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Efficient Operation of Urban Wastewater Treatment Plants

Work Package 1 

Second year Mid Term Report

WP1 - UNAM - Second year mid-term report 

November 2003 -May 2004

Introduction

This report presents the activities of the partner 6 (UNAM) concerning the WP1 of the EOLI project, realized during the period November 2003- April 2004. he experiments conducted could be divided in two sets. In the first one, were the replicates of the model experiments, in this case replicates of starvation (12 and 24) in the degradation of 100 mg/L of 4CP was realized. And experiments of standard kinetics of the Fixed Time Control strategy (FTC, explained in last report) were made also. In the second experiments  Fault detection experiments (for WP7) were carried out in the acclimation of the microorganism to degrade 4CP. All the experiments was realized with the Fixed Time Control strategy.
Starvation

Many of the industrial processes generating wastewater containing toxic compounds are characterized by their variability. In the chemical, pharmaceutical, plastic, and petrochemical industries, for some cases, production processes are in batch. Because of the high variations in flow and concentration of contaminants in industrial wastewater, treatment processes do not obtain satisfactory removal efficiencies. Besides, due to its toxicity, biological treatment of the industrial wastes containing high concentration of phenols is difficult. The first step to biodegrade toxic substances in a wastewater treatment plant is the acclimation of the microorganisms. When microorganisms are put in contact with toxic compounds, in a favorable environment, acclimation to these compounds may occur (Aelion et al. 1989). 

Different phenomena have been described to explain the acclimation phase. Wiggings et al. (1987) suggested that there is a selection and a multiplication of specialized microorganisms during this phase and physiological transformations in the metabolic system of the microorganisms, i.e., alterations in the enzymatic level, regulation and production, mutations, etc. In aerobic microbial communities, the acclimation periods typically range from several hours to several days (Wiggings et al. 1987). However, not much information is available concerning the activity evolution of a microbial consortium during the acclimation to toxic wastewater. 

On the other hand, it has been shown that the acclimation is not permanent (Buitrón and Moreno, 2002). The exposition of the acclimated population to prolonged periods of starvation produces a decrease of the bacterial activity and, even the death of some of them (Coello et al., 2003). Buitrón et al. (1994), found a negative effect of starvation periods on 4-chlorophenol (4CP) degradation for an activated sludge in a sequencing batch reactor (SBR) system. In that study, the aeration was extended 20 to 23 hours after the toxic degradation had been completed. It was found that the degradation time increase 6 times (from 0.7 to 4.5 h) as a result of starvation period. This loss in the microbial degradation capacity was attributed to a decline in both the enzymatic activity and the viability of the suspended cells. Although this loss of activity of the microorganisms under toxic starvation has been reported, this variable is not taken into account on the operation of biological wastewater treatment plants. In order to monitor and control the biological WWTP with a certain confidence it is necessary to consider the acclimation and deacclimation processes to avoid the reactor malfunctioning, traduced in loss of efficiency.

Material and methods

Reactor and Equipment

A pilot reactor of 10L (7L of working volume) was used. The reactor has a conical form to favor the settling of the sludge (Figure 1). The system of control was implemented using a personal computer and a data acquisition card (National instruments 6025E data acquisition card and the Labview package). An automatic temperature controller based on a recycle water pump was used to maintain a constant temperature of 20oC inside the reactor. The input and output water flows were controlled by the computed system using two peristaltic pumps (Cole-Parmer model 7523, Masterflex series), respectively. The computer controls a mixer and a gas mass flow controller (Cole-Parmer E-33116-20) that turned on the aerator from the bottom of the reactor. The aeration flow was 1.5 L/min. The synthetic wastewater contained 4-chlorophenol (4-CP) as carbon source and complemented with nutrients the next composition per liter of water: KH2PO4 102 mg, K2HPO4 130 mg, Na2HPO4.H2O 300 mg, NH4Cl 30 mg, MgSO4.7H2O 39 mg, CaCl.2H2O 63 mg, Fe2Cl3.6H2O 0.4 mg, MnSO4-2H2O 0.003 mg, H3BO3 0.0057 mg, ZnSO4-7H2O 0.0042 mg, (NH4)6Mo7O24 0.0035, EDTA 0.0055 and Fe2(SO4).6H2O 0.0044 mg.

