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SUMMARY

During the second year, POLIMI main activities can be summarised as follows:

a) the applicability of pH/DOstat titration for nitrification monitoring was further developed; particularly, the following aspects/problems have been clarified/solved:

· the discrepancy between pH/DOstat titration in the evaluation of ammonium oxidation rates has been overcome, leading to a satisfying correspondence between estimates obtained by pH-stat and DO-stat titration

· DO-stat and pH-stat titration data could be coupled to assess both ammonium and nitrites oxidation rates and to estimate trends of ammonium, nitrites and nitrates concentrations in the SBR reactor during the aerobic phase;

· Estimates of ammonium and nitrites oxidation rates by pH/DOstat titration were compared with those obtained by mass balances in the SBR reactor;

· Estimates of the duration of the nitrification phase by pH/DOstat titration were compared with those obtained by pH, DO, ORP trends in the SBR reactor.

· Estimates on the N-content in the SBR feed obtained by pH/DOstat titration was compared with values obtained by mass balances on the N-forms at the beginning and at the end of the aeration phase.

· The importance of the ammonification process was  estimates by pH/DOstat titration

b) pH-stat denitrification tests were performed in order to assess the ratio between acid titration rate and nitrate reduction rates and the ratio between the volume of acid titrant dosed and the initial nitrates concentration.

c) pH/DOstat titration tests were performed on sludge and on the primary treated effluent samples drawn from the full scale WWTP were the prototype of the on-line titrator is tested. 

d) The experience achieved on the off-line titration tests, five different modes of operation of the on-line automatic titrimetric analyzer were clearly defined and an operational protocol was issued to SPES for its implementation.

Further insights on the applicability of pH/DO-stat titration for nitrification monitoring

Discrepancy between ammonium oxidation rates  estimated by both pH-stat and DO-stat titrations

As reported in the first annual report, pH-stat and DO-stat titrations were applied simultaneously on the same sludge sample in order to assess the activity of  ammonium oxidisers by both techniques. A significant discrepancy was frequently observed, which was attributed to unreliable reading of the  DO signals by the MARTINA prototype and to imprecise calibration of the flow rate of the electro-valve used to regulate H2O2 dosage.  

Therefore, in cooperation with SPES, efforts were made to enhance MARTINA’s hardware and software performance to improve the reliability of DO-stat titration data. As a result, the correspondence between activity estimated by the two titration techniques improved remarkably, leading, in titration tests performed after November 2003, to differences averagely of  10 % and < 5 % for 7 test over 11, compared to an average difference of more than 50% obtained during the first year of experimentation (Table 1).  

Table 1: Comparison of activities of ammonium oxidising bacteria (AOB) estimated by  pH-stat and DO-stat titration.

	Test date
	AOB activity

mgN/(gVSS(h)


	Difference

(%)

	
	DO-stat
	pH-stat
	

	26/06/03
	1.54
	3.07
	66.6

	02/07/03
	
	
	

	09/07/03
	1.96
	4.14
	71.5

	14/07/03
	1.79
	3.10
	53.5

	22/07/03
	3.80
	3.17
	17.9

	24/09/03
	2.12
	3.75
	55.3

	mean
	53.0

	11/11/03
	4.47
	5.43
	19.4

	20/11/03
	5.27
	5.02
	4.9

	26/11/03
	4.97
	4.99
	0.4

	04/12/03
	5.40
	6.62
	20.4

	10/12/03
	6.48
	6.50
	0.2

	18/12/03
	2.53
	1.91
	27.7

	27/01/04
	5.51
	5.62
	1.9

	29/01/04
	3.92
	3.62
	7.9

	04/02/04
	5.84
	5.85
	0.1

	11/02/04
	4.15
	4.14
	0.3

	26/02/04
	4.01
	4.07
	1.7

	mean
	7.7


Combining pH/DO-stat titration to estimate nitrites and nitrates concentrations

Once DO-stat titration data reliability was improved, pH-stat and DO-stat titration data could be applied in order to assess, simultaneously, both AOB (ammonium oxidising bacteria) and NOB (nitrite oxidising bacteria) activity and to estimate nitrite and nitrate concentrations in the SBR reactor by appropriate interpretation of pH/DOstat titration curves.

First, pH-stat titration data were elaborated to assess AOB oxygen uptake, by taking into account the stoichiometric ratio between acidity production and oxygen consumption (2 mol H+/ 1.5 mol O2) and to assess the amount of nitrite produced (1 mol NO2/ 2 mol H+). Then, AOB oxygen uptake was subtracted to the overall oxygen uptake, estimated by DO-stat titration, to evidence NOB oxygen uptake. By taking into account the stoichiometric ratio between oxygen uptake and nitrite oxidation and NO3 production for NOB (1 mol NO2/0,5 mol O2; 1 mol NO3/0,5 mol O2), the amount of oxidised nitrites could be assessed. Finally, the net variation of nitrite concentration could be estimated by taking into account both nitrite production and oxidation. 

In Figure 1, ammonium, nitrite and nitrate concentrations estimated by pH/DOstat titration data are compared with analytical determinations. A satisfying correlation can be observed in both trials. 
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Figure 1: : Ammonium, nitrite and nitrate concentrations estimated by pH/DOstat titration data (lines) and determined by analytical determinations (dots).

Nitrite and ammonium oxidisers activity, estimated by coupling pH/DO-stat titrations, are summarised in Table 2. These values were obtained in titration tests on sludge samples drawn from the SBR at the beginning of the aeration phase and compared to activity values obtained by fitting N-forms concentrations assessed in the SBR vessel. An average difference of 13 % (min: 2.6 %, max: 22.4 %) was found for AOB and of  11 % (min: 0.4 %, max: 28.1 %) for NOB, which can be considered satisfying. 

