional relationship exists between the COD concentra­

tion of a sludge and its volatile suspended solids (VSS) concentration. 

COD = f .X 
S CV V 

(E.3) 

f = proportionality constant 
CV 

(mgCOD/mgVSS) 

x 
v 

.= volatile suspended solids concentration of sludge (acVSS/t) 

Using Bq (E.3) and noting that the mass parameter is the product of the 

daily flow 8nd the COD concentration, Bq (E.2) can be rewritten as follows: 

Q.Sti• = Q.Ste + f .X .q + 0 .V cv v c · aer 

where Q = average influent flow (t/d) 

sti = total l.Ulfiltered influent COD (mgCOD/t) 

. Ste = t.otal Wlfiltered effluent aID (mgCOD/t) 

q = average 'WaSte sludge flow (t/d) 

0 = carbonaceous oxygen demand (nc0/t/d) c 
Vaer = volume of aerobic reactor (t) 

(B.4) 

For systems which incorporate biological nitrification, the measured oxygen 

consunption rate is the sum of the carbonaceous and nitrification oxygen 

demands. 

M(Ot) = M(O ) + M(O ) c n (E.5) 
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where M(Ot) = Vaer"Ot = total mass of oxygen per day (mgO/d) 

M(O ) = V .0 = mass of oxygen for carbonaceous degradation per day 
c aer c 

(mgO/d) 

M(O ) = V .O = mass of oxygen for nitrification per day (mg()/d). n aer n 

The carbonaceous oxygen demand can be calculated. by deducting the 

nitrification oxygen demand 

M(O ) : M(Ot) - M(O ) c n (E.6) 

The overall stoichiometric reaction for nitrification is 

(B.7) 

Therefore, 1 mole of emnonia requires 2 moles of oxygen for nitrification. 

Therefore, 1 mgN/t of nitrogen requires 64/14 = 4,57 mgO/t. Bence, 

M(O ) : 4,57.N .Q 
n n 

(B.8) 

where Nn = reactor nitrate concentration (mgN/ t ) • 

Therefore, for a ~ly aerobic activated sludge system in which nitrifica­

tion is sustained., the COD DIBSS balance equation is 

Q.Sti' = Q.Ste + f .X .q + Ot. V - 4,57 .N .Q cv v aer ne 

where N =effluent nitrate concentration (mgN/t). 
ne 

(B.9) 

In a system which includes an anoxic zone for biological denitrification, 

nitrate becomes the final electron acceptor in the anoxic zone. 'lhe nitrate 

equivalent of oxygen can be determined from the following 2 half reactions; 

Oxygen (B.10) 

Nitrate e- + 1/5 NO. + 6/5 ff• ~ 1/10 N. + 3/5 H.o (E.11) 
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'Ibe transfer of 1 electron equivalent involves the reduction of 1/4 mole of 

oxygen or 1/5 mole of nitrate, i.e. 

14/5g N0 1-N = 32/4 g02 or 1 mgN0 1 -N : 2,86 mg0 2 • 

.. 
Hence the oxygen equivalent of nitrate is 2,86 mgO/mgN()1 and the IDB.88 of 

COD utilised will be given by 2,86.AN .Q (mg()/d) 
s 

where AN =system nitrogen removal (mgN/t influent). 
s . 

Equation (E.9) can now be rewritten as 

Q.Sti . = Q.Ste + f .x .q + ot.v - 4,57 .N .Q + 2,86.AN .Q cv v aer n s (E.12) 

·Now the term N must reflect the mmonia nitrified to nitrate and sub­
n 

sequently lost to the atmosJilere as nitrogen by denitrification 

N : (N + AN ) 
n ne s 

(B.13) 

Hence substituting for N in Bq (B.12) and simplifying, the general COD 
n 

mass balance equation for a nitrification/denitrification system becoines 

= Q.Ste + f .x .q + ot.v - 4,57.N .Q - 1,71.AN .Q cv v aer ne s (E.14) 

'1he system nitrogen removal (AN ) differs with the system ccmf:iguration. 
8 

Its value is obtained. by a mass balance over the anoxic reactor. For 

example, with the Phoredox configuration the only nitrate entering the 

anoxic reactor is in the underflow (s) recycle stream. Since this stream is 

taken from the settler. the nitrate entering the anoxic reaetor per litre 

of influent is s.N • 'Ibe nitrate leaving the anoxic reactor is then ne 
(s+l) .N where N is the nitrate concentration in the anoxic nanox · nanox 
reactor. 1berefore the denitrification per litre of influent (AN ) is given . B 

by 

AN : s.N - (s+l).N • 
s ne nanox 
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'Ihe system nitrogen removals were calculated, in this manner, for all the 

