Process Experiments report,

Partner 6, UNAM

INTRODUCTION
This report presents the activities of the partner 6 (UNAM) concerning the WP1 of the EOLI project realized during the period November 2002-October 2003. In our case we investigate the biodegradation of a toxic compound by naturally occurring microorganisms. Concerning the experimental process activities, the experiments were designed, analytical methods were implemented, the reactor was assembled and experiments were conducted. The experiments conducted could be divided in two sets. In the first one, acclimation and deacclimation (by starvation) of the biomass to 4-chlorophnol was studied. In this part the Fixed Time Control (FTC) strategy was used. Later, the strategies utilized will be described in detail. The second part consist in a series of experiments conducted to calibrate and validated the model. In this case the Event Driven Time Optimal Control (ED-TOC) strategy was utilized to conduct the operation of the reactor. 
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

In our case, some particular conditions will be studied in relationship with acclimatization/deacclimatization process. Thus, additional experiments were planned, giving a total number of 32 experiments. 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).

Two different control strategies were used: Fixed Time Control (FTC) and Event Driven Time Optimal Control (ED-TOC)
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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) pH Sensor (Orion, model 720A), 7) Temperature and Dissolved Oxygen Transducers (Endress + Hauser, COM 223), 8) Level Sensor (Flow line LV10 series), 9) No break

Experiments Conducted

Experiment 1. Acclimation/Deacclimation

1.1. Acclimation/Deacclimation: New inoculum, 9 experiments. Strategy: FTC

1.1.1 Acclimation of the microorganism to degrade 50 mg4CP/L: 6 experiments 



1.1.2Deaclimation with periods of starvation (8,12 and 24 h): 3 experiments


1.2. Acclimation/Deacclimation: New inoculum, 16 experiments. Strategy: FTC.

1.2.1 Acclimation of the microorganism to degrade 100 mg4CP/L (6 experiments)



1.2.2 Deacclimation with periods of starvation (12, 24 and 36 h)

1.2.2.1 Acclimation of the microorganism to degrade 200 mg4CP/L (4 experiments). Inoculum: sludge acclimated previously



1.2.2.2 Deacclimation with periods of starvation (12, 24 and 36 h)

Experiment 2. Standard conditions: 3 experiments (2 replicates) 



Strategy: ED-TOC 

Experiment 3. Variation of the relation carbon/biomass: 5 experiments (1 replicate)


Strategy: ED-TOC

Experiment 4. Variation of the relation oxygen/substrate: 3 experiments (1 replicate) 


Strategy: ED-TOC
Phases of the SBR Control

Star-up and inoculation (acclimatization 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).

Fixed Time Control (FT)
When the reactor was acclimatized, the FTC strategy was used. Table 1 presents the conditions used for this strategy. 

Event Driven Time Optimal Control (ED-TOC)

Moreno and Buitrón (1998) and Moreno (1999) proposed a control strategy to maintain the substrate removal rate at an optimum. The strategy called Time Optimal Control Observed Based (OB-TOC) tries to maintain the substrate concentration at  S*, by feeding the exact amount of dissolved substrate with the input water flow, for as long as the physical volume constraints of the reactor allow. After completely filling the reactor, one must only wait enough time as for the biomass to complete the degradation of the remaining substrate until its concentration is below a certain minimum.  In synthesis, this control strategy determines the fill phase by controlling the input flow to the reactor and ends the reaction phase when almost all substrate has been degraded. Note that the optimal operation is fed-batch and not batch. This control law has a main problem: one must continually measure the biomass and substrate concentrations in order to implement it. This is either impossible or too expensive; therefore, other alternatives have been sought. One solution is to estimate asymptotically the unmeasured variables based on the mathematical model of the system and the measurement of other variables involved in the process; this constitutes a state observer.  The drawback is that it needs to know exactly the inflow substrate concentration (Sin) and other critical SBR parameters as S*. A slight mistake in estimating such parameters renders the observer useless. This makes the OB-TOC very difficult and unreliable to apply. 