Table 2: AOB and NOB activity estimated by coupling pH/DO-stat titrations.

	Test
	AOB activity  - mgN/(gVSS(h)
	NOB activity - mgN/(gVSS(h)

	data
	Loading conditions
	Fitting N-forms
	titration data
	Fitting N-forms
	titration data

	04/02/04
	Standard
	4.30
	5.33
	5.57
	5.87

	11/11/03
	COD/N +50%
	4.56
	4.82
	3.90
	3.01

	10/12/03
	(COD/N)*X +25%
	5.12
	6.03
	5.35
	5.96

	04/12/03
	(COD/N)*X +50%
	5.08
	5.70
	4.03
	3.52

	20/11/03
	(COD/N)*X +75%
	4.27
	4.86
	4.56
	4.54

	27/01/04
	Standard
	4.36
	5.16
	5.54
	5.44

	29/01/04
	Standard
	2.80
	3.45
	4.70
	4.82

	18/12/03
	Inhibition
	2.31
	2.25
	5.22
	6.93

	11/02/04
	Inhibition
	3.47
	3.92
	5.10
	4.35

	26/02/04
	Inhibition
	3.58
	3.89
	3.75
	4.07


Identification of the nitrification end-points

For tests reported in Table 2, titration curves were also elaborated (Figure 2) in order to assess the end of ammonium and nitrites oxidation. End points tF1 and tF2 were compared with those which identified from analytical determinations of ammonium and nitrite concentration and from notable points in DO and pH tends measured in the SBR reactor. An excellent correlation was observed in all SBR tests (Table 3).  Results demonstrated the feasibility of applying pH/DO-stat titration to assess end-points of the nitrification reactions. Being the latter the slowest processes, their duration can be used to regulate the duration of the AER phase, avoiding either incomplete nitrification or excess costs due to unnecessary aeration. 
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Figure 2:  Using pH/DO-stat titration curves to identify the end-point of ammonium oxidation (tF1) and nitrite oxidation (tF2).

Table 3: 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


Estimation of the nitrifiable nitrogen content in the SBR feed and of the ammonification rate

Titration data were also elaborated in order to assess the nitrified nitrogen in the aeration phase. During 10 SBR cycles, 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 Figure 3: Nsol in the feed compared with N nitrified according to NOx balance (Analyses) and to pH-stat titration (Titration). 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 average value for the ammonified nitrogen, calculated as: 

Nammonified = Nanalyses - (N-NH4+)in  + (N-NH4+)out
was found to be 3.4 mgN/l. As a matter of fact, in pH-stat titration tests, point F, which corresponds to the complete oxidation of ammonium, is used to identify the end of the nitrification process. Therefore, this estimate does not account for nitrification of the nitrogen ammonified later on. 

In order to clarify the kinetics of the ammonification process, ammonification rates were estimated as follows:

· in the anoxic phase: rate of ammonium built up;

· in the anoxic phase: 

· rate of nitrates built up after complete ammonium consumption;

· titration rate assessed as difference between the titration rate estimated after complete ammonium consumption and the titration rate measured after addition of allylthiourea (Figure 4).

Results of these determinations are reported in Table 4:  Estimates of the ammonification rate in aerobic and anoxic conditions. It may be observed that ammonification rates are not negligible, although they are one order of magnitude lower than nitrification rates (see Table 2, for comparison). Ammonification should therefore be taken into account when assessing nitrogen mass balance. It can be observed that ammonification rates estimated by titration are significantly higher and this may be due to the addition of ATU which may have increased cell lyses and N release. 

By considering the following average values during the aeration phase:

ammonification rate = 0.4 mgN/gVSS/h, 

volatile suspended solids = 2.4 gVSS/l,

duration  of the aerobic react phase = 3.5 h

overall ammonified nitrogen results to be 3.4 mgN/l which perfectly corresponds to the average value obtained by N mass balance. Moreover, 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 =  (0.5 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 Figure 3. 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 3: Nsol in the feed compared with N nitrified according to NOx balance (Analyses) and to pH-stat titration (Titration).
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Figure 4: Estimation of the ammonification rate by pH/DOstat titration by addition of allylthiourea at the end of the aerobic phase.

Table 4:  Estimates of the ammonification rate in aerobic and anoxic conditions.

	Test
	Ammonification rate mgN/(h(gSSV)

	   Data           Loading conditions
	Anoxic phase

(NH4+ built up)
	Aer phase

(NO3- built up)
	Aer phase

(Titration)

	26/06/03
	Standard
	0.38
	0.31
	 

	04/02/04
	Standard
	0.12
	0.39
	0.44

	09/07/03
	COD/N -50%
	0.37
	 
	 

	02/07/03
	COD/N -35%
	0.51
	 
	 

	24/09/03
	COD/N -20%
	0.33
	 
	 

	17/04/03
	COD/N +20%
	0.46
	0.46
	 

	22/07/03
	COD/N +35%
	0.24
	0.28
	 

	11/11/03
	COD/N +50%
	0.28
	0.43
	 

	26/11/03
	(COD.N)/X -50%
	
	0.37
	 

	10/12/03
	(COD.N)/X +25%
	0.69
	0.47
	 

	04/12/03
	(COD.N)/X +50%
	0.64
	0.26
	 

	20/11/03
	(COD.N)/X +75%
	1.07
	0.36
	 

	27/01/04
	Standard
	0.49
	0.31
	 

	29/01/04
	Standard
	0.33
	0.29
	 

	18/12/03
	Inhibition
	0.75
	 
	 

