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Introduction
This report presents the activities of the partner 6 (UNAM) concerning the WP1 of the EOLI project, realized during the period November 2003- October 2004. The experiments conducted could be divided in four sets. 

1.- Replicates of the model experiments. Two replicates of starvation (12 and 24) in the degradation of 100 mg/L of 4CP were realized. Three experiments of standard kinetics of the Fixed Time Control strategy (FTC) were also made. 
2.- Four fault detection experiments (for WP7) were carried out in the acclimation of the microorganism to degrade 4CP. All the experiments were realized with the FTC strategy. 
3.- Experiments for the evaluation of the process improvement with the application of the control strategy by comparison with a non optimal (FTC) strategy were carried out. For this case the evaluation of the influence of shock loads on the reactor stability for both optimal and non optimal strategies were made. The FTC and event driven time optimal control (ED-TOC) strategies were tested for the degradation of 12, 20 and 28g of 4CP and one replicate.
4.- Exploratory experiments were carried out to investigate the behavior of the strategy  with the degradation of a mixture of municipal wastewater and phenol, i.e., a mixture of an easily and a toxic substrate. These exploratory experiments will used to anticipate the behavior of the industrial pilot plant of 1m3, which will be used in next year.
Experiments conducted

Experiment 1. Replicates of the model experiments



1.1. Standard kinetics of FTC



1.2. Replicates of starvation (12 and 24)

Experiment 2. Fault detection experiments (for WP7)

2.1. Faults in acclimation process

Experiment 3. Evaluation of the process improvement with the application of the control strategy by the comparison with a non optimal (conventional) strategy 

3.1. Evaluation of the influence of shock loads on the reactor stability for both optimal and non optimal strategies 
3.1.1. Degradation of 1.4 g 4CP by FTC strategy
3.1.2. Degradation of 1.4 g 4CP by the ED-TOC strategy

3.1.3. Degradation of 12 g 4CP by the ED-TOC strategy

3.1.4. Degradation of 20 g 4CP by the ED-TOC strategy

3.1.5. Degradation of 28 g 4CP by the ED-TOC strategy

3.1.6. Comparison of FTC and ED-TOC strategies

Experiment 4. Exploratory experiments in the pilot reactor for the degradation of a mixture of municipal wastewater and phenol


4.1. Acclimation

4.2. Problems and solutions for settling


4.3. Problems and solutions for DO
Methodology 

Experiment 1. Replicates of the model experiments

Experiments of standard conditions were conducted using the Fixed Time Control strategy. Replicates of previous experiments of starvation were also conducted in order to confirm the results of the starvation kinetics.
1.1 Standard kinetics of FTC

Three standard kinetic of the degradation of 4CP using the FTC strategy were made. In these experiments a special care was took in order to fulfill the requirements of WP2, i.e., measurements of the filling phase. 

1.2. Replicates of starvation (12 and 24h)

Acclimated biomass was exposed to different starvation periods. Starvation was introduced by keeping the aeration the necessary time after the degradation of 4CP was completed, i.e. microorganisms were maintained under endogenous conditions. For the acclimated biomass to 100 mg/L, starvation times of 12 and 24 h were followed. For each experiment the kinetics of degradation and the SOUR were followed before and after the starvation. Each experiment was conducted in the same reactor. Once a starvation time was studied, the biomass was allowed to recover its capacities before starvation by feeding the reactor and proceeding as in the acclimation phase in order to reach the degradation time observed before the starvation. This experiment was carried out in order to the results of the starvation kinetics of the last report
Experiment 2. Fault detection experiments (for WP7) (Faults during standard conditions)

2.1 Acclimation

The objective of these experiments was to evaluate, by WP7, the reproducibility of the DO sensor data acquired during the acclimation phase and after under standard conditions in the SBR. A total of 4 experiments were done with the same initial conditions, measuring the DO and verifying the degradation of the 4CP. In two experiments, air was cut-off after the end of the degradation to investigate de influence of a power failure in the plant.

