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ABSTRACT
A continuous tank reactor was used to remove 4-chlorophenol from aqueous solutions, using immobilised soybean peroxidase and hydrogen peroxide. The influence of operational variables (enzyme and substrate concentrations and spatial time) on the removal efficiency was studied.
By using the kinetic law and the intrinsic kinetic parameters obtained in a previous paper with a discontinuous tank reactor, the mass balance differential equations of the transient state reactor model were solved and the theoretical conversion values were calculated. Several experimental series were used to obtain the values of the remaining model parameters by numerical calculation and using an error minimization algorithm.
The model was checked by comparing the results obtained in some experiments (not used for the determination of the parameters) and the theoretical ones.
The good concordance between the experimental and calculated conversion values confirmed that the design model can be used to predict the transient behaviour of the reactor.
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NOMENCLATURE
AH2

4–Chlorophenol
HA–AH
Dimmer of 4–chlorophenol
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Volumetric feed flow
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Enzyme catalytic constant in the dimer-oxidizing reaction
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Consumption rate of 4–chlorophenol
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Consumption rate of dimer
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Overall reaction rate of dimer
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Δt

Time increment

VR

Reactor volume

X

4–Chlorophenol conversion

[AH2]

4–Chlorophenol concentration in the reactor

[AH2]0

4–Chlorophenol concentration in the feed flow

[HA–AH]
Dimer concentration in the reactor

[H2O2]

Hydrogen peroxide concentration in the reactor

[H2O2]0
Hydrogen peroxide concentration in the feed flow

(1

Effectiveness factor for 4–chlorophenol factor reaction rate
(2

Effectiveness factor for dimer reaction rate
1. INTRODUCTION

Chlorophenols are one of the most prominent groups of pollutants in various industrial effluents, such as those generated by high-temperature coal conversion, petroleum refining, and the manufacture of plastics, resins, textile, iron, steel and paper. Due to their toxicity and suspected carcinogenicity, much effort has been put into their removal [1-3]
The use of peroxidase (E.C.1.11.1.7) to remove phenolic compounds from aqueous solutions was first proposed by Klibanov and colleagues [4, 5] and, since then, the method has been continuously improved to maximize technical and economic factors [6]. In 1983, the above mentioned research group [7] successfully employed horseradish peroxidase (HRP) to eliminate phenol. 
However, due to the high cost of HRP, alternatives have been investigated and peroxidases from several sources have been proposed [8]. Among these, soybean seed hulls have been identified as a rich source of peroxidase, and, since they are a by-product of the soybean food industry, they represent a cheap and abundant source of peroxidase (SBP) [8-12].
Enzyme immobilization has many advantages, including enzyme reuse and stability, the possibility of controlling product formation and its easy separation from the reaction medium [13]. Moreover, for the treatment of large volumes of wastewaters, reactors containing immobilised peroxidase are desirable because of the high cost of enzymes [14].
On the other hand, several studies on the kinetics of the process and some models of reactor design have been developed. In most cases, a bisubstrate Ping-Pong kinetic equation is the commonly accepted law to explain the reaction rate, while the theoretical predictions can be compared with the experimental results obtained by using free enzyme in buffered media (with or without additives) [15-22].
In previous papers [23, 24], an expanded version of the Dunford mechanism was proposed and applied to the kinetic analysis of the immobilised SBP/phenol/H2O2 system in a discontinuous and continuous conditions was developed. In these papers, the deactivation of the enzyme is interpreted as the polymer formation and precipitation over the surface of the catalytic particles, which produces a polymeric film that, gradually, covers a fraction of the immobilised enzyme. When this model is applied to the immobilised SBP/4-chlorophenol/H2O2 system the approximation degree decreases, due to the value of Vmax, which is much higher for 4-chloropheonl than for phenol leading to faster formation of polymeric film that completely covers the surface and pores of the catalytic particles. In this case, diffusional limitations appear and it is necessary to define a diffusion-reaction model for the process.
In a previous paper [25], an expanded version of the Dunford mechanism, which takes into account the influences of the dimers and oligomers on the reaction rate, was proposed and a generalized bisubstrate Ping Pong kinetic equation was developed. The included phenomenon of enzyme deactivation and/or sequestration by the precipitated olygomers/polymers, which has been widely described in the literature, is here modelled as the growth of a polymeric film over the external surface of the catalytic particles which contain the enzyme, thus determining the appearance of diffusional limitations and an increasing loss of activity. The deactivation phenomena, interpreted and modelled in terms of the effectiveness factor, are included in the kinetic model. From experimental data of the hydrogen peroxide/immobilised soybean peroxidase/4‑chlorophenol system [26] obtained in a discontinuous tank reactor, the kinetic parameters of the model were obtained and the validity of the proposed kinetic law was confirmed [25].
In this work, an immobilised derivative of soybean peroxidase, covalently bound to a glass support [26], was used in a continuous stirred tank reactor, in order to study its viability for use in the 4‑chlorophenol removal process. The influence of the operational variables (enzyme and both substrate concentrations as well as flow rate) on the conversion of 4‑chlorophenol was analyzed. A transient design model for the continuous tank reactor was also developed and, by using the values of the intrinsic kinetic parameters previously obtained [25], the experimental data of the phenol conversion at the reactor outlet were fitted to the model and the additional parameters involved in the model were calculated. Finally, the validity of the mathematical design model was checked by comparison with experimental data that were not used for the fitting.
2. MATERIALS AND METHODS

