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Abstract
The feasibility of applying set-point titration to the monitoring of the main biological processes taking place in an SBR reactor has been the object of Deliverable 3.1, which summarized main literature data and experiences on the use of pH/DO-stat titration. Some promising results were also reported on the applicability of this technique to sequencing batch reactors, which clearly indicated that pH/DO-stat titration could be usefully integrated within a supervision system for process monitoring and control. 

In the present report, the most interesting results on the applicability of pH/DO-stat titration to the monitoring of SBRs are presented and discussed. These results were obtained by applying a titrator prototype (named MARTINA, Multiple Analyte pRogrammable TitratioN Analyser) developed by SPES, to a lab-scale SBR that was set up and managed by POLIMI. On the basis of the knowledge gathered during the lab-scale experimentation, a prototype of an on-line titrator, named TITAAN (TITration Automatic ANalyser) was developed by POLIMI, which defined its main features and operational modes, and SPES, which developed the instrument’s hardware and software. Instrument features,  lay-out, operational modes and main outputs are described in details. 
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I – Introduction 

The main challenge in the management of a sequencing batch reactor, for the biological treatment of urban and industrial wastewaters, is to guarantee a sufficient and stable treatment efficiency under relevantly variable influent quality and quantity. 

To help SBR operators to cope with this requirement, on-line instrumentation is fundamental, since it allows to characterize both influent variability and process efficiency. 

The more the on-line data are closely correlated with influent quality and SBR’s treatment capacity, the more straightforward is to implement control strategies based on these data. 

As it is clarified in the following paragraphs, set point titration allows the assessment of two kind of information of great interest in the assessment of process efficiency:

· the influent treatability by the SBR’s biomass, in terms of sewage toxicity and pollution load;

· the biomass treatment capacity, in terms of process rate.

II – Monitoring an SBR reactor by pH/DO-stat titration

When the monitoring system of a treatment process has to be designed, the first question to be answered is which are the main scopes of the process and which treatments may be applied to achieve them. Secondly, within the treatment steps, the most sensitive ones should be identified, which deserve a special attention by the supervision system.  

As for the first question, the SBR treatment was aimed at the removal, from the influent sewage, not only of the organic carbon, but of the nitrogen content as well. Nitrogen removal is desirable, since nitrogen is known to cause eutrophication of the receiving water body, while some nitrogen compounds (typically ammonia and nitrite) show a relevant environmental toxicity. 

It is well known that, when both nitrogen and carbon removal, are to be achieved, the first is the limiting step, while carbon removal is automatically guaranteed. Conventional nitrogen removal is achieved by oxidising the nitrogen content to nitrite and the latter to nitrate (nitrification) and by reducing nitrates to nitrogen gas (denitrification), which is then released in the atmosphere.

Nitrification is brought about by autotrophic bacteria known to be slowly growing and sensitive to a variety of chemicals. Therefore, nitrification failures are often experienced in full scale continuous as well as fed batch systems. Denitrification is due to facultative heterotrophic bacteria which are able, in the absence of dissolved oxygen, to oxidize organic molecules by using nitrate/nitrite as final electron acceptors. 

Denitrification failures are normally caused by insufficient carbon availability, which causes the build up of the effluent nitrate content. Nitrites build up may also be an issue, since they are intermediate products of both nitrification and denitrification. 

According to the above analysis, the pH/DO-stat titration technique was specifically studied for its ability to measure parameters which reflects influent or biomass characteristics directly affecting the nitrogen removal capacity of the SBR. 

The following procedures, or operational modes, have been developed and experimented: 

Mode 1. detection of acute toxicity of the SBR influent on nitrifying biomass; 

Mode 2. estimation of the nitrifiable nitrogen content of the SBR influent;

Mode 3. measurement of the nitrification capacity of the SBR, assessed in terms of oxidation rates of both ammonium to nitrite and of nitrite to nitrate, allowing to predict nitrite build up; 

Mode 4. monitoring of the ammonia oxidation process during the aerobic phase in a SBR reactor;

Mode 5. estimation of the nitrate concentration at the end of the aeration phase in the SBR tank.

A comprehensive experimentation has been carried out at POLIMI to define the best experimental procedures to perform the above-listed measurements by pH/DO-stat titration.

First, the experimentation was conducted on a lab-scale SBR with a working volume of 20 L, fed on synthetic sewage. Then, experiments were performed on a pilot-scale SBR, with a working volume of 500 L, located sidestream to a full scale WWTP and fed on real sewage. 

As for the titration unit, a laboratory prototype, named MARTINA (Multiple Analyte pRogrammable TitratioN Analyser) was made availably by SPES for this experimental campaign. Details on this instrument are outlined in paragraph III. 

Here below, each Mode is described. First the sampling and measuring procedure is outlined, as it is implemented by the on-line titrator. Then, results from the off-line implementation of each Mode are presented. Since few days, the on-line prototype is in operation, but on-line data are not yet available.

MODE 1: detection of acute toxicity of the SBR influent on nitrifying biomass

It’s a pH/DOstat test that allows the detection of the presence of toxic/inhibitory substances having acute effects on nitrifying biomasses, ammonium oxidising bacteria (AOB) and nitrite oxidising bacteria (NOB). This is done by estimating the activity of AOB and NOB and by comparing these activities to those measured in previous tests. 

Operating procedure (Figure  1)

The titration reactor Rt is filled with the influent sample on which the toxicity test has to be performed, until is reaches the level Lt1 (set by the operator in the calibration phase). Then, activated sludge is withdrawn from the SBR tank (sampled at the end of the aerobic phase) and loaded in the titration reactor, until level Lt2 is reached.

