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Summary

Within the objectives of WP1, POLIMI experimentation has included the following main activities:

· cyclic experiments planed in Mexico city, aimed at collecting data required for model parameters estimation and validation (WP2), have been concluded;  two experiments with nitrification inhibitors (allylthiourea and 4 chlorophenol) were performed in order to verify the feasibility of identifying nitrification inhibition by pH/DO-stat titration (WP3);

· two abnormal conditions of the SBR operation were documented (WP6);

· batch denitrification tests were performed in order to better understand denitrification dynamics before trying to apply pH-stat titration to the monitoring of the anoxic phase (WP2 and WP3);

· a pilot scale SBR fed on real sewage has been set up by ENEA (official POLIMI subcontractor) at Trebbo di Reno (Bologna) which has to be used for the validation of the applicability of the on-line titrimetric sensor to the monitoring of SBR systems (WP3).

The following report summarizes main results of the above listed activities. 

Performance of the lab-scale SBR (Polimi) 

During the second year of the EOLI project, the SBR reactor was continuously operated except for the following two periods:

stop 1:

22/12/03 – 14/01/04 (Christmas holidays)

stop 2:

22/07/04 – 10/09/04 (Summer holidays)

during which the operation was stopped and the sludge was maintained in endogenous conditions  at 4oC. 

The lab scale SBR was fed with a synthetic influent as follows:

operating days 1- 380: synthetic influent prepared by diluting meat extract and peptone in tab water (modified from OECD Guidelines for testing of chemicals. 1993 - 209 ‘Activated sludge inhibition Test’, OECD Paris, see first year WP1 Technical Annex for composition). This influent was characterised by: COD = 600 mg/L; N = 75 mg TKN/L (COD/N = 8). The volumetric exchange ratio was VER = 0.2 and the loading rate was CCOD = 9.6 gCOD/d.

operating days 380 – 432: the feed was prepared by diluting the same ingredients as before in 90% tab water, 10% real sewage in order to have a sewage bacterial inocolum. 

operating days 432 – onward: the loading rate was increased by increasing VER to 0.3, by doubling the concentration of peptone and meat extract in the feed and by adding sodium acetate to increase COD/N ratio to 8.8 (+10% with respect to the previous value). Influent concentration was therefore  COD = 1320 mg/l and N = 150 mgTKN/l and the loading rate was CCOD = 21.1 gCOD/d. This loading increase was justified by the fact that results of effluent monitoring, cyclic tests and titrimetric tests (see WP3 report) had evidenced that both aerobic and anoxic phases were over-designed, since denitrification as well as nitrification ended early in advance with respect to the end of the anoxic/aerobic phase. 

The SBR was operated in 4 cycles per day. Each cycle included the following phases.

ANOXIC FILL duration tF = 10 min;

ANOXIC REACT duration: tANOX;

AEROBIC REACT duration tAER;

SETTLE duration tS = 37 min;

DRAW duration tD = 23 min; 

Durations of the anoxic and aerobic phase were modified during the experimentation to enhance nitrification capacity, as follows:

operating days 1- 207: 
tANOX = 2.5 h, tAER = 2.5 h;

operating days 208- 235: 
tANOX = 2.0 h, tAER = 3.0 h;

operating days 236-465: 
tANOX = 1.5 h, tAER = 3.5 h;

operating days 466- onward: 
tANOX = 1.0 h, tAER = 4.0 h;

In order to follow the SBR performance, the following parameters were periodically analyzed:

· biomass concentration (volatile suspended solids – VSS, total suspended solids – TSS), Figure 1;

· effluent ammonium nitrate and nitrite concentrations, Figure 2;

· effluent soluble COD, Figure 3,

· sludge volume index – SVI and effluent suspended solids, Figure 4;

All parameters were monitored more frequently when cyclic tests for the assessment of model parameters (data for WP2) were performed, corresponding to operating days 180-330. During the following operating period, some batch experiments for a further characterization of the denitrification phase were performed and the SBR was used to assess the applicability of pH-stat titration to the monitoring of the denitrification phase. During this period the SBR was fed as usual, but less analytical determinations were performed.

Notable events in the SBR conduction related to the period Nov 03-Nov04 are reported in Table 1.
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Figure 1: Suspended solids concentration in the lab-scale SBR sludge.
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Figure 2: Concentrations of nitrogen forms in the lab-scale SBR effluent.
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Figure 3: COD concentration in the SBR effluent.
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Figure 4: Sludge volume index (SVI) and effluent TSS.

Table 1: SBR relevant events.
	date
	operational time (d)
	Relevant events

	3-11-03
	234
	3.5 liters of  nitrifying sludge were inoculated to improve nitrite oxidation capacity

	4-11-03
	235
	anoxic time reduced to 1.5 h, aerobic time increased to 3.5 h

	11-11-03
	242
	cyclic test  #10: COD/N +50%

	20-11-03
	251
	cyclic test  #11-  +75% overload

	26-11-03
	257
	cyclic test  # 12- 50% underload

	2-12-03
	263
	floating worms in the reactor

	4-12-03
	265
	cyclic test  #13 - +50% overload

	5-12-03
	266
	drawn 10 liters of effluent, sludge resuspended in tap water to reduce nitrates concentration

	10-12-03
	271
	cyclic test #14-+25% overload

	11-12-03
	272
	drawn 13 liters of effluent, sludge resuspended in tap water to reduce nitrates concentration

	12-12-03
	273
	Added  1.5 g of acetate to reduce nitrates concentration

	15-12-03
	276
	increased effluent turbidity

	16-12-03
	277
	Added  2 g of acetate to reduce nitrates concentration

	17-12-03
	278
	Added  2.5 g of acetate to reduce nitrates concentration

	18-12-03
	279
	cyclic test #15 Inhibition by ATU

	22-12-03
	283
	Christmas stop

	14-1-04
	285
	SBR restarted

	16-1-04
	287
	no worms are observed as before Christmas stop

	19-1-04
	290
	Added  1.5 g of acetate to reduce nitrates concentration

	20-1-04
	291
	0.5 g of acetate to reduce nitrates concentration

	21-1-04
	292
	air flow rate lower than before Christmas stop

	22-1-04
	293
	pH, DO, ORP trends similar to those reported before Christmas stop

	27-1-04
	298
	cyclic test #16, +50% aeration

	29-1-04
	300
	cyclic test #17, -50% aeration

	4-2-04
	306
	cyclic test #18, standard conditions

	5-2-04
	307
	high nitrates concentration, low pH value, added 2g acetate to decrease nitrates and increase pH

	11-2-04
	313
	cyclic test #19 Inhibition by ATU

	26-2-04
	328
	cyclic test #20  Inhibition by 4 Cl-phenol

	18-3-04
	349
	anomalous effluent discharge

	23-4-04
	354
	Electrical supply black out 

	30-03-04
	361
	anomalous effluent discharge

	18-05-04
	410
	relevant biomass loss due to unwanted mixing during settling and discharge

	11-06-04
	434
	1 cycle without loading

	21-06-04
	444
	1 night aeration to oxidize ammonium and nitrite

	8-07-04
	461
	cyclic test #21, new loading rate

	12-07-04
	465
	1 night aeration to oxidize ammonium and nitrite

	14-07-04
	466
	anomalous effluent discharge

	22-07-04
	475
	SBR stoped, sludge at 4oC for summer holidays

	10/09/04
	476
	SBR started

	20/09/04
	485
	fault in the aeration system

	21/09/04
	486
	biomass wastage started to reduce biomass SS concentration


As far as biomass concentration is concerned, VSS were maintained between 2.0 and 2.5 g/L by sludge wastage every 1-3 days. Sludge age resulted to be around 27 d. A fault in the mixing timer caused a relevant biomass loss (day 410) which was overcome by avoiding biomass wastage during the following month. 

After the loading rate increase, performed in July 2004, biomass wastage had to be increased in order to maintained a sludge concentration around 4.5 gTSS/L. As a consequence, the sludge age decreased to 9-11 days and nitrification started to be instable (operating days 486-496).

As far as the nitrogen removal capacity is concerned, ammonium oxidation during the aerobic phase was almost always satisfying, except for a short period of few days (operating days 216-223) during which nitrification capacity was temporarily reduced. 

More recently (operating day 495 onward), a second and more relevant event of reduced nitrification capacity was supposed by observing on-line DO and pH measurements in the SBR and possibly caused by a reduction in biomass retention time which was lowered to 9-11 days   (operating days 486-496). Figure 5, reports DO and pH trends recorded during one day (i.e. 4 cycles) before intense sludge wastage (operating day 484, 1 week after SBR start up) and 2-3 weeks later (operating day 498 and 505). In Figure 5, arrow indicate the end of ammonium oxidation evidenced by a minimum in the pH trend and by a knee in the DO trend. During day 484 nitrification was completed within 1 h from the beginning of the aeration phase, while it took more than 3 h during day 498. Finally, during day 502, nitrification seemed not to be concluded within the aerobic reaction time. Up to now stable nitrification could not be reached again. 

Effluent nitrates concentration was around 10 mgN/l up to day 208. After the reduction of the anoxic react duration (day 208 and 235), operated to favor complete nitrite oxidation, nitrates concentration increased to approximately 20 mgN/l. Probably, this was due to an increased release of reduced nitrogen by cell lyses during the prolonged endogenous phase taking place at the end of the aerobic react. The reduced nitrogen released resulted in a higher nitrates production by nitrification. Moreover, a lower denitrification capacity resulted from the reduction of the anoxic phase duration. 

Figure 6 reports results of two cyclic tests performed under standard loading conditions, the first related to a cycles with tANOX = 2.5 h and tAER = 2.5 h (#01), while the second related to a cycle with tANOX = 1.5 h, tAER = 3.5 h  (#01). It can be observed that, in the first case, the oxidized nitrogen content (expressed as: Neq = N-NO3 +  0.6 N-NO2) could be completely denitrified during the anoxic phase, while a relevant concentration of oxidized nitrogen was found at the end of the anoxic phase in the second test. Incomplete denitrification was caused by insufficient carbon availability, as it is evidenced by the COD removal profile, which shows that most of the rapidly biodegradable COD was removed during the denitrification phase. Therefore, it was concluded that the feed COD/N ratio was not sufficient to guarantee a nitrate concentration below 20 mgN/l for discharge in fresh waters. This law limit could be met by dosing a readily biodegradable carbon source, such acetate, in the denitrification phase. For this reason, when the loading rate was increased, the COD/N ratio was also increased of 10% by adding acetate in the feed. 

COD removal was always satisfying, the effluent COD being around 20 mg/l. An increase in the effluent COD was observed after the increase in the loading rate. 

Sludge settleability was always satisfying as indicated by the low SVI, which remained below 100 ml/g. This evidence confirms that SBR systems are less prone to settling problems than continuous systems. 
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Figure 5: Loss in nitrification capacity evidenced by dissolved oxygen (DO) and pH trends recorded in the SBR during 3 different days.  Arrows indicate the end of ammonium oxidation.
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Figure 6: Concentration trend for COD and Neq  during the anoxic phase of two cyclic tests.

Performance of the pilot-scale SBR (ENEA) 

The pilot plant is located sidestream to the Trebbo di Reno municipal WWTP and it is fed on real sewage drawn after grit removal. 

The SBR (Figure 7) is installed on a covered trolley; the monitoring and control unit is located in the near WWTP facility. The pilot SBR has a working volume of 500 L and is equipped with a mechanical mixer, a variable-flow blower connected to a membrane diffuser, two peristaltic pumps for influent loading and effluent discharge (flow rate = 6 L/min) and a pump for sludge wastage (flow rate 1 = L/min); the plant is also equipped with a multi-parameters converter for the on-line acquisition of  pH, DO, ORP and temperature signals. 

Each signal is recorded by a multi-function data acquisition card, installed on a PC. A software application has been developed in LabView 6.1 (National Instruments) to manage data acquisition Actuators are controlled by a PLC interfaced to the acquisition card.
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Figure 7: Pilot plant layout
Process description

The SBR cycle is described in Figure 8. Each phase is described here below.
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Figure 8 – SBR cycle 
Fill phase
In the fill sewage is loaded in the SBR reactor. The loading pump is activated on a time-base, while level sensors control the pump stopping.

Anoxic phase

In this phase, only the mixer is working, its control is performed on a time-base. 

Aerobic phase
In this phase, only the blower is working, its control is performed on a time-base.

Sludge wasting
Sludge wastage takes place at the end of aerobic phase, its control is performed on a time-base and the operator sets the phase parameters (pump flow rate and working time) to obtain the desired sludge age.

Settle
The settling phase starts and the end of aerobic, its control is performed on a time-base. 

Decant
Effluent discharge starts at the end of settling phase, the peristaltic pump is activated on a time-base, while a level sensor control the pump stopping.

Operation of the ENEA pilot plant

The SBR reactor was operated in two distinct periods:

· 31st May – 6th August 2004

· 16th August 2004  onward

In August the plant was stopped for 10 days for summer holidays. The operative configuration of the first working period is described in Table 2.

Table 2 – Phases duration from 31st May to 6th August 2004

	phase
	duration

	fill
	17 min

	anoxic reaction (fill included)
	1.5 h

	aerobic reaction
	2.5 h

	settle
	40 min

	decant
	17 min

	idle
	78 min


The pilot SBR was inoculated with 200 L of settled sludge withdrawn from the Trebbo di Reno municipal WWTP; the working volume of 500 L was reached by dilution with tap water. Since the sludge was already acclimatized to the influent, satisfying removal efficiencies were achieved few days after the plant start. Despite some occasional malfunctioning (charge/discharge circuit, aeration), the overall performance was quite good and two cyclic studies were performed. From the 14th of June, when TSS concentration overcame 3.6 g/L, sludge purge was started during the aerobic phase. The sludge purge was operated in order to guarantee a sludge age of 21 days, and the TSS concentration remained around 3.6 g/L till the half of July. Then, from the 16th of July a series of blower malfunctioning caused a system instability; at the beginning of August, the problem affecting the blower control device was finally detected and solved. However, reactor performance was seriously compromised and, on the 6th of August, the plant was stopped and restarted after Summer holidays. 

