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Abstract

In the present work, we studied the enzymatic elimination of phenol in a torus reactor. CFD was used to model the coupling between flow and enzymatic reaction. A CFD model was developed to predict the phenol conversion and the initial reaction rate. A validation of the implementation of the enzymatic reaction in CFD code is presented, by comparing numerical predictions to experimental results of enzymatic conversion rates. A good agreement is obtained for each initial phenol concentration studied.
Keywords: enzymatic elimination, torus reactor, CFD, reaction rate.

1. Introduction
Aromatic compounds, such as phenols, are the major class of pollutants commonly found in industrial wastewaters. Phenol removal through enzyme-catalysed polymerisation is an alternative detoxification method. This method is defined like the oxidation of phenol using H2O2 in the presence of an enzyme as catalyst. The Horseradish Peroxidase (HRP) is an enzyme which can be used as catalyst in the enzymatic reaction.  Peroxidase catalyzed oxidation of phenol is a complex enzymatic reaction, it includes several steps, two substrates (phenol and hydrogen peroxide), and inhibition of enzyme by H2O2. It is accepted that the reaction of HRP with H2O2 involves two-electron oxidation of native HRP (E) to form the oxidized form of the enzyme (Ei) and a molecule of water. Ei oxidizes a reducing substrate AH2 (phenol compound) to produce another form of the enzyme with lower oxidation state (E2). In a further one oxidation step, another reducing phenol transfers a H+/e- pair to the peroxidase with the release of water and conversion of enzyme into its original form [1,2]. In the present work, the enzymatic elimination of phenol was chosen in order to study the performance of the torus reactor.
A torus reactor, which can be considered a loop reactor, presents several advantages compared with the stirred tank reactor including an efficient mixing of the reactants, an easy scale-up due to the absence of dead volume, low power consumption, good high heat transfer capacity, prevention of polymer deposition or biomaterial on the reactor wall and high efficiency [3]. These advantages make the torus reactor a promising alternative to more classical configurations.

Despite experimental studies have confirmed efficiency of the torus geometry, the optimal conception of torus reactors and their utilization in industrial scale production still require theoretical research. Few information about hydrodynamic characteristics involved in torus shape reactors is known [3,4,5]. In this context, computational fluid dynamics (CFD) appears as an interesting tool to conduct a further analysis of flow structures. However, the modelling of the entire flow in a torus reactor is not easy, because of the combined effects of the bend curvature and the impeller rotation. In Pruvost et al. [6], numerical research is extended to determine the flow structure to the case of the torus reactor geometry. This study is devoted to a numerical analysis of the particular flow conditions involved in a torus geometry, and especially the competition between the swirling motion, due to the impeller rotation with Dean vortices generated in bends. Results achieved with the commercial code Fluent were satisfactory, same authors [7] have also applied CFD to the particular case of a square-sectioned photobioreactor of torus geometry. Relevant characteristics for this study were analyzed, like mixing time, radial mixing and shear stress. It must be noticed that only batch configuration was considered. In Pramparo et al. [3] the flow structure of a torus reactor with a volume of 100 ml was studied in batch and in continuous regime using CFD and validating the results with experimental data.
The application of CFD has been an established engineering tool in automotive and aerospace industry for many years. Recently, CFD found increasing applications in chemical, biomedical and food industry [8,9,10]. CFD has been used to simulate aqueous flow-fields in UV reactors [11]. Inactivation kinetics and radiation intensity have been combined with CFD generated flow-field to predict reactor performance. CFD has also been applied to simulate surface reactions in catalytic reactors. Seo et al. [12] performed CFD simulation of the surface reactions in a catalytic heat exchanger using Fluent and obtained reasonable agreement between the simulation and the experimental results. Other studies were carried out modeling processes with CFD e.g. simulation of polyphenol oxidation during tea fermentation [13] or simulation of UV photocatalytic reactors [14] in order to predict reactor performances. 
The present study was the first attempt to model the enzymatic elimination of phenol. The goal of this work was to study the enzymatic elimination of phenol in a torus reactor. CFD was used to analyze the coupling between flow and enzymatic reaction. A validation of the enzymatic reaction implementation in CFD code is presented, by comparing numerical predictions to experimental results of enzymatic conversion rates.

