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Abstract

The applicability of set-point titration for monitog biological processes has been widely
demonstrated in the literature. Based on published on-going experiences, some operating
procedures have been specifically developed toppéeal to SBRs, so that real-time information
about the process and/or the influent can be afdaihhis, in turn, would allow plant operators to
select the most appropriate actions properly andlyi. Five operating modes are described for the
monitoring of (1) influent toxicity, (2) influent Mdontent, (3) nitrification capacity, (4) end okth
nitrification reaction, (5) nitrate effluent condeation, and are currently tested on the on-line
titrator TITAAN (TITrimetric Automated ANalyser) wibh is in operation on a pilot scale SBR.
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INTRODUCTION

The main challenge in the management of a sequgiheitch reactor, for the biological treatment dfaur

and industrial wastewaters, is to ensure a stabsnbent efficiency under highly variable influentality

and quantity. To help SBR operators to cope with thallenge, on-line instrumentation is fundamenta

since it allows to characterize both influent vhility and process efficiency. The more the on-ldaa are

closely correlated with influent quality and SBRi®atment capacity, the more straightforward is to
implement control strategies based on these data.

As it is widely demonstrated in the literature bé tpast decade, pH/DO-stat titration allows thesssent

of two kind of information of great interest in th@nitoring of an SBR for N-removal:

- tractability of the influent, in terms of sewageitity to the biomass and pollution load (e.g.: ddane et
al., 1998; Ficara and Rozzi, 2001; Yuan et al.,12@bzzi et al., 2004; Ficara and Rozzi, 2004);

- the biomass treatment capacity, in terms of procaiss (see e.g. Ramadori et al., 1980; Massoné, et a
1996; Bogaert et al., 1997; Massone et al., 1988n&ey et al., 1998; Ficara et al., 2000; Petegseh.,
2002; Foxon et al., 2002).

Under aerobic conditions, pH/DO-stat titration gyes as other respirometric techniques, but, difity

from respirometry, pH-stat titration is applicahleder anoxic conditions as well. Therefore, setipoi

titration was considered as a suitable technigueetapplied to the monitoring of N-removing SBRs.

The following procedures, or modes, have been deeel, based on the above listed literature, and

experimented:

1) detection of influent acute toxicity to nitrifyingomass;

2) estimation of the influent nitrifiable nitrogen dent;

3) measurement of the nitrification capacity of theRSRssessed in terms of maximum rates of oxidation
of ammonium to nitrite and of nitrite to nitratdlosving to predict nitrite build up;

4) monitoring of ammonium oxidation process duringdleeobic react phase of the SBR reactor;

5) estimation of nitrate concentration.

Here below, each mode is described. Measuring guwes and main outputs are presented, as they are

implemented by an on-line automated titrator (TITMATITrimetric Automated ANalyser). This titratos i

the result of a cooperation between SPES s.cKdbr{ano, 1) and the Technical University of Milan

(Politecnico di Milano, 1). Main components of thistrument are outlined in Fig. 1.



Experimental titration curves, reported in the duoling paragraphs, were obtained during an on-going
experimentation on the monitoring of a 500 L p#ctle SBR fed on urban wastewater.
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Figure 1 : Main components of the on-line titrator (TITAANBs: sludge storing beaker; Bi: influent
storing beaker; Rt: measuring and titration beakdf;: actuated 3-way solenoid valves; EV: actuated

solenoid valves.

MODES OF OPERATION

Mode 1: Detection of influent acute toxicity to nitrifying biomass

It consists in performing a pH/DO-stat titration anSBR sludge sample, to which a selected amount of
influent is dosed, to assess the activity of ammononoxidizing bacteria (AOB) and nitrite oxidisingdieria
(NOB). Influent acute toxicity is detected whenass activities are found to be significantly lowigan
historical values.

Simplified titration curves obtained according te tfollowing procedure are reported in Fig. 2a,idgp
experimental data are reported in Fig. 2b.