On the 16th of August, new sludge was inoculated,  according to the same procedure described above. Sludge purge was started after that TSS concentration exceed 5g/L. An accidental purge caused a sudden decrease in TSS concentration, so that, on the 6th of  September, it was necessary to add 90 L of concentrated sludge from the full scale WWTP. 

Nitrate removal, during June and July, appeared to be quite fast, therefore the anoxic phase was shortened from 1.5 h to 1 h. On the contrary, to achieve good nitrification, the aerobic phase was prolonged from 2.5 h to 3 h (see Table 3). 

Table 3 - Phases duration from 16th August to 28th September 2004

	phase
	duration

	fill time
	19 min

	anoxic reaction (fill included)
	1 h

	aerobic reaction
	3 h

	settle
	40 min

	decant
	19 min

	idle
	42 min


As for the denitrification process, the cyclic test  #3 demonstrated that the new cycle configuration was not enhancing the process, but, on the contrary, a slight increase in the nitrate effluent content was reported. Therefore, the anoxic phase duration was increased to 1.5 h (later lightly reduced to 1 h 20 min). Moreover, since full nitrification was not always achieved during peak loads (normally during the morning cycle from 10.00 to 16.00 a.m.), the aerobic phase was prolonged to 3.5 h.

Table 4 - Phases duration from 28th September onward 

	phase
	duration

	fill time
	19 min

	anoxic reaction (fill included)
	1.5 h (1 h 20 min from 01/10)

	aerobic reaction
	3.5 h (from 01/10)

	settle
	40 min

	decant
	19 min

	idle
	42 min


Two cyclic tests (#4 and #5) were performed with new configuration (Table 4). Global reactor performances in this period were not satisfying, especially with regard to the organic matter removal and denitrification. It was supposed that changes in the influent composition could have affect the process. To investigate this issue, influent characterization during peak loads was performed from the 12th to the 21st of October, and results are reported in Table 6 and discussed in the following paragraph. The main result was that the BOD/COD ratio appeared to be quite variable, confirming the hypothesis that organic matter with low biodegradable content can occasionally reach the plant. 

A series of respirometric tests were performed by the MARTINA titrator within WP3 (Hardware sensors development) task (see POLIMI-ENEA 2nd year report on WP3 for details),  attesting an average ratio rbCOD /COD = 10%, quite in accordance with domestic sewage characterization found in the literature. Such a ratio has been previously reported to cause denitrification problems (Tasli et al., 1999).

It is important to note that analytical determinations reported here refer to peak loads (influent sampled within 9.00 –10.00 a.m.); a hourly characterization of the influent is in program and is going to be performed by an auto-sampler. The mean COD/N for the whole SBR working period, was  quite low being 8.09(1.22 gCOD/gTKN. Note that a COD/N fraction of 8  is reported as the lowest threshold value to achieve complete denitrification.

The influent denitrification potential of was estimated on the basis of the method described by Metcalf & Eddy (2003), see Appendix D for more details. Average values of the analytica parameters were assumed. This estimation suggested to increase the fill volume (and, therefore, the volumetric exchange rate) from 100 to 150 L, in order to improve denitrification (11th of October). Obviously, this caused the increase of both the organic mater and the theoretical amount of nitrates in the reactor at the end of aerobic phase. Compared to the previous loading conditions, the SBR nitrate removal capacity was expected to increase by the 127%, and residual nitrates at the end of the anoxic phase are expected to decrease by the 70%. Although, up to now, few data in the new loading condition are available, a process improvement was clearly identified, despite another accidental biomass loss happened and a partial sludge inoculation was necessary on the 14th of October. To cope with the increase in nitrogen load due to the new fill ratio,  the aerobic phase was prolonged from 3 h to 3.5 h; no nitrification problems were detected. In Table 5, SBR relevant events are reported.

Table 5– Relevant SBR events

	date
	operational time (d)
	Relevant events

	31-05-04
	1
	Start up of the pilot plant. 200 liters of sludge drawn from sludge recycle pipe of Trebbo di Reno (Bo) wastewater treatment plant. 

 (SST =  8.84 g/L, SSV = 7.82 g/L). Diluted with water to 400 liters. 

Started 1st cycle and fed real wastewater up to 500 liters.

	1-06-04
	2
	Software error in the management plant program. 10 cycles without load and draw.

	3-06-04
	4
	Restored working conditions.

	07-06-04
	8
	Blower did not work for electrical supply black out.

	08-06-04
	9
	Restored working conditions.

	10-06-04
	11
	cyclic test  #1

	14-06-04
	15
	Sludge wastage started with 24 L/d of aerated liquor wasted. 

SRT = 500/24 = 20.8 days

	18-06-04
	19
	Fault in the aeration system.

	20-06-04
	22
	Restored working conditions.

	24-06-4
	25
	cyclic test  #2

	26-06-04
	27
	Fault in the aeration system.

	27-06-04
	28
	Restored working conditions.

	05-07-04
	37
	Mixer did not work.

	06-07-04
	38
	Mixer repaired.

	11-07-04
	43
	Fault in the aeration system

	12-07-04
	44
	Restored working conditions.

	19-07-04
	51
	From today until 31-07-04 repeated fault in the aeration system

	02-08-04
	63
	Restored working conditions. Changed blower inverter parameters.

	06-08-04
	67
	Summer holidays

	16-08-04
	77
	SBR restarted

	02-09-04
	94
	Started sludge wastage.

	03-09-04
	95
	Error in sludge wasting system. Relevant biomass loss. Stopped the waste pump.

	06-09-04
	98
	90 liters of  sludge were inoculated from the sludge recycle pipe of the municipal plant.

	07-09-04
	99
	Fault in the load piping. Repaired.

	21-09-04
	113
	Cyclic test  #3. 

Electrical fault of the computer. Data on line not available.

	28-09-04
	120
	Cyclic test  #4. Not complete denitrification process.

Changed anoxic phase length from 1 hour to 1.30 hours.

	01-10-04
	123
	After cyclic test  #4 fixed new operational conditions for the cycle, to improve nitrification process.

Changed anoxic phase length from 1.30 hours to 1.20 hours

Changed aerobic phase length from 3 hours to 3.30 hours

	07-10-04
	129
	Cyclic test  #5. Denitrification process is not complete.

	08-10-04
	130
	After cyclic test  #5 fixed new operational conditions for the cycle, to improve denitrification process.

Increased feed volume to 150 liters, to increase available COD for denitrification process.

	12-10-04
	134
	Changed feed volume (VF) and draw volume (VD). 

VF = VD = 150L.

VER = 150 / 500 = 0.3

	13-10-04
	135
	Relevant biomass loss due to fault in the new control level.

	14-10-04
	136
	150 liters of  sludge were inoculated from the sludge recycle of the municipal plant

	18-10-04
	140
	Faulty mixer. Mixer replaced.


In the following figures, main parameters for the SBR influent and effluent are reported.
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Figure 9 -  N-NO2- and N-NH4+ concentration in the SBR effluent.
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Figure 10 - Evolution of TSS and VSS concentration during SBR operation.
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Figure 11 - soluble COD in the SBR effluent. After the 2nd start up (August 16th), the amount of organic matter in the effluent was extremely variable; in the last cycles, after the increased exchange volume ratio,  CODs stabilized to values near 50 mgCOD/L.
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Figure 12 - N-NO3- in the SBR effluent. In the first period (31st May–August 6th), nitrates were decreasing, later increase until the increase in the exchange volume ratio (October 14th).
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Figure 13 - peak loads of total COD & soluble COD in the SBR influent: very variable values are reported. In the last working period, the variability of concentration appears higher.

Peak load influent characterization for ENEA pilot SBR

The influent characterization was performed from October  12th to  October 21st.

Samples were withdrawn from the SBR filling line. Samples were taken between 9:00 and 10:00 a.m., i.e. when peak loads, at the Trebbo di Reno WWTP plant, take place.

Approximately, a sample of 250 mL was taken, filtered through a 0,45 (m membrane and analyzed; total COD determination was made on unfiltered samples.

In Table 6, mean values of the 7-days characterization are reported, except for those parameters for which an interval is reported.

Notes

COD (total and soluble): COD concentrations were included in the reported interval; however, it is worth noting that previous analysis, performed by the operators of the WWTP and by ENEA personnel, had detected CODT values up to 800-1100 mg/l.

TSS and VSS: sewage pretreatments reduce significantly the TSS content which were found to be quite low (190 mg/L and the VSS 30 mg/l that means that most of  the SS were inorganic material). 
BOD/COD: the BOD/COD ratio varied considerably, possibly because of discontinuous industrial discharges; xenobiotic compounds which can be present in this kind of wastewater can be poorly biodegradable,  and can decrease the BOD/CODratio. 

Table 6 – Peak load influent characterization from October  12th to  October 21st

	PARAMETER 
	(mg/l)
	ST.DEV.
	METHOD

	CODT
	250-400
	-
	APHA 1992

	CODS
	200-350
	-
	APHA 1992

	pH
	8.1
	0.07
	Potentiometric

	TSS
	135
	0.02
	APHA 1992

	VSS
	30
	0.01
	APHA 1992

	N-NH4  titration
	51.8
	10.7
	APHA 1992

	N-NH4 spectrophotometer
	65.4
	6.8
	APHA 1992

	TKN
	69.8
	4.5
	APHA 1992

	BOD/COD
	0.4-0.7
	-
	APHA 1992


SBR Cyclic tests at the lab-scale SBR (#10 - #21)

Compared to cyclic tests performed during the first year of experimentation, the sampling timing in the anoxic react phase was modified, as described in Figure 14, to better follow the denitrification dynamics. Moreover, since most of the denitrification reaction was over after 30 min, the ANOXIC PHASE duration was shorten from 2.5 to 1.5 h, while the nitrification phase was increased from 2.5 to 3.5 h. 

Data related to each cyclic test are reported Appendix A.
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Figure 14: sampling timing and phases durations.

Cyclic test #10 (11/11/03)

Test conditions

The aim of this experiment was to monitor the behaviour of the SBR by modifying the COD/Ntot ratio in the feed, i.e. by increasing it by +50% of the standard value.

According to the objective of the experiment, the ratio COD/Ntot was increased by adding glucose to the standard influent (the new ratio was 12 instead of 8, so the influent was prepared to have a COD concentration of 900 [mg/L] instead of 600 [mg/L]).

Results

Nitrates were present at the beginning of the cycle, at a concentration of 9.7 mgN-NO3-/L, remaining from the previous cycle. No nitrites were detected. During the anoxic phase, nitrates were rapidly depleted leading to a moderate built up of nitrites (up to 2.3 mgN-NO3-/L) which were also rapidly reduced. Within 30 min, all oxidised-nitrogen forms were denitrified. At the same time, soluble COD was depleted to 26 mg/L. As far as nitrification is concerned, ammonium was oxidised in less than 60 min of aeration; nitrites built up to 2.4 mgN-NO2-/L, but were rapidly depleted. Therefore, after 60 min of aeration, endogenous conditions were reached. During the remaining 2.5 h of aeration, nitrates kept increasing of 3 mgN-NO3-/L, indicating nitrification of the ammonium released by cell lysis and ammonification. 

The activity of Ammonia-Oxidizing Bacteria was evaluated by pH-stat and DO-stat titration and was estimated to be, respectively, 4.5 and 5.4 mgN-NH4+/(gVSS(h). The activity of Nitrite-Oxidizing Bacteria was evaluated by DO-stat titration and was estimated to be 3.2 mgN-NO2+/(gVSS(h). 

NOTE:
 Between the previous cycle test (16/10/03) and this one, the following actions were taken to improve the nitrite oxidising capacity of the sludge, which had been keeping deteriorating from September onward:

· the load was halved for 4 d (20/10 and 24-25-26/10);

· from the 21/10/03 onward, micronutrients were added to the feed to support nitrifiers growth;

· from the 22/10/03 onward, we started pre-aerating overnight the tap water used to prepare the SBR influent to remove residual chlorine (detrimental to NOB); 

· the 3/11/03, sludge from a standard WWTP was inoculated (17.5% of the biomass in the SBR);

· from the 4/11/03 onward, the anoxic phase was shortened from 2.5 to 1.5 h and the aerobic phase was prolonged from 2.5 to 3.5 h, to reduced NOB anoxic decay and to increase the time for nitrite oxidation. 

Problems

No problems are to be mentioned. 

Cyclic test #11 (20/11/03)

Test conditions

The aim of this experiment was to monitor the behaviour of the SBR under increased COD and N load (+75% of the standard value). COD and Ntot concentrations in the influent were increased by adding glucose and ammonium chloride to the standard preparation (the influent was prepared to have a COD concentration of 1050 [mg/L] and a Nsol concentration of 131.3 [mg/L]).

Results

Nitrates were present at the beginning of the cycle, at a concentration of 18.1 mgN-NO3-/L, nitrites were less than 0.2 mgN-NO2-/L. Compared to the previous test (11/11/03), effluent nitrates increased from approx. 10 to 18 mgN-NO3-/L. This is likely related to the variation in the duration of the react phases (i.e. decreased anoxic time from 2.5 to 1.5 h, and increased aerobic time from 2.5 to 3.5 h), which may have enhanced the aerobic ammonification process, making more reduced nitrogen available for nitrifiers.

Due to the increased influent load, denitrification took approx. 1 hour to be completed, while it takes less than 30 min under standard loading conditions. Also, nitrites built up to almost 10 mgN/l, while they keep lower than 4 mgN/l under standard loading conditions. Moreover, soluble COD was depleted to less than 30 mgCOD/L during the anoxic phase and decrease slightly during the following aeration phase, indicating that the biodegradable COD fraction was almost completely oxidised during the anoxic phase. 

As far as nitrification is concerned, ammonium was oxidised in less than 60 min of aeration; nitrites built up to 3.0 mgN-NO2-/L but were rapidly depleted. Therefore, after 90 min of aeration, endogenous conditions were reached. During the remaining 2.0 h of aeration, nitrates kept increasing of 2 mgN-NO3-/L, indicating that nitrification of ammonium released by cell lysis was taking place. Therefore, the influent overload did not aversely affect reactor performance. 

The activity of Ammonia-Oxidizing Bacteria was evaluated by pH-stat titration and was estimated to be 5.0 mgN-NH4+/(gVSS(h). Similarly, the activity of Nitrite-Oxidizing Bacteria was evaluated by DO-stat titration and was estimated to be: 4.3 mgN-NO2+/(gVSS(h). 