The reactor was inoculated with activated sludge from a municipal wastewater treatment plant containing 2000 mgVSS/L. The biomass was acclimated using a variable cycle strategy, i.e., the reaction phase duration was variable and stopped when the removal of 4CP was equal or greater than 95%. When the acclimation was achieved the system worked 10 cycles more to verify the repeatability of the cycles, i.e., the data in each cycle had a constant behavior and repetitive. After that, the biomass was exposed to a period of 6 hours without aeration. Later the aeration was activated and the cycles were continued of standard form.
Experiment 3. Comparison of FTC and ED-TOC strategies under shock loads of 4CP
The evaluation of the process improvement with the application of the ED-TOC strategy by the comparison with a non optimal (FTC) strategy in front of shock loads was conducted comparing the necessary time to degrade four quantities of 4CP (1.4, 12, 20, 28 g).
Experiment 4. Exploratory experiments in the pilot reactor for the degradation of a mixture of municipal wastewater and phenol
The reactor was inoculated with activated sludge from a municipal wastewater treatment plant containing 2000 mgVSS/L. A mixture of municipal wastewater and phenol were used. The industrial pilot plant will operate with this wastewater. The biomass was acclimated using a variable cycle strategy. After the acclimation different problems and solution were found for the settling phase and the consumption of DO

Experimental results

Experiment 1. Replicates of the model experiments

1.1.  Standard kinetics of FTC

In order to obtain data to calibrate and validate the model for a FTC strategy, three kinetics under the standard conditions were run. Figure 1 presents the behavior of the substrate concentration, measured as 4CP, COD, DOC and DO during a cycle.

[image: image1]
Figure 1. A) Kinetics under the standard conditions with the fixed time control strategy; B) Screen of the process.
1.2. Replicates of starvation (12 and 24 h)

Replicates confirmed the results obtained in the last semester, observing the repeatability respect with the previous experiments, and taking into account that the biomass was different but the experiments were conducted under the same initial conditions. In figures 2 and 3 are presented the kinetics before and after of the starvation of 100 mg/L of 4CP.

Considering the previous arguments, we advance the discussion of the results. Figure 4 present the influence of starvation on the specific removal rate, q, for the experiments of the first year, and the replicates (in a circle). As it is possible to note starvation gradually decreases the microbial activity. In general, a decrement from 21 to 44 % was observed on q due to the introduction of starvation periods. It was found that the substrate uptake rate was highly correlated with the negative exponential of starvation time, independently of the originally acclimated concentration (figure 4). 
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Figure 2. Experiments of starvation of 12 h in the degradation of 100 mg/L of 4CP. A) Before starvation, B) After starvation
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Figure 3. Experiments of starvation of 24 h in the degradation of 100 mg/L of 4CP. A) Before starvation, B) After starvation
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Figure 4. Influence of starvation time on the specific substrate removal rate. Results after starvation are compared with the initial condition before the perturbation (the replicates are in a circle). The model is represented in the figure and the coefficients are shown in the table of the right side.
It is interesting to point out that the strategy to conduct the experiments of starvation influence the results obtained. Buitrón et al., (1994) starved the biomass in the same reactor applying several and consecutives starvation periods of 24 h. The degradation time increases up to 6 times from the initial value generating 80% of reduction on q. In the present study, the biomass in the reactor was acclimated, and then the starvation experiments were conducted for each initial concentration. Between each starvation experiment several cycles were conducted, in order to recover the initial activity of the biomass and then, the next starvation time was applied. This procedure generated a history in the culture. Apparently, by using this operation mode the deacclimation effect is diminished. For the case of starvation of 100 mg/L it is possible to observe that after a cycle of starvation, there exists even an increase in the q value indicating a reduction of the degradation time. Thus, a positive influence of starvation is observed. 

Previous studies have examined effects of pre-starvation on the survival of inoculants cells; an improved survivability has been reported (Van Elsas et al., 1994), while another study has documented that pre-starvation exerted no significant effects on the survival (Van Overbeek et al., 1995). The inconsistency may have been due to the different starvation conditions used in those studies. The point to be considered is that during starvation there exists a decrease in the population density, respiration rate, dehydrogenase activity and in the phenol-oxygenating activity that may affect the performance of a wastewater treatment plant (Watanabe et al., 2000). In addition, there are some physiological changes occurred to starved cells. Microscopic observations of the microorganisms revealed a reduction in cell size, a change in cell shape, and a loss of the motility during starvation. Watanabe et al. (2000) also demonstrated an increase in cell surface hydrophobicity and floc adhesion capacity due to starvation. Consequently, it is possible to consider that the microorganisms, subject to cycles of starvation-activity recovery periods-starvation, changed in such a way to protect themselves. There is a minimal reduction in the microbial activity in this case. Nevertheless, in practice, the industrial wastewater treatment plants are subject to random changes of toxic concentration increasing the risk of deacclimation by an important activity variation of the microorganisms. 