2.1. Materials
Soybean peroxidase enzyme (SBP), (E.C. 1.11.1.7, 90 U mg-1), hydrogen peroxide (35%, w v-1), 4-chlorophenol (molecular mass 128.6, purity 99% or greater) and the analytical chemicals, 4-aminoantipyrine (AAP) and potassium ferricyanide, were purchased from Sigma-Aldrich. Other chemicals were of analytical grade and were used without further purification.

2.2. Analytical method

4-Chlorophenol concentrations were measured by a colorimetric method using solutions of potassium ferricyanide (83.4 mM in 0.25 M sodium bicarbonate solution) and 4-aminoantipyrine (20.8 mM in 0.25 M sodium bicarbonate solution). Aliquots (2.4 mL) of the treated sample (4‑chlorophenol concentration up to 0.2 mM) were placed in a spectrophotometer cuvette (3 mL) together with 0.3 mL of ferricyanide solution and 0.3 mL AAP solution. After a few minutes to allow the colour to develop fully, absorbance was measured at 505 nm against a blank (2.4 mL of water, 0.3 mL ferricyanide solution and 0.3 mL AAP solution). Absorbance values were transformed to 4‑chlorophenol concentrations in the sample using a calibration curve ([4‑chlorophenol] (mM) = 0.0986 x Abs505, R = 0.9999).

2.3. Experimental system and operational procedure

A glass magnetic stirred-tank reactor (50 mL, total volume) was used in the continuous assays. Substrate solutions and effluent were pumped into and from the reactor by means of three Watson Marlow Digital peristaltic pumps (model 505 Du-RL). The outlet reactor solution was passed through a nylon membrane (10 (m) in order to retain the solid biocatalyst and phenolic polymer particles in the reactor. The experimental device was completed with three tanks, two of them to store the substrates solutions and the third one to collect the reactor effluent.
The operational procedure was as follows: a mixture containing only distilled water and the appropriate amount of the immobilised derivative to give the desired enzyme concentration was initially placed in the reactor. At t=0, both substrates were pumped into the reactor by means of two peristaltic pumps and, simultaneously, the third pump was connected to impel the reactor effluent into the collector tank. The reaction course was monitored by taking samples at the reactor exit at regular time intervals and quantifying 4‑chlorophenol concentration.
2.4. Experimental planning