Problems

No problems are to be mentioned

Cyclic test #12 (26/11/03)

Test conditions

The aim of this experiment was to monitor the behaviour of the SBR under decreased COD and N load  (-50% of the standard value).COD and Ntot concentrations in the influent were decreased (the influent was prepared to have a COD concentration of 300 [mg/L] and a Nsol concentration of 37.5 [mg/L]).

Results

Nitrates were present at the beginning of the cycle, at a concentration of 22.6 mgN-NO3-/L, nitrites were less than 0.2 mgN-NO2-/L. As already noticed during the previous test (20/11/03), effluent nitrates were found to be significantly higher than those measured under standard loading conditions (approx. 10 mgN-NO3-/L). This is likely related to the variation of the duration of the react phases (i.e. decreased anoxic time from 2.5 to 1.5 h, and increased aerobic time from 2.5 to 3.5 h), which may have enhanced the aerobic ammonification process, making more reduced nitrogen available for nitrifiers.

Due to the decreased influent COD load, denitrification could not be complete and nitrates did not decrease below 12.3 mgN/L. On the contrary, after 30 min of anoxic react, nitrates concentration started increasing and nitrites concentration decreasing, indicating that nitrification was taking place, likely triggered by oxygen dissolution from the atmosphere, which may have caused micro-aerobic conditions, undetected by the dissolved oxygen probe. Accordingly, soluble COD was depleted to less than 20 mgCOD/L during the anoxic phase and did not decrease significantly during the following aeration phase, indicating that the biodegradable COD fraction was completely oxidised during the anoxic phase. Therefore, the influent underload adversely affected the reactor denitrification capacity. 

As far as nitrification is concerned, ammonium was oxidised in less than 30 min of aeration; nitrites built up was not observed. Therefore, after 30 min of aeration, endogenous conditions were reached. During the remaining 3.0 h of aeration, nitrates kept increasing of 2 mgN-NO3-/L, indicating the nitrification of the ammonium released by cell lysis and ammonification. 

The activity of Ammonia-Oxidizing Bacteria was evaluated by pH-stat and DO-stat titration and was estimated to be, in both cases, 5.0 mgN-NH4+/(gVSS(h). Similarly, the activity of Nitrite-Oxidizing Bacteria was evaluated by DO-stat titration and was estimated to be: 4.1 mgN-NO2+/(gVSS(h). 

Problems

No problems are to be mentioned.

Cyclic test #13 (04/12/03)

Test conditions

The aim of this experiment was to monitor the behaviour of the SBR under increased COD and N load (+50% of the standard value). COD and Ntot concentrations in the influent were increased by adding glucose and ammonium chloride to the standard preparation (the influent was prepared to have a COD concentration of 900 [mg/L] and a Nsol concentration of 113 [mg/L]).

Results

Nitrates were present at the beginning of the cycle, at a concentration of 19 mgN-NO3-/L, nitrites were less than 0.1 mgN-NO2-/L. As already reported, since the 20/11/03, the effluent nitrates increased from approx. 10 mgN-NO3-/L, observed during SBR standard operation, to 18-20 mgN-NO3-/L. 

Due to the increased influent nitrates concentration, denitrification lasted approx. 1 hour, while it takes less than 30 min under standard loading conditions. Also, despite the increased organic load, nitrates and nitrites could not be completely reduced and 3.7 mg N-NOx were still present at the end of the anoxic phase. Moreover, soluble COD was depleted to less than 25 mgCOD/L during the anoxic phase and decreased slightly during the following aeration phase, indicating that the biodegradable COD fraction was almost completely oxidised during the anoxic phase. 

As far as nitrification is concerned, ammonium was oxidised in less than 60 min of aeration; nitrites built up to 3.3 mgN-NO2-/L but were rapidly depleted. Therefore, after 90 min of aeration, endogenous conditions were reached. During the remaining 2.0 h of aeration, nitrates kept increasing of 1.3 mgN-NO3-/L, indicating the nitrification of the ammonium released by cell lysis and ammonification. 

The influent overload did not aversely affect reactor performance. 

The activity of Ammonia-Oxidizing Bacteria was evaluated by pH-stat and DO-stat titration and was estimated to be, respectively, 6.6 and 5.4 mgN-NH4+/(gVSS(h). Similarly, the activity of Nitrite-Oxidizing Bacteria was evaluated by DO-stat titration and was estimated to be: 3.6 mgN-NO2+/(gVSS(h). 

Problems

Since 02/12/03, the presence of floating pluricellular organisms (1-2 mm length) resempling worms or grubs, was observed, together with increased effluent turbidity. During the same period, reduction of VSS, TSS and SVI was also observed. The observed organisms may have exerted a grazing activity on sludge flocs, favoring a reduction of biomass in the SBR. Eggs of these organisms may had been present in the sludge sample inoculated in the SBR the 3/11/03.
Cyclic test #14 (10/12/03)

Test conditions

The aim of this experiment was to monitor the behaviour of the SBR under increased COD and N load (+25% of the standard value). The COD and Ntot concentrations in the influent were increased by adding glucose and ammonium chloride to the standard preparation (the influent was prepared to have a COD concentration of 750 [mg/L] and a Nsol concentration of 93.8 [mg/L]).

Results

Nitrates were present at the beginning of the cycle, at a concentration of 18.6 mgN-NO3-/L, nitrites were less than 0.3 mgN-NO2-/L. As already reported, since the 20/11/03, the effluent nitrates increased from approx. 10 mgN-NO3-/L, observed during SBR standard operation, to 18-20 mgN-NO3-/L. Due to the increased nitrates concentration, denitrification lasted approx. 1 hour, while it takes less than 30 min under standard loading conditions. Also, despite the increased influent load, nitrates and nitrites could not be completely reduced and 5.9 mg N-NOx were still present at the end of the anoxic phase. Moreover, soluble COD was depleted to less than 30 mgCOD/L during the anoxic phase and decreased slightly during the following aeration phase, indicating that the biodegradable COD fraction was almost completely oxidised during the anoxic phase. 

As far as nitrification is concerned, ammonium was oxidised in less than 60 min of aeration; nitrites built up to 4.7 mgN-NO2-/L and were depleted in 90 min of aeration. Later on, endogenous conditions were reached. During the remaining 2.0 h of aeration, nitrates kept increasing of 2.4 mgN-NO3-/L, indicating the nitrification of the ammonium released by cell lysis and ammonification. 

The influent overload did not aversely affected reactor performance. 

The activity of Ammonia-Oxidizing Bacteria was evaluated by pH-stat and DO-stat titration and was estimated to be, in both cases, 6.4 mgN-NH4+/(gVSS(h). Similarly, the activity of Nitrite-Oxidizing Bacteria was evaluated by DO-stat titration and was estimated to be: 4.9 mgN-NO2+/(gVSS(h). 

Problems

See Cyclic test #13.
Cyclic test #15 (18/12/03)

Test conditions

The aim of this experiment was to monitor the behaviour of the SBR in the presence of a nitrification inhibitor (allylthiourea – ATU -  0.11 mg/l) in the influent.

According to the objective of the experiment, allylthiourea (ATU) was added to the standard influent, in order to reach an inhibitor concentration in the SBR reactor, during the REACT phase, of 0.11 mg ATU/L. According to a preliminary short-term inhibition test, this concentration corresponded to the EC30 (30% effective concentration). 

Results

Nitrates were present at the beginning of the cycle, at a concentration of 15.2 mgN-NO3-/L, nitrites were less than 0.2 mgN-NO2-/L. The standard COD load was insufficient to achieve complete denitrification and oxidised nitrogen was still 6.5 mg N-NOx/L at the end of the ANOXIC REACT. Moreover, soluble COD was depleted to less than 30 mgCOD/L during the anoxic phase and decreased slightly during the following aeration phase, indicating that the biodegradable COD fraction was almost completely oxidised during the anoxic phase.

As far as nitrification is concerned, ammonium oxidation was found to be slowed down significantly. Ammonium concentration was found to be 0.9 mgN/L after 120 min of aeration, while it was normally completely oxidised within 60 min, even in presence of a +75% N overlaod (see 20/11/03). However, complete nitrification could be achieved within the aerobic react phase. Differently, nitrites, which were almost 5 mg N/L at the end of the anoxic react phase, were completely oxidised within 60 min of aeration, being the oxidation of nitrites unaffected by the presence of ATU and, therefore, faster than the oxidation of ammonium.

The activity of Ammonia-Oxidizing Bacteria was evaluated by pH-stat and DO-stat titration and was estimated to be, respectively, 2.2 and 3.4 mgN-NH4+/(gVSS(h). The average value (2.8 mgN-NH4+/(gVSS(h)) is the 43% of the activity measured the week before (10/12/03, C and N overload of +25%), corresponding to an actual inhibition of 57%, higher than that one (30%) observed in a previous short term inhibition test. 

Problems

See Cyclic test #13.
Cyclic test #16 (27/01/04)

Test conditions

The aim of this experiment was to monitor the behaviour of the SBR in the presence of an increased aeration capacity (air flow rate +50%  in the aerobic react phase). 

According to the objective of the experiment, an additional air pump was used in order to increase the total air flow rate of +50% with respect to the flow rate measured the week before during standard operation.

Results

Nitrates were present at the beginning of the cycle, at a concentration of 11.6 mgN-NO3-/L, nitrites were less than 0.1 mgN-NO2-/L. The standard COD load was insufficient to ensure a complete denitrification and oxidised nitrogen was still 2.0 mg N-NOx/L at the end of the ANOXIC REACT. Moreover, soluble COD was depleted to less than 30 mgCOD/L during the anoxic phase and decreased slightly during the following aeration phase, indicating that the biodegradable COD fraction was almost completely oxidised during the anoxic phase.

As far as nitrification is concerned, ammonium and nitrites oxidation was found to be completed within 60 min of aeration. No appreciable increase in ammonium oxidation, due to increased air flow, was reported. 

The activity of Ammonia-Oxidizing Bacteria was evaluated by pH-stat and DO-stat titration and was estimated to be, respectively, 5.6 and 5.5 mgN-NH4+/(gVSS(h). The activity of Nitrite-Oxidizing Bacteria was evaluated by DO-stat titration and was estimated to be, 5.2 mgN-NO2-/(gVSS(h). The average value approx. 10-15% lower than average values obtained before Christmas SBR stop. 

Problems

After the Christmas stop, a decrease in the aeration capacity of the aeration system was observed. As a consequence, DO values during a standard cycle, as well as the KLa value, were found to be lower than average values observed before. Therefore, this test should be compared with the replicate test of standard conditions performed later (test #18: 04-02-2004). 

Cyclic test #17 (29/01/04)

Test conditions

The aim of this experiment was to monitor the behaviour of the SBR in the presence of a decreased aeration capacity (air flow rate -50%  in the aerobic react phase).

According to the objective of the experiment, an additional air pump was used in order to decrease the total air flow rate of -50% with respect to the flow rate measured the week before during standard operation.

Results

Nitrates were present at the beginning of the cycle, at a concentration of 15 mgN-NO3-/L, nitrites were less than 0.3 mgN-NO2-/L. Again, the standard COD load was insufficient to ensure a complete denitrification and oxidised nitrogen was still more than 5.0 mg N-NOx/L at the end of the ANOXIC REACT. Moreover, soluble COD was depleted to less than 30 mgCOD/L during the anoxic phase and decreased slightly during the following aeration phase, indicating that the biodegradable COD fraction was almost completely oxidised during the anoxic phase.

As far as nitrification is concerned, ammonium and nitrites oxidation was found to be completed within 90 min, compared to the 60 min time required when aeration was increased of +50% with respect to standard conditions. Accordingly, the activity of Ammonia-Oxidizing Bacteria, evaluated by pH-stat and DO-stat titration and was estimated to be, respectively, 3.6 and 3.9 mgN-NH4+/(gVSS(h), while it was found to be 5.5-5.6 in the previous test. The activity of Nitrite-Oxidizing Bacteria was evaluated by DO-stat titration and was estimated to be, 4.8 mgN-NO2-/(gVSS(h). 

Problems

After the Christmas stop, a decrease in the aeration capacity of the aeration system was observed. As a consequence, DO values during a standard cycle, as well as the KLa value, were found to be lower than average values observed before. Therefore, this test should be compared with the replicate test of standard conditions performed later (test #18: 04-02-2004).

Cyclic test #18 (04/02/04)

Test  conditions

The aim of this experiment was to monitor the behaviour of the SBR in standard conditions. Compared to previous standard conditions tests (26/06/03; 14/07/03), the following conditions have changed:

- the duration of the ANOXIC REACT decreased from 2.5 to 1.5 h; the duration of the AEROBIC REACT increased from 2.5 to 3.5 h;

- the aeration capacity of the aeration system decreased (the KLA decreased from 0.2-0.4 1/min to 0.1-0.2 1/min).

According to the objective of the experiment, standard influent was used.

Results

Nitrates were present at the beginning of the cycle, at a concentration of 20 mgN-NO3-/L, nitrites were less than 0.1 mgN-NO2-/L. As already reported, since the 20/11/03, the effluent nitrates increased from approx. 10 mgN-NO3-/L, observed during SBR standard operation, to approx. 18-20 mgN-NO3-/L. As observed earlier, the standard COD load was insufficient to ensure a complete denitrification and oxidised nitrogen was still more than 12 mg N-NOx/L at the end of the ANOXIC REACT. Nitrites built up to 10 mgN-NO2-/L. Moreover, soluble COD was depleted to less than 30 mgCOD/L during the anoxic phase and decreased slightly during the following aeration phase, indicating that the biodegradable COD fraction was almost completely oxidised during the anoxic phase.

As far as nitrification is concerned, ammonium and nitrites oxidation was found to be completed in less than 60 min.. the activity of Ammonia-Oxidizing Bacteria, evaluated by pH-stat and DO-stat titration and was estimated to be, in both cases, 5.8 mgN-NH4+/(gVSS(h). The same value was obtained for the activity of Nitrite-Oxidizing Bacteria, which was evaluated by DO-stat titration. 
Problems

No problems are to be mentioned.

Cyclic test #19 (11/02/04)

Test conditions

The aim of this experiment was to monitor the behaviour of the SBR in the presence of a nitrification inhibitor (allylthiourea – ATU -  0.08 mg/l) in the influent.