Then, a known amount of NH4Cl is dosed in order to ensure a not-limiting ammonium concentration during the whole nitrification test. Then, the aerator is switched on for a short time (1–5 minutes) and titrants, NaOH and H2O2, are dosed until set-point values are reached, both for pH and DO. pH/DOstat titration starts when pH and DO set-points have been reached (t = tsp). Starting from tsp, titrant volumes are recorded and the corresponding cumulated curves can be drawn (Fig. 1). Looking at these curves, three or four phases can be observed, which are characterized by different titration rates. Initially, (t<trbCOD) the titration rate is the highest, since it is due to all of the following processes:

a) O2 consumption/CO2 production by heterotrophic oxidation of the rbCOD;

b) O2 consumption/acidity production by autotrophic ammonium oxidation;

c) O2 consumption by autotrophic nitrite oxidation;

d) O2 consumption/CO2 production by heterotrophic oxidation of slowly biodegradable COD (sbCOD), and

e) O2 consumption/CO2 production by heterotrophic endogenous respiration. 

The value of trbCOD depends on the rbCOD content of the wastewater. If it is very low, it can happen that trbCOD<tsp, and the first bending point (B1) cannot be observed. For this reason, a fixed time interval (t1 is defined, according to the result of calibration tests, within which the rbCOD is, normally, fully oxidised. 

In the following phase (t>(t1), titration rates are due to processes b) to e). The system can identify both slopes (rDO,TOT and rpH,TOT) automatically and in real time at a given accuracy. Once these slopes have been calculated, a peristaltic pump starts dosing allylthiourea in the titration reactor (t = tATU), in order to inhibit ammonium oxidizing bacteria (AOB). A second bending point (B2) is observed in both titration curves. 

After the point B2, only processes c) to e) are active and, therefore, can be titrated. The value of rpH,end is now assessed. A third bending point on the hydrogen peroxide titration curve (B3) could be detected, due to the complete oxidation of nitrites. Since, after B3, only processes d) and e) take place, an algorithm tries to identify the bending point B3. Actually, if ammonium oxidation is slower than nitrite oxidation, no nitrite build-up occurs in the titration reactor. In this case, B2 and B3 could take place at the same time, making the detection of B3 impossible. Therefore, a fixed time interval Δt2 (e.g. Δt2 = 0.5tATU) is established, after which the system calculates the value of rDO,end, even if B3 has not been detected.

By taking into account the stoichiometry of the two nitrification reactions and from the two slopes “ri” [mLtitrant/minute] of each titration curve, activities (ACT, [mgNoxidized Lsludge-1 h‑1]) of both ammonium and nitrite oxidizing bacteria are calculated as follows:
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where:

fstNaOH= 
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: stoichiometric factor (oxidation of nitrite to nitrate).

T:
 temperature in degrees Celsius; 

( = 1,08:  temperature compensation coefficient for nitrifying bacteria (activity is normalized at 20°C);

MNaOH: molarity of the NaOH titrant; 

MO2: molarity (in mmolO2/mL) of the H2O2 titrant;

Vsludge: volume of sludge used for the test [L];

rpH,tot = slope of the cumulated NaOH curve when all processes are active;

rDO,tot = slope of the cumulated H2O2 curve when rbCOD has been consumed;

rpH,end = slope of the cumulated NaOH curve when AOB activity has been inhibited;

rDO,end = slope of the cumulated H2O2 curve when heterotrophic respiration is the only active process.

Toxicity is evaluated by comparing actual AOB and NOB activities with their mean values, calculated in a number “n” of previous tests and by taking into account the variability of these mean values, expressed as coefficient of variation (CV, % ratio between the standard deviation and the mean). The criterion adopted is the following:

TOX (%) =
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if TOX (%) > 1,2 CV(%), influent acute toxicity is diagnosed and an alarm is generated on the control panel. Toxicity value is saved by the control unit in a “output file” that is provided to plant operators. 
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Figure 1: Scheme of titration curves in MODE 1.

Results on the application of Mode 1 to monitor the pilot-scale SBR influent

The main issue of the Mode 1 procedure is the identification of the bending points (B2 and B3, if present). A Matlab algorithm was developed by SPES for this purpose and validated on real sets of titration data. A set of titration curves were therefore produced by feeding sludge samples, drawn from the pilot-scale SBR, on real sewage, using sludge/influent volumetric ratios varying from 1.8 to 5. 

In the following Fig. 2 and Fig. 3, titration curves are reported with automatic titration rates calculation by means of the Matlab algorithm. 

In all tests, titration rates and, at least, bending-point B1 were determined. AOB activity data were calculated and a satisfying correlation was usually found between pH-stat and DO-stat titration, see Table 1 (average discrepancy was of the order of 10%). NOB activity was also assessed and in 5 tests out of 11 it was found to be lower that AOB activity, evidencing possible nitrites built up. Toxicity could not be calculated, since activity data were collected during the SBR start up. Therefore, the variability in the nitrification activities was due to both influent variability and biomass acclimatisation. 

Table 1:  AOB and NOB activities determined according to the Mode 1 procedure.

	test

date
	AOB pHstat 

mgN/(gVSS*h)
	AOB DOstat

mgN/(gVSS*h)
	pHstat/DOstat 

discrepancy
	NOB

activity 

mgN/(gVSS*h)

	17/8/04
	1.06
	0.93
	12%
	0.53

	2/9/04
	1.67
	1.69
	-1%
	2.38

	7/9/04
	2.10
	1.73
	18%
	1.76

	8/9/04
	3.20
	2.80
	13%
	0.65

	9/9/04
	3.09
	3.02
	2%
	1.63

	14/9/04
	2.74
	2.55
	7%
	2.85

	24/9/04
	1.65
	1.64
	1%
	2.01

	28/9/04
	1.10
	0.89
	19%
	1.62

	1/10/04
	1.09
	1.37
	-26%
	0.27

	5/10/04
	3.23
	3.41
	-6%
	2.24

	11/10/04
	1.52
	1.49
	2%
	3.98
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Figure 2: Titration curves with automated titration rate detection – B3 is not detected.
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Figure 3: Titration curves with automated titration rate detection – B3 is detected.