	11/02/04
	Inhibition
	0.31
	0.32
	0.60

	26/02/04
	Inhibition
	0.38
	0.36
	0.60

	Mean
	0.43
	0.35
	0.55


pH/DOstat titration tests on sludge and sewage samples from a full scale WWTP and the pilot ENEA SBR

POLIMI has developed an on-line automatic pH-stat/DO-stat titration unit in cooperation with SPES and ENEA. In order to check the applicability of this technique in real conditions, preliminary tests were carried out on real sewage sample at ENEA laboratories in Bologna by using an off-line titration unit. First, tests have been performed on sludge samples which have been taken from a conventional activated sludge treatment plant (located at Trebbo di Reno, Bologna). 

Secondly, the SBR pilot reactor owned by ENEA has been located close to this plant, and was fed on the wastewater coming from the main municipal sewer. A sludge inoculum from Trebbo plant was used for the start-up of the pilot SBR (further details in EOLI WP1 2nd year report from POLIMI-ENEA).

Evaluation of biomass nitrifying activity by pH/DO-stat tests

Biomass nitrification activity was measured by means of titration tests performed at 20°C; solutions of diluted H2O2 0.1-0.2 N and NaOH 0.05 N were used as titrants. Sludge samples were collected from the aeration basin of Trebbo di Reno WWTP and aerated overnight. The following day, pH/DO-stat titration was activated (set points values: pH=8.3, DO= 8 mgO2/L). At the beginning of the test, endogenous titration rates for both H2O2 and NaOH were evaluated. Then, nitrification was started in the sample by addition of known amounts of NH4Cl (initial ammonium concentration of 10-12 mg N/L). The titration test was performed until a knee in both titration curves (NaOH and H2O2 cumulated volumes versus time) was observed, indicating the end of the nitrification reaction and the complete consumption of ammonium. Titration was then continued during additional 1-2 h to evaluate, again, the titration rate under endogenous respiration conditions (Figure 5).

Under endogenous respiration conditions, DO-stat titration rate is slightly higher because more oxygen is required for the oxidation of the hydrogen content in biomass. In fact, assuming C5H7O2N as the empirical biomass composition, it can be seen that the amount of internal oxygen is less than the amount required to oxidise the hydrogen content, therefore more oxygen will be required for H oxidation to H2O which will not lead to an equivalent production of CO2. On the contrary, during oxidation of organic substrates such as glucose (C6H12O6) or acetic acid (C2H4O2), the internal oxygen is sufficient to compensate the hydrogen oxidation demand.

This test allowed assessing the maximum nitrification activity of the WWTP sludge under controlled working conditions.

Average values of  3.05 mgN-NH4+ gVSS-1 h-1 (by DO-stat titration) and 2.87 mgN-NH4+ gVSS-1 h-1 (by pH-stat titration) were measured, with an average discrepancy of 13% between the two titration techniques. This difference may be due to both imprecise determination of titrants concentration and/or imprecise calibration of the flow rates released through the micro-solenoid valves.

Data collected for nitrifying activity are in agreement with the typical values measured for activated sludge samples: 1.5 to 5 mgN-NH4+ gVSS-1 h-1 (Ficara & Rozzi, 2001), and with data collected during tests performed in Milan by POLIMI on synthetic sewage, dealing with WP1 experiments.
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Figure 5: – Titration curves from the nitrification test performed on the sludge of Trebbo di Reno WWTP on the 2nd March 2004

Evaluation of influent rbCOD by titration tests with MARTINA

Some DOstat titration tests were performed to evaluate the interference of the organic matter heterotrophic respiration rate with nitrification respiration rate due to autotrophic biomass. Such tests were performed for the set up of mode 1 implementation (see below), but allowed to estimate the rbCOD too. Experiments were performed as described for Mode 1 (see following pages for details), with the difference that allylthiourea was dosed at the very beginning of the titration test to inhibit autotrophic activity and evaluate heterotrophic respiration only. A oxygen mass balance allowed the computation of the amount of  COD removed until the hydrogen peroxide titration rate reached a pseudo-constant slope (about 2 h of reaction, Figure 6). Comparing this value with total COD, it appears that less than 10% of the total COD is readily biodegradable, which is quite in accordance with the findings previously reported in literature for domestic sewage (Tasli et al., 1999).
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Figure 6 – DOstat titration for rbCOD estimation performed on 24/09/04

pH-stat titration under anoxic conditions

pH-stat monitoring of denitrification of synthetic sewage  

As described in the first year annual report, pH-stat titration can be applied also in anoxic conditions to assess denitrification rates, although the concomitant production of alkalinity and carbon dioxide, which accompanies nitrogen oxides reduction, makes titration data interpretation less straightforward. 

During the first year of experimentation, some anoxic pH-stat titration tests were performed to assess denitrification rates by dosing acetate as carbon source. In that case, being the composition of the latter organic compound known, the denitrification reaction stoichiometry can be written and the relative effect of OH- and CO2 produced evaluated. However, when dealing with carbon sources of unknown or variable composition, the ratio between acid titration rate and denitrification rate should be evaluated experimentally. 

A first batch of denitrification tests fed on synthetic sewage was performed for this purpose. Sludge samples were drawn from the SBR reactor at the end of the denitrification phase, nitrates or nitrites were added as electron acceptors, while a sample of SBR synthetic influent was dosed as carbon source. pH-stat titration was then performed and samples were taken to measure nitrates/nitrites concentrations (Figure 7). 