According to the objective of the experiment, allylthiourea (ATU) was added to the standard influent, in order to reach an inhibitor concentration in the SBR reactor, during the REACT phase, of 0.08 mg ATU/L.

Results

Nitrates were present at the beginning of the cycle, at a concentration of 13.4 mgN-NO3-/L, nitrites were less than 0.1 mgN-NO2-/L. Lower nitrates concentration than that one averagely reported in previous cycle is due to acetate addition performed the 05/02/04 aimed at reducing nitrates concentration and at increasing suspension pH which was observed to decrease to values lower that 7. Again, the standard COD load was insufficient to ensure a complete denitrification and oxidised nitrogen was still more than 3.5 mg N-NOx/L at the end of the ANOXIC REACT. Nitrites built up to 6.7 mgN-NO2-/L. Moreover, soluble COD was depleted to less than 30 mgCOD/L during the anoxic phase and decreased slightly during the following aeration phase, indicating that the biodegradable COD fraction was almost completely oxidised during the anoxic phase.

As far as nitrification is concerned, ammonium and nitrites oxidation was found to be completed in approximately 60 min. The activity of Ammonia-Oxidizing Bacteria, evaluated by pH-stat and DO-stat titration and was estimated to be 4.1 and 4.2 mgN-NH4+/(gVSS(h), respectively. 

The average value (4.05 mgN-NH4+/(gVSS(h)) is the 70% of the activity measured the week before (04/02/04, standard conditions), corresponding to an actual inhibition of 30%, lower than the inhibition caused by 0.1 mgATU/l, which cause a 57% inhibition (see test #15, 18/12/03). 

A similar rate was observed for the activity of Nitrite-Oxidizing Bacteria, which was evaluated to be 4.4 mgN-NO2-/(gVSS(h) by DO-stat titration. As observed in preliminary inhibition tests, ATU did not affect significantly NOB activity which was limited only by the rate of nitrite formation by AOB. 
Problems

No problems are to be mentioned. 

Cyclic test #20 (26/02/04)

Test conditions

The aim of this experiment was to monitor the behaviour of the SBR in the presence of a nitrification inhibitor (4 chlorophenol – 4ClP-  0.6 mg/l) in the influent. In a preliminary pH/DO-stat titration test, this concentration was found to correspond to the EC25 for AOB, while it did not affect NOB activity.

According to the objective of the experiment,  4ClP was added to the standard influent, in order to reach an inhibitor concentration in the SBR reactor, during the REACT phase, of 0.6 mg/L

Results

Nitrates were present at the beginning of the cycle, at a concentration of 11.5 mgN-NO3-/L, nitrites were less than 0.1 mgN-NO2-/L. Lower nitrates concentration than that one averagely reported in previous cycles is due to sludge settling, supernatant decanting and sludge resuspension in tap water performed several times after the test #19 in order to reduce ATU concentration to non inhibiting levels.  Due to the low initial nitrates concentration, denitrification was complete, leading to an oxidised nitrogen level at the end of the ANOXIC REACT of less than 0.5 mg N-NOx/L Nitrites built up to 3.5 mgN-NO2-/L. Moreover, soluble COD was depleted to less than 25 mgCOD/L during the anoxic phase and decreased slightly during the following aeration phase, indicating that the biodegradable COD fraction was almost completely oxidised during the anoxic phase.

As far as nitrification is concerned, ammonium and nitrites oxidation was found to be completed in less than 90 min. The activity of Ammonia-Oxidizing Bacteria, evaluated by pH-stat and DO-stat titration and was estimated to be 4.1 and 4.0 mgN-NH4+/(gVSS(h), respectively. 

The average value (4.05 mgN-NH4+/(gVSS(h)) is the 70% of the activity measured the week before (04/02/04, standard conditions), corresponding to an actual inhibition of 30%, close to the expected value of 25% estimated in short term acute toxicity tests. 

A similar rate was observed for the activity of Nitrite-Oxidizing Bacteria, which was evaluated to be 4.1 mgN-NO2-/(gVSS(h) by DO-stat titration. As observed in preliminary inhibition tests, 4-ClP did not affect significantly NOB activity, which was limited only by the rate of nitrite formation by AOB. 

Problems

No problems are to be mentioned.

Cyclic test #21 (08/07/04)
Test conditions

The aim of this experiment was to monitor the behavior of the SBR in the presence of the new loading conditions: 1320 mgCOD/l (1200 as meat extract and pepton, 120 as acetate), 150 mgN/l and a volumetric loading of 6 L/cycle. 

Results
Nitrates were present at the beginning of the cycle, at a concentration of 10.2 mgN-NO3-/L, nitrites were also present at a concentration of 3.7 mgN-NO2-/L indicating that incomplete nitrification was taking place. Denitrification was complete, leading to an oxidised nitrogen level 30 min after the beginning of the anoxic phase of about 0.5 mg N-NOx/L. Nitrites built up to 5.5 mgN-NO2-/L. Moreover, soluble COD was depleted to less than 50 mgCOD/L during the anoxic phase and decreased slightly (to slightly less than 40 mgCOD/L) during the following aeration phase, indicating that the biodegradable COD fraction was almost completely oxidised during the anoxic phase.

As far as nitrification is concerned, ammonium oxidation was found to be completed after 2.5-3.0 h of aeration according to both ammonium trends and pH minimum value. On the contrary, nitrites could not be depleted but increased continuously during ammonium oxidation up to a final effluent concentration of 4.9 mgN-NO2-/L. By fitting N trends in the aeration phase, average activities of  2.8 for AOB mgN-NH4+/(gVSS(h) and of 1.6 mgN-NO2-/(gVSS(h) for NOB were estimated, confirming an unbalanced nitrifying population. 

The reduced nitrites capacity was probably a transitory effect due to the increase in the N-loading rate from 1.2 to 2.4 gN/d (see following paragraph Abnormal Condition: Reduced nitratation capacity).

Problems

Reduced nitratation capacity, as discussed above. 

SBR Cyclic tests at the pilot-scale ENEA SBR (#1 - #5)

Cyclic test #1 10/06/04 
Results

Nitrates were present at the beginning of the cycle, at a concentration of 3.76 mgN-NO3-/L, remaining from the previous cycle and no nitrites were detected. During the anoxic phase, nitrates were rapidly depleted and a negligible build up of nitrites was reported (up to 0.2 mgN-NO3-/L) which were also rapidly reduced. Within 30 min, all oxidized-nitrogen forms were denitrified. 

As far as nitrification is concerned, ammonium was oxidized in about 2h 30 min of aeration; very limited nitrites build up to 0.04 mgN-NO2-/L, was observed. Endogenous conditions were reached only in the last 30 min of aeration. 

Problems

During the aerobic phase, on-line data acquisition was lost for about 20 minutes because of electric problems. 

Cyclic test #2 24/06/04 

Results
Nitrates were present at the beginning of the cycle, at a concentration of 3.84 mgN-NO3-/L, remaining from the previous cycle. No nitrites were detected. During the anoxic phase, nitrates were rapidly depleted and a negligible nitrites build up was reported (up to 0.3 mgN-NO3-/L) which was also rapidly reduced. Within 30 min, all oxidized-nitrogen forms were denitrified. 

As far as nitrification is concerned, ammonium was oxidized in about 2 h of aeration and limited nitrites build, up to 0.88 mgN-NO2-/L, was observed. Endogenous conditions were reached at the end of the cycle and kept for more than 30 min of aeration. 

Problems

No problems were detected.
Cyclic test #3 21/09/04

Results
Nitrates were present at the beginning of the cycle, at a concentration of 10,2 mgN-NO3-/L, remaining from the previous cycle pointing out nitrates accumulation with respect to previous cycles. No nitrites were detected. During the anoxic phase, nitrates were not depleted and a build up of nitrites was reported (up to 1.15 mgN-NO2-/L), which were not reduced at the end of the phase. At the end of the anoxic phase, COD reached 30 mgCOD/L very close to the minimum concentration of 27.1 mgCOD/L detected at the end of aerobic phase. It appears that the available COD was insufficient to achieve a complete denitrification. 

As far as nitrification is concerned, ammonium was oxidized in about 2.5 h of aeration, revealing that the process was slower than in the previous test. This is due to an higher ammonium concentration at the end of anoxic phase (16.1 compared to 13.7 mgN-NH4+), to a slower ammonium oxidation and to nitrite accumulation at the end of the anoxic phase, due to incomplete denitrification process.

Problems

For electrical problems on-line data were not collected.

Cyclic test #4 28/09/04

Results
Nitrates were present at the beginning of the cycle, at a concentration of 12.8 mgN-NO3-/L, remaining from the previous cycle, pointing out nitrates accumulation with respect to cycles #1 and #2. During the anoxic phase, nitrates were not depleted and a build up of nitrites was reported (up to 1.8 mgN-NO2-/L) which was not reduced at the end of the phase. At the end of the anoxic phase COD reached 38.2 mgCOD/L closed to the minimum concentration of 31 mgCOD/L detected at the end of the aerobic phase. It appears that the available COD was insufficient to achieve a complete denitrification. 

As far as nitrification is concerned, ammonium was oxidized in about 3 h of aeration, but nitrites were detected at the end of the phase, revealing that the process was slower in comparison with the previous tests.
Problems

Problems related to the process are described above.

Cyclic test #5 07/10/04

Results
Nitrates were present at the beginning of the cycle, at a concentration of 13.3 mgN-NO3-/L, remaining from the previous cycle pointing out a progressive nitrates accumulation with respect to previous cycles. During the anoxic phase, nitrates were not depleted and an relevant nitrites build up was reported (up to 2.6 mgN-NO2-/L) which was not reduced at the end of the phase. 
Nitrification was complete, but almost 3.5 h of aeration were necessary to cope with ammonium and nitrite oxidation, as it is confirmed by the decrease in the ammonium oxidation rate; moreover, with respect to previous cycles, the biomass concentration was sensibly lower, pointing out that the process was not very efficient.

Problems
For electrical problems on-line data were not collected.

Abnormal Conditions in POLIMI SBR
Two main abnormal conditions were experimented in the Polimi SBR, i.e. the growth of grazing organisms and the loss in nitratation capacity, which caused nitrites build up in the SBR effluent. 

These two abnormal conditions are hereafter described, according to the WP 6 protocol.
Growth of grazing organisms
1. The presence of floating pluricellular organisms (1-2 mm length) resembling worms or grubs, was observed.

2. Description of observations or reasoning indicating the abnormal condition:

Increased effluent turbidity, reduction of VSS, TSS and SVI was also observed

3. Description of actual or possible operator action

No specific actions can be taken, a natural adaptation of the biocenosis took place and no other episodes were recorded. 

4. Occurred or expected to occur in your EOLI dedicated reactor? (yes/no/don’t know)

Occurred once in the POLIMI SBR likely enhanced by activated sludge inoculation (performed to improve nitrogen removal). It is thought that eggs of such organisms were present in the inoculum of activated sludge that was taken from a wastewater treatment plant. No similar events occurred so far in the pilot-scale SBR fed on real wastewater (four months after start-up).

5. Frequency or expected frequency of occurrence (low, medium, high)

low

6. Importance/criticality you would assign to this abnormal condition (1=low-5=high)

low (1)

7. References or literature that you consider to be related to this abnormal condition

Ratsak, C.H.; Maarsen, K.A.; Kooijman, S.A.L.M. (1996) Effects of protozoa on carbon mineralization in activated sludge. Water Research. Vol. 30, no. 1, pp. 1-12. 1996.

Abnormal Condition: Reduced nitratation capacity
1. In some occasions a constant increase in the effluent nitrites concentration was observed, indicating a reduced nitratation capacity. In particular, we noticed three episodes.

a. Episode no. 1: it occurred after process start-up in September 2003. During the summer stop, the sludge had been stored at 4°C for about 5 weeks. The SBR was seeded with sludge taken from the refrigerator on September 10th. After some days from start-up, biomass activity seemed to reach steady-state conditions as for MLSS concentration; also, pH, DO and ORP operational patterns repeated regularly (see Figure 15). 
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Figure 15 – Regular operational patterns of pH, ORP and DO in the lab-scale SBR after start-up in September 2003 (T = 23 ( 1°C).

On September 24th, cyclic test no. 6 was performed and nitrites were found to be as high as 7 mg/L at the end of the cycle and such a high concentration did not decrease over time. We could not recover full nitrification by any means: aeration phase was increased from 2.5 hours to 3,0 hours (October 8th), tap water was aerated to strip chlorine (in case this could be inhibiting), micronutrients have been added, continuous aeration and no feed for 24 hours). These measures restored full ammonium oxidation, but not nitrite oxidation. Finally, new nitrifying sludge was added on November 3rd (17,5% of the total sludge mass in the reactor). Also, the aeration phase was increased to 3.5 hours (and the anoxic phase was correspondingly reduced from 2.0 to 1.5 hours).  Recovery of full nitrification occurred in very few days (Figure 16).

Since December 23rd to January 7th, the sludge was kept in the refrigerator for 15 days at 5°C, but full nitrification was restored after start-up.
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Figure 16: Nitrite build-up: episode no. 1, September – November 2003 (day 180 is 10th September 2003; day 240 is 9th November 2003). Fresh nitrifying sludge was inoculated on November 3rd (day 233).

b. Episode no. 2: June 20th, 2004

Since June 10th, 2004, organic loading was doubled and the COD/N ratio was increased from 8 to 8.8. The average sludge age was then reduced from 25 to 12.5 days. The operational patterns of pH, DO and ORP in the reactor showed a transient period, corresponding to the adaptation of the biomass to the new loading conditions. After some days pH, DO and ORP profiles showed regular patterns as before (Figure 17).
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Figure 17: pH, ORP and DO profiles in the lab-scale SBR (June 16th : 6 days after doubling the organic loading rate and increasing the COD/N ratio from 8 to 8.8).

Operation kept normal until the following week-end, when the aeration stopped (blockage of the diffuser, from Saturday, June 19th, till Monday morning, June 20th). Feed was suspended and aeration was kept on for two days. On Tuesday (June 22th) nitrites were still as high as 6.8 mg/L, while on Thursday (June 24th), nitrites were as low as 0.02 mg/L (Figure 18).

c. Episode no. 3: June 29th – July 12th, 2004

On June 29th the reactor was not aerated for three cycles. The reactor was regularly fed during the unaerated cycles. Then aeration was started again on June 30th. Nitrites increased up to 4.9 on July 8th and 5.6 mg/L on July 12th (Figure 18).