2. Methodology and results
2.1. Experimental study

The experimental study of the enzymatic elimination of phenol was previously carried out in a thermostatised torus reactor of 100 ml built in Poly(methyl-methacrylate) (PMMA). The reactor had an annular square section and the agitation into the reactor was done by a marine impeller. An impeller rotation speed of 1500 rpm was used in all experiments. A scheme and a full description of the torus reactor can be found elsewhere [3].
Different initial concentrations of phenol (0.5 to 1.6 mM) and H2O2 (0 to 2.65 mM) were used, while HRP was kept to 2•10-4 mM. In a typical experiment, the reaction was initiated by the addition of hydrogen peroxide and stopped by the addition of concentrated acetonitrile solution to the sample (with a ratio of 1:1). For the analytical procedure, in all experiments seven liquid samples (1 ml) were withdrawn at 30 s, 1, 2, 4, 6, 10 and 15 min. Then, samples were centrifuged and analyzed by HPLC. All experiments were carried out in batch conditions.

2.1.1. Kinetic model

The initial reaction rates were obtained from the conversion-time data of phenol. The initial reaction rates as a function of H2O2 initial concentration are presented in figures 1a (0.5 mM), 1b (1.1 mM) and 1c (1.6 mM). As it can be seen, the initial reaction rate increased with the increase of the H2O2 initial concentration until the optimal concentration of H2O2 was reached (molar ratio 1/1 for H2O2/Phenol ratio). Then, the initial reaction rate began to decrease. This fact may indicate that inhibition occurred by the substrate of the reaction. Hydrogen peroxide interfered in the reaction by decreasing the reaction rate. The reduced reaction rate can be attributed to the formation of an oxidation state of HRP which is not catalytically active but its formation does not represent a terminal inactivation of HRP. The initial rate (Vi) vs. substrate concentration was fitted to the Michaelis-Menten equation with inhibition by substrate:
Vi= Vmax·[H2O2]/(Km+[H2O2]+K’*[H2O2]2)
(1)
where the variables Vi and [H2O2] are respectively the initial rate of phenol consumption and the H2O2 initial concentration. The parameters Vmax (apparent maximum reaction rate), Km (apparent Michaelis constant) and K’ (inhibition constant), were estimated by the least-squares approximation with the solver of MS Excel. In this estimating constant procedure, all the parameters were optimized at the same time.
The calculated values of the fitted parameters for different phenol concentrations are presented in table 1.

 Table 1. Apparent Michaelis-Menten parameters for the reaction of HRP with Phenol and H2O2.

	[Phenol]0 (mM)
	Vmax (mM·min-1)
	Km (mM)
	K’ (mM-1)

	0.5
	2.1
	1.3
	3.0

	1.1
	3.4
	2.7
	3.0

	1.6
	11.7
	8.1
	3.0
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	Figure 1a. Initial rates as a function of initial H2O2 concentration. [Phenol]0: 0.5mM, [HRP]0: 2•10-4 mM.
	Figure 1b. Initial rates as a function of initial H2O2 concentration. [Phenol]0: 1.1mM, [HRP]0: 2•10-4 mM.
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	Figure 1c. Initial rates as a function of initial H2O2 concentration. [Phenol]0: 1.6mM, [HRP]0: 2•10-4 mM.
	Figure 2. Torus reactor grid. 