Two denitrification rates were considered: the rate of  nitrates reduction to nitrites (v1) and the rate of nitrites reduction to nitrogen gas (v2):
(v1)
       (v2)

NO3-    →    NO2-    →    N2 







         
Both rates were estimated from nitrites and nitrates concentrations as: 
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The latter equation takes into account that the denitrification potential of nitrites is 0.6 that of nitrates. The overall denitrification rate was then estimated from v1 and v2  as follows:
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Then, COD consumption rate was calculated as:
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while the carbon to nitrogen ratio for the SBR influent was assessed as: 

COD/N = vCOD/v

As far as pH-stat titration data are concerned, the titration rate was calculated:


[image: image12.wmf]dt

dHCl

vtit

=














Finally, the ratio between titration rate and denitrification rate was assessed as follows: 
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Values of the above listed parameters obtained in four denitrification tests are summarised in Table 5. Denitrification rates and COD/N values are in accordance with those estimated for several SBR cycles (Table 6). As far as titration rates are concerned, as expected from the stoichiometry of the two denitrification steps, a higher titration rate was obtained when nitrites were the sole oxygen source. As a matter of fact, the reduction of nitrites to nitrogen gas leads to alkalinity and CO2 production, the net effect on pH depending on its set point value (see the first annual report for more details). On the contrary, in the first step (reduction of nitrates to nitrites) the only reaction product, which affects the suspension pH, is carbon dioxide, which has an acidifying effect which reduce the alkalising effect of the overall reaction  (NO3-→ N2).  Titration rates were also found to be well reproducible, as well as the ratio f between titration rate and denitrification rate for denitrification tests in the presence of nitrites. A higher variability was observed for f calculated in denitrification tests in the presence of nitrates, which is caused by the fact that denitrification rates in the test performed the 17th of November were found to be different from those measured the 13th, while titration rates were, in the two tests, more similar. 

Table 5: Results of four denitrification tests.

	Denitrification

parameter
	Test date

	
	11-nov
	13-nov
	17-nov
	17-nov

	Type of nitrogen form
	NO2
	NO3
	NO2
	NO3

	v2 (mgN g-1VSS h-1)
	4.62
	4.31
	4.62
	1.65

	v1 (mgN g-1VSS h-1)
	
	7.84
	
	5.34

	v (mgN g-1VSS h-1)
	4.62
	7.45
	4.62
	2.57

	vtit (mmol HCl/gSSV/h)
	0.26
	0.19
	0.31
	0.22

	f
	0.79
	0.35
	0.94
	1.20

	vCOD (mgCOD g-1VSS h-1)
	46
	77
	131
	56

	(COD/N)
	8.4
	9.5
	22.2
	9.5


Table 6: Denitrification rate and COD/N ratio assessed during the anoxic phase in the SBR reactor.

	SBR test
	v (mgN g-1VSS h-1)
	COD/N

	04/02/04
	4.2
	4.5

	29/01/04
	2.5
	8.9

	27/01/04
	3.4
	8.2

	18/12/03
	4.1
	9.3

	10/12/03
	4.8
	7.6

	04/12/03
	5.4
	9.1

	26/11/03
	nd
	13.9

	20/11/03
	6.4
	11.8
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Figure 7:  Results of two denitrification tests (T1 and T2) with nitrates as the oxygen source. Titration curve (line), nitrates concentration (diamonds), nitrites concentration (circules).
A second series of 13 tests (8 tests on nitrates and 5 tests on nitrites as reduced nitrogen form) were then performed in a similar manner. Experimental conditions for these tests are described in POLIMI WP1 Technical Annex.  A typical output of these second series of tests is shown in Figure 10. 

To facilitate interpretation of experimental data a very simple model  was implemented which allowed the estimation of maximum denitrification rates and of the ratio between NOx consumption and acid addition. The model structure is described in Table 7.

Table 7: Simplified denitrification model used to describe data from batch denitrification experiments.

	Process
	Components
	Rate

	
	NO3-
	NO2-
	COD
	HCl
	

	Exogenous denitrification of NO3-
	-1
	1
	-c1
	f1es
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	Endogenous denitrification of NO3-
	-1
	1
	
	f1end
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	Exogenous denitrification of NO2-
	
	-1
	-c2
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Note: 

-R1_Vmax, R2_Vmax, R1_end_Vmax , R2_end_Vmax are maximum denitrification rates (mgN/mgSSV h);

-SSV
are volatile suspended solids concentration
(g/L);

-NOi-
are  concentrations of N forms (mg N-NOi/L);

-T
is the average temperature of the denitrification test (°C).
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Figure 8: Result of a denitrification batch experiment conducted in pH-stat conditions. (Neq = NO3+0.6NO2). (a) denitrification of the rbCOD fraction; (b) denitrification of sbCOD; (c) endogenous denitrification.

Table 8. Estimates of relevant parameters for batch denitrification experiments.

	Parameter
	Value (mgN/mgSSV h)

mean(st.dev (CV%)

	
	Tests on NO2-
	Tests on NO3-

	R1_Vmax
	
	6.8(2.0 

	R2_Vmax
	5.7(1.2
	4.8(2.4

	R1_end_Vmax
	
	1.4(0.8

	R2_end_Vmax
	1.5(0.8
	1.0(0.4

	f1es
	
	0.53(0.55

	f1end
	
	0.56(0.55

	f2es
	0.93(0.36
	

	f2end
	1.43(0.79
	

	c1
	9.5
	

	c2
	
	6.3


Parameter estimates (Table 8) are affected by a significant variability which is especially high for fi values. As a matter of fact, variation coefficients for denitrification rates are within 20 and 60%, while they increase up to 100% for stoichiometric coefficients fi. This finding indicates that it may be difficult to obtain reliable information of NOx reduction from pH-stat titration data, since a constant stoichiometric relationship between alkalinity production and nitrogen reduction can not be defined, as it is the case for ammonium oxidation. 