reactor configurations investigated. '1be following equations were derived, 

~~~~~-~~~ 
AN = s.N - (s+l).N 

s ne nan ox 

~!!!~~-~en~~-!l!~~ 
AN = s.N + a.N 4 + - (a+s+l).Nn2 s ne n 

~-~~~ 
ANs = a.Nn4 + s.Nne + - (a+s+l).Nn2 

~!~~=f~_!l!tel.!! 
AN = s.N - (s+x)N s ne nanox 

"J~b\_g_!~~ 

ANs = s.Nne - (s+l )Nn2 

where N . :: nitrate conoentrate in ith reactor (mgN/t) 
DJ. . 

i = reactor nunber 

x . = fraction of the feed errterirc the anoxic reactor. 

2. Nitrogen mass balance 

Nitrogen enters the system in the form of &lllDOnia and . organic COllp>tmds 

which is measured by the TKN test (Chapter 3, Section 4.4). If the systell 

is nitrifying, most of the influent 'l'KN is converted to nitrate and it 

leaves the system in this form in the effluent. If the system incl mes 
biological denitrification zones, then sane of the nitrate will be con­

verted to nitrogen gas and will leave the system in this form. A fraction 

of the influent TKN is utilised as nutrient requirements for sltdge produc­

tion and hence leaves the system in the sltdge wastage. The nitrogen 

balance equation for an activated sluige system is therefore 

Q.Nt. = Q.Nte + Q.N + AN .Q + f .X .q 
J. · ne s nv · (E.15) 
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where Nti = unfiltered 'MN coocentration· in influent (mgN/t) 

Nte =unfiltered TKN concentration in effluent (mgN/t) 

N =filtered. nitrate concentration in effluent (mgN/t) 
ne 

fn = nitrogen fraction of the sludee 

: 0,1 mgN/mgVSS. 

E.6 
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APPENDIX F 

GENERAL ACTIVATED SUJDGE MODEL 

'Ille general activated sltdge model of Dold and Marais (1986) incorporates 

carbonaceous material oxidation, nitrification and denitrification. The 

f ollowi.ng processes are identified in the model. 

1. Aerobic growth of heterotrophs using amnonia as srnthesis nitrogen 

source: '!his process is responsible for a large portion of the removal 

of organic matter (and its oxygen requirement) and production of the 

bulk of the MLVSS. Concomitant with growth, the small nitrogen require­

ment for synthesis purposes is supplied from the pool of anmonia 

nitrogen, and there is an associated alkalinity change. 'Ille rate of 

growth reduces to zero in the abSence of dissolved oxygen or when the 

anmonia concentration decreases to low values. At low dissolved oxygen 

concentrations, there is a switch to anoxic growth (Process 2),. and when 

amnonia is limiting there is a switch tp aerobic growth with the 

nitrogen requirement for synthesis being supplied from the nitrate pool 

(Process 9). 

2. Anoxic growth of heterotrophs using 8lllll0llia as smthesis ni trosen 

source: In the absence of dissolved oxygen, a fraction, "o' of the 

heterotro}'.iiic organism poptlation is capable of using nitrate, if 

available, as a terminal electron aooeptor. 'lb.is process occurs at the 

expense of organic matter and results in the production of MLVSS; the 

product of nitrate reduction is Na gas. As with aerobic growth, ammonia 

nitrogen is incoprorated in the new cells and there is an alkalinity 

change. At low anmonia concentrations, the rate decreases to zero and 

there is a switch to anoxic growth with the nitrogen requirement for 

synthesis being supplied fran the nitrate pool (Process 10). 

3. Deca.y of heterotroms: '!he process is aodelled according to the 

•death-regeneration• hypothesis. '!hat is, the heterotro}'.iiic organism 

mass decays at a certain rate; a portion of the material fran the decay 

is non-degradable and adds to the endogenous cell residue while the 

remainder adds to the pool of particulate biodegradable COD. Particulate 

nitrogen associated with the particulate biodegradable COD becomes 
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available as soluble organic nitrogen. The process of org&niBlll death is 

asstuned to continue under aerobic, anoxic and anaerobic conditions. 

4. 1 }1ydrolysis• of particulate COD: Particulate COD enmeshed in the sludge 

mass is broken down extracellularly, with the products of breakdown 

adding to the pool of readily biodegradable substrate available to the 

organiBlllS for synthesis purposes. This •hydrolysis• process is modelled 

on the be.sis of Levenspiel's surface reaction kinetics, and occurs only 

tmder aerobic or anoxic conditions; the rate of hydrolysis tmder anoxic 

conditions is reduced to a level of q times the rate in an aerobic 
s 

environment. Hydrolysis does not occur under anaerobic conditions. 

5. 'llYdrolYBis' of mrticu1ate organic nitrogen: Biodegradable particulate 

organic nitrogen is broken down to soluble organic nitrogen at a rate 

defined by the hydrolysis reaction for carbonaceous particulate matter 

( 4 above) • The product of breakdown adds to the pool of soluble organic 

nitrogen. 

6. Anmonification of soluble organic nitrogen: soluble organic nitrotren is 

converted to free and saline amnonia, a process mediated. by the active · 

heterotroJiis. .Acidity produced in the Conversion process results in an 

alkalinity change. 

7. Aerobic growth of aytotroPbs: The process of oxidation of aamoni.a 

nitrogen to nitrate is assuned to be a single-step one, requiring the 

pres~ of dissolved oxygen. This process bas a marked effect on the 

prediction of the oxygen demand; the effect on total MLVSS is small, as 

the yield of autotro}ilic nitrifiers is low. As with the growth of 

heterotroJiis, 8111DOili.a nitrogen is incorporated in the new cells and the 

alkalinity is affected. 

8. Decay of autotroms: The process parallels that for decay of 

heterotrophs. 

9. Aerobic growth of heterotrophs using nitrate as BY11thesis nitrosen 

source: Under certain loading patterns in nitrifying systems, 8111D011ia is 

not available in sufficient quantity at all times to supply the nitrogen 

requirement for synthesis. In this situation, the heterotrophs can use 
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nitrate as a nitrogen source for synthesis. 'Ihe stoichianetry of this 

process parallels that for growth of heterotrophs using BlllDOllia nitrogen 

for synthesis (Process 1). 

10.Anoxic growth of heterotrophs using nitrate as smt.hesis nitrogen 

source: In the event of anoxic growth (Process 2) being limited. by the 

availability of amnonia, there is a switch from 8111DOili.a to nitrate as 

the nitrogen source for synthesis ?JI1X>Ses. ('Ihis switch parallels the 

switch from Process 1 to 9) • 
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