EOLI project – WP1 – POLIMI - Report - September 2003

During the first year of experimentation the main objectives for POLIMI was the design and the construction of a laboratory scale Sequencing Batch Reactor, in order to perform the first experiments defined by the EOLI protocol and specified in the general meeting that has been held in Mexico City in May 2003. The SBR was instrumented to measure on-line: temperature, DO, air flow rate, redox potential and pH.


With reference to the objectives listed above, POLIMI has built an appropriately instrumented laboratory SBR which was started from a sludge inocolum drawn from a full scale SBR. 

The laboratory SBR has been now operated for approximately 8 months, fed on synthetic urban wastewater; the main parameters were monitored periodically, as specified below. 
Five of the experiments requested in the experimental plan (which we will call "cyclic studies" from now on) have been performed in June and July 2003. 
During August ’03, due to the seasonal closure of POLIMI’s laboratory, the SBR was emptied, and the mixed liquor was kept in a refrigerator for the whole month. At the beginning of September ’03, the SBR was working again. The next cyclic studies will be performed on a weekly basis, on average, starting from September 24th, having reached a stable biomass concentration of 3 gSS/L in the SBR.
During the SBR working period, it was possible to check the proper operation of the on-line instrumentation.
We are at the moment considering the feasibility of conducting the experimentation also on a pilot SBR (0.4 m3) which has recently been built by ENEA near Bologna (Italy). The design of this SBR was made by ENEA in collaboration with POLIMI, and the plant could be managed by these two partners. The feasibility of having ENEA as a subcontractor is going to be negotiated and will not imply any financial modification within the EOLI project. 
Set up of a laboratory scale SBR 

The SBR (see Figure 1) is a 30 L cylindrical tank with a working volume of 20 L (VMAX). The SBR is equipped with:
 1 peristaltic pump for feeding (PA);
 1 peristaltic pump for effluent discharge (PS);
 1 peristaltic pump for waste sludge discharge (PF); 
1 aeration system (3 air compressors + multiple pipe diffusers) (SA);
 1 variable speed mechanical mixing system (SM);
 1 controlled heating system to maintain sludge temperature at 25 oC;
 4 timers for activation/deactivation of  PA, PS, SA e SM.

This SBR operates according to 4 cycles per day. Each cycle lasts tC = 6h and includes the following phases:

ANOXIC FILL (F) - (PA: ON; PS: OFF; SA: OFF; SM: ON), duration: tF = 10 min;

ANOXIC REACT (ANR) - (PA: OFF; PS: OFF; SA: OFF; SM: ON), duration tANR = 150 min;

AEROBIC REACT (AER) - (PA: OFF; PS: OFF; SA: ON; SM: ON); duration tAER = 150 min;

SETTLE (S) - (PA: OFF; PS: OFF; SA: OFF; SM: OFF), duration tS = 37 min;

DRAW (D) - (PA: OFF; PS: ON; SA: OFF; SM: OFF); duration tD = 23 min;

The SBR is fed with a synthetic influent (modified from OECD Guidelines for testing of chemicals. 1993 - 209 ‘Activated sludge inhibition Test’, OECD Paris) with the following composition:
peptone: 0.343 g/L;
meat extract: 0.236 g/L;


NaCl: 0.015 g/L;
CaCl2(2H2O: 0.012 g/L
;
MgSO4(7H2O: 0.005 g/L
,
K2HPO4: 0.06 g/L.
According to analytical analyses, this influent is characterised by:

COD = 600 mg/L ± 5%;
N = 75 mg Ntot/L ± 10%;

therefore the average COD/N ratio is 8.

At the beginning of each cycle, 4 L of the influent described above are loaded ((V). The resulting volumetric exchange ratio (VER), feeding rate (QFEED) and hydraulic retention time (HRT) are therefore:
VER = (V / VMAX = 4 L / 20 L = 0.2,
QFEED = (V / tC = 4 L / 6 h = 0.66 L / h,
HRT = VMAX / QFEED = 20 L / 0.66 L / h = 30 h.
The sludge retention time (SRT) was fixed in 20 days at standard conditions.


An on-line acquisition system has been set up by using the prototype of MARTINA (Multiple Analyte Reprogrammable TItratioN Analyser ) to monitor temperature, pH, ORP and DO signals. 

The following probes are in use:

ORP - Mettler Toledo (Greifensee, Switzerland), InLab 501;

DO -Endress Hauser (Reinach, Switzerland), COS 3s;

pH - Mettler Toledo (Greifensee,  Switzerland),InLab 412, temperature - IKD, (Varese, Italy), Pt100 TRM

Acquisition frequency can be defined by the operator (max: 1 data per second). During this first part of the experimentation, the acquisition frequency has been set at the value of 3 data/min.