However, by observing the titration curve in Figure 8, one can see that the shape of the titration curve follows the denitrification dynamics. Specifically, three phases can be evidenced, both in the titration curve and in the Neq trend: (a) denitrification proceeds at the maximum rate, likely rbCOD is used as carbon source; (b) denitrification proceeds at a lower rate, likely sbCOD is used as carbon source; (c) endogenous denitrification takes place. The loading condition of the batch test reported in Figure 8 reflects the standard one of the POLIMI SBR. Accordingly to the denitrification dynamics observed by monitoring pH trends and NOx concentrations in the SBR (see cyclic tests in WP1 Technical Annex), the high-rate denitrification ends within 20-30 min after influent feeding. These results suggests the possibility to determine the end of the exogenous denitrification by performing pH-stat titration on sludge samples collected at the beginning of the anoxic react, as it was proposed for the determination of the nitrification end-point. It may be also observed that the appreciable titration rate which is measured during phase (c) indicates that denitrification is still taking place on endogenous carbon-source, i.e. that the carbon content of the synthetic influent was insufficient to fully denitrify the NOx present at the beginning of the batch experiment. 

Differently, in the case that the denitrification process stops because of complete NOx reduction, the titration curve reaches a plateau value. This is the case of two tests performed in July, after that the COD/N ratio was increased by the 10% by acetate addition. In Figure 9, one of these pH-stat titration curves obtained on a sludge sample drawn at the beginning of the anoxic phase is compared to the pH trend measured in the SBR.  Two main observations can be made: 

(1) After less than 30 min of anoxic reaction, a plateau is observed in the titration curve, indicating that the denitrification process stopped because of NOx limitation. This is confirmed by analytical determinations of  NO2 and NO3.

(2) The plateau of the titration curve starts when pH, in the SBR, reaches its maximum (denitrification end-point).

Both observations clearly evidence that the shape of the titration curve could be used to identify the end of the denitrification reaction and to determine whether this end-point is due a limitation by carbon (indicated by a residual titration rate) or by NOx (indicated by a plateau in the titration curve). 
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Figure 9: pH-stat titration curve on a sludge sample drawn at the beginning of the anoxic phase compared to the pH trend in the SBR and to NOx analytical determinations.
pH-stat denitrification tests to determine effluent nitrates concentration 

During the first year of experimentation, some pH-stat titration curves were obtained on sludge samples to which nitrates and acetate were dosed. It was shown that a satisfying repeatability of the titration rate was obtained. Moreover, denitrification was proved to follow a zero order kinetics as indicated by the constant titration measured during the whole test. These results suggested the possibility to assess the nitrate content of a sludge sample from the amount of acid dosed during anoxic pH-stat titration tests in the presence of acetate as carbon source. 

Some pH-stat titration tests were therefore performed on sludge samples to which known amounts of nitrates were added in the presence of a non-limiting acetate concentration (Figure 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

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

Values of fden and of rden for the test shown in Figure 10 are reported in Table 9. A satisfying repeatability can be observed. Values of facetate estimated on different sludge samples are reported in Table 10. 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.

Hence, the following procedure was implemented to estimate the nitrate content of a sludge sample:

· step 1: a non-limiting concentration of acetate is dosed to the nitrate-containing sludge sample; pH-stat titration is performed until a plateau is observed, i.e. until nitrates are fully denitrified and the amount of acid dosed is recorded (VHCl,sludge);

· step 2: a known amount of nitrates (NO3,spike) is added to the same sludge sample; pH-stat titration is continued until a second plateau is reached and the amount of acid dosed after the nitrates spike is recorded (VHCl,spike).

The second denitrification step is used to estimate facetate, which is assumed to remain constant for the two denitrification steps (as demonstrated in Figure 10 and Table 9):

facetate = VHCl,spike/NO3,spike
The amount of nitrates originally present in the sludge sample (NO3,sludge) is, then, estimated according to the following equations: 

NO3,sludge = NO3,spike ( VHCl,sludge/VHCl,spike = VHCl,sludge/facetate
This procedure was applied to three sludge samples drown 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 11. 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 9: 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 10: 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 11: Comparison between nitrate concentrations, in sludge samples drawn at the end of the aerobic phase, estimated by the pH-stat titration procedure 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


Definition of the operation modes of the on-line pH/DO-stat titrator

Following the specifications that have been reported in the first-year report, a prototype of on-line pH/DOstat titrator for bacterial activity monitoring has been built by SPES in collaboration with POLIMI and ENEA and will equip the pilot ENEA-SBR. The titration unit can estimate specific activities of ammonium and nitrite oxidisers as well as of denitrifying bacteria. 

Five experimental procedures to be used on-line have been established in order to:

1. detect acute toxicity of sewage on autotrophic biomasses; 

2. estimate the nitrifiable nitrogen content of the SBR influent;

3. measure specific removal rate of  N-substrates; 

4. monitor the ammonia oxidation process during the aerobic phase in a SBR reactor;

5. estimate NOx- concentration at the end of the aeration phase in the SBR tank.