The Event Driven Time Optimal Control (ED)-TOC (Betancur et al., 2004) (Figure 2) solves the problems by not looking at S, but instead finding a variable (named ) related to the reaction’s speed. Such  can be estimated in real time by using O and V measures in equation (1). That is why it is feasible to control Qin so that the reaction’s speed stays inside the fast zone in Figure 2. Such zone is above a P% of the maximum speed. Associated with that there is a shaded rectangle to explain how controlling the speed indirectly keeps the unknown S oscillating in a gap between some Spl (lower than S*) and Sph (higher) all the way trough the SBR filling. Every time S tries to leave this gap, an event is issued and the ED-TOC then switches Qin on/off, to prevent it. This is why the volume-substrate plane trajectory zigzags inside the shaded envelope. As P(100% the zigzags will be finer and then the ED behavior will approach the theoretical TOC. This will work regardless of the Sin value and despite changes in most of the SBR parameters. Only Kla and Os are needed to estimate and they do not even need to be known precisely. This makes the ED-TOC robust. In control terms, this means that increasing the error in obtaining those parameters will only degrade the ED-TOC performance gradually. Even when those parameters are badly given, the ED-TOC will behave acceptably. This solution is therefore a good candidate for uses in real industrial environments. Table 1 shows the standard conditions used.
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Figure 2. ED-TOC; 1) Control Layout, 2) V-S plane trajectory (VSpt); Secondary dashed line for  or respectively. A dark area marks the speed related zone in which the process spends most of its time. Initial S=0 and V=Vo conditions are assumed.

Table 1. Standard conditions used for the strategies employed

	
	FTC
	ED-TOC

	Filling/Reaction

Ratio, %
	6.7

acclimation/

deacclimation
	Aprox 100



	Cin [mg COD/l]

C(t=0) 
	  375 (350)+·

  214 (50 to 200) +
+as 4CP
	  375 (350)+·

  214 (200) +
+as 4CP

	Type of compounds
	Synthetic wastewater. 4-chlorophenol
	Synthetic wastewater. 4-chlorophenol

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

	Volume loading rate, gCOD/L-d
	2.25
	2.25

	Mass loading rate, gCOD/gVSS-d
	1.12
	1.12

	O2       [l/min.]
	1.5
	1.5

	pH   
	7
	7

	T      [°C]
	20
	20

	V(t=0)  [l]
	3
	3

	V(t=tfin) [l]
	7
	7

	Total cycle time [h]: 
	4
	4

	SRT [days]
	20 measured
	20 measured

	Operational times
	
	

	Fill
	12 min
	variable

	Aeróbic
	178 min
	variable

	Settling
	30 min
	30 min

	Draw
	6 min
	6 min

	Iddle 
	14 min
	15 min

	Total time
	4 h
	variable


Control System 

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

Control window

In the manual control window of BIOREC, the user have the total control of the reactor functions, i.e. can determine the fill flow (1) and effluent flow (2), the settle time and draw time, mixer by a stirrer (3) and a valve that turned on the aerator (4) . The window shows the reactor volume (5) and the dissolved oxygen concentration (6). 

Process register window

The process register window show the dissolved oxygen concentration (1), the reactor volume (2), the phase and the time elapsed of the phase (3), the file name (4), pH (5), temperature (6), estimated substrate (7), movements in the control register (8) and another parameters that are used in the control strategies (figure3). 
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Figure 3. Process graphic register window

On Line Measurements

The on line measurements were obtained with the next devices:

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

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

· Draw flow: Peristaltic pump Cole-Parmer model 7523- 40 (0-600 rpm), Masterflex series (The reactor volume evaluated integrating input ant output flows in time). 

Off Line Measurements

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

Analitical Methods 

Total phenols (4-CF) 

Total phenols were determined using the 4-aminoantipyrine method (colorimetric method). The phenolic compounds have a reaction with the 4-aminoantipyrine at a pH of 7.9 +/- 0.1 in presence of alkaline medium for form a aminoantipyrine colored complex with color. This is read at 500 nm.

Chemical Oxygen Demand (COD)

The method used is according to HACH  (method 420 COD Low Range). The sample was filtered with a glass microfibre GFA (Whatman).

Dissolved Organic Carbon (DOC) 

The DOC is used in order to detect the degradation of 4-CP (organic compound) during the degradation kinetics. The sample was filtered with a glass microfibre filter GFA (Whatman), and the analysis were carried out with a Carbon Organic Total Analyzer (Shimatzu 5050)

Metabolite 

The Metabolite 5-chloro-2hydroxy-muconic acid semialdehyde (Comandeur and Persons, 1990) is a compound formed by an alternate degradation route of 4-CP by the microorganisms, this can be inhibitory for the microorganisms. The compound is detected by spectrophotometric at 380 nm measured in a HACH spectrophotometer. 