Figure 18: Nitrite build-up: episodes no. 2 and no. 3 in June – July 2004 (day 445 is June 22nd; day 461 is July 8th 2004).

On July 12th (day 465 in Figure 18) continuous aeration and no feed were kept on for two days: nitrites decreased to 0 mg/L without any inoculum. Normal operation was restored on July 14th but the anoxic phase was reduced to 1 h and the erobic phase was prolonged to 3 h. Nitrites always remained under 0,3 mg/L in the following days. On July 22nd the lab-scale SBR was stopped.

2. The evidence was the accumulation of nitrites in the SBR effluent. First trials to solve the problems during episode no. 1 were based on the following hypotheses:

· shortage of micronutrients in the feed, which was prepared with an increased fraction of distilled over tap water;

· increased content of chlorine residues in the tap water used to prepared the feed; it is known that chlorates act as selective inhibitors of nitrite oxidisers (Belser and Mays 1980; Hynes and Knowles, 1983);

· excessive duration of the anoxic phase; it is known that during the anoxic phase only the decay process is active for aerobic bacteria which may not be compensated by aerobic growth. It is also known that the anoxic decay for nitrite oxidisers is faster than the same process for ammonia oxidisers leading to an unbalanced nitrifying population (Morgenroth et al., 2000).

However, since only the inoculum of new sludge could restore full nitrification would suggest that nitrite oxidisers had not recovered from long storage in the refrigerator. The fact that ammonium oxidation could be recovered, but nitrite oxidation could not, is consistent with the observation of Grunditz and Dalhammar (2001), who found that the decay rate of Nitrobacter is greater than that of Nitrosomonas under storage conditions (3°C in liquid medium).

As for episodes no. 2 and 3, it must be stressed that they occurred during the experimental run at high organic loading rates. Under these conditions, it is vital to avoid low ORP values for long periods. The effect different organic loading rates and of different anoxic/aerobic ratios over the minimum value of ORP is shown in Figure 19. On June 1st, 2004, the aerobic/anoxic time ratio was 3,5/1,5, with a COD loading rate of 0.48 gCOD L-1 d-1. On June 22nd, 2004, the aerobic/anoxic time ratio was the same, but the organic loading rate was 0,96 gCOD L-1 d-1. On July 21st, the aerobic/anoxic time ratio was 4/1 with the same organic load as on June 22nd.

One can see that the minimum ORP value which is always reached at the end of the anoxic phase, increases from –300 mV to –200mV by increasing the aerobic/anoxic ratio (from 1 to 4), in spite of doubling the organic loading. In SBR with nitrite build-up, Rhee et al. (1997) observed that aerobic phases were always shorter than 4 hours. This fact can confirm that ORP values lower than –200 mV for long periods are detrimental to nitrite oxidisers.
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Figure 19: pH, ORP and DO profiles in the lab-scale SBR in three different operational conditions. 1) July 22nd, 2003: low organic loading, aerobic/anoxic ratio = 2,5/2,5;

2) June 22th, 2004: high organic loading, aerobic/anoxic ratio = 3,5/1,5 (nitrite build-up);

3) July 21st, 2004: high organic loading, aerobic/anoxic ratio = 4/1.

3. Description of actual or possible operator action

In a real plant long anoxic and idle conditions have to be avoided and in case these conditions are prolonged over more than some hours, inoculum of fresh nitrifying sludge is recommended.

If nitrites accumulate in the system, it is advisable to increase the duration of the aerobic reaction phases, by reducing correspondingly the duration of the anoxic phase.

4. Occurred or expected to occur in your EOLI dedicated reactor? (yes/no/don’t know)

Apart from the three episodes that have been fully reported above, some nitrite build-up occurred at the pilot-scale plant at Trebbo di Reno when the aeration devices were faulty. Again, long anoxic periods appear to be very detrimental to nitrite oxidisers.

5. Frequency or expected frequency of occurrence (low, medium, high)

Low/medium

6. Importance/criticality you would assign to this abnormal condition: 5

7. References or literature that you consider to be related to this abnormal condition

Belser L.W., Mays E.L. (1980) Specific Inhibition of nitrite Oxidation by Chlorate and Its use in Assessing Nitrification in soils and Sediments. Applied and Environmental Microbiology. 39(3), 505-510. 

Grunditz C., Dalhammar G. (2001) Development of nitrification inhibition assays using pure cultures of Nitrosomonas and Nitrobacter. Wat. Res., vol. 35, no. 2, pp. 433-440

Hynes R. K. and Knowles R.  (1983) Inhibition of chemoautotrophic nitrification by sodium chlorate and sodium chlorite: a reexamination. Applied and Environmental Microbiology. 45(4), 1178-1182. 

Morgenroth E., Obermayer A., Arnold E., Bruhl A., Wagner M. and Wilderer P.A. (2000) Effect of long-term idle periods on the performance of sequencing batch reactors. Water Science & Technology. 41(1), 105-113. 

Rhee S.-K., Lee J. J., Lee S.-T. (1997) Nitrite accumulation in a sequencing batch reactor during the aerobic phase of biological nutrient removal. Env. Tech. Letters, vol. 19, no. 2, pp. 195-198.

Yang L., Alleman J.E. (1992) Investigation of batchwise nitrite build-up by an enriched nitrification culture. Wat. Sci. Tech., vol. 26, no. 5-6, pp. 997-1005.

Batch experiments for further characterization of the denitrification process

The aim of these experiments was to collect more data on the denitrification dynamics. As a matter of fact, nitrates and COD trends in cyclic tests suggested that the exogenous reduction of nitrates was completed within the first 30 min of anoxic reaction. Since the sampling frequency was set to 1 sample/10 min, a limited number of data were available for the estimation of the denitrification process parameters. Moreover, nitrites build-up was found to be different from test to test and no clear correlation with operating conditions or environmental parameters was observed.

For this reason, and to understand denitrification kinetics in a more detailed way before monitoring it by pH-stat titration (WP3), further batch experiments were conducted at different loading conditions in order to improve the accuracy of the estimate of denitrification parameters. These experiments were conducted on 800-mL sludge samples collected from the POLIMI SBR. Nitrates or nitrites were added to the sludge sample, in order to have non-limiting concentration of oxidized nitrogen. Then, a defined volume of the SBR synthetic influent (COD = 600 mg/L, N = 75 mg/L) was added to simulate various loading conditions, as described in Table 7. Denitrification was followed by measuring NOx concentrations at regular intervals (10-50 min). In two batch tests, COD was also measured.   

Table 7: Working conditions of batch denitrification tests.

	Test number
	N form
	Loading condition 

(mL synthetic influent/Lsludge)
	SSV 

(g/L)
	T   (°C)
	pH

	1
	NO-3
	20
	3.2
	23.5
	7.6

	2
	NO-3
	20 
	2.7
	24
	7.5

	3
	NO-3
	20
	2.7
	23
	7.5

	4
	NO-3
	20
	2.5
	24
	7.7

	5
	NO-3
	30
	2.5
	24
	8.0

	6
	NO-3
	30 
	2.6
	24
	7.9

	7
	NO-3
	40
	2.3
	23
	7.6

	8
	NO-3
	40
	2.4
	24
	7.7

	9
	NO-2
	20
	3.1
	24
	7.85

	10
	NO-2
	20
	2.9
	25
	7.9

	11
	NO-2
	30
	3.2
	25
	7.8

	12
	NO-2
	40
	2.4
	25
	7.9

	13
	NO-2
	40
	2.6
	25
	7.8


Results of batch tests are reported in Appendix C. 

A very simplified model (Table 8) was used to describe results of these batch tests with the sole scope to evidence differences in nitrites oxidation rates in the presence and absence of nitrates. 

For this purpose, denitrification kinetics were described by a  Michaelis-Menten model with low half saturation constants (see Schulthess and Gujer, 1996).  

Table 8: Simplified denitrification model used to describe data from batch denitrification experiments.

	Process
	Components
	Rate

	
	NO3-
	NO2-
	COD
	

	Exogenous denitrification of NO3-
	-1
	1
	-c1
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	Endogenous denitrification of NO3-
	-1
	1
	
	
[image: image31.wmf]20

T

3

3

MAX

1

1end

25

.

0

SSV

_end_V

R

R

-

-

-

*

+

*

*

=

J

NO

NO



	Exogenous denitrification of NO2-
	
	-1
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	Endogenous denitrification of NO2-
	
	-1
	
	
[image: image33.wmf]20

T

2

2

MAX

2

2end

8

.

0

SSV

_end_V

R

R

-

-

-

*

+

*

*

=

J

NO

NO




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).
Parameters estimates are reported in Table 9. Estimates are well comparable with literature data (see Table 10). It is relevant to observe that nitrites maximum denitrification rate is higher in experiments were nitrites were added as sole oxidized nitrogen form, while a lower value was obtained in tests were nitrates were added at the beginning of the test. Similarly, Glass and Silverstein (1998) reported a reduction of 33% of the nitrites oxidation rate in the presence of nitrates. 

According to these denitrification kinetics, nitrites built up has to be expected in the SBR reactor in the anoxic phase in the presence of limiting COD concentrations. The latter condition was verified in the POLIMI SBR reactor between operating day 208 and 422. In cyclic tests performed in this period (#9-20) nitrites build-up was always observed to concentrations between 2 and 10 mgN/L. 

Table 9. Parameters estimates for batch denitrification experiments.

	Parameter
	Value (mgN/mgSSV h)

	
	Tests on NO2-
	Tests on NO3-

	R1_Vmax
	
	6.8

	R2_Vmax
	5.7
	4.8

	R1_end_Vmax
	
	1.4

	R2_end_Vmax
	1.0
	1.5


Table 10: Literature values for maximum denitrification rates.

	Reference
	Exogenous denitrification rate

 (mg N/g SSV h)
	Endogenous denitrification rate 

(mg N/g SSV h)

	Henze (1991)
	7-20
	0.2-0.5

	Carucci e al., (1996)
	10.4
	2.9

	Kujama e Klapwijk (1998)
	1-3
	0.2-0.6

	Naidoo et al. (1998)
	3.3-5.6
	


Future developments 

Lab-scale SBR at Polimi

Factors affecting nitrite build-up

From results obtained so far, it seems that extended periods at low ORP are detrimental and can lead to a slow, but continuous deterioration of the activity of nitrite oxidizers. Deterioration may proceed very slowly and gradually until nitrite build-up exceeds the discharge permit limits allowed in the effluent (often less than 1 mg/L; it is 0.6 mg/L in the Italian legislation). It looks very difficult to detect any measurable signal (ORP/DO profile patterns, respirometric tests, etc.) that highlights the slow worsening shift in the activity of nitrite oxidizers. Rather, it appears much wiser to find out the factors that can induce such a problem (i.e.: avoid long periods at low ORP).

Therefore, factors affecting nitrite build-up will be further analyzed and additional experiments will be carried out at POLIMI. In particular, the influence of pH and ORP on nitrite oxidation activity will be investigated experimentally. Experiments will be finished by March 2005 at the latest.

Adsorption – storage of organic carbon on/in the biomass

Rapid disappearance of organic carbon during the anoxic phase will be investigated through tests with both active and inactivated biomass. Biomass will be inactivated by means of an inhibitor which will not destroy the cell structure and soluble COD concentrations will be measured at pre-defined time intervals. Again, experiments will be over by March 2005 at the latest.

Pilot-scale SBR at Trebbo di Reno (ENEA)

Pilot monitoring
Monitoring nitrification and denitrification processes will be performed by cyclic tests and on line trend signals analyses, to determine the factors affecting nitrite build-up on a plant fed with real wastewater. Study of the transient causing nitrite build-up with data on line analysis (pH, ORP, DO) will be performed, in order to verify the possibility of real time detection.

Influent characterization

Daily and weekly influent characterization will be held with the aim to establish the optimal operative conditions of the plant, dealing with nitrification and denitrification processes.

On-line titration field scale testing

Dealing with WP3 task, the pilot plant has been equipped to connect with the on-line titrator built by SPES. Field scale experimentations will start soon in order to evaluate the performance of the titrator prototype on real sewage (see WP3 POLIMI-ENEA and SPES 2nd year report for details 
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APPENDIX A: cyclic tests results (lab-scale SBR)

	Experiment 10th
	time
	10.00
	10.10
	10.20
	10.30
	11.00
	11.30
	12.00
	12.30
	13.00
	13.30
	14.00
	15.00
	16.00

	11/11/03
	progressive
	0
	10
	20
	30
	60
	90
	120
	150
	180
	210
	240
	300
	360

	Cod/N +50%
	Influent
	10.00
	10.01
	10.02
	10.03
	10.04
	10.05
	10.01
	10.02
	10.03
	10.04
	10.05
	10.06
	E10

	
	
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Effluent

	CODtot
	908
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	29

	COD sol
	884
	14
	82
	37
	26
	23
	16
	21
	19
	20
	19
	18
	16
	18

	TOC sol
	299
	7.2
	31
	13
	8.3
	7.8
	7.1
	8
	8.1
	8
	7.9
	7.9
	7.5
	6.6

	NH4+-N
	3.72
	0.21
	3.02
	4.56
	5.35
	5.88
	6.26
	1.14
	0.05
	0.04
	0.04
	0.04
	0.03
	 

	NO3--N
	<0,2
	9.68
	4.11
	0.73
	0.1
	0.33
	0.34
	4.74
	8.01
	8.65
	9.48
	10.1
	11
	 

	NO2--N
	<0,02
	0.37
	2.34
	2.25
	0.08
	0.12
	0.12
	2.44
	0.39
	0.05
	0.05
	0.05
	0.06
	 

	N tot
	75
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	N sol
	71
	13.5
	18
	11.5
	8.9
	8.6
	8.9
	9.6
	11
	12.4
	12.4
	12
	14.1
	13