The following experimental conditions were maintained unchanged throughout the experimental series:
The experiments were carried out at room temperature, the total reactor volume (50 mL) was kept constant by adjusting both inlet flow rates and the outlet flow rate; all the assays were left to proceed for 150 minutes and 4‑chlorophenol and hydrogen peroxide were dissolved in distilled water.
Three series of experiments were carried out in the continuous tank reactor:
Enzyme concentration variation

Two different series of experiments were carried out maintaining 4‑chlorophenol and hydrogen peroxide concentrations constant at 1 mM. In the first one the total flow rate was 5 mL min-1 and five enzyme concentrations (0.09, 0.18, 0.28, 0.37 and 0.46 mg mL-1) were assayed. In the second series, the total flow rate was 10.5 mL min-1 and four enzyme concentrations (0.18, 0.28, 0.37 and 0.46 mg mL-1) were assayed.

Substrate concentration variation

Four 4‑chlorophenol and hydrogen peroxide concentrations (0.5, 1.0, 1.5 and 2.0 mM, molar ratio 1:1) were assayed, at a flow rate of 5 mL min-1 and using an enzyme concentration of 0.28 mg mL-1.

Flow rate variation

Three flow rates (5.0, 10.5 and 21.0 mL min-1) were assessed, using an enzyme concentration of 0.46 mg mL-1 and a 4‑chlorophenol and hydrogen peroxide concentration of 1 mM.

3. RESULTS AND DISCUSION
3.1. Experimental results

Enzyme immobilization

In the present work, an immobilised derivative of soybean peroxidase, covalently bound to a glass support was used. Details of the immobilization procedure are given elsewhere [25, 26]. The most relevant results obtained in the immobilization process were: immobilised protein = 50.9%, enzyme loading = 42.3 mgE (g support)-1 and activity yield = 82.4%. The high value of activity yield is of particular note.
Continuous tank reactor results
To monitor the time course of the reaction, the experimentally measured variable was the 4‑chlorophenol concentration, [AH2], in the effluent. The [AH2] value was normalized with respect to the 4‑chlorophenol concentration in the total feed flow, [AH2]0, by defining a conversion:
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which permitted a scale varying from 0 to 1 to be used in the plotting and also simplified the comparison between the different experimental series.

Since the reactor volume was initially filled with distilled water, the initial value of [AH2] was zero in all the assays and the initial conversion was always unity. After connecting the feed pumps, the [AH2] value increased continuously and the conversion decreased until the constant value corresponding to the steady state was reached. This can be observed in Figures 1 (A and B), 2 and 3, where the time course of the conversion is plotted for the different experimental series.

Influence of enzyme concentration

Figure 1 shows the time course of 4‑chlorophenol conversion in the experiments carried out at different enzyme concentration in the reactor and at two flow rates. In all cases it can be observed that conversion increased, as expected, when the concentration in the reactor increased.
Figure 1

As shown in Figure 1A, at the lower flow rate (5 mL min-1), the steady state was quickly reached in the experiments where high enzyme concentrations were used (0.46 and 0.37 mgE mL-1) and conversion close to unity was maintained throughout the operation time. However, when the experiments were performed with lower enzyme concentrations (0.09 and 0.18 mgE mL-1) conversion decreased continuously without reaching the steady state conversion. This fact could be attributed to the loss of enzymatic activity due to the growth of a polymeric film covering the external surface of the catalytic particles which contain the enzyme, thus determining the appearance of diffusional limitations [25].
Figure 1B shows that a steady state conversion value was not reached when a higher flow rate was used to introduce the substrates in the reactor at any enzyme concentration assayed. In this case, polymer formation was more intense and so, the loss of enzymatic activity was more noticeable.
Influence of the initial substrate concentrations
The results obtained for this series of experiments are plotted in Figure 2, where the influence of the initial substrate concentrations (hydrogen peroxide and 4‑chlorophenol in a molar ratio 1:1) on the conversion is shown. As can be seen, during the first 60 minutes of operation, no influence of the substrate concentrations on conversion was observed and similar conversion values (closed to unity) were obtained for all the concentrations assayed. However, after that time, the conversion values decreased as the substrate concentrations were increased, without reaching the steady state value, which can be attributed to the enzyme deactivation previously described [25].
Figure 2
Influence of the flow rate
Figure 3, in which the conversion is plotted against time at three different flow rates, shows that an increase in the flow rate resulted in a decrease in the value of the 4‑chlorophenol conversion due to the fall in spatial time. As in the above experimental series, the steady state was reached only with the lower flow rate, while the enzyme was deactivated in the remaining experiments.

