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Abstract

An intensive combined treatment for removing 4-chlorophenol, consisting of its oxidation with soluble soybean peroxidase and hydrogen peroxide in a continuous tank reactor, followed by purification of the effluent in an ultrafiltration membrane module in series, is studied for the first time. The influence of the operational variables on the conversion was evaluated, and removal percentages of 90 % or more were obtained for some of the conditions assayed. Using a bisubstrate Ping-Pong kinetics for the enzymatic reaction, a design model was proposed for the whole system. The model was solved by numerical calculation and the parameters were obtained by fitting the experimental data by means of an error minimization algorithm. The good results obtained for fitting the experimental data (7.76% typical deviation) confirm the validity of the model.
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NOMENCLATURE
AM

area of the membrane surface, cm2
fm

open pore fraction in the membrane, dimensionless
F

feed flow to the overall system, ml/min

kadA


proportionality constant for the enzyme adsorption-precipitation on membrane, referred to the area of the membrane surface, cm/min
kad


proportionality constant for the enzyme adsorption-precipitation on membrane, referred to the flow of permeate stream, dimensionless

kcat


specific activity of enzyme, mmol of substrate /(g of enzyme min)
kf


proportionality constant of empiric equation for the estimation of the open pore fraction of the membrane, dimensionless

KM1

Michaelis constant for hydrogen peroxide, mM
KM2

Michaelis constant for 4-chlorophenol, mM
nE

power of the empiric equation for the estimation of the open pore fraction of the membrane, dimensionless

Q

recycle flow to reactor from membrane module, ml/min

t

time, min

VM

membrane reaction volume, cm3

VR

reactor volume, cm3

(rAH2)M 
consumption rate of phenolic compound in the membrane, mM/min

(rAH2)R 
consumption rate of phenolic compound in the reactor, mM/min

(rAH2)R+M 
consumption rate of phenolic compound in the overall system, mM/min

(rH2O2)R+M 
consumption rate of hydrogen peroxide in the overall system, mM/min

[AH2] F
phenolic substrate concentration in the feed flow, mM

[AH2]M
phenolic substrate concentration in the membrane, mM

[AH2]0


initial phenolic substrate concentration in the overall system, mM

[AH2]P

phenolic substrate concentration in the permeate flow, mM

[AH2]R
phenolic substrate concentration in the reactor, mM

[E]F 

enzyme concentration in the feed flow, g of enzyme/l

[E]M 

enzyme concentration in the membrane, g of enzyme/l

[E]0 

initial enzyme concentration in the reactor, g of enzyme/l

[E]R 

enzyme concentration in the reactor, g of enzyme/l

[E]R+M 
average enzyme concentration in the overall system, g of enzyme/l

[H2O2]
hydrogen peroxide concentration in the overall system, mM

[H2O2]F
hydrogen peroxide concentration in the feed flow, mM

[H2O2]0
initial hydrogen peroxide concentration in the overall system, mM

1. INTRODUCTION

In general, chlorophenols are used as agricultural chemicals, pharmaceuticals, biocides and dyes, while the main uses of 4-chlorophenol are the following: for the extraction of sulphur and nitrogen from coal, as an intermediate in the synthesis of dyes and drugs, as a denaturant in alcohol or a solvent in the refining of oils, and in the herbicide 2,4-dichlorophenol, the germicides 4-chlorophenol-o-cresol and 2,4-chlorophenol.

Chlorophenols are listed by the US EPA in the Clean Water Act and by European Decree 2455/2001/EC. The European Pollutant Emission Register, moreover, classifies chlorophenols within the group called phenols. Spain heads the list of European countries responsible for the direct emission of phenol into the water. Although phenolic compounds can be treated by conventional physical, chemical and photochemical techniques [1-6], robust and cost effective treatment of the pollutants has still to be implemented, and, there is a continued need to delineate effective systems. In recent years, microorganisms and soluble and/or immobilized enzymes have proved to be an effective and less expensive alternative. 
Microorganisms have the advantage that they use phenolic compounds as carbon source [7], which leads to a high degree of elimination, although the high quantity of biomass produced in the process may be considered a drawback.