Volatile Solid Suspended (VSS) and Total Solid Suspended (TSS)

The VSS and TSS were done according to the Standard Methods (APHA, 1992).

Activity of microorganism

The activity of the microorganisms was obtained by a respirometric method, following the next protocol:

Oxymeter calibration. A biological oxygen monitor (YSI Model 5300) with a 5357 micro oxygen probe was used. A solution of water saturated with oxygen was prepared during, at least, 2 hours before realizing the calibration. The calibration value was corrected by the effects of pressure (585 mmHg at Mexico City level) and temperature of the experiments (20 ºC). It was verified that the membrane of the oxymeter electrode was in good condition, in correct position and without any bubble of air in the reactor cell.

Determination of the activity. A reactor of a volume of 60 mL was used and placed in a container with water maintained at a constant temperature of 20°C. The nutrients solution was saturated with oxygen for a period of time of around one hour. The reactor was filled with the aerated nutrients solution and a magnetic bar, taking care to not produce any bubble of air. The electrode was introduced very slowly until the stopper of rubber closes. Then, a sample of 10 mL of activated sludge (2000 mgVSS/L), previously harvested from the reactor at the end of the reaction period, was introduced to the mini-reactor with a syringe. The oxygen consumption as function of time (approximately 20 min) was registered in a plotter. The reactor was mixed continuously. This experiment produces the endogenous respiration. The same procedure was conducted to obtain the activity against acetate (200 mg COD/L) and 4-CP (50 mg/L). For these cases, acetate and 4-CP solutions and nutrients were filled to the reactor.

Calculations. The VSS concentration was determine in the mini-reactor according to Standard Methods (APHA,1992). Maximal slope of the curve obtained from the plot of oxygen concentration vs. time was divided by the VSS giving the SOUR (specific oxygen uptake rate). 

Units and Abbreviations

The abbreviations and units used in the tables of results and other reports are described in the table 2.

Table 2. Name of the measured variables and the abbreviations used in the results tables.

	Name
	Unit
	Meaning

	Temp
	°C
	Temperature inside the reactor

	AirFR_in
	L/h
	input air flow rate

	InfluentFR
	L/h
	Influent (liquid) flow rate

	pH_inf
	-
	pH in the influent

	PH
	-
	pH in the reactor

	Rpm
	rpm
	mixer speed

	SVI
	mL/g
	sludge volume index

	VSS
	mg/L
	volatile suspended solid

	TSS
	mg/L
	total suspended solid

	TSSef
	mg/L
	total suspended solid in the effluent

	SV
	m/h
	Settling velocity

	DO
	mg/L
	dissolved oxygen

	DOCs
	mg/L
	Soluble dissolved organic carbon

	CODt
	mg/L
	total chemical oxygen demand

	CODs
	mg/L
	soluble chemical oxygen demand

	CODt_ef
	mg/L
	total chemical oxygen demand in the effluent

	CODs_ef
	mg/L
	soluble chemical oxygen demand in the effluent

	4CP
	mg/L
	4-chlorophenol 

	4CP_inf
	mg/L
	4-chlorophenol in the influent

	MET
	Absorbance
	Metabolite (5-chloro-2hydroxy-muconique acid semialdehyde)

	VOLreact
	L
	Reactor volume

	SOUR
	mgO2/gSSV-h
	Specific Oxygen Uptake Rate

	End
	
	Endogenous

	AWOF
	
	Aeration without fill

	AWOF
	
	Fill with aeration 

	FT
	
	Fixed Time Control

	ED-TOC
	
	Event Driven Time Optimal Control

	C
	mg/L
	Carbon

	X
	mgSSV/L
	Initial biomass

	Kla
	h-1
	Mass transfer coefficient


EXPERIMENTAL RESULTS

Operation Data

The reactor was operated during 99 days. First 92 days under the FTC strategy and the rest under the EDTOC strategy (table 3). 