Experiment 2. Fault detection experiments (for WP7) 

A total of 4 experiments were conducted with the same initial conditions, measuring the DO and verifying the degradation of the 4CP. The acclimation was obtained after 10 cycles, and the degradation time was reduced from 43 to 2.5 h in 8 cycles (figure 5).
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Figure 5. Degradation time in the acclimation process

Figure 6 shows the behavior of the DO during the acclimation of the biomass to 4CP. Once the acclimation was completed the system worked 10 cycles more to verify the repeatability of DO sensor. After that, the biomass was exposed to a period of 6 hours without aeration (figure 7). This lack of to air has not a significant effect on the biomass activity, since the later cycles showed a behavior similar to the previous cycles. 
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Figure 6. Behavior of the DO during the acclimation to 200mg/L of 4CP
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Figure 7. Acclimated biomass exposed to a lack of aeration (6h)

Microorganism activity during the acclimation

Figure 8 presents the specific substrate uptake rate, q, as a function of the acclimation time. The evolution of q over time during the acclimation period was highly correlated with an exponential relationship. Similar results were observed when anaerobic sludge was acclimated to the degradation of chlorophenols (Ye and Shen, 2003). The exponential behavior observed in the present work suggested that the adaptation might have been caused the growth of a new population. This effect is clear for activated sludge that was put in contact by the first time to the 4CP (AC50 and AC100). But, this behavior was not observed for the case where there was only an increase of toxic concentration (AC200) since the biomass was already acclimated. In this case a logarithmic relationship was found. For the case of the COD the behavior was similar as shown in figure 9 indicating that during acclimation the 4CP uptake is correlated with the mineralization.
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Figure 8. Evolution of the specific substrate uptake rate, q, as a function of the acclimation time. Degradation rate vas evaluated dividing the concentration of 4CP by the time needed to degrade more than 99% of the original concentration and divided by the VSS present in the reactor
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Figure 9. Evolution of the specific COD uptake rate degradation rate, q, as a function of the acclimation time

When a previously acclimated biomass was exposed to a higher concentration of 4CP, the acclimation time was lower than the time needed by a non-acclimated sludge, as is shown in figure 8 and 9 for q obtained for the case of AC200. In this case, a logarithmic relationship was obtained to explain the evolution of the q. This observation indicated that after the acclimation process was completed the q is not more increasing exponentially, but it seems that it stabilized in a maximal value. Care must be taken when acclimation is conducted, since this is done at an elevated concentration of the toxic compound (beyond the inhibition concentration) there will be problems and the acclimation process could not be successful.
Metabolite production during the acclimation

The pathway proposed for the degradation of chlorophenols consists of initial monooxygenation to form chlorocatechols, which undergo orto ring cleavage to chloromuconic acids, lactonization whit loss of chloride and further degradation (the (-ketoadipate pathway) (Commandeur and Persons, 1990). When the biomass is stressed (for example under toxic shocks) the degradation of 4CP is poor due to the accumulation of a toxic metabolite formed during another pathway of ring cleavage. The meta cleavage of chlorocatechol is realized by the catechol 2-3-dioxygenases and produces the metabolite 5-chloro-2hydroxy-muconic acid semialdehyde. During acclimation a greenish-yellowish coloration was observed. The spectral characteristics of this compounds are similar to those reported by Westmeier and Rehm (1987) for the metabolite 5-chloro-2hydroxy-muconic acid semialdehyde (figure 10). 
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Figure 10. Pathway proposed for the degradation of chlorophenols.
The production of the metabolite was followed during the acclimation by measuring the absorbance at 380 nm. Figure 11 presents an example of the evolution of the production this metabolite during the acclimation AC100. It is possible to observe that as the acclimation proceeds the metabolite production is lees important.
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Figure 11. Kinetics of the metabolite production during acclimation AC100