The remaining acquisition channels of the MARTINA prototype (that are: 1 ORP, 1 pH and 1 DO channels) are used to perform pH-DO-stat titration tests. These tests were performed on sludge samples, (0.5-1 L) manually collected from the reactor, in order to evaluate biomass activity in the SBR. 
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Figure 1 – SBR reactor and MARTINA unit

SBR start up 

The SBR operation was started on the 15th January 2003 by inoculating activated sludge drawn from a full scale SBR (Funo, Bologna, Italy) treating urban wastewaters and serving about 7000 PE.

Initially no waste sludge was discharged. The following analytical determinations were periodically performed in order to monitor the SBR performance: suspended total and volatile solids (TSS, VSS) - Figure 2; ammonia in the effluent - Figure 3;  nitrate in the effluent - Figure 4; and COD in the effluent - Figure 5. 
During the first 3 weeks the SBR was fed with standard OECD influent, at 800 mgCOD/L and 130 mgN/L. During this period, COD removal was always satisfactory, while the SBR nitrification capacity was insufficient to completely oxidise ammonium which built up in solution. Since the operating pH ranged between 7.9 and 8.3, high ammonium 
concentrations might have had an additional inhibitory effect on ammonium oxidisers; this effect is known to be greater and greater at increasing pH values, due to the increased free ammonia concentration.

From week 4 the SBR loading rate was halved by diluting the influent with tap water once a day. Moreover, during weeks 4 and 5, after the settling phase, the SBR supernatant was replaced by tap water until ammonium concentration was reduced to below 30 mg/L. At day 29, sludge from a fully nitrifying WWTP was inoculated (10% of the MLSS in the SBR) to enhance nitrification activity. 

During the following weeks, the loading rate was kept at half the value that was set at the beginning of the experiment.
From day 49, when biomass concentration reached 1.6 gTSS/L sludge wastage was started at a rate of 1.6 L/d, with the aim of keeping a sludge age of around 20 days. However, solids concentration (both TSS and VSS) started decreasing and, within the following 2 weeks, they fell to values lower than 0.5 gTSS/L and remained constant.  
From day 75, sludge withdrawal was reduced to 0.5 L/d and an inoculum from a fully nitrifying WWTP was added, in order to enhance sludge re-growth. 

From day 133 the influent composition was modified as described above (600 mgCOD/L and 75mgN/L). Then biomass rapidly grew up to 2 gVSS/L, and steady standard conditions were reached after three weeks.
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Figure 2 – Total and volatile suspended solids in the SBR reactor
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Figure 3 – Ammonia concentration in SBR’s effluent
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Figure 4 – Nitrate concentration in SBR’s effluent
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Figure 5 – COD concentration in SBR’s effluent

Operation under standard conditions
Once the reactor reached standard conditions (see Table 3) DO, pH and ORP profiles showed the relevant points that indicate the transition between the main biological reactions. 
The denitrification process is very fast and lasts no more than 30 minutes; the end-point of the reaction can be detected by 
1) the “nitrate knee” in the ORP profile and 
2) the “nitrate-apex” (i.e. the maximum), in the pH profile. 
The nitrification process is completed within 60 minutes; the end point can be detected by observing:

1) the “ammonia valley” in the pH profile (Chang and Hao, 1996), 
2) the bending point in the ORP profile (Plisson-Saune et al., 1996); and

3) the "DO flex" or "break-point" (Plisson-Saune et al., 1996; Andreottola et al., 2001), that is the typical change in the slope of DO profile. 
Lab-analysis were made to confirm these end-points of the biological reactions. 
In the figures 6 and 7 ORP, pH and DO profiles with the relevant points of the reactions can be observed; these data were collected during a “standard condition” cycle.
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Figure 6 – ORP and pH profiles during a “standard conditions” cycle of SBR
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Figure 7 – DO profile during a “standard conditions” cycle of SBR 

































































Experiments for evaluation of the mass balance model developed within the framework of EOLI
Plan of the experiments

The plan of the experiments was decided in the meeting held in Narbonne (November 2002) and included:

a) one standard experiment, that was aimed to monitor the SBR operating conditions and performance under standard operation;

b) a series of cyclic studies that were planned in order to monitor the effects of the variation of several parameters.

In Table 1 the final set of experiments is summarised, as it was defined during the meeting held in Mexico City (May 2003).