Table 3. Summary of the experiments

	Days of operation
	Experiments
	Control Strategy

	0-8
	Acclimation to 50mg4CP/L
	FTC

	17-26
	Starvation (8,12,24 h)
	FTC

	36-41
	Acclimation to 100mg4CP/L
	FTC

	42-52
	Starvation (12,24 h)
	FTC

	60-62
	Acclimation to 200mg4CP/L
	FTC

	83-92
	Starvation (12, 36 h)
	FTC

	94-99
	Several experiments
	EDTOC


Evolution of the influent substrate.

Figures 4 to 10 resume the evolution of the influent substrate concentration (as 4CP and COD), suspended solids in the reactor, sludge volumetric index, settling velocity and specific oxygen uptake rate for the reactor operation under the experiments conducted. Note that the substrate variation is in the tank, before the reactor was fed and the dilution due to the volume exchange took place.

[image: image6.wmf] 

0

100

200

300

400

500

600

700

0

20

40

60

80

100

time, d

S, mg/L

4CP_inf

FT

 

50 mg/L

 

FT

 

100 mg/L

 

FT

 

200 mg/L

 

EDTOC

 

 


Figure 4. Evolution of the 4CP in the influent.
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Figure 5. Evolution of the COD in the influent.
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Figure 6. Evolution of the total and volatile suspended solids in the reactor
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Figure 7. Evolution of the SVI. Note the rapid diminution of this parameter from 500 to around 50 for the case of the acclimation to 100 mg/L.
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Figure 8. Evolution of the settling velocity
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Figure 9. Evolution of the chemical oxygen demand and total suspended solids in the effluent.
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Figure 10. Evolution of the specific oxygen uptake rate

Acclimation

The degradation kinetics for the acclimation process was followed. For the initial concentrations of 4CP used, acclimation was obtained in 10 degradation cycles. During the acclimation, the 4CP was degraded with efficiencies higher than 99% as 4CP and 95% as DOC and COD. The results showed a reduction in the degradation time as the acclimation process occurred. In the case of 50 mg/L, degradation time was reduced from 40 h to 50 min, after 71 h (from cycle 1 to cycle 10)(Fig. 11) and from 52 to 1.16 h, after 105 h (Cycle 1 to 10) for 100 mg/L (Fig. 12). By comparing the necessary time to acclimate the consortia to 50 and 100 mg/L, it is noted that doubling in the initial concentration of the toxic only generates an increment of around 25% of acclimation period (71 vs 105 h). 
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	Figure 11. Degradation kinetics of 50 mg4CP/L during the acclimation process
	Figure 12. Degradation kinetics of 100 mg4CP/L during the acclimation process


When the pre-acclimated sludge to 100 mg/L was exposed to an increment of 100% of the initial concentration, degradation was only slightly affected. First degradation cycle for 200 mg/L took only 2.5 to remove 100% of the initial 4CP (Figure 13). After 5h, degradation times were reduced to 1.75 h (from cycle 1 to 6). This result indicated that during the 100 mg/L acclimation the required microorganisms reproduced and they also developed the necessary enzymatic activity. Doubling the initial concentration only generates an increment on the time to degrade a double quantity of 4CP. Nevertheless, care must be taken since an elevated concentration of the toxic compound may cause inhibition problems. 
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Figure13. Evolution of the degradation times during acclimation.

When the pre-acclimated sludge to 100 mg/L was exposed to an increment of 100% of the initial concentration, degradation was only slightly affected. First degradation cycle for 200 mg/L took only 2.5 to remove 100% of the initial 4CP (data not shown). After 5h, degradation times were reduced to 1.75 h (from cycle 1 to 6). This result indicated that during the 100 mg/L acclimation the required microorganisms reproduced and they also developed the necessary enzymatic activity. Doubling the initial concentration only generates an increment on the time to degrade a double quantity of 4CP. Nevertheless, care must be taken since an elevated concentration of the toxic compound may cause inhibition problems. Moreno and Buitrón (2003) observed that inhibition is not only function of the initial substrate concentration, but also of the initial biomass concentration. In general, a low biomass concentration will produce a greater inhibition. For this reason the acclimation of microorganisms is preferable to be done at lower initial substrate to microorganisms ratio. Once the microorganisms are acclimated, they can biodegrade concentrations of 4CP up to 1400 mg/L (Buitrón et al., 2003).