To take into account the metabolite production, it was computed the absorbance generated during the degradation cycle (area under each curve of figure 11), thus results are expressed as absorbance units multiply by hours (figure 12). It is observed that higher quantities of metabolite were generated at the beginning of the acclimation. As the bacteria was adapted, the toxic metabolite production diminished from 0.053 to 0.016 (for AC50) and from 0.110 to 0.018 absorbance units-hour. It has been observed that the apparition of this metabolite indicated an operation problem, thus a deacclimation of the microorganisms (Buitrón et al., 2003).
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Figure 12.  Metabolite production during acclimation

Experiment 3. Evaluation of the process improvement with the application of the suboptimal EDTOC strategy by comparison with a non optimal (FTC) strategy. Application of shock loads.
The evaluation of the process improvement with the application of the ED-TOC strategy by comparison with a non optimal (FTC) strategy in the degradation of shock loads was realized comparing the time needed to degrade four quantities of 4CP (1.4, 12, 20, 28 g). For the ED-TOC strategy, the dilution of these quantities was in 4 L in order to be applied in a single batch. Thus taking into account this dilution the following influent concentrations were obtained: 350, 3000, 5000 and 7000 mg 4CP/L. 
3.1.1. Degradation of 4CP by FTC strategy
The reactor operating under the FTC strategy degraded 1.4 g of 4CP (Si in the influent of 350 mg/L) in 1 cycle of 4h. For the FTC strategy this is the best situation since for higher substrate concentrations, inhibition of the biomass occurs (Buitrón et al. 2003). Figure 13 shows a typical FTC degradation kinetic of de 1.4g of 4CP in the SBR.
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Figure 13. Behavior of the substrate concentration, measured as 4CP, COD, and DOC during the degradation of 1.4g 4CP using the FTC strategy
The time required for the degradation of the different quantities of 4CP under the FTC strategy was evaluated considering that the optimal quantity that the volume of the reactor can degrade is 1.4 g, i.e., 1.4 g/7L or 350 mg/L. Thus several cycles of the SBR are required, due to the fact that a higher quantity of 4CP must be diluted in order to be efficiently degraded under the FTC strategy. 

Thus, the time necessary to degrade the amounts of 4CF by the FTC strategy are the following ones:
1.4 g of 4CP  =  4 hours (1 cycle)

12 g of 4CP  =  36 hours (9 cycles)

20 g of 4CP  = 60 hours (15 cycles)

28 g of 4CP  = 80 hours (20 cycles)

3.1.2. Degradation of 1.4 g 4CP by the ED-TOC strategy

The degradation of 1.4g 4CP was made in 2h (the total cycle was 3.5h), Figure 14 presents the behavior of the substrate concentration, measured as 4CP, COD, and DOC during a cycle. It is possible to distinguish how the control operates if the substrate evolution and the DO curve are followed. The quantity of 4CP never was superior to 50mg/L, due to the ED-TOC strategy operating around S*
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Figure 14. Behavior of the substrate concentration, measured as 4CP, COD, and DOC during the degradation of 1.4g 4CP using the ED-TOC strategy 
3.1.3. Degradation of 12 g 4CP by the ED-TOC strategy 
The degradation of 12g 4CP was made in 24h (the total cycle was 26h), Figure 15 presents the degradation during a cycle. It is possible to distinguish how the control operates if the substrate evolution and the DO curve are followed. In the figure it is possible to observe that, during the cycle, the filling is stopped when the DO increases indicating the maximal degradation rate in the Haldane curve has been passed. At this moment the fill is stopped and the 4CP is degraded. In the reactor, the quantity of 4CP never was superior to 50mg/L, except in the first filling period (the first mini-batch) 70mg/L where the ED-TOC strategy try to adapt the inflow to find S* (around 20mg/L).
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Figure 15. Behavior of the substrate concentration, measured as 4CP, COD, and DOC during the degradation of 12g 4CP using the ED-TOC strategy
3.1.4. Degradation of 20 g 4CP by the ED-TOC strategy
The degradation of 20g 4CP was made in 30h (the total cycle was 31h), Figure 16 presents the degradation during the cycle. The quantity of 4CP never was superior to 80mg/L, except in the first filling period (110mg/L), this concentration of 4CP do not causes biomass inhibition problems. S* was around 30mg/L. 
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Figure 16. Behavior of the substrate concentration, measured as 4CP, COD, and DOC during the degradation of 20g 4CP using the ED-TOC strategy
3.1.5. Degradation of 28g 4CP by the ED-TOC strategy
The degradation of 28g 4CP was made in 42h (the total cycle was 43h), Figure 17 presents the degradation during this cycle. The quantity of 4CP was never superior to 80mg/L, except in the beginning of the cycle, where the concentration was around 130 mg/L ). In the subsequent cycles, the maximal concentration filled to the reactor was 43 mg/L. At this point, the reactor was operated around S* (20mg/L 4CP). It is interesting to note that independently of the influent concentration, in this case 7000 mg/L, no inhibition problems of the biomass were observed.
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Figure 17. A) Screen of the process. B) Behavior of the substrate concentration (4CP) and DO during the degradation of 28g 4CP using the ED-TOC strategy