MODE 2 – Estimation of the nitrifiable nitrogen content of the SBR influent

It consists in a pH/DO-stat test that allows estimating the nitrifiable nitrogen content of the sewage that feeds the SBR. The estimation is based on the assessment of the acidity produced by nitrification, which is then converted into nitrified nitrogen by taking into account the stoichiometric ratio between ammonium oxidized and acidity produced. Although H2O2 data are not elaborated, DO-stat titration is performed in order to furnish oxygen to the biomass. The test is performed by adding a known volume of influent to an activated sludge sample under endogenous conditions. Test duration depends on the time required to the biomass to fully nitrify the N present in the sample, i.e. it increases with increasing influent N-content and with loaded influent volume, while it decreases with increasing biomass concentration and specific activity. Therefore, it is convenient to work with concentrated sludge samples –e.g. drawn from the bottom of the SBR tank at the end of the settling phase or during the idle phase– and with limited influent volumes. 

Operating procedure (Fig. 4)
The sludge is withdrawn from the SBR and stored in Bs. The influent sample is loaded in Bi. Then, the titration reactor is filled with influent and then with sludge up to the working volume. 

The test is started with the control routine to reach set-point values for pH and DO signals (see Mode 1) until t= tsp, in Figure 4. From this moment onward, the system builds the NaOH titration curve. Again, two/three phases, characterized by different titration rates, can be distinguished in the NaOH titration curve: initially, (t<trbCOD) the titration rate is the highest, since it is due to (i) CO2 production by heterotrophic oxidation of the rbCOD, (ii) acidity production by ammonium oxidation and (iii) CO2 production by endogenous heterotrophic respiration. In the second phase, after consumption of the rapidly biodegradable organic matter (first bending point, B1), the titration rate, rpH,tot, is due to (i) nitrification, (ii) slowly biodegradable COD and (iii) endogenous activity. Then, during the third phase, only sbCOD oxidation and endogenous activity are titrated (rpH,end). Actually, since a limited volume of influent is dosed, rbCOD oxidation normally ends up before pH and DO set-point values are reached. Nevertheless, the system waits for a fixed time interval ((t1) before rpH,TOT is assessed by the fitting algorithm. This algorithm keeps on calculating titration rates until the bending point B2 is detected. This bending point B2 corresponds to the end of ammonium oxidation, after which rpH,end is estimated. 

The volume of alkaline titrant added to compensate only the acidity produced by nitrification (VN) is assessed from the total volume of titrant added (VTOT) by subtracting the volume dosed to compensate the acidifying effect of the endogenous respiration ((Vend) to compensate the acidifying effect of the exogenous respiration ((VrbCOD) and by taking into account that nitrification was taking place also during the time interval 0–tsp, when no set-point titration was taking place. Therefore, the hypothesis is made that nitrification rate during this time interval was taking place at the same rate as later on and would have caused the dosage of a volume of titrant Vsp which should be added to VN to have the total volume of titrant corresponding to the nitrifiable nitrogen present at the beginning of the test (VNIT)..  Therefore:

VNIT = VN + Vsp









(4)

VN = VTOT - (Vend - (VrbCOD








(5)

(Vend = rpH,end ( (tEND – tsp)








(6)

(VrbCOD = V(t1 - rpH,TOT ( ((t1 – tsp)







(7) 

Vsp = (rpH,TOT - rpH,end) ( tsp








(8)

The nitrifiable nitrogen content of the influent (in mgN/L) is obtain form VNIT, by taking into account the stoichiometric relation between nitrogen oxidation and acidity production:


[image: image10.wmf]influent

NaOH

NaOH

st

NIT

V

 

M

 

·

 

f

 

·

V

]

[

=

N










(9)

[image: image11.wmf]t

sp

t

END

r

pH

, tot

r

pH

, end

NaOH

[mL]

Test time

0

t

rbCOD

B1

B2

D

t

1

V

TOT

D

V

end

D

V

rbCOD

D

V

N

V

D

t1


Figure 4: Scheme of a pH-stat titration curve in Mode 2.

Results on the application of Mode 2 to monitor the nitrifiable nitrogen of the influent to the lab-scale SBR

Titration tests were performed on sludge samples drawn from the lab-scale SBR reactor at the beginning of the aerobic react phase. At this moment, all rapidly biodegradable COD has been already oxidised, making data elaboration easier. This test was performed for 10 SBR cycles, and the nitrified nitrogen was estimated both by pH-stat titration (Ntitration) and by balancing NOx species at the beginning (in) and at the end (out) of the aeration phase:

Nanalyses = (N-NO2- + N-NO3-)in – (N-NO2- + N-NO3-)out
In Fig. 5, a very good correlation can be noticed between the N content in the feed and the nitrified nitrogen. An average difference of 1.8 mgN/l was found between estimates of Nanalyses and Ntitration. This difference can be explained by taking into account the ammonification process, which takes place during the whole AER phase, as indicated by the constant increase of nitrates concentration observed after complete ammonium oxidation. The ammonification rate was estimated according to nitrate production in the absence of measurable ammonium and resulted to be 0.4 mgN/gVSS/h. By considering that nitrification normally lasts approximately 1 h, the ammonified nitrogen which is not assessed by titration (since it is included into the endogenous titration rate) is approximately:

(N =  (0.4 mgN/gVSS/h) ( (2.4 gVSS/l) ( (3.5-1) h = 2.4 mgN/l, 

which should be added to the concentration of nitrified nitrogen estimated by titration reported in Fig. 5. By taking into account the ammonification rate, a much better correspondence between nitrified nitrogen estimates from mass balances and from titration would be obtained. 
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Figure 5: Nsol in the feed compared with N nitrified according to NOx balance (Analyses) and with pH-stat titration (Titration).