Microorganism activity

Figure 14 presents the evolution of the SOUR computed during the acclimation of 4CP to microorganisms. Two parallel experiments were carried out. First, the SOUR was measured feeding the mini-reactor with an easy-to-biodegrade substrate, namely acetate. A second experiment was conducted using 4CP as substrate. The substrate for each case was the sole source of carbon and energy, and for both cases, endogenous respiration was evaluated and took into account for calculations. As acclimation took place, an increment in the SOUR against the 4CP was observed. On the contrary, a decrease on the SOUR occurred. In figure 3, a crossing point is observed around 60 h for both cases. We can consider that after this point affinity of the consortia is higher for the toxic compound than for an easy- to- biodegrade substrate as the acetate. For the acclimation to 50 mg 4CP/L the crossing point was observed at 57h and 61 h for the case of the acclimation to 100 mg 4CP/L. 
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Figure 14. Evolution of the SOUR of the microorganisms acclimated to 4CP. Arrows indicate the crossing point when the activity to the consumption of 4CP is higher than the activity of acetate consumption.

Metabolite

The Metabolite 5-chloro-2hydroxy-muconic acid semialdehyde (Commandeur and Persons, 1990) is a compound formed by an alternate degradation route of 4-CP by the microorganisms, and this can be inhibitory. Table 4 shows the metabolite production during the acclimation experiments. To take in account the metabolite production, it was computed the absorbance generated during the degradation cycle, thus results are expressed as absorbance units multiply by hours. 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 50 mg/L) 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). 

Table 4 . Metabolite production during the acclimation process

	Toxic concentration
	Cycle number
	Metabolite production (Abs*h)

	50 mg/L
	1
	0.053

	
	2
	0.020

	
	4
	0.016

	
	7
	0.016

	
	8
	0.016

	
	10
	0.016

	100 mg/L
	1
	0.119

	
	3
	0.026

	
	4
	0.030

	
	6
	0.016

	
	7
	0.017

	
	10
	0.018


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. The first step to biodegrade toxic substances in a wastewater treatment plant is the acclimation of the microorganisms. Nevertheless, it has been shown that this acclimation is not permanent (Buitrón and Moreno, 2002). In effect, for instance, when the containers and reactors are cleaned, a peak in the concentration of toxic substances (shock load) is found in the wastewater treatment plant. After this sudden increase, there is a decrease of the toxic concentration. These variations of the toxic substrate or starvation in relation to the toxic compound have an important effect on the sludge activity. This is the case for intermittent industrial operation, which sometimes generates sudden increase of toxic substrate concentration (concentration peaks). 

Table 5 and Figures 15 and 16 present the influence of starvation on the specific removal rate, qx and on the SOUR. As it is possible to note starvation generates a decrease on the microbial activity. In general, a decrement from 21 to 44 % was observed on qx due to the introduction of starvation periods, and  from 26 to 35 % of activity lost measured as SOUR.

Table 5. Influence of starvation time on specific degradation rate and SOUR

	
	50 mg/L
	
	100 mg/L
	
	200 mg/L
	

	Starvation time, h
	qx, mg 4CP/gVSS-h
	SOUR, mg O2/gVSS-h
	qx, mg 4CP/gVSS-h
	SOUR, mg O2/gVSS-h
	qx, mg 4CP/gVSS-h
	SOUR, mg O2/gVSS-h

	0
	29.7 ( 3.1
	22.6 ( 0.6
	52.1 ( 3.1
	26.6 ( 0.6
	42.9 ( 4.3
	24.7 ( 2.1

	8
	22.5
	17.7
	--
	--
	--
	--

	12
	19.2
	17.6
	57.2
	22.4
	33.9
	22.9

	24
	15.6
	15.9
	41.0
	--
	37.3
	21.1

	36
	--
	--
	--
	17.2
	28.4
	18.2
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Figure 15. Influence of starvation time on the specific substrate removal rate. Results after starvation are compared with the initial condition before the perturbation. 
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Figure 16. Influence of starvation time on the specific oxygen uptake rate. Results after starvation are compared with the initial condition before the perturbation. 