Titration data are directly elaborated by the control system that equips the titration unit and provided to the operator by a control panel. A scheme of the apparatus is shown in Figure 11.

The prototype

The prototype of the on-line titration unit (named TITAAN, TITration Automatic 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).

An 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. 

The TITAAN operates according to a procedure defined by a Finished State Machine. Figure 13, Figure 14, Table 12, Table 13 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.

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

· 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 below).

In order to prevent sudden changes of temperature, that may cause relevant variations of the reagents concentration, the whole unit is provided with a temperature conditioning system. Moreover, 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...).

A control panel 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 11: 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. 

Table 12: 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 

C1 (tSBR = end AEROBIC REACT): 
I in Rt until Lt1







S in Rt until Lt2

C2 (tSBR = end DRAW):


I in Bi until Li







S in Bs until Lf







I in Rt, S in Rt until Lt2

C3 (tSBR = end IDLE):
                       S in Bs until Ls

C4 (tSBR = end ANOXIC REACT):

S in Rt until Lt2

C5a (tSBR = end ANOXIC REACT)
S in Rt until Lt2

C5b (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 12:  Titrator phase changes

Table 13: 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/C:
a specific reaction phase is reached in the SBR (Figure 13)

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 13 – Synchronization between titrator operations and SBR cycle

Description of the modes of operation of set-point titration experiments 

Mode 1 – Estimation of acute toxicity of the influent to autotrophic biomasses

It’s a pH/DOstat test that allows to detect the presence of toxic/inhibitory substances having acute effects on autotrophic biomasses, both nitrite and ammonium oxidizing. The operating procedure to perform the test is explained here below (Figure 14).

The titration reactor Rt is filled with the influent sample on which the toxicity test has to be performed, until is reached 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 fixed time (1-5 minutes) to help reaching the DO set point concentration; at the same time a control routine doses NaOH and H2O2 until set-point values, for both for pH and DO, are reached. Once the signals acquired by the probes are sufficiently constant, this control routine is stopped (time = t0), and pH/DOstat titration starts. The titrated volumes are recorded and cumulated curves are built.

While ammonium oxidation (which lasts for (t1 in Figure 14) is evidenced on both NaOH and H2O2 titration curves, nitrite oxidation affects only the H2O2 titration curve. From the slopes of the the two titration curves (rDO and rpH in Figure 14, expressed as mLtitrant/minute), activities of ammonium and nitrite oxidizing bacteria (as mgNoxidized· Lsludge · h-1 ) are calculated, taking into account the stoichiometry of the nitrification reactions (Massone et al., 1998 and Rozzi et al., 2003). 

When the system detects on-line the two distinct slopes with a satisfying accuracy, a peristaltic pump doses allylthiourea in the titration reactor to a final concentration of 10 mgATU/L. Ammonium oxidising bacteria (AOB) are now selectively inhibited. Afterwards, NaOH is dosed exclusively to neutralize the CO2 production due to eterotrophic respiration, while the addition of H2O2 offset the oxygen consumption by heterotrophs and by nitrite oxidising bacteria (NOB). When the system detects the bending point on the NaOH curve (G1), and measures the slope rpH,end, the AOB activity (ACT) is calculated according to the following equation:
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where:

· fstNaOH= 
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 stoichiometric factor  (oxidation of ammonium to nitrite); 
· T° C temperature in Celsius degrees, to normalize the activity at 20°C;

· ( = 1,08 temperature compensation coefficient for nitrifying populations activity;

· MNaOH molarity of the NaOH solution, usually 0.05 M, set by the operator; 

· Vsludge is the volume of sludge used for the test [L], set by the operator.

A second bending point on the hydrogen peroxide titration curve (G2) can be detected, due to the complete consumption of nitrites, after which only endogenous respiration takes place. Actually, if ammonium oxidation is faster than nitrite oxidation, (i.e.: ACT (NOB)>ACT(AOB)), nitrites are used up immediately after ATU addition and knees G1 and G2 could take place at the same time ((t2 ( 0), making the detection of G2 impossible. So, a time interval Δt3 is established after which the system calculates the value of rDO,end, even if the knee G2 has not been detected, and NOB activity is obtained according to the following equation:   
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where:

· MO2 is the molar concentration (in mmolO2/mL) of hydrogen peroxide titrant;

· f1stO2 =  
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 stoichiometric factor  (oxidation of ammonium to nitrate);

· f2stO2 = 
[image: image30.wmf]+

4

2

NH

-

mgN

mgO

 

3,42

 stoichiometric factor  (oxidation of ammonium to nitrite);

· f3stO2 =
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  stoichiometric factor (oxidation of nitrite to nitrate).

Toxicity evaluation is done by comparing actual activity values for AOB and NOB with the mean values calculated in n previous cycles and by taking into account the variability of this average  value, expressed as the variation coefficient (CV(%)) determined as percentage ratio between standard deviation and mean). The criteria adopted is the following:

TOX (%) =
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if TOX (%) > 1,2 CV(%), then ACTmeasured detects acute toxicity for the influent. In this case an alarm message is generated on the control panel and the toxicity value is saved in the output file. 
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Figure 14 – Scheme of titration curves in MODE 1

Mode 2 – Estimation of nitrifiable nitrogen content of the influent

It consists in a pH-stat test that allows estimating the nitrifiable nitrogen content of the sewage that feeds the SBR. The estimation is based on the assessment, by pH-stat titration 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. The test should be concluded preferably before the fill phase of the SBR, in order to activate a suitable control strategy if an over/under-load of nitrogen is detected. 