On the other hand, while the use of enzymes produces no biomass since the phenolic compounds are transformed into insoluble polymers, enzyme activity may be lost through inhibition and/or deactivation phenomena, and co-precipitation may occur if the enzyme is used in its soluble form.

The use of peroxidase (E.C.1.11.1.7) to remove phenolic compounds from aqueous solutions was first proposed by Klibanov and colleagues [8, 9] and, since then, the method has been improved to maximise technical and economic factors.

Horseradish peroxidase (HRP) is by far the most, widely researched peroxidase. However, due to its high cost, much effort has been devoted to finding an alternative and peroxidases from several sources have been investigated; for example, Coprinus macrorhizus [10, 11], Coprinus cinereus [12, 13], Arthromyces ramosus [14] and soybean [15]. Soybean seed hulls have been identified as a rich source of peroxidase (SBP) [16]. SBP has proved to be very effective in removing phenolic compounds from wastewater [17] and can act in broad ranges of temperatures and pH [15].

In recent years, free and immobilized peroxidases have been found to be viable alternatives in the phenolic compound removal process, as can be observed from the great number of works published in this area [8-21]. In most of these studies free enzymes were used in discontinuous tank reactors, which made them impossible to reuse and eliminate from the bulk reaction.

Very few papers describe the use of continuous reactors with the free enzyme, and such a reactor configuration is most frequently reserved for use with immobilized derivatives of the enzyme, or immobilized microorganisms [20-25].
As an intensive alternative, it is possible to use a continuous tank reactor associated to an ultrafiltration module to avoid the loss of the soluble enzyme and so keep the enzyme in the reactor [26, 27].
Ultrafiltration has proved to be a very versatile separation process for biocatalysts, and the development of asymmetric membranes composed of an ultra-thin microporous layer supported by a macroporous structure allows this technique to be applied to the separation of enzymes. In an ultrafiltration membrane reactor, the semipermeable membrane is able to retain the biocatalyst and the polymers formed during the peroxidase-phenol-oxidizing process.
Although different microorganisms have been used in membrane bioreactors to remove phenolic compounds [28, 29], we have found no references to the enzymatic removal of phenolic compounds in continuous tank reactors combined with ultrafiltration membrane modules. The main objective of this work, therefore, was to study the advantages of 4-chlorophenol removal in this type of reaction-separation system, cheeking the influences of the different variables on the 4-chloropenol conversion to find the best operational conditions. Additionally, a second but also important objective has been the formulation of a first approximated design model, to fit the experimental data and to be used as a preliminary tool to improve the experimental equipment and scale-up.
2. MATERIALS AND METHODS

2.1. Materials
Soybean peroxidase enzyme (SBP) (EC 1.11.1.7, 108 units/mg), catalase (EC 1.11.1.6, 2200 units/mg) from bovine liver, hydrogen peroxide (35% w/v), 4-chlorophenol (99% purity or greater), 4-aminoantipyrine (AAP), potassium ferricyanide and aluminium potassium sulphate (dodecahydrate) were purchased from Sigma-Aldrich Fine Chemicals.
A Minitan-S system (Millipore Co., Bedford, MA) was used as ultrafiltration unit and polysulphone membranes, (PTTK OMS, Millipore) with a surface area of 30 cm2 and a nominal molecular weight cut-off of about 30,000 Da as reported by the manufacturer, were selected. Watson Marlow Digital (Model 505 Du-RL) peristaltic pumps were used in all the experiments. An eppendorf (MiniSpin) centrifuge was used to separate the precipitates in the samples and a Shimadzu UV-160 spectrophotometer was used for all the absorbance measurements.