Results on the application of Mode 2 to monitor the nitrifiable nitrogen of the influent to the pilot-scale SBR

Tests were run by following the Mode 2 procedure, but in the beginning of the experiments endogenous titration was also measured. The volumetric sludge/influent ratio ranged from 5 to 10 [L/L]. In Fig. 6, the titration curve of the test performed on the 22/06/04 is reported.

[image: image13.wmf]0

5

10

15

20

25

30

35

0

20

40

60

80

100

120

140

160

180

200

220

240

time (min)

NaOH [mL]  

 influent

endogenous

endogenous + slowly 

biodegradable organic 

matter oxidation


Figure 6: Titration curve test mode 2 performed on 22/06/04.

Table 2: Comparison between estimated nitrogen content and ammonium concentration analytically determined.

	test
	titration estimation
	analytical result
	difference (as percentage) 
	volumetric sludge/influent ratio

	
	mgN-NH4/L
	mgN-NH4/L
	
	

	28-05-04
	33.60
	28.85
	-16%
	5

	04-06-04
	75.60
	65.38
	-16%
	8

	22-06-04
	55.40
	50.98
	-9%
	8

	08-07-04
	38.17
	33.90
	-13%
	10

	average value
	-14%
	


Results of 4 tests (Table ) were encouraging. It can be observed that the titrimetric method underestimates the nitrogen content. This underestimation is likely due, again, to the ammonification process or to the interference of the influent colour with the spectrophotometric method used for the determination of the ammonium concentration. 

MODE 3:  Measurement of the nitrification capacity of the SBR, assessed in terms of oxidation rates of both ammonium to nitrite and of nitrite to nitrate

Mode 3 is a pH/DO-stat test for the measurement of maximum activities of AOB and NOB which characterize the nitrification capacity of the SBR activated sludge. This type of test can be performed at the end of the idle phase of the SBR reactor, during which sludge is under endogenous conditions. 

Operating procedure (Fig. 7)

The sludge sample is pre-aerated in the vessel Bs and then loaded into Rt. At the beginning, the control routine brings pH and DO to their set-point values. Then, at time tsp, a known amount of NH4Cl is dosed by a peristaltic pump to trigger the nitrification process. Titration rates are then measured on-line (rpH,tot, rDO,tot, rpH,end and rDO,end, in Fig. 7).

Nitrification activities are calculated as in Mode 1 by taking into account that, in the idle phase, the SBR sludge is more concentrated than in the react phase, by a factor VMax/VMin (VMin: SBR volume after effluent decanting, Vmax: SBR volume during the react phase). The overall nitrification capacity of the SBR (CNIT), i.e. the amount of ammonium which can be oxidized during each cycle, can be simply calculated from the lowest between AOB and NOB activity (ACTmin):

CNIT = ACTmin ( tAER ( VMax








(10)

where tAER is the duration of the aerobic react phase.

Moreover, an internal system check-up can be obtained as explained below. The amount of ammonium nitrified can be also estimated from the volume of both titrants: 

VNIT,NaOH = VEND,pH – rpH,end · (tEND- tsp)






(11)

VNIT,H2O2 = VEND,DO - rDO,end · (tEND – tsp) 






(12)
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If the titration system is working properly, [N]calculated,pH and [N]calculated,DO should match the dosage of ammonium chloride. If a discrepancy between estimated and actual initial ammonium concentration ([N]dosed) occurs, it is defined as “titration error” (err), and is calculated as:
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If one or both “err” values are higher than a maximum allowable value (e.g. 20%), a message appears on the control panel. By this procedure, the accuracy of the estimates of the activity values can be checked.

No specific tests were performed on this mode since numerous experiences were already successfully performed and documented in the literature (Ramadori et al, 1980; Massone et al., 1998; Gernaey et al., 1998; Ficara et al., 2000, Ficara and Rozzi 2001).

MODE 4: Monitoring of the ammonia oxidation process during the aerobic phase in a SBR reactor
It’s a working mode that allows to monitor the evolution of the ammonium oxidation in the SBR during the aerobic phase. This makes it possible to identify the end of the nitrification process as soon as it takes place in the SBR. The sludge sample is withdrawn from the SBR at the end of the anoxic phase, so that nitrification takes place simultaneously in the titration beaker and in the SBR tanks.

Operating procedure (Fig. 7)

The sludge is loaded into Rt and the set-point titration is performed as in Mode 3, but no extra nitrogen is added. As for Mode 3, Mode 4 can estimate AOB and NOB activities, but its main purpose is to detect the end of the nitrification process in the SBR, i.e. bending points B1 and B2. If data obtained by the automated titrator are collected by a supervision system, this information would be used by the supervision system to end the aerobic phase before the stated time and go directly to the following phase, saving energy under low-loading conditions. On the contrary, in the case of a nitrogen overload, or of a reduced nitrification capacity, the aerobic phase could be prolonged, allowing complete nitrification to take place. 
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Figure 7: Scheme of a pH/DO-stat titration test in Mode 3 and 4.

Results on the application of Mode 4 to monitor the nitrification reaction in the lab-scale SBR

In Fig. 8, a titration test in Mode 4, performed on an SBR sludge sample drawn from the lab-scale SBR at the beginning of the aeration phase, is reported. The dissolved oxygen concentration (DO) measured in the SBR reactor, during the same aerobic react phase (cycle time t = 90–300 min), is shown for comparison. When bending points are identified on the titration curves, the DO value in the SBR also shows a bending point, indicating the end of a biological reaction (i.e. ammonium oxidation for B1 and nitrite oxidation for B2).