Details of the Experimental Protocol

The results for each one of the experiments report the data in line (Temperature, DO, and the Influent_FR) and the data off line (Conc of 4CP, CODs,  DOCs, MET, DO, VOLreact, InfluentFR, TSS, VSS, SVI, SV, 4CP_in, CODt_inf, CODs_inf, pH_inf, pH (in the reactor at the end of the reaction phase), AirFR_in, CODT_ef, CODS_ef, TSSef, Kla, SOUR (End,To 4CP, To acetate), rpm (mixer), Temp (in the reactor), InfluentFR_in, the phases duration (AWOF, FWA, Aeration, Settling, Draw and the Total time). In the experiments of this semester only the Fixed Time Control (FTC) strategy was used.
Phases of the SBR Control

Star-up and inoculation (acclimatation experiments)

The reactor was inoculated with activated sludge from a municipal wastewater treatment plant containing 2000 mgVSS/L. The acclimation was conducted operating the reactor with the following strategy: pre-aeration time (15 min) fill time (5 min), reaction time (variable depending on the necessary time to reach a removal efficiency of 4-CP of 99%), settle time (12 min) and draw time (1 min).

Control System 

The system was developed to introduce the selected type of operation strategy for each experiment.

On Line Measurements

The on line measurements were obtained with the next devices:

· Dissolved Oxygen and Temperature sensor, Hendress+Hauser (Liquisys-M)

· Influent flow: Peristaltic pump Cole-Parmer model 7523- 50 (0-100 rpm), Masterflex series. 

· Efluent flow: Peristaltic pump Cole-Parmer model 7523- 40 (0-600 rpm), Masterflex series (The reactor volume evaluated integrating input ant output flows in time). 
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Figure 1. Pilot reactor utilized for the toxic compounds degradation. 1) Acrylic reactor with double wall and water recycling to maintain constant temperature at 20°C, 2) PC. 3) Acquisition card, 4) Peristaltic pumps (Master flex), 5) Temperature and Dissolved Oxygen Sensor (Endress + Hauser, COS4), 6) Temperature and Dissolved Oxygen Transducers (Endress + Hauser, COM 223), 7) Switch Level (Flow line LV10 series).

Off Line Measurements

Total phenols (4-CF), Chemical Oxygen Demand (COD), Dissolved Organic Carbon (DOC), Metabolite (5-chloro-2hydroxy-muconic acid semialdehyde), Volatile Suspended Solids (VSS) and Total Suspended Solids (TSS), Activity of microorganism, sludge volumetric index (SVI), settling velocity (SV).

Experiments Conducted

First semester of second year (November 2003-April 2004)

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)

Faults in acclimation process

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 made 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)

Acclimation

The objective of these experiments was to evaluate the reproducibility of the OD 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.
Experimental results

Experiment 1. Replicates of the model experiments

1.2 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 2 presents the behavior of the substrate concentration, measured as 4CP, COD, DOC and DO during a cycle.
[image: image2.emf]0

1

2

3

4

5

6

7

0 0.5 1 1.5 2

time, h

DO (mg/L)

0

20

40

60

80

100

120

140

160

4CP, COD, DOC (mg/L)

OD online

OD offline

4CP

COD

DOC


Figure 2. Kinetics under the standard conditions with the fixed time control strategy.
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 4 and 5 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 6 present the influence of starvation on the specific removal rate, qx, 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 qx 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 6). 
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Figure 4. 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 5. 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 6. 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 qx. 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 exist even an increase in the qx 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 inoculant 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 7).
[image: image8.emf]0

10

20

30

40

50

0 2 4 6 8

cycle number

time, h


Figure 7. Degradation time in the acclimation process

Figure 9 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 10). 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 9. Behavior of the DO during the acclimation to 200mg/L of 4CP
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Figure 10.  Fault experiment.  Acclimated biomass exposed to a lack of aeration (6h)

Microorganism activity during the acclimation

Figure 11 presents the specific substrate uptake rate, qx, as a function of the acclimation time. The evolution of qx 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 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 12 indicating that during acclimation the 4CP uptake is correlated with the mineralization.
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Figure 11. Evolution of the specific substrate uptake rate, qx, 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 12. Evolution of the specific DQO uptake rate degradation rate, qx, 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 11 and 12 for qx obtained for the case of AC200. In this case, a logarithmic relationship was obtained to explain the evolution of the qx. This observation indicated that after the acclimation process was completed the qx 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 13). 
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Figure 13. 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 14 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 14. 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 14), thus results are expressed as absorbance units multiply by hours (figure 15). It is observed that higher quantities of metabolite were generated at the beginning of the acclimation. As the bacteria 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 15.  Metabolite production during acclimation
Future experiments

Second semester of second year (May 2004-October 2004)

Experiment 1

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

1.1 Evaluation of the influence of shock loads on the reactor stability for both optimal and non optimal strategies 

1.1.1 Degradation of 12 g 4CP 

1.1.1.1 FTC strategy

1.1.1.2 ED-TOC

1.1.2 Degradation of 20 g 4CP 

1.1.2.1 FTC strategy

1.1.2.2 ED-TOC

1.1.3 Degradation of 28g of 4CP
1.1.3.1 FTC strategy

1.1.3.2 ED-TOC

Experiment 2.
2.1 Start-up of the field scale reactor. 
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