Table 1 – Plan of the experiments 

different Carbon/Nitrogen ratios
[= 6 experiments]

acute toxicant (smaller size, same sludge) 
[= 3 experiments]

different O2/Carbon ratios
[= 2 experiments]

different C/X ratios (including overload condition)
[= 4 experiments]

standard conditions
[= 1 experiment]

Total
16 experiments + 4 replicates

Analytical methods 
Analytical methods are described in Table 2.

Table 2 – Analytical methods
parameter
Analytical method
Principle

NO2-N
Photometric method (cuvette-test)
Nitrites react with primary aromatic amines in acidic solution to form diazonium salts. These combine with aromatic compounds that contain an amino group or a hydroxyl group to form intensively coloured azo dyes.

Variability of data expressed as percentile: 5% 

Detection limit: 0.015 mg/L

NO3-N
Photometric method (cuvette-test)
Nitrate ions in solutions containing sulphuric and phosphoric acids react with 2.6-dimethylphenol to form 4-nitro-2.6-dimethylphenol.

Variability of data expressed as percentile: 5% 

Detection limit: 0.2 mg/L

NH4-N
Photometric method (cuvette-test)
Ammonia compounds combine with chlorine to form monochloramine. These react with salycilate to form 5-aminosalycilate, that is oxidized in the presence of a sodium nitroprusside catalyst to form a blue-colores compound.

Variability of data expressed as percentile: 10% (<2 mg/L), 

5% (>2 mg/L)

Detection limit: 0.2 mg/L (<2 mg/L), 2 mg/L (>2 mg/L).

N total
Photometric method (cuvette-test)
An alkaline persulfate digestion converts all forms of nitrogen to nitrate. Sodium bisulfite is added after digestion to eliminate halide interferences. The digested sample are analysed following the nitrate analytical method.

Variability of data expressed as percentile: 10% 

Detection limit: 5 mg/L

COD
Photometric method (cuvette-test)
Water sample is heated for two hours with a strong oxidizing agent, potassium dichromate. Oxidable organic compounds react, reducing the yellow dichromate ion to green cromic ion.

Variability of data expressed as percentile: 10% (<50 mg/L), 

5% (>50 mg/L)

Detection limit: 15 mg/L (<50 mg/L), 50 mg/L (>50 mg/L).

TOC
Instrumental analyzer
Total carbon is converted to CO2 by combustion in the presence of an oxidation catalyst. CO2 is detected in a non-dispersive infrared gas analyser (NDIR).

Inorganic carbon is converted  to CO2 acidification with phosphoric acid. CO2 is detected in a non-dispersive infrared gas analyser (NDIR).

TOC carbon is obtained by subtracting the IC concentration from the TC concentration.

Variability of data expressed as percentile: 5% 

Detection limit: 1 mg/L

SVI
Imhoff cone
One litre of mixed liquor is withdrawn at the end of the aerobic phase and it settles for 30 minutes inside an Imhoff cone.

At the end of the settling the volume of sludge settled in the graduated container is read and SVI is calculated dividing this volume for the TSS concentration of the mixed liquor. SVI is expressed in ml/g. 

TSS

20 ml of the sample are filtered with a GFC filter. 

Then the  filter is kept at 105°C for 24 h.

When the filter reaches again the ambient temperature (in a drier), it is weighted and it’s calculated the concentration of TSS.

VSS

The filter used before to measure TSS is kept at 540°C for 2 h. 

When the filter reaches again the ambient temperature (in a drier), it is weighted and it’s calculated the concentration of TSS.

The analytical protocol defined in WP2 sets that for each reaction phase of the SBR, at least five samples must be collected, so that a sample (50 ml approx.) is withdrawn from the SBR every 30 minutes and is immediately analysed according to the methods described in Table 2. 

On-line acquisition of pH, DO, Temperature and ORP is provided by the MARTINA prototype with a frequency of 3 data/min. All experiments last a single cycle of the SBR.

Since the single cyclic studies are performed at one-week intervals, it is assumed that the perturbations that have been induced do not affect the following experiment.