Similar results were obtained in several tests (Table 2). Results demonstrated the feasibility of applying pH/DO-stat titration to assess end-points of the nitrification reactions. 

[image: image19.png]NaOH, H202 [mL]

100 -

0]
o
|

()]
o
|

S
o
|

N
o
|

T T T T T 0

150 180 210 240 270 300

cjcle time [min]

SBR DO [mg/L]




Figure 8: Titration test in Mode 4 performed on an SBR sludge sample drawn from a lab-scale SBR at the beginning of the aeration phase. The DO trend measured in the SBR is reported for comparison.

Table 2: End-points of ammonium and nitrite oxidation assessed by titration, from N-forms profiles and from notable points of DO and pH trends.

	Cycle Date
	End-point ammonium oxidation 

(min)
	End-point nitrites oxidation

(min)

	
	DO/pH trend
	[NH4+]
	pH/DO-stat
	DO trend
	DO-stat
	[NO2-]

	01/10/03
	71
	60-90
	66
	nd
	nd
	>150

	11/11/03
	37
	30-60
	33
	69
	59
	60

	20/11/03
	55
	30-60
	59
	81
	95
	60-90

	26/11/03
	25
	<30
	15
	32
	38
	<30

	04/12/03
	48
	30-60
	43
	78
	77
	60-90

	10/12/03
	42
	30-60
	39
	77
	67
	60-90

	27/01/04
	40
	30-60
	33
	nd
	50
	30-60

	29/01/04
	67
	60
	59
	nd
	70
	60

	04/02/04
	40
	30-60
	37
	67
	62
	60

	11/02/04
	59
	30-60
	54
	nd
	<90
	67

	26/02/04
	57
	30-60
	55
	nd
	<90
	71


MODE 5: Estimation of nitrate concentration at the end of the aerobic phase 

This pH-stat test is aimed at the determination of the amount of nitrates present at the end of the anoxic phase, which should be zero, (Mode 5a) or of the amount of nitrates produced by nitrification that are to be denitrified during the following SBR anoxic phase (Mode 5b). This method is based on the estimation of the amount of titrant necessary to neutralize the alkalinity produced by nitrates reduction achieved by adding acetate as carbon source. The amount of titrant is recorded and this value is compared with the titrant added afterward to reduce a known amount of nitrates, which are dosed by the titration unit when the reduction of the initial nitrate content of the sludge is completed. 

Operating procedure (Fig. 9)
The sludge sample is withdrawn from the SBR at the beginning/end of the aerobic phase, it is loaded in Bs and then transferred into Rt, where pH-stat titration is performed (of course no oxygen is added). Once the pH has reached the set-point value, at t=tsp, see Fig. 9, a non-limiting amount of acetate is added. The observed acid titration rate is almost constant because the denitrification kinetics is almost zero order and independent from both nitrate and acetate concentrations. Therefore, when nitrates are completely reduced, the titration curve shows a sub-horizontal trend, indicating the end of the denitrification reaction, so the first titration volume V1 is assessed. Now the system doses a fixed amount of nitrates (N-NO3-, dosed) and performs a second titration, until another sub-horizontal trend is detected, pointing out volume V2. The nitrate content of the sludge loaded at the beginning of the test (N-NO3-, sludge) is evaluated by a simple proportion, because the ratio between titrated acid and nitrates reduced, with the same carbon source and on the same sludge sample, is constant:

N-NO3-, sludge = N-NO3-, dosed ( V1/V2

(17)

For SBR monitoring and for control purposes, the value obtained can be used, for instance, to evaluate the performance of the denitrification phase (Mode 5a) or to predict the duration of the following anoxic phase (Mode 5b).
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Figure 9 : Scheme of titration pH-stat test in Mode 5.

Results on the application of Mode 5 to monitor nitrate concentration at the end of the aerobic phase in the lab-scale SBR

Some preliminary pH-stat titration tests were performed on sludge samples to which known amounts of nitrates were added in the presence of a non-limiting acetate concentration (Fig. 10). The titration curve was almost a straight line until a plateau was reached, corresponding to the complete consumption of the nitrates spiked into the sludge sample. For each nitrate spike, the ratio between the amount of nitrates added and the volume of acid dosed was calculated (facetate= mmolHCl/mgNreduced). This ratio was then used to estimate the denitrification rate (rden) from the titration rate (rt):

rden = rt(fden/VSS









(18)

where: VSS [g] is the amount of biomass present in the sample.

Values of fden and of rden for the test shown in Fig. 10 are reported in Table 3. A satisfying repeatability can be observed. Values of facetate estimated on different sludge samples are reported in Table 4. It is worth noting that, while facetate is similar for tests performed in consecutive days, it can vary remarkably in time. Therefore, the value of facetate cannot be considered a constant coefficient, but should be calculated on each specific sludge sample, as it is described in Mode 5. This procedure was applied to three sludge samples drawn at the end of the aerobic phase. The comparison between nitrate concentration estimated by the pH-stat titration procedure and analytical determinations is reported in Table 5. Results are encouraging. More tests are in progress.
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Figure 10: Anoxic pH-stat titration tests obtained on sludge samples containing a non-limiting acetate concentration and to which known amounts of nitrates were added.

Table 3: Ratio between amount of nitrates added and volume of acid dosed (facetate) and calculated denitrification rates (rden).

	NO3- spike

(mg N/L)
	facetate
(mmol HCl/ mgN-NO3-)
	rden
(mgN-NO3- g-1 SSV h-1

	5
	0.0967
	3.41

	10
	0.0973
	3.50

	15
	0.0974
	3.49

	20
	0.0948
	3.49


Table 4: Values of facetate estimated for different sludge samples.