To minimise testing-time, the estimation is done with concentrated sludge kept in 
endogenous conditions and at a high sludge/influent ratio. To this purpose, sludge is withdrawn from the bottom of the SBR tank at the end of settling phase and stored in beaker Bs. The sewage sample is loaded in Bi, and then the titration reactor is filled with influent and then with sludge to the working level Lt2. 

The test is started with the control routine to reach set-point values for pH and DO signals (see Mode 1) until t= t0, in (Figure 15); from the moment onward the system calculates the slope of NaOH titration curve. Although calculations are based on a pHstat titration data, a DOstat titration is actuated to furnish oxygen to biomass.  

In Figure 15,  three phases, characterized by different titration rates, can be distinguished: initially, ((t1) the titration rate 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 the first bending point, which corresponds to the consumption of rapidly biodegradable organic matter, 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, preliminary laboratory tests performed with MARTINA evidenced that often the contribution of organic matter oxidation is often so rapid that it is concluded before pH and DO set-point values are reached.  

The system calculates titration rates on-line. This calculation continues till time = tEND, i.e. when both rpH,end and the bending point G, corresponding to the end of ammonium oxidation, are  detected with a satisfying accuracy. 

The volume of alkaline titrant added to compensate the acidity produced by nitrification only (V(NaOH)NIT) is assessed from the total volume of titrant added after rdCOD consumption (VEND - V(t1) by subtracting the volume dosed to compensate the acidifying effect of endogenous respiration (rpH,end · (tEND - Δt1)) and by adding the amount of titrant that would be added by the titration system during (t1 under the hypotesis that, in this time interval and during the time required to reach pH and DO set-point values (t0), nitrification takes place at the same rate as the one assessed later one ((rpH,tot - rpH,end) · (Δt1+t0)). Therefore:  

V(NaOH)NIT = VEND - V(t1 - rpH,end · (tEND - Δt1) + (rpH,tot - rpH,end) · (Δt1+t0)
    
 

Estimation of the concentration of nitrifiable nitrogen of the influent (in mgN/L) is obtain as:
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Figure 15 – Scheme of pH-stat titration test in Mode 2

Mode 3 – Estimation of maximum nitrifying activity

It consists in a pH/DO-stat test that allows to measure maximum specific activity for AOB and NOB which characterize 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 in endogenous conditions and is kept mixed. The sludge sample is loaded in the titration reactor after a pre-aeration period inside the sludge storage beaker Bs. A scheme of the test is reported in Figure 16: at the beginning, the control routine brings pH and DO to their set-point values, then, at time t0, a know amount of NH4Cl is dosed by a peristaltic pump to start nitrification. Titration rates are then measured on-line (rpH,tot, rDOtot, rpH,end and rDO,tot) (Figure 16).

Nitrification activities are calculated as in Mode 1 by taking into account that, compared to the react phase, in the idle phase the SBR sludge is more concentrated, by a factor VMax/VMin (VMin: SBR volume after effluent decanting,  Vmax: SBR volume during the react phase). 

The amount of ammonium nitrified can be also estimate from the volume of both  titrants: 

VNaOH = VEND,pH – rpH,end · (tEND- t0)








VH2O2 = VEND,DO - rDO,end · (tEND – t0) 



[image: image36.wmf]sludge

NaOH

NaOH

st

NaOH

pH

 

calclated,

V

M

  

f

  

V

 

[N]

×

×

=



[image: image37.wmf]sludge

O2

O2

st

H2O2

DO

,

calculated

V

M

  

f1

  

V

 

[N]

×

×

=










If the titration system is working properly, [N]calculated,pH and [N]calculated,DO should be as closed as possible to the ammonium concentration corresponding to the ammonium chloride dosage. The titration error (err), i.e. the discrepancy between estimated and actual initial ammonium concentration is calculated as:
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If one or both the “err” values are higher than a maximum allowable value (e.g. 20%), a notification is visualized on the control panel. By this procedure, the accuracy of activities estimates are verified.

[image: image40.wmf]V

END,pH

t

0

t

G

t

END

rpH

, tot

rpH

, end

H

2

O

2

NaOH

[mL]

t

0

rDO,

end

G1

G2

NaOH

H

2

O

2

V

END,DO

V

END,pH

t

0

t

G

t

END

rpH

, tot

rpH

, end

H

2

O

2

NaOH

[mL]

t

0

rDO,

end

G1

G2

NaOH

H

2

O

2

V

END,DO


Figure 16: Scheme of a pH/DOstat titration test in Mode 3 and 4

Mode 4 – Detection of the end of ammonium oxidation in SBR tank

It’s a working mode that allows to monitor on-line the evolution of the ammonium oxidation in the SBR during the aerobic phase. The sludge sample is withdrawn from the SBR at the end of the anoxic phase, so that nitrification take place simultaneously in the titration beaker and in the SBR tanks. The set-point titration is performed as in Mode 3, but no extra nitrogen is added needs to be added. As for Mode 3, Mode 4 can estimate AOB and NOB activities, its main purpose is to detect the end of the ammonium oxidation reaction in the SBR: this information would allow a supervision system to anticipate the switch from aerobic phase to the following one. This operation allows energy saving and increase the SBR treatment capacity. On the contrary, in the case of a nitrogen overload or of a reduced nitrification capacity, the aerobic phase could be prolonged allowing complete ammonium oxidation to take place. In Figure 16 a scheme of the test is reported, while in Figure 17, a laboratory scale test with MARTINA is shown: it can be noticed that the ammonium profile obtained from pH/DO-stat data well compares with analytical determinations.
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Figure 17: Ammonium profile obtained from titration data  compared to analytical values, pH and DO profiles in SBR reactor.