3.1.5. Comparison of FTC and ED-TOC strategies
With the results obtained it was possible to compare the performances for both strategies. Also, the capacity of the ED-TOC strategy for degrading shock loads of toxic compounds was verified.

The comparison of the strategies showed that the necessary time to degrade the same quantity of 4CP, is lower with the use of the ED-TOC strategy (figure 18). This time for the ED-TOC is lower from 88% to 52% for 1.4g and 28g, respectively. The higher the quantity of 4CP, the lower the degradation time with the ED-TOC strategy.
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Figure 18. Comparison of the time necessary for degrading the same quantity of 4CP by the FTC and ED-TOC strategies
The specific degradation rate did not show significant differences when comparing both strategies. For FTC strategy the specific degradation rate was 50 mg4CP/gVSS.h, and for ED-TOC it varied between 46 and 50 mg4CP/gVSS-h, for the three studied toxicant amounts. This can be explained because although there exists a great difference in the concentration of the wastewater to degrade (350mg/L for FTC and 3000, 5000 or 7000 mg/L for ED-TOC, by cycle), it does not exist significant differences in the concentration of the water in the reactor (between 50 and 200mg/L), which avoids an inhibition by the concentration of 4CP within the system.

It can be observed that for the ED-TOC strategy the applied load is almost the double (table 1) than that obtained for the FTC strategy. For the degradation of phenols Herzbrun et al., (1985) reported a value of 0.26 kgCOD/m3.d for a pilot scale reactor. Also, Buitrón (1994) reported a value of 1.2 kgCOD/m3.d for the degradation of 4CP using a strategy similar to the FTC. This way it is demonstrated that it is preferable to use the ED-TOC strategy, since it allows the degradation of loads very superior to the reported in literature.

Table 1. Applied load degrade by the different strategies
	4CP, g
	applied load   (kgCOD/m3.d)

	
	FTC ( for each cycle)
	ED-TOC

	12
	2.52
	4.11

	20
	
	4.80

	28
	
	4.80


An important point of comparison is that with FTC strategy it is not possible to degrade influents with concentrations superior to 500mg/L. In addition, it has been observed that inhibition and a total loss of the activity of the microbial consortia is found when a concentration of 1050mg/L is applied to the reactor (Buitrón et al., 2003). However, ED-TOC strategy could theoretically degrade any amount of toxic in the influent. In the experiments results it was show that it is possible to degrade an amount of 28g of 4CP, which is equivalent to a concentration in the influent of 7000mg/L of 4CP. This concentration is 10 times superior to the one which would cause a total inhibition using the FTC strategy in the sequential discontinuous reactors.
Experiment 4. Experiments of degradation of a mixture of municipal wastewater and phenol

Exploratory experiments were carried out to investigate the behavior of the strategy with the degradation of a mixture of municipal wastewater and phenol, i.e., a mixture of an easily and a toxic substrate. These exploratory experiments will used to anticipate the behavior of the industrial pilot plant of 1m3, which will be used in next year.
4.1. Acclimation
The acclimation to the mixture of municipal wastewater and phenol was very fast. The first cycle took only 24h. During this period, the complete degradation of the substrate was reach in 16h. The figure 19A shows the behavior of the DO during the degradation of municipal wastewater and phenol. The time needed to degrade the substrate was reduced to 5h in the second cycle of acclimation (figure 19B). Once the biomass was acclimated reaction times were around 3h.