	N org
	 
	3.24
	8.53
	3.96
	3.37
	2.27
	2.18
	1.28
	2.55
	3.66
	2.83
	1.81
	3.01
	 

	SVI [ml/g] - 1
	76.36
	VSS/TSS
	79.65%

	VSS biomass
	2.25
	VSS effluent
	0.00

	TSS biomass
	2.825
	TSS effluent
	0.00

	Air flow
	~450 l/h

	Mixing (rpm)
	406

	Kla
	0.296

	Cycle configuration
	Anox -60'

	Cycle duration
	standard


	Experiment 11th
	time
	10.00
	10.00
	10.20
	10.30
	11.00
	11.30
	12.00
	12.30
	13.00
	13.30
	14.00
	15.00
	16.00

	20/11/03
	progressive
	0
	10
	20
	30
	60
	90
	120
	150
	180
	210
	240
	300
	360

	(COD-N)/X +75%
	Influent
	11.00
	11.01
	11.02
	11.03
	11.04
	11.05
	11.01
	11.02
	11.03
	11.04
	11.05
	11.06
	E11

	
	
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Effluent

	CODtot
	1266
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	52

	COD sol
	1258
	19
	131
	91
	68
	37
	29
	25
	25
	15
	15
	22
	23
	14

	TOC sol
	406
	7.4
	45
	30
	22
	12
	10
	8
	8.6
	8.3
	8.3
	8.7
	8.8
	14

	NH4+-N
	6.61
	0.75
	5.07
	5.06
	7.22
	8.5
	10.2
	5.46
	0.07
	0.05
	0.05
	0.05
	0.04
	 

	NO3--N
	<0,2
	18.1
	7.04
	2.42
	1.67
	0.55
	0.51
	5.8
	11.4
	15.3
	15.8
	16.2
	17.2
	 

	NO2--N
	<0,02
	0.16
	6.39
	9.31
	6.39
	0.79
	0.17
	2.48
	3.03
	0.03
	0.02
	0.03
	0.02
	 

	N tot
	132
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	N sol
	129
	22.9
	31.5
	26.3
	21.8
	16.1
	16
	20.1
	18.5
	19.8
	18.5
	18.6
	21.5
	22

	N org
	 
	3.89
	13
	9.51
	6.52
	6.26
	5.12
	6.36
	4
	4.42
	2.63
	2.32
	4.24
	 

	SVI [ml/g] - 1
	76.36
	VSS/TSS
	79.33%

	VSS biomass
	2.38
	VSS effluent
	0.0397

	TSS biomass
	3.000
	TSS effluent
	0.05

	Air flow
	~450 l/h

	Mixing (rpm)
	406

	Kla
	0.418

	Cycle configuration
	Anox -60'

	Cycle duration
	standard


	Experiment 12th
	time
	10.00
	10.00
	10.20
	10.30
	11.00
	11.30
	12.00
	12.30
	13.00
	13.30
	14.00
	15.00
	16.00

	26/11/03
	progressive
	0
	10
	20
	30
	60
	90
	120
	150
	180
	210
	240
	300
	360

	(COD-N)/X -50%
	Influent
	12.00
	12.01
	12.02
	12.03
	12.04
	12.05
	12.01
	12.02
	12.03
	12.04
	12.05
	12.06
	E12

	
	
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Effluent

	CODtot
	352
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	30

	COD sol
	346
	23
	32
	22
	22
	20
	16
	16
	19
	18
	14
	18
	18
	14

	TOC sol
	114
	8.8
	11
	7.9
	7
	6.6
	7
	7.3
	7
	7.4
	6.7
	6.5
	6.7
	6.8

	NH4+-N
	1.96
	0.62
	2
	2.86
	3.12
	3.08
	2.78
	0.06
	0.06
	0.06
	0.05
	0.05
	0.05
	 

	NO3--N
	<0,2
	22.6
	14.26
	12.95
	12.25
	13.3
	15.53
	19.28
	19.59
	19.89
	20.59
	21.19
	21.39
	 

	NO2--N
	<0,02
	0.16
	2.24
	2.55
	2.55
	1.5
	0.27
	0.02
	0.01
	0.01
	0.01
	0.01
	0.01
	 

	N tot
	38
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	N sol
	36
	26.3
	24.6
	23
	22.9
	22.4
	21.6
	22.3
	23
	23.6
	24.1
	24.4
	25.7
	24.7

	N org
	 
	2.92
	6.1
	4.64
	4.98
	4.52
	3.02
	2.94
	3.34
	3.64
	3.45
	3.15
	4.25
	 

	SVI [ml/g] - 1
	71.15
	VSS/TSS
	82.31%

	VSS biomass
	2.14
	VSS effluent
	0.0021

	TSS biomass
	2.600
	TSS effluent
	0.0025

	Air flow
	~450 l/h

	Mixing (rpm)
	406

	Kla
	0.447

	Cycle configuration
	Anox -60'

	Cycle duration
	standard


	Experiment 13th
	time
	10.00
	10.00
	10.20
	10.30
	11.00
	11.30
	12.00
	12.30
	13.00
	13.30
	14.00
	15.00
	16.00

	04/12/03
	progressive
	0
	10
	20
	30
	60
	90
	120
	150
	180
	210
	240
	300
	360

	(COD-N)/X +50%
	Influent
	12.00
	12.01
	12.02
	12.03
	12.04
	12.05
	12.01
	12.02
	12.03
	12.04
	12.05
	12.06
	E12

	
	
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Effluent

	CODtot
	920
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	

	COD sol
	899
	19
	85
	52
	37
	24
	20
	22
	20
	18
	18
	20
	17
	16

	TOC sol
	295
	6.4
	30
	17
	11
	7.6
	7
	6.4
	5.8
	6.3
	6.9
	6.8
	6.2
	5

	NH4+-N
	5.48
	0.39
	3.95
	6.31
	7.76
	9.52
	9.75
	3.57
	0.05
	0.05
	0.05
	0.04
	0.04
	 

	NO3--N
	<0,2
	19
	11.1
	7.22
	4.97
	2.3
	2.21
	7.16
	12.3
	16
	16.1
	16.6
	17.3
	 

	NO2--N
	<0,02
	0.07
	3.16
	4.26
	4.6
	3.53
	1.53
	3.26
	1.96
	0.01
	0.01
	0.01
	0.01
	 

	N tot
	110
	
	
	
	
	
	
	
	
	
	
	
	
	 

	N sol
	107
	21.5
	37.7
	23.9
	20.6
	17.1
	14.8
	16.7
	19.5
	17.6
	18.8
	18.7
	18.9
	21.3

	N org
	 
	
	
	
	
	
	
	
	
	
	
	
	
	

	SVI [ml/g] - 1
	66.23
	VSS/TSS
	80.96%

	VSS biomass
	2.45
	VSS effluent
	0.002

	TSS biomass
	3.02
	TSS effluent
	0.0025

	Air flow
	~450 l/h

	Mixing (rpm)
	406

	Kla
	0.352

	Cycle configuration
	Anox -60'

	Cycle duration
	standard


	Experiment 14th
	time
	10.00
	10.00
	10.20
	10.30
	11.00
	11.30
	12.00
	12.30
	13.00
	13.30
	14.00
	15.00
	16.00

	10/12/03
	progressive
	0
	10
	20
	30
	60
	90
	120
	150
	180
	210
	240
	300
	360

	(COD-N)/X +25%
	Influent
	14.00
	14.01
	14.02
	14.03
	14.04
	14.05
	14.01
	14.02
	14.03
	14.04
	14.05
	14.06
	E14

	
	
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Effluent

	COD tot
	755
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	28

	COD sol
	741
	18
	77
	48
	42
	32
	26
	28
	23
	22
	19
	20
	21
	19

	TOC sol
	237
	7.1
	24
	15
	12
	7.7
	6.3
	8
	6.7
	6.6
	6.9
	5.7
	6.7
	6.8

	NH4+-N
	4.75
	0.27
	3.39
	5.23
	6.39
	8.03
	8.35
	2.39
	0.04
	0.06
	0.04
	0.05
	0.05
	 

	NO3--N
	<0,2
	18.6
	11.1
	7.49
	5.37
	2.66
	2.13
	8.4
	14
	15.8
	16.6
	17.3
	18.2
	 

	NO2--N
	<0,02
	0.24
	3.23
	4.38
	5.08
	5.11
	3.8
	4.69
	1.87
	0.05
	0.02
	0.02
	0.02
	 

	N tot
	90
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	N sol
	85
	24.1
	27.9
	23.3
	22.1
	17.9
	17
	18.2
	19.1
	20.7
	22.4
	21
	21.9
	22

	N org
	 
	4.99
	10.18
	6.2
	5.26
	2.1
	2.72
	2.72
	3.19
	4.79
	5.74
	3.63
	3.63
	 

	SVI [ml/g] - 1
	52.92
	VSS/TSS
	80.94%

	VSS biomass
	2.335
	VSS effluent
	0.0202

	TSS biomass
	2.885
	TSS effluent
	0.025

	Air flow
	~450 l/h

	Mixing (rpm)
	406

	Kla
	0.313

	Cycle configuration
	Anox -60'

	Cycle duration
	standard


	Experiment 15th
	time
	10.00
	10.00
	10.20
	10.30
	11.00
	11.30
	12.00
	12.30
	13.00
	13.30
	14.00
	15.00
	16.00

	18/12/03
	progressive
	0
	10
	20
	30
	60
	90
	120
	150
	180
	210
	240
	300
	360

	ATU (EC30)
	Influent
	15.00
	15.01
	15.02
	15.03
	15.04
	15.05
	15.01
	15.02
	15.03
	15.04
	15.05
	15.06
	E15

	
	
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Effluent

	COD tot
	623
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	71

	COD sol
	621
	26
	68
	52
	42
	31
	30
	26
	24
	22
	24
	23
	21
	21

	TOC sol
	195
	7.5
	22
	15
	12
	8.1
	8.4
	8.4
	8
	7.6
	7.9
	8
	7.9
	6.6

	NH4+-N
	3.8
	0.01
	3.02
	4.27
	4.94
	6.36
	6.68
	4.45
	3.06
	2.11
	1.56
	0.92
	0.11
	 

	NO3--N
	<0,2
	15.2
	8.22
	5.55
	4.15
	2.09
	1.98
	7.09
	10.1
	11.8
	13.1
	14.5
	16.6
	 

	NO2--N
	<0,02
	0.14
	3.24
	4.81
	5.61
	5.51
	4.45
	1.27
	0.08
	0.06
	0.05
	0.05
	0.04
	 

	N tot
	78
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	N sol
	75
	19.8
	23.6
	20.3
	19.4
	17.7
	17.3
	16.8
	18.1
	17.5
	18.7
	19.3
	20.8
	20.5

	N org
	 
	4.45
	9.12
	5.67
	4.7
	3.74
	4.19
	3.99
	4.86
	3.53
	3.99
	3.83
	4.05
	 

	SVI [ml/g] - 1
	34.30
	VSS/TSS
	80.58%

	VSS biomass
	1.950
	VSS effluent
	0.0403

	TSS biomass
	2.420
	TSS effluent
	0.05

	Air flow
	~450 l/h

	Mixing (rpm)
	406

	Kla
	0.347

	Cycle configuration
	Anox -60'

	Cycle duration
	standard


	Experiment 16th
	time
	10.00
	10.00
	10.20
	10.30
	11.00
	11.30
	12.00
	12.30
	13.00
	13.30
	14.00
	15.00
	16.00

	27/01/04
	progressive
	0
	10
	20
	30
	60
	90
	120
	150
	180
	210
	240
	300
	360

	Air Flow +50%
	Influent
	16.00
	16.01
	16.02
	16.03
	16.04
	16.05
	16.01
	16.02
	16.03
	16.04
	16.05
	16.06
	E16

	
	
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Effluent

	COD tot
	617
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	24

	COD sol
	609
	25
	52
	36
	28
	19
	21
	19
	20
	15
	15
	16
	16
	15

	TOC sol
	203
	7.5
	18
	9.7
	7.4
	6.2
	6.1
	5.8
	5.3
	5.3
	5.9
	4.7
	5.2
	5.4

	NH4+-N
	3.94
	0.17
	3.44
	4.88
	5.7
	6.72
	7.11
	2.25
	0.06
	0.04
	0.04
	0.04
	0.04
	 

	NO3--N
	<0,2
	11.6
	3.41
	1.61
	1.42
	0.76
	0.64
	6.86
	10
	10.4
	10.9
	11.4
	11.9
	 

	NO2--N
	<0,02
	0.07
	5.66
	5.75
	4.11
	2.05
	1.27
	0.42
	0.01
	0.01
	0.01
	0.01
	0.01
	 

	N tot
	77
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	N sol
	74
	16.4
	19.1
	16.6
	14
	12.5
	12.1
	13
	13.8
	14.1
	14.5
	15
	15.6
	15.6

	N org
	 
	4.56
	6.59
	4.36
	2.77
	2.97
	3.08
	3.47
	3.73
	3.65
	3.55
	3.55
	3.65
	 

	SVI [ml/g] - 1
	68.97
	VSS/TSS
	81.31%

	VSS biomass
	2.240
	VSS effluent
	0.0081

	TSS biomass
	2.755
	TSS effluent
	0.01

	Air flow
	~675 l/h

	Mixing (rpm)
	406

	Kla
	0.109

	Cycle configuration
	Anox -60'

	Cycle duration
	standard


	Experiment 17th
	time
	10.00
	10.00
	10.20
	10.30
	11.00
	11.30
	12.00
	12.30
	13.00
	13.30
	14.00
	15.00
	16.00

	29/01/04
	progressive
	0
	10
	20
	30
	60
	90
	120
	150
	180
	210
	240
	300
	360

	Air Flow -50%
	Influent
	17.00
	17.01
	17.02
	17.03
	17.04
	17.05
	17.01
	17.02
	17.03
	17.04
	17.05
	17.06
	E17

	
	
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Effluent

	COD tot
	671
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	26

	COD sol
	668
	20
	51
	36
	30
	24
	23
	22
	18
	18
	17
	17
	19
	18

	TOC sol
	205
	6
	16
	9.5
	7.2
	6.1
	5.8
	6
	5.8
	5.6
	5.5
	5.5
	5.5
	5.4

	NH4+-N
	3.77
	0.39
	3.57
	5.39
	6.04
	6.94
	7.11
	4.22
	0.76
	0.05
	0.06
	0.06
	0.05
	 

	NO3--N
	<0,2
	14.9
	5.4
	2.62
	2.26
	1.75
	1.72
	7.25
	12.5
	13.9
	14.2
	14.5
	15.4
	 

	NO2--N
	<0,02
	0.23
	6.39
	8.76
	7.67
	5.74
	4.66
	1.37
	0.3
	0.01
	0.01
	0.01
	0.01
	 

	N tot
	70
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	N sol
	67
	18.7
	20.5
	18.1
	17.5
	17.8
	17.9
	15.2
	16.2
	16.9
	17.9
	18.6
	18.8
	18.5