The titration reactolRt is partially filled with the influent sample on wh the toxicity test has to be
performed. Then, activated sludge is withdrawn friiiea SBR tank (normally at the end of the aerobic
phase) and loaded Rt (test time t = 0). A known amount of Y€l is dosed in order to ensure a non-
limiting ammonium concentration during the wholérification test. The aerator is switched on foshert
time (1-5 minutes) and titrants, NaOH angDy are dosed until set-point values are reachedpdtr pH
and DO. pH/DOstat titration starts when pH and @Omints have been reached (tg tStarting from ¢,
titrant volumes are recorded and the correspondimgulated curves can be drawn (Fig. 2a). Looking at
these curves, three or four phases with diffelitnation rates can be observed.
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Figure2a: Scheme of titration curves in MODE 1. Figure 2b: Actual titration curves : B2 and B3 .
automatically detected.



The titration rate is highest initially (at tsdop), because all of the following processes occuuiameously:
a) O, consumption/C@production by heterotrophic oxidation of the rbCOD
b) O, consumption/protons production by autotrophic amiom oxidation;
¢) O, consumption by autotrophic nitrite oxidation;
d) O, consumption/C@production by heterotrophic oxidation of slowlypbtegradable COD (sbCOD);
e) G, consumption/C@production by heterotrophic endogenous respiration

The value of tcop depends on the rbCOD content of the wastewatet.idfvery low, it can happen that
twcon<tsp, and the first bending point (Bcannot be observed, as it is the case showngnZh. For this
reason, a fixed time intervalt; is defined, according to the result of calibrattests, within which the
rbCOD is, normally, fully oxidised.

In the following phase (), titration rates are due to processes b) to b dystem can identify both
slopes (fo,ror and p ror) automatically and in real time at a given accyrac

Once these slopes have been calculated, a pecigptathp doses allylthiourea in the titration reagtstary),

in order to inhibit ammonium oxidizing bacteria (B A second bending point ¢Bis observed in both
titration curves. Later on, only processes c) tare)active and, therefore, can be titrated. Thgevaf f eng
is now assessed, which includes endogenous hefghatrrespiration and sbCOD oxidation.

A third bending point on the hydrogen peroxideatitsn curve (B) could be detected, due to the complete
oxidation of nitrites. An algorithm tries to idefytithe bending point B Actually, if ammonium oxidation is
slower than nitrite oxidation, no nitrite build-wgecurs in the titration reactor. In this case,aBd B take
place almost simultaneously, making the detectfddsompossible. Therefore, a fixed time intervd) (e.g.
At, = 0.5%7y) is established, after which the system calcult#tesvalue of g0 ng €ven if B has not been
detected.

By taking into account the stoichiometry of the twitrification reactions and from the two slopeg’ “r
[MLyandmin] of each titration curve, activities (ACT, [MNgxidized Ls.udge'l h'l]) of both ammonium and nitrite
oxidizing bacteria are calculated as follows:

(rpH,tot - rpH,end) (M NaOH [fstNaOH [60min/h

ACT(AOB) = 1)
( ) H(T-ZO) wsludge
- [B2 IIM , (60min/h
ACT(NOB) = | (otot ~ooend) TgQ/ MMOT Moz DOMINVA_ acT(a0B) L, [t ()
9( ) wsludge f23t02

where:

fsnaon= 7 mMgN/mmoINaOH  : stoichiometric factor (oxidatiof ammonium to nitrite);

flso2 = 3,42 mg@mgN-NH," : stoichiometric factor (oxidation of ammoniumrtitrite);

2502 = 1,14 mg@mgN-NH," : stoichiometric factor (oxidation of nitrite tatrate);

T : test temperature in degrees Celsius;

06=1,08 : temperature compensation coefficient foifging bacteria (activity normalized at 20°C);
Mnaon : molarity of the NaOH titrant;

Mo2  : molarity of the HO, titrant (in mmolQ/mL);

Vsudge : Volume of sludge used for the test [L];

IoH,ton D0 ot - SlOPE of the cumulated NaOH/BL curve when rbCOD has been consumed,;

fonend - Slope of the cumulated NaOH curve when AOBvitythas been inhibited,;

moena - SlOpe of the cumulated,8, curve when heterotrophic respiration is the omlyva process.