	Test date
	facetate (mmol HCl/ mgN-NO3-)
	Test date
	facetate (mmol HCl/ mgN-NO3-)

	7-05-04
	0.098
	10-05-04
	0.098

	8-05-04
	0.100
	10-05-04
	0.107

	8-05-04
	0.114
	10-05-04
	0.104

	8-05-04
	0.116
	10-05-04
	0.100

	8-05-04
	0.116
	10-05-04
	0.098

	8-05-04
	0.114
	10-05-04
	0.092

	9-05-04
	0.096
	10-05-04
	0.101

	9-05-04
	0.096
	14-06-04
	0.166

	9-05-04
	0.083
	15-06-04
	0.169

	9-05-04
	0.107
	18-06-04
	0.142

	10-05-04
	0.100
	24-06-04
	0.101


Table 5: Comparison between nitrate concentrations, in sludge samples drawn at the end of the aerobic phase, estimated by Mode 5 and by analytical determination.

	Test date
	mg NO3-/L 

estimated by pH-stat titration
	mg NO3-/L 

analytical determination

	14-06-04
	9.0
	10

	15-06-04
	10.8
	10

	18-06-04
	13.3
	13


III –Automated pH/DO-stat titrators: MARTINA and TITAAN

In this paragraph, technical details on the two titration units are outlined. Both units are the result of a cooperation between POLIMI and SPES. Specifically, POLIMI defined the titrators’ main features and operational modes, while SPES developed the instrument’s hardware and software. Instrument features, lay-out, operational modes and main outputs are here described in details. 

Laboratory off-line titrator: MARTINA (Figure 12)

The MARTINA instrument (Multiple Analyte pRogrammable TitratioN Analyser) was developed using embedded electronics with the aim to realize a compact, reliable and affordable instrument.

Its innovative content, if compared with existing titrators, can be summarised in the features and functionalities listed below:

· it is able to perform both pH-stat and DO-stat titrations on the same sludge sample;

· it allows to perform titrations on two (or more) samples in parallel;

· it is flexible in order to allow the implementation of all pH and DO-stat applications described in the literature.
The main hardware features of the MARTINA instrument are the following:

· Acquisition: 8 A/D channels, with galvanic isolation, signal amplification and noise reduction implemented on board, for the acquisition of:

· 2 DO signals, 

· 4 pH or ORP signals,

· 2 temperature signals (Pt100).

· Control: 12 ON/OFF switches for the actuation of:

· 4 micro-solenoid valves and 2 peristaltic pumps to control titrant dosage,

· 2 aerators,

· 2 heaters,

· 2 mixers.

· Human interface:

· leds,

· RS232 serial link for PC connection.

Compared to the previous available titrators, this hardware architecture allows considerable costs reduction since the following commercially available components are no longer required:

· pH or ORP signal amplifiers

· DO signal amplifiers

· Pt100 signal amplifiers

· A/D converters

· ON/OFF switches

A 8 bit hardware platform, based on micro-controller technology, was chosen (Figure 11).

The use of ANSI C language to implement the firmware empowers the portability of the architecture: the firmware produced is independent of the micro-controller brand and can be compiled for every hardware platform using the suited compiler.

Moreover the micro-controller on board implements some algorithms and functions for auto-diagnosis and fault detection, so that the instrument is able to alert the operator in case of malfunctioning of some components, such us pumps, solenoid valves, etc.

As far as software is concerned, it was designed to maximise instrument flexibility by letting the user free to set the experimental configuration according to the variable to be measured (Figure13). 

Basically, the software allows to perform, within a user-friendly frame, the following operations:

· calibration of all probes (pH, DO, ORP, Pt100);

· calibration of each titrant dosing line;

· experiment set up, including selection of:

· number of beakers working in parallel; the hardware configuration allows to work with up to 2 fully instrumented beakers (equipped with 1 pH-probe, 1 ORP-probe, 1 DO-probe, 1 temperature probe, 1 aerator, 1 mixer, 1 heater) or with several, partially instrumented, beakers, in the case that not all signals or actuators need to be handled; 

· type of signals to be read in each beaker; for each beaker the user can define which signal should be read, either to be monitored or controlled;

· type of control to be performed on one or more of the measured signals (up-bound, low bound, set-point);

· definition of the experiment duration and data acquisition frequency;

· data logging on the PC hard disk;

· data plot of each signal and of the amount of titrant dosed during the course of the experiment;

· saving and re-loading of the experiment set-up.
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Figure 11: The embedded control board and the electric scheme.
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Figure 12: Picture of the MARTINA instrument.
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Figure 13: MARTINA’s Graphical User Interface.
On-line titrator: TITAAN (Figure 17)

The on-line version of the instrument was developed using embedded electronics and is able to perform the following tasks:

· withdraw the sample to be analysed;

· execute the titration experiment at the same temperature of the tank;

· discharge the sample;

· perform both pH-stat and DO-stat titrations on the same sludge sample;
· elaborate in real time the data collected during the experiment;

· provide in real time elaborated data available for monitoring and control systems.
To implement, monitor and control these features, a modular hardware architecture was designed and developed, based on four electronic embedded boards (Figure 14 and 15):

· the power module

· the analog interface, with the following characteristics:

· 16 bit microcontroller architecture

· 8 A/D 16 bit resolution channels, with galvanic isolation, signal amplification and noise reduction implemented on board, for the acquisition of:

· 2 DO signals, 

· 4 pH or ORP signals,

· 2 temperature signals (Pt100)
· the actuators interface to manage:

· 4 peristaltic pumps 24V dc 6W

· 20 solenoid valves 24V dc 6W

· 3 stirrers 24V dc max 50w

· heater 24V dc max 50W

· aerator 24V dc max 50W

· the main board, with the following characteristics:

· 32 bit microcontroller architecture with embedded OS onboard

· human interface: touch-screen

· local area links and connections:

· RS232 serial link for PC connection

· RF (DECT standard) wireless link

· remote links: PSTN modem link

· data storage: Compact Flash Card

The hardware architecture implemented allows considerable costs reduction since the following commercially available components are no longer required:

· pH or ORP signal amplifiers

· DO signal amplifiers

· Pt100 signal amplifiers

· A/D converters

· ON/OFF switches
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Figure 14: The embedded main board and the analog interface.
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Figure 15: The four embedded boards mounted into their rack.