2.2. Numerical approach

In a first step, the torus reactor was simulated using the commercial code Fluent Inc. Figure 2 presents the torus reactor geometry with a three-dimensional mesh made by Gambit Software (Fluent Inc.). Due to the impeller, a regular mesh was difficult to apply to the entire geometry. Therefore, the reactor was divided in two different zones, an irregular and a regular. A hybrid mesh was kept in the irregular zone, composed by tetrahedral volumes and prisms in the marine impeller region, and a regular mesh with elementary hexahedral volumes in the remaining parts. The grid discretization in the regular zone was uniform, but in the irregular zone, cell density was increasing near the impeller zone.
To generate the grid of the irregular zone, the impeller surface and the outer reactor wall near the impeller were first generated. A standard wall-function approach was thus kept in this study, with an adequate meshing in the wall region. A second order interpolation scheme was applied for all discretized transport equations (pressure, momentum and turbulent characteristics). Transport equations were numerically solved using a segregated method that implied to solve the pressure-velocity coupling with an iterative correction procedure “SIMPLEC”. Calculations were performed until all residual criteria converged (no variation). For all simulations, defaults constants of the turbulent models in Fluent were employed and a steady-state calculation was made [3]. In a second step, the enzymatic reaction was introduced to the flow study. In this case, the reaction option is activated in Fluent and various species (reactants, products, enzyme) are defined, to represent next their transport with the flow-field. To simulate enzymatic reaction, the reaction mechanism was defined. Two strategies were studied. In the first one, while the enzyme concentration was kept small, only two reactions were taken into consideration. The reaction mechanism defined in Fluent was:

E+H2O2 => C1+H2O
(2)

C1+PhOH => E+PhO•+H2O
(3)

A second strategy was studied specially in the zone where inhibition of the reaction was found. The reaction mechanism was basically the same but adding a reaction for the inhibition step. The new reaction was written as:

E+H2O2 => Ei+H2O
(4)

where Ei represents the enzyme in an inactive form. In order to define the reaction rate in Fluent, a user-defined function (UDF) was used. For this, a small program was written in C language and coupled with Fluent using the UDF section. The reaction rate was defined in the UDF using the kinetic parameters obtained experimentally. A patch was done for each initial concentration of the species into the reactor. The simulations were carried out in unsteady-state mode, by solving transport equations for each species and local enzymatic reaction rates. The global conversion was followed by monitoring the species concentrations versus time. The phenol conversion was determined in each simulation. Figure 3 is an example of the agreement between experimental and numerical curves of phenol conversion for [Phenol]0: 1.1mM and [H2O2]0: 0.662mM. The kinetic model obtained experimentally was used to model the reaction by CFD. The kinetic model was obtained using the initial reaction rate, therefore, just the first value of time-conversion was used. A good approach of this first value was obtained numerically, and also a good agreement was observed in the final conversion of phenol. For both strategies studied, a good agreement was observed for values of H2O2 initial concentration below the optimal value. But, when inhibition was present, the strategy of including an inhibition reaction showed a better agreement between experimental and numerical simulations. For this reason, all the results presented in this work were based in the strategy including the inhibition reaction.
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Figure 3.  Experimental and simulated values of phenol conversion as a time function. [Phenol]0:  1.1mM, [H2O2]0: 0.662mM.

The figure 4 represents the phenol conversion as a time function obtained numerically for the several initial concentrations of H2O2 and for [Phenol]0 of 1.1mM. 
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Figure 4. Phenol conversion and the influence of [H2O2]0. [Phenol]0: 1.1mM.
As it can be seen in the figure, the phenol conversion reached a maximum value after few minutes for each [H2O2]0 and then, remained more or less invariable. The conversion of phenol increased when [H2O2]0 was raised until a maximum value of conversion was reached. After this point, if [H2O2]0 concentration was increased, the final phenol conversion was decreased and the reaction had a slower initial reaction rate. The initial reaction rate was calculated in order to be compared and validated with the experimental data. The initial reaction rate obtained by numerical simulations as a function of H2O2 concentration are shown in figures 1a, 1b and 1c. The experimental data are also shown in these figures and it is possible to see that an excellent agreement was obtained and the same behaviour of the phenol conversion-time curves was observed. 
3. Conclusions
Optimization of enzymatic elimination of the phenol process in a torus reactor requires an understanding of the complex enzymatic reactions of phenol under various process conditions. The CFD model developed in the study made it feasible to analyze such complex behaviour. By coupling a kinetic model of the enzymatic reaction to flow simulation, optimization of torus reactor hydrodynamics can be envisaged so as to eliminate phenol. In this study, a good agreement was obtained between experimental data of enzymatic elimination of phenol and its numerical simulation using CFD.

In further experiments, the use CFD will be extended to analyze continuous mode, where flow circulation and residence time distribution can influence reactor conversion efficiency.
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