Toxicity, which is the output of this procedure,egaluated by comparing actual AOB and NOB ac#siti
with their mean values, calculated in a numbet ‘0f previous tests and by taking into account the
variability of these mean values, expressed asficmeft of variation (CV, % ratio between the starul
deviation and the mean).

ACT
measured:| D.OO (3)

mean ~

ACT,

mean

TOX (%)= {ACT

If TOX (%) > 1.2 CV(%), influent acute toxicity diagnosed and an alarm is generated on the cqranal.



Mode 2: Estimation of the nitrifiable nitrogen content of the SBR influent

It consists of a pH/DO-stat test that allows estingathe nitrifiable nitrogen content of the sewdlat feeds
the SBR. The test is performed by adding a knownnae of influent to an activated sludge sample unde
endogenous conditions. In order to reduce thedigsttion it is convenient to work with concentraghaldge
samples — e.g. drawn from the bottom of the SBR &tnthe end of the settling phase or during the id
phase — and with limited influent volumes. A sirfiplil titration curve obtained according to the daling
procedure is reported in Fig. 3a, typical experitakedata are reported in Fig. 3b.

The sludge is withdrawn from the SBR and store®$nThe influent sample is loaded Bi. Then, the
titration reactor is filled with influent and thevith sludge up to the working volume.
After reaching set-point values ({3t NaOH titration curve is built and, as for Modgtlis characterized by
two/three phases at different titration rates. $ytem waits for a fixed time intervalt() before pyroris
assessed and then the fitting algorithm keeps deculesing titration rates until the bending point B
(corresponding to the end of ammonium oxidatiometected. Thenydkenqis estimated.
The volume of alkaline titrant added to compenshgeacidity produced by nitrification () is assessed
from the total volume of titrant added34) as follows:
a) by subtracting the titrant volumes dosed to camspte:

al) the acidifying effect of the endogenous re$ipinaAV ¢ng = on,end{teno— L) ;

a2) the acidifying effect of the roCOD respiratitéV. ,cop = Va - o, ror (AL — tp);
b) by adding the volume due to nitrification duritige time interval Osf, when no set-point titration was
taking placeAViniia = (Ion,1o7- fponend Lsp 1.€. it has been assumed that nitrification dyirt, was taking
place at the same rate as later on.

Therefore, the total volume of titrant correspogdia the nitrifiable nitrogen present at the begigrof the
test (VNIT) is:

Vit = Vror — fprendl{teno— tsp) — [Vau - Tpn ot AL — tp)] +(For. ot Forend Csp 4)

The corresponding nitrifiable nitrogen (in mgN/lwhich is the output of this procedure, astainedby
taking into account the stoichiometric relationviletn nitrogen oxidation and acidity production:

[N] = Vi *Fstnaon “M naom (5)
Vinfluent
Vinfient = VOlume of influent added [L].
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Figure 3a: Scheme of a pH-stat titration curve in Figure 3b: Experimental titration curves in Mode 2
Mode 2



Mode 3: Measurement of the nitrification capacity of the SBR, assessed in terms of oxidation rates of

both ammonium to nitrite and of nitriteto nitrate

Mode 3 is a pH/DO-stat test for the measurementmakimum activities of AOB and NOB which
characterize the nitrification capacity of the SB&ivated sludge. This type of test can be perfdratethe
end of the idle phase of the SBR reactor, on slusigaples under endogenous conditions. A simplified
titration curve according to Mode 3 is reportedrig. 4a.