[image: image22]
Figure 19. Behavior of the DO during the degradation of municipal wastewater and phenol. A) First cycle of acclimation. B) Second cycle of acclimation.
4.2. Problems and solutions for settling
Once the biomass was acclimated to degrade the mixture, a problem with the settleability was observed, in this case the settling (the SVI was between 450 and 350 mL/g). This problem was due to the occurrence of filamentous bacteria (figure 20) that caused a lost of biomass during the drawing. In order to solve this problem the settling phase was extended from 2 to 3h. With this procedure the biomass was maintained in the reactor, and the SVI was lower than 160 mL/g.
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Figure 20. A) Granular biomass obtained during the 4CP biodegradation. B) Filamentous bacteria observed during the degradation of municipal wastewater and phenol.
4.3. Problems and solutions for DO
Due to the high organic load in the influent (between 3 to 4 KgCOD/m3/d) the biomass increased the consumption of DO. Thus, problems due to the limitation of oxygen in the system appeared when the DO was inferior to 2mg/L (figure 21). With this problem it is not viable the utilization of the ED-TOC strategy, since the DO is the principal variable used to control. 
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Figure 21. Problems whit the DO during the degradation of municipal wastewater and phenol mixing
In order to solve this problem the biomass was reduced to 500 mg/L, the cellular retention time was fixed in 5d and the duration of the cycle was increased to 24 h, i.e., to have a lower organic load (0.8 KgCOD/m3/d). When this strategy was implemented the DO was always superior to 2 mg/L (Figure 22). 
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Figure 22. Kinetics of the degradation of a mixture of municipal wastewater and 200 mg/L of phenol using the FTC strategy. Behavior of the substrate concentration, measured as  phenol, COD, and DOC and DO.
Conclusions

The replicates of starvation experiments confirmed the previous results in which it was observed that biomass was not only affected by starvation periods but also there exist an important influence of the history of the culture. 
It was observed that a period without aeration up to 6 hours did not affect the activity of the microorganism. 
During the acclimation experiments it was observed a reduction in the degradation time.  The evolution of the substrate uptake rate over time during the acclimation period was highly correlated with an exponential relationship. The exponential behavior observed suggests that the adaptation might have been caused by the growth of a new population. There exists a decrease of the toxic metabolite production as the bacteria adapt to 4CP degradation. 
A better performance of the reactor operated with the ED-TOC strategy was observed when it was compared to the response obtained with the reactor operated under FTC strategy. The ED-TOC strategy was able to manage increments of toxic concentrations in the influent up to 7000 mg 4CP/L (28g of 4CP) without any problem. It was shown that not only higher concentrations of toxic could be treated with the ED-TOC strategy, but also a reduction in degradation time was obtained (around 52%). 
The exploratory experiments for the degradation of a mixture of municipal wastewater and phenol were started. These exploratory experiments will be used to anticipate the behavior of the industrial pilot plant of 1m3, which will be used in next year. Some problems identified with the aeration and settling were solved. 
Future experiments
Third year (November 2004-October 2005)

Experiment 1. Evaluation of the ED-TOC strategies degrading a mixture of municipal wastewater and phenol in lab scale.
Experiment 2. Evaluation of the long-term stability of the system by the application of the ED-TOC strategy.
Experiment 3. Start-up of the field scale reactor.
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Units and Abbreviations

The abbreviations and units used in the report are described in the table 2.
Table 2. Name of the measured variables and the abbreviations used in the report.

	Name
	Unit
	Meaning

	VSS
	mg/L
	volatile suspended solid

	DO
	mg/L
	dissolved oxygen

	DOC
	mg/L
	dissolved organic carbon

	COD
	mg/L
	chemical oxygen demand

	Si
	mg/L
	Initial substrate in the influent

	S
	mg/L
	Substrate

	q
	mgCOD/gVSS.h
	specific removal rate

	4CP
	mg/L
	4-chlorophenol

	Metabolite
	Absorbance
	5-chloro-2hydroxy-muconique acid semialdehyde

	SOUR
	mgO2/gSSV-h
	Specific Oxygen Uptake Rate

	FTC
	
	Fixed Time Control

	ED-TOC
	
	Event Driven Time Optimal Control
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