Figure 3
3.2.  Design model

Model hypotheses
A transient design model of the reactor is proposed, based on the following hypotheses:

1. The reaction between the 4‑chlorophenol and hydrogen peroxide follows the known mechanism of the free radicals of Dunford [27], in its expanded version proposed in a previous work [25]. The reaction products (dimers, oligomers and polymers) also react, which leads to the additional consumption of hydrogen peroxide, which must be taken into account. The kinetic equations developed elsewhere [25] can also be applied to the continuous tank reactor:
· the consumption rate for 4‑chlorophenol:
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· the consumption rate for the dimmer:
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· the overall reaction rate of the dimer:
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· the overall consumption rate of hydrogen peroxide:
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where the effectiveness factors (η1 and η2) are given by the well known expressions obtained from the analytical solution for a first order kinetic [25]. These equations can be used because, after a few minutes, the polymeric film totally covers the catalytic particles, so that the diffusional limitations become significant and the Thiele modulus is high. Under these conditions, and according to several authors [28, 29], the result of the analytical solution for the first order kinetic can be considered as an adequate approximation of the current effectiveness factor.
2. In the development of the design model for the continuous stirred tank reactor, all the constants included in the above described kinetic equations are valid.
3. The fraction of substrates that is not consumed in the tank leaves the reactor, quantitatively, with the outlet flow. However dimers, oligomers and polymers are almost totally precipitated and, therefore, and they can not be present in the reactor outlet. This fact must be taken into account in the mass balance of these compounds and, especially, for the dimer, because its concentration appears in the rate equations.

Mass balance equations
Mass balance for 4‑chlorophenol
For a constant flow rate, F, and a reactor volume, VR, the following terms must be considered:
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and the mass balance differential equation for 4‑chlorophenol, and its initial conditions are:
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(9)

t = 0; [AH2] = 0 

Mass balance for dimer

In similar way, the following mass balance differential equation is obtained:
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and the mass balance differential equation obtained is:
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t = 0; [HA-AH] = 0

Mass balance for hydrogen peroxide

Now, the terms are:



[image: image21.wmf][

]

0

2

2

O

H

F

Input

=









(15)



[image: image22.wmf][

]

2

2

O

H

F

Output

=









(16)



[image: image23.wmf][

]

dt

O

H

d

V

on

Accumulati

R

2

2

=








(17)



[image: image24.wmf]2

2

O

H

R

r

V

Generation

-

=








(18)

and the mass balance differential equation is:
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t = 0;  [H2O2] = 0

3.3. Solving and fitting the model

Solving procedure and calculation algorithm

The mass balance differential equations obtained above were solved simultaneously by numerical calculation using the Euler method. The following discrete equations were obtained:

[image: image26.wmf][

]

[

]

[

]

[

]

(

)

(

)

t

r

AH

AH

V

F

AH

AH

t

AH

t

R

t

2

t

t

2

D

ú

û

ù

ê

ë

é

-

-

+

=

D

+

2

2

0

2




(20)


[image: image27.wmf][

]

[

]

(

)

t

r

AH

-

HA

AH

-

HA

t

dimer

t

t

t

D

+

=

D

+






(21)


[image: image28.wmf][

]

[

]

[

]

[

]

(

)

(

)

t

r

O

H

O

H

V

F

O

H

O

H

t

O

H

t

R

t

2

2

t

t

2

2

D

ú

û

ù

ê

ë

é

-

-

+

=

D

+

2

2

2

2

0

2

2



(22)
in the above mentioned initial conditions.
Equations (20), (21) and (22) are recurrence laws that permit calculation of the different substrate and product concentrations in the reactor as time elapses.