The sludge sample is loaded ikd At the beginning, the control routine brings phtdaDO to their set-
point values. Then, at timgy,ta known amount of NILI is dosed by a peristaltic pump to trigger the
nitrification process. Titration rates are then swad on-line (s Moot fpH.end@Nd boens IN Fig. 4a).
Nitrification activities are calculated as in Modleby taking into account that, in the idle phase, $BR
sludge is more concentrated than in the react phgsa factor Va/Vuin (Vmin Vmax SBR volume after
effluent decanting/during the react phase). The 8Bffication capacity (Gr. MgNyigisedCycCle), which is
the output of this procedure, is calculated fromldwest between AOB and NOB activity (AGJ:

Cuir = ACTmin Bagr DV viax (6)

where jeris the duration of the aerobic react phase.
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Figure 4a : Scheme of a pH/DO-stat titration test Figure 4b : Actual titration test in Mode 4. The DO
Mode 3 and 4. trend measured in the SBR is reported for compariso

Mode 4: Monitoring of nitrification during the aer obic phase in the SBR reactor

It's a working mode that allows to monitor the axtan of nitrification in the SBR during the aerolphase.
This makes it possible to identify the end of tltdfication process as soon as it takes placdéSBR. The
sludge sample is withdrawn from the SBR at the @nthe anoxic phase, so that nitrification takescpl
simultaneously in the titration beaker and in tB&R3anks.

The sludge is loaded infg and the set-point titration is performed as in BI&d(see Fig. 4a), but no extra
nitrogen is added. As for Mode 3, Mode 4 can edenfeOB and NOB activities, but its main output e t
ending time of the nitrification process in the SBR. bending points Band B. If data obtained by the
automated titrator are collected by a supervisimtesn, this information would be used to stop teebic
react, moving to the following phase before theeseied time, thus saving energy under low-loading
conditions. On the contrary, in the case of a girooverload, or of a reduced nitrification capacihe
aerobic phase could be prolonged, allowing compiétéication to take place. In Fig. 4b, an expeental
titration test in Mode 4 is reported together wile dissolved oxygen concentration (DO) measuretien
SBR reactor, during the same aerobic react phasge(time t=90-300 min). When bending points are
identified on the titration curves, the DO valuethe SBR also shows a bending point, indicatingetie of

a biological reaction (i.e. ammonium oxidation Bik and nitrite oxidation for B2).



Mode 5: Estimation of nitrate concentration at the end of the anoxic phase

This pH-stat test is aimed at the determinationhef amount of nitrates present at the end of tloxian
phase, which should be zero, (Mode 5a) or of theusahof nitrates produced by nitrification that aémebe
denitrified during the following SBR anoxic phasklgde 5b). A simplified titration curve obtained
according to Mode 5 is reported in Fig. 5a, typegberimental data are reported in Fig. 5b.

The sludge sample is withdrawn from the SBR athibginning/end of the aerobic phase, it is loadeBsn
and then transferred intat, where pH-stat titration is performed. Once the li$ reached the set-point
value, at t=f, a non-limiting amount of acetate is added. Thgeoled acid titration rate is almost constant
because the denitrification kinetics is almost zerder and independent from both nitrate and azetat
concentrations. Therefore, when nitrates are camlgleeduced, the titration curve shows a sub-loortal
trend, indicating the end of the denitrificatioracgon, so the first titration volume;\s assessed. Now the
system doses a fixed amount of nitrates (NsNfked and performs a second titration, until anothdy-su
horizontal trend is detected, pointing out volumg Vhe nitrate content of the sludge loaded at the
beginning of the test (N-Nsuqgd IS evaluated by a simple proportion, becauserdtie between titrated
acid and nitrates reduced, with the same carborce@nd on the same sludge sample, is constant:

N-NOg', siudge= N-NOs, dgosed V1/(V2 - V1) (7

For SBR monitoring and for control purposes, theiabtained can be used, for instance, to evalhate
performance of the denitrification phase (Mode &ajo predict the duration of the following anoxibase
(Mode 5b).

In Fig. 5b, from the dosage of the known conceianadf nitrates (15 mgN ), an initial concentration of
20 mg N-NQ L™ was estimated. Compared to the analytical detestioim, a discrepancy of less that 10%
was found.
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Figure 5a: Scheme of titration pH-stat test Figure 5b : Anoxic pH-stat titration test obtained on
in Mode 5. a nitrate containing sludge sample, to which a non
limiting acetate concentration was added.