2.2. Experimental system

The experimental system used in the continuous assays consisted of a jacketed tank reactor, 100 ml maximum capacity, two reservoir tanks for the substrate solutions, a collector tank, the membrane module and four Watson Marlow Digital peristaltic pumps (model 505 Du-RL) to feed the substrates into the reactor, to pump the effluent from the reactor to the membrane module and to pump the permeate from the membrane to the collector tank. For each assay, two substrate solutions were prepared in distilled water, one for 4-chlorophenol, which eventually can be accompanied by the enzyme in the assays where additional amount of enzyme was added to reactor with the feed flow,  and another for the hydrogen peroxide, before being poured into the reservoir tanks. Fig. 1 shows a scheme of the experimental system, with the nomenclature adopted for the different flows and concentrations.
2.3. Operational procedure

Initially, for each assay, the overall reaction-separation system (tank reactor, membrane module and pipes) was filled with the substrate solutions at the same concentrations that are required for the assay. Next, at time zero, a sufficient volume of soluble enzyme to obtain the required initial concentration was introduced into the reactor. Both substrate solutions, at concentrations double that required in the assay and individual flow rates equal to a half that the overall feed flow rate required, were continuously pumped from the reservoirs to the reactor by peristaltic pumps. Simultaneously, a third pump was used to pump the reactor effluent into the membrane module and a fourth pump was used to pump the permeate stream to the collector tank. The reaction course was monitored by taking samples at the reactor and permeate exit at regular time intervals. The samples were poured into 1 ml of catalase solution to stop the reaction by breaking down the hydrogen peroxide. For this, 0.1 ml of a coagulant (AlK(SO4)2) were added to 1 ml of the former mixture, before centrifuging for 30 min at 10,000 g. The reaction mixture was continuously stirred using magnetic stirrers and Teflon-coated stir bars.

2.4. Analytical method

4-Chlorophenol concentrations were measured by a standard colorimetric method [30]. Solutions of potassium ferricyanide (83.4 mM in 0.25 M sodium bicarbonate solution) and 4-aminoantipyrine (AAP) (20.8 mM in 0.25 M sodium bicarbonate solution) were prepared. Aliquiots (2.4 ml) of the sample (4-chlorophenol concentration up to 0.2 mM) were placed in a spectrophotometer cuvette (3 ml) together with 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, ferricyanide solution, and AAP solution). Absorbance values were transformed to 4-chlorophenol concentrations in the sample by using calibration curve [(4-chlorophenol) = 0.0986 x Abs505, r = 0.9991].

2.5. Enzymatic activity
Soybean peroxidase activity was determined by the colorimetric monitoring on the oxidative coupling of AAP and 4-chlorophenol in the presence of hydrogen peroxide under enzyme catalysis, as described previously [31].

2.6. Experimental planning

The following experimental conditions were maintained unchanged throughout the experimental series: the experiments were carried out at room temperature, all the assays were allowed to proceed for 90 minutes and 4-chlorophenol and hydrogen peroxide were dissolved in distilled water.

Six series of experiments were carried out in the continuous tank reactor ultrafiltration module system, varying singly or jointly (see Table 1) enzyme concentration, residence time, substrate concentration, hydrogen peroxide concentration, enzyme concentration in the feed flow and enzyme concentration and residence time.
3. RESULTS AND DISCUSION

To follow the time course of the reaction, the concentrations of 4-chlorophenol were measured in the permeate [AH2]P and in the reactor [AH2]R. In order to compare different experiments, the 4-chlorophenol conversion, both in the reactor and in the permeate stream, was defined as:
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Taken into account that, at time zero, the overall system is filled with a substrate concentration, [AH2]0, equal to the one in the overall feed flow, [AH2]F, the initial values of both above defined conversions are zero.

Before the experiments, several SPB activity assays (but with no reaction) were carried out to check that the enzyme does not cross the membrane. The results of these assays are summarized in Table 2, where it can be observed that the enzyme retained about 90% of its initial activity for 30 minutes inside the reactor, after which the activity decreased to reach values of 75%, whereas the enzymatic activity in the permeate stream remained close to zero in all the cases.