Fitting the model: parameter determination

Some of the parameters involved in the kinetic equations (kcat1, kcat2, KM1, KM2, KM3 and KM4) were previously determined from experimental data obtained in a batch reactor [25] and they will be used in the present work without modification. The remaining model parameters have been determined in the fitting process. To fit the experimental data to the model, the Nelder and Mead [30]  version of the Simplex method was used to minimize the error, and the minimized function was the minimum square sum of the differences between the experimental and calculated values of the 4‑chlorophenol conversion, X, which is defined as:
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To fit the model and determine the values of the parameters, we used the conversion values obtained in the experiments carried out with variable enzyme concentration. The typical deviation obtained in the fitting process between the experimental and calculated values of 4‑chlorophenol conversion was 3.32% and the values of the parameters were:

kcat1 = 249.25 mmol/(g E min)
kcat2 = 102.71 mmol/(g E min)
KM1 = 0.17 mM
KM2 = 2.60 mM

k1 = 7.50 x 10-2 (g E)/mmoln
k2 = 7.90 x 10-2 (g E)/mmoln

n = 2.38 dimensionless

kR1 = 0.38 min-1
KM3 = 5.00 x 10-3 mM

KM4 = 18.71 mM

kn = 2.63 x 10-2 dimensionless

Figure 4 A and B shows the experimental values of 4‑chlorophenol conversion (dots) and the calculated values (solid lines). As can be seen, the fitting of the predicted curves to experimental data is very satisfactory, which indicates that the proposed model is suitable for predicting the behaviour of a continuous stirred tank reactor for 4‑chlorophenol removal using immobilised SBP and hydrogen peroxide.
Figure 4
3.4. Checking the model

It has been reported that the critical evaluation of the value of a mathematical model should be made by using a series of experiments independent of the ones used for the optimization of the parameters [31]. Therefore, we used the conversion values obtained in the experimental series carried out with variable substrate concentrations and flow rates to check the proposed design model and the constants obtained in the fitting process. Figure 5 A and B show the experimental values of 4‑chlorophenol conversion (dots) and the calculated values (solid lines) for both series. The typical deviation obtained between the experimental and calculated values was 5.08% and 3.49%, respectively.
Figure 5
4. CONCLUSIONS

A good degree of 4‑chlorophenol removal was obtained using a continuous stirred tank reactor operating with immobilised soybean peroxidase in the presence of hydrogen peroxide. The kinetic model of the process and the intrinsic parameters of the rate equation obtained in a previous work were used in the reactor design model. The solution of the mass balance differential equations and the fitting of the model to some experimental results provided the values of the remaining model parameters.
Finally, the results obtained from comparing the model predictions and experimental results allowed us to affirm that both the kinetic law and the reactor design model are adequate to describe the transient behaviour of the reactor. This work, therefore, could be considered a solid basis for designing of a continuous industrial process for 4‑chlorophenol removal from aqueous effluents.
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Figure captions

Figure 1. Influence of enzyme concentration. Substrate concentrations = 1 mM. Flow rate = (A) 5.0 and (B) 10.5 mL min-1. 

Figure 2. Influence of substrate concentration. Enzyme concentration = 0.28 mg mL-1. Flow rate = 5 mL min-1. 
Figure 3. Influence of flow rate. Enzyme concentration = 0.46 mg mL-1. Substrate concentrations = 1 mM. 

Figure 4. Fitting the complete model at different enzyme concentrations. Substrate concentrations = 1 mM. Flow rate = (A) 5.0 and (B) 10.5 mL min-1. 

Figure 5. (A) Checking the model at different substrate concentrations. Enzyme concentration = 0.28 mg mL-1. Flow rate = 5 mL min-1. (B) Checking the model at different flow rates. Enzyme concentration = 0.46 mg mL-1. Substrate concentrations = 1 mM. 
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