SYNCHRONIZATION BETWEEN THE TITRATOR OPERATION AND THE SBR CYCLE

The outputs of the on-line titrator (toxicity, adgties, nitrogen content, nitrates concentratiom meant to
be used for process control. For example, this sésat the influent toxicity should be detectedobefthe
fill phase, or that the influent nitrogen contehosld be assessed before the beginning of the iagsbbse,
while nitrate concentration should be determindddeethe beginning of the anoxic phase.

Since the on-line titrator can perform only one Mat a time, sludge/influent sampling times, ad ael
titration tests, should be carefully scheduled yaychronising them with the SBR cycle timggf). As an
example, Fig. 6 shows the scheduling for an SBRkimngraccording to a cycle including: anoxic filhaxic



react, aerobic react, settling, drawing and idled@e/influent withdrawing are indicated by ‘L’ (dgneans:
“Loading TITAAN"). This “Loading” should take placat specific timings, scheduled at the end/begipnin
of each SBR-phase.

A possible operational sequence could be the faligw(Mode5a)/(Model)/(Mode5b)/(Mode2)/(Mode3).

Of course, the feasibility of performing all theoal steps depends on the length of each SBR pRase.
example, in Mode 2 sludge is taken at the beginoinidpe idle phase, while in Mode 3 sludge is takest
before the end of the idle phase. If no idle phaseheduled during that cycle (due to occasiopatational
needs), only one of these two Modes can be perfhrme

This sequence does not include Mode 4. In faetn iinstrumented SBR includes a DO probe, bendinggo
may be evidenced without performing Mode 4 (see &igA different sequence can be designed in ttese
assessment of the end of the nitrification phasemsidered to be a priority.
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Figure 6: Synchronization between the operation of thetitraModes and the SBR cycle-timing. L
stands for “loading of the titration vessel”; Trada for “Titration”.

CONCLUSIONS

Process monitoring of an SBR is necessary to ensuger operation, especially if biological nitroge
removal is to be achieved. An automated titratdif ARN: TITrimetric Automated ANalyzer) has been
developed, capable to perform several tests aimeddess influent loadings and biological actilibyh for
organic carbon and nitrogen removal.

Then, five set-point titration procedures (calleddds) were defined for the monitoring of an SBRt (bu
applicable to continuous processes with minor nicatibns) to: (1) detect influent acute toxicity to
nitrifying biomass; (2) estimate the influent N-tent; (3) measure the nitrification capacity of 8BR; (4)
monitor ammonia oxidation during the aerobic regltase of the SBR; and (5) estimate residual nitrate
concentration at the end of the anoxic phase thea¢nd of SBR cycle.

Data collected during the titration tests are auwiiorally elaborated by the master computer linketh w

TITAAN and results are stored in a permanent memibiyas to be stressed that TITAAN is a powerball t

in order to prevent faults in biological procesard to implement correct operational strategiefelisvs:

- Mode 1 gives toxicity early warning that allows thygerator to divert part of the influent flow tes#rage
tank and/or to operate other countermeasures &eldition of powdered activated carbon).

- Mode 2 can activate the increase of the aeratipaaty, well before the detection of low-DO conalits
during the aeration phase (which can be too lateli, the duration of the aerobic phase can bedsed if
necessary.



- Modes 3 and Mode 4 allow checking whether bothtapdiic populations (AOB and NOB) are working at
their optimal rates. By looking at historical data operator can check whether nitrite oxidatiate trend
is decreasing, leading to possible nitrite build-upnd consequently can take adequate early
countermeasures to restore optimal conditions. (nereasing the duration of the aeration phaséoand
inoculate fresh fully nitrifying sludge).

- Historical data collected from Mode 5 can point ¢utreasing trends of nitrate concentration so that
adequate countermeasures can be taken by the @pg@rat dosing easily biodegradable organic carbo
during the fill or the anoxic phase and/or incregghe duration of the anoxic phase).

A prototype of TITAAN is currently running at a pitscale SBR located at the WWTP of Trebbo di Reno

(Bologna, Italy). A further paper summarising réswif the on-going experimentation on the pilotls@&BR

will be submitted for publication soon.
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