	N org
	 
	3.18
	5.14
	1.33
	1.53
	3.37
	4.41
	2.36
	2.64
	2.94
	3.63
	4.03
	3.34
	 

	SVI [ml/g] - 1
	69.15
	VSS/TSS
	80.85%

	VSS biomass
	2.280
	VSS effluent
	0.0040

	TSS biomass
	2.820
	TSS effluent
	0.005

	Air flow
	~225 l/h

	Mixing (rpm)
	406

	Kla
	0.109

	Cycle configuration
	Anox -60'

	Cycle duration
	standard


	Experiment 18th
	time
	10.00
	10.00
	10.20
	10.30
	11.00
	11.30
	12.00
	12.30
	13.00
	13.30
	14.00
	15.00
	16.00

	04/02/04
	progressive
	0
	10
	20
	30
	60
	90
	120
	150
	180
	210
	240
	300
	360

	Condizioni Standard
	Influent
	18.00
	18.01
	18.02
	18.03
	18.04
	18.05
	18.01
	18.02
	18.03
	18.04
	18.05
	18.06
	E18

	
	
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Effluent

	COD tot
	624
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	32

	COD sol
	610
	21
	50
	39
	33
	31
	28
	26
	20
	19
	20
	19
	20
	16

	TOC sol
	204
	6.8
	15
	9.5
	6.8
	6.3
	5.9
	5.8
	5.6
	5.8
	5.7
	6.3
	5.8
	5.9

	NH4+-N
	3.94
	0.39
	3.78
	5.57
	6.49
	7.07
	7.1
	1.98
	0.06
	0.06
	0.05
	0.07
	0.06
	 

	NO3--N
	<0,2
	20.6
	11
	7.04
	4.74
	4.15
	4.81
	11.5
	19.3
	20.5
	20.9
	21.4
	22.6
	 

	NO2--N
	<0,02
	0.34
	5.93
	9.25
	10.1
	9.8
	8.03
	6.09
	0.79
	0.02
	0.01
	0.01
	0.01
	 

	N tot
	72
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	N sol
	71
	24
	24.7
	23.1
	22.7
	21.6
	21.4
	25.2
	22.9
	23.7
	24.4
	25.1
	26
	25.4

	N org
	 
	2.67
	3.99
	1.24
	1.37
	0.58
	1.46
	5.63
	2.75
	3.12
	3.44
	3.62
	3.33
	 

	SVI [ml/g] - 1
	63.79
	VSS/TSS
	82.41%

	VSS biomass
	2.390
	VSS effluent
	0.0206

	TSS biomass
	2.900
	TSS effluent
	0.025

	Air flow
	~450 l/h

	Mixing (rpm)
	406

	Kla
	0.126

	Cycle configuration
	Anox -60'

	Cycle duration
	standard


	Experiment 19th
	time
	10.00
	10.00
	10.20
	10.30
	11.00
	11.30
	12.00
	12.30
	13.00
	13.30
	14.00
	15.00
	16.00

	11/02/04
	progressive
	0
	10
	20
	30
	60
	90
	120
	150
	180
	210
	240
	300
	360

	ATU
	Influent
	19.00
	19.01
	19.02
	19.03
	19.04
	19.05
	19.01
	19.02
	19.03
	19.04
	19.05
	19.06
	E19

	
	
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Effluent

	COD tot
	622
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	49

	COD sol
	615
	21
	45
	34
	28
	23
	21
	20
	18
	16
	15
	19
	20
	16

	TOC sol
	205
	6.8
	13
	9.3
	7.6
	6.3
	6.7
	5.2
	6.4
	6.2
	5.9
	6.2
	5.6
	5.6

	NH4+-N
	4
	0.1
	4.44
	5.76
	6.36
	7.18
	7.42
	3.35
	0.1
	0.05
	0.05
	0.05
	0.05
	 

	NO3--N
	<0,2
	13.4
	3.93
	1.97
	1.76
	1.4
	1.27
	7.31
	12
	12.5
	12.9
	13.3
	14.7
	 

	NO2--N
	<0,02
	0.14
	6.01
	6.7
	5.01
	3.02
	2.28
	0.5
	0.1
	0.01
	0.01
	0.01
	0.01
	 

	N tot
	75
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	N sol
	73
	16.3
	18
	16.8
	14.9
	13.2
	12.5
	13.8
	14.3
	14.7
	14.8
	16.2
	16.4
	16.9

	N org
	 
	2.66
	3.62
	2.37
	1.77
	1.6
	1.53
	2.64
	2.1
	2.14
	1.84
	2.84
	1.64
	 

	SVI [ml/g] - 1
	54.98
	VSS/TSS
	81.10%

	VSS biomass
	2.360
	VSS effluent
	0.0324

	TSS biomass
	2.910
	TSS effluent
	0.04

	Air flow
	~450 l/h

	Mixing (rpm)
	406

	Kla
	0.120

	Cycle configuration
	Anox -60'

	Cycle duration
	standard


	Experiment 20th
	time
	10.00
	10.00
	10.20
	10.30
	11.00
	11.30
	12.00
	12.30
	13.00
	13.30
	14.00
	15.00
	16.00

	26/02/04
	progressive
	0
	10
	20
	30
	60
	90
	120
	150
	180
	210
	240
	300
	360

	4CP
	Influent
	20.00
	20.01
	20.02
	20.03
	20.04
	20.05
	20.01
	20.02
	20.03
	20.04
	20.05
	20.06
	E20

	
	
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Effluent

	COD tot
	612
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	38

	COD sol
	604
	19
	54
	37
	28
	21
	24
	20
	19
	19
	17
	17
	15
	16

	TOC sol
	209
	6.7
	20
	13
	7.6
	7
	6.9
	5.8
	6.8
	5.2
	5.5
	5.7
	5.4
	4.7

	NH4+-N
	3.85
	0.06
	3.69
	5.44
	6.37
	7.25
	7.61
	3.42
	0.07
	0.06
	0.05
	0.05
	0.05
	 

	NO3--N
	<0,2
	11.5
	4.58
	1.75
	0.84
	0.1
	0.28
	4.7
	9.26
	10.1
	10.5
	11.1
	11.9
	 

	NO2--N
	<0,02
	0.06
	2.15
	3.45
	1.95
	0.83
	0.04
	0.07
	0.53
	0.01
	0.01
	0.01
	0.01
	 

	N tot
	72
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	N sol
	71
	13.9
	16.7
	13.8
	11.4
	10
	10.1
	10.9
	11.7
	12.4
	12.8
	13.1
	13.9
	14.4

	N org
	 
	2.28
	6.28
	3.16
	2.24
	1.82
	2.17
	2.71
	1.84
	2.23
	2.24
	1.94
	1.94
	 

	SVI [ml/g] - 1
	66.90
	VSS/TSS
	82.75%

	VSS biomass
	2.350
	VSS effluent
	0.0331

	TSS biomass
	2.840
	TSS effluent
	0.04

	Air flow
	~450 l/h

	Mixing (rpm)
	406

	Kla
	0.130

	Cycle configuration
	Anox -60'

	Cycle duration
	standard


	Experiment 21th
	time
	10.00
	10.00
	10.20
	10.30
	11.00
	11.30
	12.00
	12.30
	13.00
	13.30
	14.00
	15.00
	16.00

	08/07/04
	progressive
	0
	10
	20
	30
	60
	90
	120
	150
	180
	210
	240
	300
	360

	 
	Influent
	20.00
	20.01
	20.02
	20.03
	20.04
	20.05
	20.01
	20.02
	20.03
	20.04
	20.05
	20.06
	E20

	
	
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Effluent

	COD tot
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	38

	COD sol
	982
	39
	110
	80
	64
	56
	46
	33
	36
	35
	37
	 
	 
	35

	TOC sol
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	NH4+-N
	34
	0.66
	8.58
	9.91
	10.6
	11.2
	12.4
	11
	8.5
	5.99
	3.05
	0.83
	0.1
	 

	NO3--N
	<0,2
	10.2
	2.28
	0.6
	0.54
	0.41
	0.48
	1.51
	3.68
	6.09
	7.9
	9.35
	12.9
	 

	NO2--N
	<0,02
	3.65
	5.51
	0.4
	0.03
	0.05
	0.09
	1.27
	2.86
	4.26
	5.79
	6.94
	4.86
	 

	N tot
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	N sol
	132
	20
	24.9
	18.7
	18.4
	19.1
	18.9
	19.4
	19.7
	20.8
	21.1
	19.9
	23.7
	18.5

	N org
	 
	5.49
	8.53
	7.79
	7.23
	7.44
	5.93
	5.62
	4.66
	4.46
	4.36
	2.78
	5.84
	 

	SVI [ml/g] - 1
	 
	VSS/TSS
	 

	VSS biomass
	2.4
	VSS effluent
	 

	TSS biomass
	 
	TSS effluent
	 


APPENDIX B: cyclic tests results (pilot-scale ENEA SBR)

Cyclic test #1 (10/06/04)

Phases duration

Load: 17 min

Anoxic phase: 1h 30 min

Aerobic phase: 2h 30 min

Settle: 40 min

Decant: 17 min
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	Evolution of the N-forms during the 10th June 2004 cyclic study
	Trend of COD and nitrates during the 10th June 2004 cyclic study
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	The pH curve shows 4 critical points: the first one at the end of the fill period, when pH was almost 8, it increase being due to influent addition (influent pH was around 8-9) and to alkalinity production by denitrification. At the end of the denitrification process, a flex is detected on the ORP signal (nitrate knee). 

The minimum pH value (7.3-7.4) occurs when ammonium was fully oxidised. Therefore, at the same time, the ORP signal evidence a flex and the DO signal increases remarkably.

During the aerobic phase, on-line data acquisition was lost for about 20 minutes because of electric problems.

	Trend of pH and ORP
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	Trend of pH and DO
	


Cyclic test #2 (24/06/04)

Phases durations

Load: 16 min

Anoxic phase: 1h 30 min

Aerobic phase: 2h 30 min

Settle: 40 min

Decant: 16 min
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	Evolution of the N-forms during the 24th June 2004 cyclic study
	Trend of COD and nitrates during the 24th June 2004 cyclic study
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	The pH curve shows 4 critical points: the first one at the end of the fill period, when pH reached its maximum value, its increase being mainly due to alkalinity production by denitrification. After 30 min, denitrification was almost complete and the ORP signal remained constant.

The ammonia valley was detected in the pH profile. Therefore, at the same time, both ORP and DO increased faster.

At the end of the fill we can observe a clear flex in ORP signal. 



	Trend of pH and ORP
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	Trend of pH and DO
	


Cyclic test #3 (21/09/04)

Phases durations

Load: 19 min

Anoxic phase: 1h

Aerobic phase: 3 h

Settle: 40 min

Decant: 19 min
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	Evolution of the N-forms during the 21st September 2004 cyclic study
	Trend of COD and nitrates during the 21st September 2004 cyclic study


For electrical problems on-line data were not collected.

Cyclic test #4 (28/09/04)

Phases durations

Load: 18 min

Anoxic phase: 1h 30 min

Aerobic phase: 3h

Settle: 40 min

Decant: 18 min
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	Evolution of the N-forms during the 28th September 2004 cyclic study
	Trend of COD and nitrates during the 28th September 2004 cyclic study
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	In this case, after the fill phase, denitrification goes on slowly. Therefore, pH and ORP are almost constant during the anoxic phase. 

The DO concentration is very low during all the aerobic phase because of the high ammonium concentration in the reactor. Ammonium is depleted just at the end of the aeration phase, but nitrites remained in solution.

Therefore, in ORP signal, the second flex, caused by the end of ammonium consumption, is not present and no ammonia valley is shown in the pH curve.

	Trend of pH and ORP
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	 Trend of pH and DO
	


Cyclic test #5 (07/10/04)

Phases durations

Load: 20 min

Anoxic phase: 1h 20 min

Aerobic phase: 3h 30 min

Settle: 40 min

Decant: 20 min
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	Evolution of the N-forms during the 7th October 2004 cyclic study
	Trend of COD and nitrates during the 7th October 2004 cyclic study


For electrical problems on-line data were not collected.