The firmware was developed using ANSI C language: this empowers the portability of the architecture. The firmware produced is independent of the micro-controller brand and can be compiled for every hardware platform using the suited compiler.

Moreover the micro-controllers on board implement some algorithms and functions for auto-diagnosis and fault detection, so that the instrument is able to alert the operator in case of malfunctioning of some components, such us probes, pumps, solenoid valves, etc.

All the routines and algorithms for digital signal acquisition and processing, for the experiment control and for data analysis are implemented into the firmware on board.

The instrument can be fully configured using a graphical human interface developed on purpose and implemented using a touch screen; the data can be processed in real time and stored in Excel format into the Compact Flash Card.

The basic idea, concerning the firmware requirements, was to maximise instrument flexibility in order to replicate the lab version functionalities without the use of a PC: the user is free to set the experimental configuration according to the experimental modality selected.

The firmware allows to perform, by the way of the graphical user-friendly interfaces implemented at the touch screen, the following operations:

· manual switch of each actuator (pumps, valves, etc…);

· calibration of all probes (pH, DO, ORP, Pt100);

· calibration of each titrant dosing line;

· calibration of each reagent dosing line;

· experiment set up, including selection of:

· experimental modality: there are up to five modalites to select; 

· type of signals to be read either to be monitored or controlled;

· type of control to be performed on one or more the measured signals (up-bound, low bound, set-point);

· definition of the experiment duration and data acquisition frequency;

· data logging on the Compact Flash Card;

· real time data plot of the amount of titrant dosed during the course of the experiment;

· saving and re-loading of the experiment set-up.

Additionally the firmware on board will also allow to set and manage sample collection and discharge, routines for the identification of the different phases of the experiments and for the activation of the reagents addition at the appropriate time, identification of knees in the titration curve and for the automatic identification of the end of the titration experiments.

In Figure 16 are presented some screenshots as examples of the Graphical User Interface implemented.

[image: image30.jpg]




[image: image31.jpg]" AAN pannello principale

[ posageio |
TITAAN [ #ouaita |
" HW

‘Pﬂrume?rl ‘Aﬂuulon | Sonde ‘ START

Touch Here to Return




[image: image32.jpg]ORP

pH 0.00 7m

DO 0.000 mg/l Calibra

freattore -150.00 C ‘ Canbrh
T vasca 0.00 C ‘ ik






[image: image33.jpg]



Figure 16: TITAAN’s Graphical User Interface.

The prototype (Figure 17 and Fig. 18) of the on-line titration unit (named TITAAN, TITrimetric Automated ANalyser) is equipped with two automatic sampling and temporary storing units for sludge and sewage sampling. Sludge and sewage are stored respectively in beakers Bs and Bi; a sensor in each beaker controls the liquid level (Ls for the sludge and Li for the influent). The beakers working volume is 2 L for sludge and 0.3 - 1 L for sewage (in this case the level can be manually changed by operators during calibration of the instrument, if needed).

The embedded micro controller operates the whole unit: 

· it manages the sampling units by communicating with the SBR PLC in order to collect sludge and/or influent samples at fixed cycle-times;

· it runs the titration unit. 

Titration tests are carried out in a titration reactor (Rt) provided with:

· 2 level sensors (Lt1 = 0.5 L and Lt2 = 1.4 L, maximum working volume),

· pH, DO, ORP and temperature probes,

· mixer;

· aerator;

· 7 pipes to dose reagents (Acetate, Sodium Nitrate, Ammonium Chloride, Allylthiourea) and titrants (NaOH, H2O2, HCl).

Reagents and titrant solutions needed to perform titration tests are stored in separated reservoirs located in the lower part of the unit: peristaltic pumps operate reagents dosage during titration tests.

Titrants are dosed to perform pH/DOstat tests by means of peristaltic pumps and electro-valves. The electro-valves are controlled (ON/OFF control) by the electronic board on the basis of probes signals and of test requirements (see description of Mode 1-5 above).

In order to prevent sudden temperature changes, the whole unit is provided with a temperature conditioning system. Temperature plays an important role in biological kinetics: for this reason a temperature control device (working with a Peltier cell) equips the titration reactor. During a titration test, temperature in the titration reactor is controlled and kept close to the temperature measured in the SBR reactor by an external temperature probe since, for some tests, it’s important to measure biomass activity in the same environmental conditions as those in the SBR. However, an algorithm allows temperature normalisation of activity values measured at different temperature conditions (e. g. night and day, winter and summer...).

The control panel implemented at the touch screen allows to manage probes and valves calibration, to set tests parameters and to visualize results. At the end of each test, two files are generated: a file with a “DAT” extension that contains all data collected (titrants’ cumulated volumes, probes’ signals, time, etc...), and a file with a “.OUT” extension that resumes test’s main outputs, such as biomass activity, nitrifiable nitrogen content, etc...
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Figure 17: Picture of the TITAAN prototype.
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Figure 18: Overall outline of the titration unit (sampling circuits are included); Bs: sludge storage beaker; Bi: influent storage beaker; Rt: measuring and titration beaker; EV3: 3-way solenoid valves; EV: actuated solenoid valves. 

The TITAAN operates according to a procedure defined by a Finished State Machine. Figure 9, Table 6, Table 7 describe, in details, all possible states, state transitions and the elementary operations that the titrator can perform. 