Experiments performed in the first year

After the meeting in Mexico City, the following experiments were performed in June and July:

1. standard conditions - 26th June 2003
2. standard conditions replicate –14th July 2003
3. COD/N –50% - 9th July 2003
4. COD/N –35% - 2nd July 2003
5. COD/N +35% - 22nd July 2003

1. 
2. 
3. 
4. 
5. 
The COD/N ratio was reduced by adding ammonium chloride, and it was increased by adding sodium acetate.
Experiment 1 : Standard conditions 

The aim of the experiment was to monitor the behaviour of the SBR in the standard conditions reported in the table below, according to the EOLI experimental protocol. 
Table 3 – Standard conditions parameters

Parameters
Values

Filling/Reaction Ratio [%]
20 (*)

Cin [mgCOD/L] C(t=0)
600

Type of compounds
Synthetic urban sewage 

X(t=0)  [mg/L]
 > 2,000

Volume loading rate [gCOD/L-d]
0.48 (**)

Mass loading rate [gCOD/gVSS-d]
0.20 (***)

Total N-TKN [mg/L]
75

NH4+ [mg/L]
Approx 0

COD/N-NTK
8

O2       [L/min.]
Not defined

pH   
Around 7 (monitored but not controlled)

T      [°C]
25

V(t=0)  [L]
16

V(t=tfin) [L]
20

Total cycle time [h]: 
6

SRT [days]
20

Notes:

(*) 20%: 4 L feed in 20 L reactor volume

(**) 0.6 g/L x 4 L/cycle x 4 cycle/d : 20 L = 0.48 [gCOD/L-d]
(***) 0.48 g/(L d) / 2.4 gVSS = 0.2 [gVSS/L-d]
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During the test, the SBR provided good removal efficiencies both for soluble COD (88%) and soluble nitrogen (52%). Nitrate removal proved to be very fast in the anoxic phase (it lasted no longer than 30 minutes). On the contrary, ammonia oxidation is slower and lasts around 60 minutes (see Figure 8). Nitrite production is important (up to 2.5 mgN-NO2-/L), but removal is complete at the end of the aerobic phase. 
Figure 8 - Evolution of the N-forms during experiment 1

Experiment 2 : Standard conditions replicate






The SBR provided efficiencies as good as in the previous standard experiment (87% for soluble COD and 51% for soluble nitrogen). 
However, it should be noticed that: 
1) 
the amount of nitrate present in the SBR at the beginning of the experimental cycle was significantly higher (17.5 mgN- NO3-/L) than in the previous standard conditions test (10.2 mgN-NO3-/L); as a consequence, nitrate and nitrite removal in the anoxic phase was not complete, and higher residual nitrate could be measured in the effluent (see Figure 9).

2)
although a possible error in the preparation of the influent caused higher COD and N concentrations (724 instead of 600 mgCOD/L and 92 instead of 75 mgN/L), the COD/N ratio remained equal to 8, as stated. 
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Figure 9 – Evolution of the N-forms during experiment 2

Experiments performed varying COD/N ratio in the influent
Experiment 3 : COD/N – 50%

The results of the test are shown in Figures 10 and 11.

It can be seen that removal efficiencies are slightly lower than those recorded in the standard condition tests (81% instead of 88% for soluble COD and 44% instead of 52% for soluble nitrogen. Denitrification doesn’t allow the total removal of nitrate in the anoxic phase. Nitrite removal is not complete and a build up of 1.3 mg/L can be observed at the end of the aerobic phase. 

This effect was partly enhanced by 

the considerable amount of nitrate that were present at the beginning of the cycle, almost twice the amount than in the standard conditions test (19 mgN-NO3‑/L instead of 10.2 mgN- NO3-/L). Probably, excess nitrates after the previous test (Experiment n. 4, performed on the 2nd July) were not consumed during the week before the experiment. This may imply that a COD/N ratio of 8 does not provide organic carbon enough to cope with excess nitrogen loads.

As a matter of fact, soluble organic carbon was depleted almost completely before the first sampling (30 min) in the anoxic cycle (Fig. 11) while nitrate could not be depleted.
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Figure 10 – Evolution of the N-forms during experiment 3
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Figure 11 – Trend of COD, TOC and nitrates during experiment 3

Experiment 4 : COD/N – 35%

The results are shown in Figure 12. 

Since this experiment was performed before experiment n. 3, the nitrate build up had not occurred yet and nitrates were depleted during the first 30 min of the anoxic phase. However, nitrates as high as 18 mgN- NO3-/L were detected at the end of the cycle. 
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Figure 12 – Evolution of the N-forms during experiment 4

Experiment 5 : COD/N + 35%

Results of this test are shown in Figure 13.

While soluble COD and nitrogen removal efficiencies were very close to those observed during the standard condition tests, it looks like excess carbon helped in decreasing the nitrate build up. In fact the final nitrate concentration is lower than the concentration that was detected at the beginning of the cycle (10 instead of 12 mgN- NO3-/L).

Also, nitrite removal is complete. 
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Figure 13 –  Evolution of the N-forms during experiment 5
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