The absence of significant activity levels in the permeate stream confirms that the membrane retains the enzyme, while the loss of enzymatic activity in the reactor can be explained by a progressive adsorption of the enzyme to the membrane surface. To confirm this hypothesis, measurements of protein concentration by Lowry method, both in the reactor and in the permeate stream, was carried out along 60 minutes, without reaction as in the activity assays. The obtained results are shown in the same Table 2, where the activity values appear. These values show that protein concentration decreases in the reactor until about 84 % of the initial value. On the other hand, measurement of protein in the permeate stream are very small and they are not reliable, being in the detection limit of the Lowry method. By this, the total collected volume of the permeate stream has been concentrated, and the total protein measured, obtaining an overall amount of protein in the permeate stream, for all the operation time assayed, that is equivalent to 3% of the initial amount of protein added to the reactor. This confirm that the membrane retain the enzyme almost quantitatively.
Additionally, if comparing the total deceasing both in the activity and in protein in the reactor, 25% and 16% respectively, we can conclude that about 16 % of the enzyme has been adsorbed on the membrane, and the additional loss of the activity, about 9 %, can be a consequence of the hydrodynamics of the system, which can be also influence on the enzyme activity. Nevertheless, this percentage, only 9 %, is very small if comparing with the high decreasing in the conversion values in the reactor after 60 minutes of operation time, which indicates that other influences, as an increasing in the adsorption-precipitation of the enzyme on the membrane, due the retention by the polymers, can be consider to explain the pronounced losing in the 4-chlorophenol conversion in the reactor. This has been confirmed with an additional assay where a membrane with the polymer from a previous assay was used. In this assay, no initial amount of enzyme, neither in the reactor and in the feed flow, was used, and significance values of the 4-chlorophenol conversion in the permeate stream were obtained, as described below.
3.1. Influence of enzyme concentration in the reactor

Fig. 2 shows the time course of 4-chlorophenol conversion in the reactor and in the permeate stream for assays in which the enzyme concentration in the reactor was varied.
After 40 minutes of reaction, it can be observed that the conversion rate in the bulk solution of the reactor gradually decreased to very low values. However, for the ultrafiltration module placed after the continuous tank reactor, the conversion values obtained in the permeate stream remained practically constant for the 90 minutes of reaction, and were very close to 100% for the highest enzyme concentration assayed (0.04 mg/ml).

This may have been due to the gradual deposition of the polymers on the membrane, which would trap enzyme molecules, decreasing the enzyme concentration in the reactor and consequently the conversion values. Meanwhile, the conversion in the permeate stream remained constant because the retained enzyme was still active and so an additional enzymatic reaction took place on the membrane surface.
3.2. Influence of residence time

The results obtained for this series are plotted in Fig. 3, where the influence of the residence time on the reactor and permeate conversions is shown. As in the above series, from 40 minutes of reaction time the conversion in the reactor drastically decreased to reach very low values, whereas in the permeate samples the 4-chlorophenol removal efficiency was very high and kept constant for the 90 minutes of the reaction. As the best results were obtained with a residence time of 20 minutes, the rest of the experimental series were carried out with this condition.

3.3. Influence of initial substrate concentration

From Fig. 4 it can be seen that variations in the initial substrate concentration has no clear influence on the conversion values obtained. At the same time, the conversion in the permeate samples remained very high for all the assays.
3.4. Influence of initial hydrogen peroxide concentration

Fig. 5 shows the influence of the initial hydrogen peroxide concentrations (1.00, 1.25 or 1.50 mM) at a fixed 4-chlorophenol concentration of 1 mM.
In can be seen that conversion increases with increased hydrogen peroxide concentration, the best results being obtained for the permeate stream, as in the previous series.