The titrator can be programmed in order to automatically run a cyclic monitoring of the SBR, according to a sequence of different titration tests, which are performed at definite cycle-times, as specified by the operator. Since the on-line titrator can perform only one Mode at a time, sludge/influent sampling times, as well as titration tests, should be carefully scheduled by synchronising them with the SBR cycle time (tSBR). As an example, Figure 20 shows the scheduling for an SBR working according to a cycle including: anoxic fill, anoxic react, aerobic react, settling, drawing and idle. Sludge/influent withdrawing are indicated by ‘L’ (as it means: “Loading TITAAN”). This “Loading” should take place at specific timings, scheduled at the end/beginning of each SBR-phase. A possible operational sequence could be the following: 

· at tSBR = (end of anoxic phase), the sludge is sampled and residual nitrate concentration is assessed (Mode 5);

· at tSBR = (end of the aerobic phase), sludge is sampled from the SBR and influent is loaded from the influent storage tank (which is normally present in SBR installations); Mode 1 titration is performed in order to assess influent toxicity before the following SBR fill phase, optimally by the end of the settling phase to allow the next step to take place in due time.  

· at tSBR = (end of the aerobic phase), sludge is loaded into Bs. As soon as the previous titration test is ended, the sludge in dosed into Rt and the Mode 5b titration is performed to assess the effluent nitrate concentration. 

· at tSBR = (end of the drawing – decanting – phase), concentrated sludge is loaded into Bs and an influent sample is loaded into Bi; as soon as the previous titration tests is completed, sludge and influent are moved into Rt and titration in Mode 2 is performed in order to assess the nitrogen content before the beginning of the aerobic phase.

· at tSBR = (end of the idle phase), sludge is drawn from the SBR and stored into Bs until Mode 3 titration can be performed.

Of course, the feasibility of performing all the above steps depends on the length of each SBR phase. For example, in Mode 2 sludge is taken at the beginning of the idle phase, while in Mode 3 sludge is taken just before the end of the idle phase. If no idle phase is scheduled during that cycle (due to occasional operational needs), only one of these two Modes can be performed.

This sequence does not include Mode 4. In fact, if an instrumented SBR includes a DO probe, bending points may be evidenced without performing Mode 4 (see Fig. 8). A different sequence can be designed in case the assessment of the end of the nitrification phase is considered to be a priority. 

Table 6: Titrator’s states description and synchronization with the SBR cycle-time (tSBR refers to SBR operational time – SBR phases: fill, anoxic react, aerobic react, settle, draw, idle)

	Titrator STATE
	Synchronization with the SBR cycle-time

	MANUAL
	Off-line phase for calibration/maintenance

	IDLE
	system waits for beakers loading (time available for internal titrator fault detection) 

	LOADING

(first minute: washing of pipes and beakers with open valves, then loading)


	Sludge (S) and/or influent (I) loading in the beakers 

L1 (tSBR = end AEROBIC REACT): 
I in Rt until Lt1






S in Rt until Lt2

L2 (tSBR = end DRAW):


I in Bi until Li






S in Bs until Lf






I in Rt, S in Rt until Lt2

L3 (tSBR = end IDLE):
                            S in Bs until Ls

L4 (tSBR = end ANOXIC REACT):
S in Rt until Lt2

L5a (tSBR = end ANOXIC REACT)
S in Rt until Lt2

L5b (tSBR = end SETTLE)

S in Rt until Lt2


	TITRATION
	pHstat/DOstat or pHstat titration in the reactor Rt


Ti: titration mode Mi (i = 1 …5)

	WASHING
	discharge and/or washing procedure for Rt, Bs, Bi, after each emptying and after every working interruption (manual or for energy lack or internal alarm) 
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Figure 19: Titrator FSM.

Table 7: Allowable states transitions

	
	MANUAL
	IDLE
	LOADING
	TITRATION
	WASHING

	MANUAL
	-
	-
	-
	M/T
	M/W

	IDLE
	I/M
	-
	I/L
	-
	I/W

	LOADING
	L/M
	-
	-
	L/T
	L/W

	TITRATION
	T/M
	-
	-
	-
	T/W

	WASHING
	W/M
	W/A
	-
	-
	-


Transition description:

M/T: 
manual transition to a titration test


M/W:
operator starts a washing cycle

I/M:
manual transition or generated by an internal alarm that requested operator’s maintenance

I/L:
specific reaction phase is reached in the SBR (Figure )

I/L:
fault in the electric supply longer than the unit buffer capacity 

L/M:
manual, or generated by a fault diagnosis, transition for maintenance 

L/T:
automatic transition

L/W:
fault in the electric supply longer than the unit buffer capacity 

T/M:
transition generated by an internal alarm that requested operator’s maintenance or manual transition or automatic transition at the end of a manually operated titration test

T/W:
automatic transition operated on the basis of titration data or due to an internal alarm that does not require an immediate operator’s maintenance or fault in the electric supply longer than the unit buffer capacity

W/M:
manual transition or generated by an internal alarm that requested operator’s maintenance 

W/I:
automatic transition at the end of washing cycle
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Figure 20: Synchronization between titrator operations and SBR cycle.  Li: loading phase of MODE i. Ti: titration in MODE i.

IV – Conclusions 

Useful data were identified for the monitoring of an SBR reactor designed and operated for organic carbon and nitrogen removal. Then, set-point titration procedures were defined to gather these type of information, which were then applied to the monitoring of a lab-scale and a pilot-scale SBR. 

Two titration instruments were developed: a laboratory off-line system which allows to operate in pH-stat and DO-stat conditions (MARTINA) and an on-line system (TITAAN) which is able to automatically withdraw sludge and influent samples, to perform pH/DOstat titration experiments and to elaborate titrimetric data. The latter instrument is going to be tested on the pilot-scale SBR.
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