Mode 5 – Estimation of nitrate concentration at the end of aerobic phase 

This pH-stat test is aimed at the determination of the amount of nitrates produced by nitrification and that are to be denitrified during the following SBR anoxic phase. The method is based on the estimation of the amount of titrant necessary to neutralize the alkalinity produced by the reduction of nitrates. The latter are denitrified by adding acetate and the amount of titrant is recorded. This value is compared with the titrant added afterward to reduce a known amount of nitrates, added once the reduction of the nitrate content of the sludge is finished. 

The sludge sample is withdrawn from SBR at the end of aerobic phase, it is loaded in Bs and then transferred into the titration reactor, where pH-stat titration is performed (of course no oxygen is added). Once pH has reached the set-point value, at t=t0, see Figure 18, 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 assumes 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 till another sub-horizontal trend is detected, pointing out volume V2. 

Nitrates present in the sludge loaded at the beginning of the test (N-NO3-, sludge) are 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







For SBR monitoring and for control purpose the value obtained can be used to evaluate the next anoxic phase duration or to quantify the dosage of an external carbon source (for instance methanol).
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Figure 18: Scheme of titration pHstat test in Mode 5

First results in Mode 1 on real sewage

The main aim of the firsts titration tests performed in mode 1 with MARTINA was to produce data-set on which the procedure, implemented to identify titration rates and bending points, could be tests. AOB activity data were calculated and quite a good correlation was usually found between pHstat and DOstat titration, see Table 14. 

Tests were performed on SBR sludge following the procedure described above, using sludge/influent volumetric ratios varying from 1.8 to 5 and different sludge concentrations. Sludge sample withdrawn from the SBR were manually loaded in Martina’s titration beaker, assuming the same VSS concentration for titration tests and SBR: this caused an overestimation of the real biomass concentration in the titration unit since, due to the excellent sludge settling characteristics, it happened that during sludge sample preparation the settling process was so fast that the VSS concentration in the titration beaker was, as average,  –10% of reactor’s VSS concentration. 

Therefore, a discrepancy between the nitrification activity in the titration unit and that one of the SBR sludge has to be expected. 

Table 14:  Activity rates determined with first Mode 1 tests on real sewage

	test
	AOB pHstat mgN/(gVSS*h)
	AOB+NOB 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

	average
	10%
	


In the following Figure 19, Figure 20 and Figure 21, titration curves are reported with automatic titration rate calculation by means of a Matlab algorithm. In all tests in Table 14, titration rates and, at least, bending-point G1 were determined. 
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Figure 19: Titration curves with automatic titration rate detection – G2 is not detected
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Figure 20: Titration curves with automatic titration rate detection – G2 is detected

These first tests were very long, they lasted more than 3 h, they were necessary to calibrate the algorithm for the slope calculation; now the challenge would be to reduce the test duration to 60-75 min, as maximum, and this appears to be feasible.  

First results in Mode 2 on real sewage

In order to evaluate the method described in the paragraph “Mode 2 - Estimation of nitrifiable nitrogen content of the influent”, some preliminary test were performed with MARTINA. Till now, only 4 tests have been done.

Tests were run following the above described method, but in the beginning of the experiments endogenous titration was measured to compare it with the final one and evaluate the contribution due to slowly biodegradable substrates. For the four tests performed, the difference in titration rates measured at the beginning of the test (real endogenous conditions) and after the oxidation of the nitrogen contained in the influent (pseudo-endogenous conditions) appears to be negligible. The volumetric sludge/influent ratio ranged from 5 to 10 [L/L]. In Figure 21, the titration curve of the test performed on 22/06/04 is reported.
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Figure 21: Titration curve test mode 2 performed on 22/06/04

Table 15:  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%
	


It can be observed that the titrimetric method underestimates the nitrogen content (Table 15). 

As for the analytical determination, the spectrophotometric method was used. However, the influent showed a yellowish colour, which could have interfered with analytical determination, as stated in the methods’ handbook used in our lab (Metodi analitici per le acque, APAT, IRSA-CNR, 2003).

To reduce this interference, that is difficult to eliminate, the sample could be distilled rather than filtered as we did till now:  in future experiments this methodology will be followed. 

Further activities
Deliverable D3.2 (Automated DO-stat and pH-stat titration biosensor for process control) has been prepared. 

A researcher from UNAM is taking part in the experimental programme (both field work and data evaluation at Trebbo di Reno).

Future activities

WP3 activities of POLIMI and ENEA have been planned according to the following programme:

1) Tests at the ENEA’s pilot-scale SBR plant at Trebbo (Bologna):

1.1) November 2004: the on-line titrator will be tested for the assessment of overloads, maximum nitrification capacity, duration of the aerobic phase); a seminar will be held in Bologna on November 26th, 2004 to show the performance of the on-line titrator prototype;

1.2) November 2004 – mid April 2005: more tests will be performed with the on-line titrator, especially on acute toxicity.

At the end of April, the prototype will be ready for shipping to INRA (Narbonne) for the completion of the programme of other WP (WP5 and WP7, not included in WP3 activities).

2) Tests at the lab-scale SBR plant at POLIMI (Milan):

2.1) November 2004 – February 2005: 

the off-line titrator (MARTINA) will be used to complete denitrification tests;

2.2) February – March 2005: 

the SBR will be operated with a dairy-like influent, artificially made to simulate the dairy wastewater that is used at INRA;
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