3.5. Influence of enzyme addition in the feed flow
In Fig. 6, it can be observed that the addition of enzyme to the feed flow increased the conversion values in the reactor and, for the highest enzyme concentrations added, the conversion values in the reactor kept practically constant for the 90 minutes of the reaction. It seems the continuous feed of enzyme compensates the loss in the reactor due to the adsorption-precipitation of the enzyme with the reaction products (oligomers and polymers) on the membrane surface.

3.6. Simultaneous influence of the enzyme concentration and residence time

Fig. 7 shows the conversions attained when the enzyme concentration was raised and the residence time shortened simultaneously. The conversion values reached in the permeate stream were very similar in all three cases studied. However, in the reactor, the conversion was slightly higher at higher residence times (20 minutes) and, simultaneously, lower enzyme concentrations (0.04 mg/ml), demonstrating that the influence of the residence time on conversion is greater than the influence of enzyme concentration.
4. DESIGN MODEL

4.1. Hypothesis

Based on the above experimental observations and taking into account the Dunford mechanism, a reactor design model is proposed based on the following hypotheses: 

1. All the species in the tank (4-chlorophenol, hydrogen peroxide, dimers, polymers and the enzyme) leave the reactor and re-enter with the recycling flow. However, only the substrates that have not been consumed (4-chlorophenol, and hydrogen peroxide) are able to pass through the membrane with the permeate stream.

2. As a result of the output of the tank and the transmembrane pressure, the insoluble reaction products (dimers and polymers) are gradually deposited on the membrane surface, trapping enzyme molecules inside. This is similar to “in situ” enzyme immobilization on the membrane, a phenomenon which determines a gradual decrease in the tank enzyme concentration, accompanied by increased enzyme concentration on the membrane surface. Both soluble and precipitated enzyme keep their initial specific activity.

3. The reaction products (dimers and polymers) gradually cover the membrane pores, slowing the flow through the membrane. Consequently, the 4-chprophenol concentrations in the permeate stream, inside the membrane and in the reactor differ. The following relation can be established:
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However, the hydrogen peroxide molecule is smaller and its permeability is the same throughout, meaning that its concentration is the same in the reactor, membrane and in the permeate stream.

4. The overall bioreactor-membrane module system behaves as an association of two continuous tank reactors in series, with reactor volumes of VR and VM, respectively. Despite the additional 4-chlorophenol conversion in the membrane module, the 4-chorophenol concentration in the tank reactor, [AH2]R, and in the liquid phase of the membrane module can be considered equal because of the relatively high value of the recycled stream compared with the permeated one.
5. The reaction between the phenolic compound and hydrogen peroxide follows the free radical mechanism proposed by Dunford [cita], according to which the phenol consumption rate law is a bisusbtrate Ping-Pong kinetics equation.

6. The reaction products also follow the same reaction mechanism, which involves additional hydrogen peroxide consumption. As a result, the hydrogen peroxide consumption rate is higher than the consumption rate of the phenolic compound. 

4.2. Mass balance equations

According to the adopted nomenclature (see Figure 1), and from the mass balances for 4-chlorophenol, enzyme and hydrogen peroxide, the following differential equations and initial conditions can be considered:

4.2.1. 4-chlorophenol mass balance equations
In the reactor, the mass balance differential equation for the phenolic compound is:
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with the initial condition:
t = 0; [AH2]R = [AH2]0
The consumption rate, (rAH2)R, for the phenolic compound is given by the following Ping-Pong kinetics equation:
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(2)
In the same way, the following equation can be considered for the 4-chlorophenol mass balance in the membrane module:
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with the initial condition:

t = 0; [AH2]M = [AH2]0
The consumption rate, (rAH2)M, for the phenolic compound in the liquid phase of the membrane module is given by the equation:
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(4)
Similarly, the mass balance differential equation for the phenolic compound in the permeate stream is:
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with the initial condition:
t = 0; [AH2]P = [AH2]0
For the open pore fraction of the membrane, fm, which appears in Eq. (5), proportionality with the fraction of enzyme which has not been deposited on the membrane with the insoluble reaction products, has been assumed and the following expression has been used:
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(6)
4.2.2. Hydrogen peroxide mass balance equations
For the overall system, the mass balance differential equation for hydrogen peroxide is:
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with the initial condition:
t = 0; [H2O2] = [H2O2]0
According to the hypothesis concerning the proportionality between the 4-chlorophenol and hydrogen peroxide consumption rate, it is verified that:
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Where:
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4.2.3. Enzyme balance in the membrane
Considering that the enzyme precipitation rate is proportional to the area of the membrane surface, AM, and to the enzyme concentration in the liquid phase, [E]R, and with kadA as the proportionality constant, the mass balance differential equation for the enzyme trapped by the polymer on the membrane surface is:
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with the initial condition:
t = 0; [E]M = 0
By defining a new adsorption proportionality constant, kad, respect to the permeate flow rate, F, as follows:
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From the above definition, Eq. (11) can be rewritten as:
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This facilitates its combination with Eq. (12) below to obtain an equation for the variation, with time, of the enzyme concentration in the reactor, [E]R, which can be easily analytically integrated.
4.2.4. Global balance of enzyme in the system
For the complete system, the overall mass balance differential equation for the enzyme is:
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And, with Eq. 11 and 12, the mass balance differential equation for the enzyme in the reactor can be rewritten as:
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with the initial condition: t = 0; [E]R =[E]0
Eq. (13) is a linear differential equation of constant coefficients, and the solution for [E]R is given by:
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(14)

In addition, taking into account that, after operating time, t, the following relationship is verified:
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(15)

The solution for [E]M is obtained:
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where Eq. (14) must be used to calculate [E]R.

5. SOLVING PROCEDURE AND CALCULATION ALGORITHM
With the only exception of Eq. (13), which has been analytically integrated, the other mass balance differential equations obtained were solved simultaneously by numerical calculation using the finite differences method. The following discrete equations were obtained:
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with the following initial conditions:

t = 0; [AH2]R = [AH2]0; [AH2]P = [AH2]0; [H2O2] = [H2O2]0
Eqs. (17), (18) and (19) are recurrence laws that permit calculation of the different substrate and product concentrations in the reactor and in the permeate stream at different times.
6. FITTING THE MODEL: PARAMETERS DETERMINATION
In the process of fitting the experimental data to the model, the values of parameters kcat, KM1, KM2, 
[image: image25.wmf]2

2

O

H

k

, kad, kf and nE must be determined. The numerical equations derived from the model were implemented in a program written in Visual Basic language. The program incorporated an error minimisation routine based on the Simplex algorithm in the improved version proposed by Nelder and Mead [32]. The values obtained for these parameters are shown in Table 3 and the typical deviation was 7.76%. Figures 2 to 7 show the experimental values (points) versus time for all the series assayed, while the continuous lines represent the conversion values calculated by the model for these series. 

Taking into account the complexity of the modelled system, the value of 7.76% obtained for the typical deviation, together with the value of the regression coefficient, r = 0.979, in Figure 8, can be considered acceptable. The good agreement between the experimental and calculated values indicates that the proposed model is suitable for predicting almost quantitatively the behaviour of the reactor.

CONCLUSIONS

Several experimental series were carried out with a continuous tank reactor associated to an ultrafiltration module, high 4-chlorophenol conversion percentages being reached in all cases. Although the conversion percentages in the reactor only kept constant for 40 minutes in some cases, they remained practically constant throughout the operational time in the permeate stream, where the membrane somehow acted as a support for successful enzyme immobilization.
Based on the bisubstrate Ping-Pong kinetics mechanism, a design model, integrated by numerical calculation and using an error minimization algorithm has been proposed for the whole system.
Finally, the results obtained from comparing the model predictions and experimental results allowed us to affirm that both the kinetics law and the reactor design model are adequate for describing the behaviour of the system.
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