ED-TOC kinetics

Standard Conditions

In order to obtain data to calibrate and validate the model, a series of experiments were conducted. First at all, the kinetics under the standard conditions was run (see table 1 for standard conditions). Figure 17 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. After the control algorithm found that a minimal DO concentration has passed, the feeding pump is switch on, and a new charge of substrate is fed to the reactor. In this kinetic it is possible to observe three times this behavior. As the cycle was finished the metabolite decreases, indicating a good operation of the system.
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Figure 17. Kinetics under standard condition using the ED-TOC strategy.
Variation of C/X

Table 6 shows the values of the initial C/X ratio studied in this sets of experiments as well as the initial substrate concentration utilized. Figure 18 presents the behavior of the 4CP concentration during the kinetics. It was observed that an increase on the C/X ratio generates an increase of the degradation time. However, for all the cases the removal efficiency of the toxic was superior to 95% as COD, and 99% as 4CP, indicating that a shock load of 613 mg/L had no influence on the performance of the reactor. Note that the maximal concentration in the reactor was around 50 mg/L irrespectively the initial concentration present in the feed. This indicates that S* is near to this value.

Table 6. Initial C/X ratio studied

	Variation of C
	C (mg4CP/L)
	Relation C/X

	STD
	175
	0.088

	-25%
	350
	0.175

	+25%
	438
	0.219

	+50%
	525
	0.263

	+75%
	613
	0.306
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Figure 18. Degradation kinetics for different C/X ratio

Dissolved Oxygen Variation

Figure 19 presents the evolution of the dissolved oxygen during the variation of ( 50 of the air flow in respect to standard conditions. When a –50% condition was applied, DO in the tank was always superior to 2 mg/L. Thus it can be considered that no limitations for this element were present.
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Figure 19. Evolution of the dissolved oxygen concentration as a function of time

Figures 20 and 21 showed the influence of the flow air variation on the substrate degradation and on the metabolite production. It is very interesting to note that in the case where the airflow was reduced by 50% there was an increase of the quantity of metabolite produced (figure 21). As a consequence the degradation time for this same condition increases (figure 20). Besides the great influence on the MET production, this toxic by-product was no removed after the degradation cycle, which may cause problems due to the accumulation in the next cycles.
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	Figure 20. Evolution of the 4CP concentration for different airflow rates
	Figure 21. Evolution of the MET production for different airflow rates


Main Problems Encountered During Experimentation

In the biological process two problems were found and solved: 

· An elevated concentration of 4CP in the fill in one cycle causing a lost of activity, which later recovered

· At the beginning of the acclimatization to 100mg/L, the inoculum used presented bulking as a consequence of elevated SVI present in the wastewater treatment plant. This problem was solved filling and settling manually the reactor. Decanting only as much as possible the supernatant. After one week, the problem disappears because the periodic process and the presence of the toxic compound inhibited the filamentous bacteria.

The errors that appeared with more frequency were errors and faults in the equipment.
CONCLUSIONS

During the first year the biodegradation of a toxic compound by naturally occurring microorganisms was studied. The experiments were designed, analytical methods were implemented, a pilot reactor (lab scale) was assembled and experiments were conducted. Two sets of experiments were studied with two control strategies: 1) Acclimation and deacclimation (by starvation) of the biomass to 4-chlorophnol using the Fixed Time Control strategy  and 2) a series of experiments conducted to calibrate and validated the model using the Event Driven Time Optimal Control strategy.

The results showed a reduction in the degradation time as the acclimation process occurred. In the case of 50 mg 4CP/L, degradation time was reduced from 40 h to 50 min, after 71 h and from 52 to 1.16 h, after 105 h. By comparing the necessary time to acclimate the consortia to 50 and 100 mg/L, it is noted that doubling the initial concentration of the toxic only generates an increment of around 25% of acclimation period (71 vs 105 h). There exist a diminution on the toxic metabolite production as the bacteria adapted to the 4CP degradation. Acclimation to 4CP decreases the SVI

Starvation generates a decrease on the microbial activity. In general, a decrement from 21 to 44 % was observed on qx due to the introduction of starvation periods, and from 26 to 35 % of activity lost measured as SOUR.

Results obtained with the ED-TOC strategy indicated a good operation of the system under standard conditions. It was observed that an increase on the C/X ratio generates an increase of the degradation time. However, for all the cases the removal efficiency of the toxic was superior to 95% as COD, and 99% as 4CP, indicating that a shock load of 613 mg/L had no influence on the performance of the reactor. It was observed that in the case where the airflow was reduced by 50% there was an increase of the quantity of metabolite produced. As a consequence the degradation time for this same condition increases.
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