	Cycle study  No.1
	Time
	10.00
	10.06
	10.17
	10.40
	11.30
	12.00
	12.30
	13.00
	13.30
	14.00
	14.45

	09/06/2004
	progressive
	0
	6
	17
	40
	90
	120
	150
	180
	210
	240
	 

	Sample
	n° Sample
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	Effluent

	
	Influent
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	

	COD tot
	525
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	COD sol
	172
	23,92
	 
	29,2
	28,8
	22,9
	24,3
	24,6
	 
	 
	24,9
	23,8

	NH4+-N
	58,8
	0,446
	5,1
	14,787
	14,68
	13,67
	9,82
	5,97
	3,74
	0,335
	0,391
	0,485

	NO3--N
	 
	3,76
	3,3
	1,16
	0,36
	0,17
	3,59
	7,5
	10,73
	13,4
	13,95
	13,18

	NO2--N
	 
	0,0384
	0,207
	0,277
	0,017
	0,042
	0,266
	0,427
	0,495
	0,014
	0,02
	0,037

	TKN
	78,8
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	P-ortophosphate
	 
	0
	0,432
	1,36
	2,89
	4,23
	1,44
	0
	0
	 
	0
	0

	 
	
	
	
	
	SVI [ml/g]
	 X
	
	VSS/TSS
	73%

	
	
	
	
	
	TSS
	4,14
	
	SSV effluent
	 

	
	
	
	
	
	VSS
	3,03
	
	SST effluent
	0,02


Results

Influent TKN hydrolyzed : 93.83 %

Total N depleted during the cycle : 5.48 g

Initial Nitrates consumption rate in denitrification: 2.15 mgN/(gVSS*h)

Final Nitrates consumption rate in denitrification: 0.07 mgN/(gVSS*h)

Ammonium consumption rate in nitrification: 2.54 mgN/(gVSS*h)

COD consumed / N depleted in anoxic phase : 10.79 gCOD/gN-NO3-
Consumption CODs / available CODs until the end of fill : 45.46 %

Consumption CODs / available CODs until the end of anoxic phase : 57.23 %

	Cycle study  No.2
	Time
	10.00
	10.08
	10.16
	10.25
	10.50
	11.30
	12.00
	12.30
	13.00
	13.30
	14.00
	14.45

	24/06/2004
	progressiv
	0
	8
	16
	25
	52
	90
	120
	150
	180
	210
	240
	285

	 
	n° Sample
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	 

	
	Influent
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Effluent

	COD tot
	591
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	COD sol
	187
	15,8
	 
	23,2
	19
	17,4
	24,7
	 
	15,5
	 
	 
	13,1
	18,3

	NH4+-N
	64,86
	0,11
	6,25
	12,78
	13,5
	13,78
	13,73
	9,99
	6,03
	1,31
	0
	0
	0,51

	NO3--N
	 
	3,84
	1,93
	0,27
	0,63
	0,46
	0,26
	3,13
	8,1
	12,16
	13,72
	13,27
	13,49

	NO2--N
	 
	0,01
	0,39
	0,07
	0,03
	0,06
	0,03
	0,36
	0,78
	0,89
	0,04
	0,00
	0,04

	P-ortophosphate
	 
	0
	0
	1,82
	2,79
	3,86
	6,17
	0
	0
	0
	0
	0
	0

	TKN
	78
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	pH
	7,85
	
	
	
	
	SVI [ml/g]
	139,34
	
	VSS/TSS
	78%

	
	
	
	
	
	
	TSS
	3,66
	
	SSV effluent
	0,020

	
	
	
	
	
	
	VSS
	2,69
	
	SST effluent
	0,22


Results

Influent TKN hydrolyzed : 81.92 %

Total N depleted during the cycle : 5.05 g

Initial Nitrates consumption rate in denitrification: 3.34 mgN/(gVSS*h)

Final Nitrates consumption rate in denitrification: 0.09 mgN/(gVSS*h)

Ammonium consumption rate in nitrification: 2.77 mgN/(gVSS*h)

COD consumed / N depleted in anoxic phase : 9.01 gCOD/gN-NO3-
Consumption CODs / available CODs until the end of fill : 53.64 %

Consumption CODs / available CODs until the end of anoxic phase : 50.64 % (the light difference with previous value can be ascribed to analytical uncertainties)

	Cycle study  No.3
	Time
	10.00
	10.11
	10.19
	10.40
	11.00
	11.30
	12.00
	12.30
	13.00
	13.30
	14.00
	14.45

	21/09/2004
	progressiv
	0
	11
	19
	40
	60
	90
	120
	150
	180
	210
	240
	285

	 
	n° Sample
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	 

	
	Influent
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Effluent

	COD tot
	x
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	COD sol
	x
	23,5
	 
	35,9
	33
	30
	29,1
	28,6
	27,7
	28
	27,3
	27,1
	24,5

	NH4+-N
	x
	1,12
	11,44
	16,68
	16,63
	16,13
	12,28
	9,49
	6,19
	3,29
	0,39
	0,78
	0,67

	NO3--N
	 
	10,2
	6,37
	4,82
	2,63
	1,07
	5,11
	7,49
	11,9
	14,86
	17,62
	18,86
	18,34

	NO2--N
	 
	0,238
	0,58
	0,897
	1,146
	1,09
	0,374
	0,263
	0,41
	0,441
	0
	0,003
	0,011

	P-ortophosphate
	 
	4,59
	4,91
	5,36
	5,85
	6,21
	5,78
	5,57
	5,33
	5,51
	5,27
	4,87
	4,84

	TKN
	x
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	pH
	x
	
	
	
	
	SVI [ml/g]
	x
	
	VSS/TSS
	69%

	
	
	
	
	
	
	TSS
	4,80
	
	SSV effluent
	0,015

	
	
	
	
	
	
	VSS
	3,32
	
	SST effluent
	0,04


Results

Total N depleted during the cycle: 5.19 g

Initial Nitrates consumption rate in denitrification: 3.18 mgN/(gVSS*h)

Final Nitrates consumption rate in denitrification: 1.41 mgN/(gVSS*h)

Ammonium consumption rate in nitrification: 2.32 mgN/(gVSS*h)

	Cyclic study No.4 
	Time
	10.00
	10.10
	10.18
	10.40
	11.00
	11.30
	12.00
	12.30
	13.00
	13.30
	14.00
	14.30
	15.10

	28/09/2004
	progressiv
	0
	10
	18
	40
	60
	90
	120
	150
	180
	210
	240
	270
	 

	 
	n° Sample
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	 

	
	Influent
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Effluent

	COD tot
	637
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	COD sol
	166,6
	24,5
	37,2
	53,4
	48
	38,2
	36,5
	33,2
	31,9
	32,6
	41
	37,5
	31
	15,7

	NH4+-N
	76,63
	0,167
	11,27
	17,13
	16,4
	16,57
	16,29
	13,28
	10,76
	7,97
	5,02
	2,67
	0
	0,05

	NO3--N
	 
	12,80
	9,38
	7,44
	5,18
	4,11
	2,55
	5,30
	7,99
	11,60
	18,42
	19,83
	22,36
	22,42

	NO2--N
	 
	0,125
	0,583
	0,971
	1,562
	1,786
	1,828
	1,46
	1,358
	1,347
	1,358
	1,392
	0,996
	1,07

	P-ortophosphate
	 
	3,34
	4,03
	4,30
	4,57
	4,75
	4,28
	4,01
	3,78
	3,93
	3,83
	3,73
	3,81
	3,70

	TKN
	86,80
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	pH
	8,05
	 
	 
	 
	SVI [ml/g]
	81,87
	 
	
	VSS/TSS
	69,99%
	 
	 

	COD/N
	8,31
	
	
	
	TSS
	3,42
	 
	
	SSV effluent
	0,0300
	 
	

	
	
	
	
	
	VSS
	2,39
	 
	
	SST effluent
	0,045
	 
	


Results

Influent TKN hydrolyzed: 98.68 %

Total N depleted during the cycle: 6.44 g

Initial Nitrates consumption rate in denitrification: 3.90 mgN/(gVSS*h)

Final Nitrates consumption rate in denitrification: 1.29 mgN/(gVSS*h)

Ammonium consumption rate in nitrification: 2.51 mgN/(gVSS*h)

Consumption CODs / available CODs at the end of anoxic phase: 31.03 %

	Cyclic study No. 5
	Time
	10.20
	10.30
	10.40
	11.00
	11.20
	11.40
	12.10
	12.40
	13.10
	13.40
	14.10
	14.40
	15.10
	15.50

	07/10/2004
	progressiv
	0
	10
	20
	40
	60
	80
	110
	140
	170
	200
	230
	260
	290
	320

	 
	n° Sample
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	effluent

	
	Influent
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Anoxic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	Aerobic
	

	COD tot
	854
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	COD sol
	534
	29
	40
	65
	58
	53
	47
	48
	51
	46
	40,1
	44
	38
	30
	32

	NH4+-N
	75,51
	2,85
	10,9
	17,1
	16,52
	16,29
	15,68
	13,89
	11,33
	8,203
	5,245
	2,79
	0,502
	0,446
	1,06

	NO3--N
	 
	13,34
	9,88
	7,13
	5,05
	4,24
	3,8
	5,31
	7,62
	10,6
	12,99
	16,19
	19,17
	20,63
	21,4

	NO2--N
	 
	0,1
	0,37
	1,21
	2,37
	2,62
	2,73
	2,43
	2,27
	2,15
	2,03
	1,98
	0,87
	0,01
	0,02

	P-ortophosphate
	 
	6,72
	4,89
	5,09
	5,52
	5,43
	4,91
	4,84
	4,87
	5,02
	4,56
	4,4
	5,58
	4,61
	4,8

	TKN
	93
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	pH
	7,75
	 
	 
	
	SVI [ml/g]
	
	62,99
	
	 
	 
	VSS/TSS
	71,01%
	 
	 

	
	
	
	
	
	TSS
	
	2,54
	
	
	
	SSV effluent
	0,0150
	 
	

	
	
	
	
	
	VSS
	 
	1,80
	
	
	
	SST effluent
	0,017
	 
	


Results

Influent TKN hydrolyzed : 91.77 %

Total N depleted during the cycle : 4.03 g

Initial Nitrates consumption rate in denitrification: 5.90 mgN/(gVSS*h)

Final Nitrates consumption rate in denitrification: 0.73 mgN/(gVSS*h)

Ammonium consumption rate in nitrification: 1.98 mgN/(gVSS*h)

CODsoluble consumed / N depleted in anoxic phase : 12.08 gCODs/gN-NO3-Consumption CODs / available CODs until the end of fill : 50 %

Consumption CODs / available CODs until the end of anoxic phase : 63.9 %

APPENDIX C: Results of the denitrification batch tests performed on sludge samples from POLIMI SBR

	Test #1: 16/04/04, influent load: 20 mL synthetic influent/Lsludge

	sampling time
	NO3- mgN/L
	NO2- mgN/L
	COD mg/L

	15
	39
	1.9
	--

	30
	33
	3.6
	--

	44
	31
	4.2
	--

	52
	29
	4.7
	--

	76
	28
	4.4
	--

	94
	27
	3.6
	--

	115
	26
	
	--


	Test #2: 19/04/04, influent load: 20 mL synthetic influent/Lsludge

	sampling time
	NO3- mgN/L
	NO2- mgN/L
	COD mg/L

	15
	41
	1.5
	--

	28
	35
	3.7
	--

	40
	32
	4.2
	--

	52
	31
	4.6
	--

	79
	27
	6.1
	--


	Test #3: 19/04/04, influent load: 20 mL synthetic influent/Lsludge

	sampling time
	NO3- mgN/L
	NO2- mgN/L
	COD mg/L

	5
	39
	0.9
	--

	15
	33
	1.2
	--

	39
	30
	1.2
	--

	49
	29
	1.5
	--

	78
	25
	1.6
	--

	95
	24
	1.5
	


	
Test #4: 21/04/04, influent load: 20 mL synthetic influent/Lsludge

	sampling time
	NO3- mgN/L
	NO2- mgN/L
	COD mg/L

	10
	32.8
	2.2
	--

	21
	26.1
	3.8
	--

	40
	22.6
	4.4
	--

	58
	21.6
	4.4
	--

	71
	21.6
	4.4
	--

	91
	20.8
	4.2
	


	Test #5: 12/05/04, influent load: 30 mL synthetic influent/Lsludge

	sampling time
	NO3- mgN/L
	NO2- mgN/L
	COD mg/L

	12
	65.5
	13.5
	--

	31
	59.4
	13.6
	--

	76
	48.4
	14.2
	94

	97
	36.6
	18.4
	45

	119
	31.6
	1.4
	42

	139
	31.1
	219
	40

	168
	32.5
	18.5
	35

	192
	24.6
	22.4
	38


	Test #6: 17/05/04, influent load: 30 mL synthetic influent/Lsludge

	sampling time
	NO3- mgN/L
	NO2- mgN/L
	COD mg/L

	5
	80
	3.2
	102

	10
	71
	4.6
	75

	15
	66
	6.1
	59

	20
	66
	6.8
	47

	25
	63
	7.6
	42

	30
	66
	7.6
	38

	35
	65
	7.5
	36

	45
	64
	7.9
	33

	75
	63
	7.8
	36

	130
	58
	7.7
	32





	Test #7: 22/04/04, influent load: 40 mL synthetic influent/Lsludge

	sampling time
	NO3- mgN/L
	NO2- mgN/L
	COD mg/L

	21
	37.6
	1.4
	--

	41
	22.6
	6.2
	--

	58
	21.4
	7.9
	--

	87
	15.9
	9.7
	--

	111
	12.4
	10.5
	--

	134
	10.2
	10.9
	


	Test #8: 22/04/04, influent load: 40 mL synthetic influent/Lsludge

	sampling time
	NO3- mgN/L
	NO2- mgN/L
	COD mg/L

	21
	37
	1.9
	--

	41
	21.9
	6.2
	--

	58
	19.1
	7.8
	--

	87
	17.7
	7.5
	--

	111
	16.7
	6.8
	--

	134
	15.6
	5.7
	


	Test #9: 23/04/04, influent load: 20 mL synthetic influent/Lsludge

	sampling time
	NO3- mgN/L
	NO2- mgN/L
	COD mg/L

	21
	0
	21
	117

	41
	0
	16.3
	86

	58
	0
	10.2
	84

	87
	0
	5.9
	83

	111
	0
	4.6
	48


	Test #10: 23/04/04, influent load: 20 mL synthetic influent/Lsludge

	sampling time
	NO3- mgN/L
	NO2- mgN/L
	COD mg/L

	21
	0
	20.8
	--

	41
	0
	11.7
	--

	58
	0
	9.0
	--

	87
	0
	5.7
	--

	111
	0
	2.8
	--


	Test #11: 12/05/04, influent load: 30 mL synthetic influent/Lsludge

	sampling time
	NO3- mgN/L
	NO2- mgN/L
	COD mg/L

	9
	0
	54.4
	--

	40
	0
	46.7
	--

	60
	0
	40.9
	--

	80
	0
	41.6
	--

	100
	0
	39.9
	--

	125
	0
	41.7
	


	Test #12: 27/04/04, influent load: 40 mL synthetic influent/Lsludge

	sampling time
	NO3- mgN/L
	NO2- mgN/L
	COD mg/L

	10
	0
	25.2
	--

	50
	0
	14.6
	--

	90
	0
	6.3
	--

	126
	0
	5
	--

	159
	0
	3
	--

	178
	0
	0.05
	


	Test #13: 27/04/04, influent load: 40 mL synthetic influent/Lsludge

	sampling time
	NO3- mgN/L
	NO2- mgN/L
	COD mg/L

	10
	0
	24.4
	--

	50
	0
	17.4
	--

	90
	0
	7.3
	--

	117
	0
	2.4
	--

	156
	0
	0.5
	--

	178
	0
	0.04
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