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Abstract

In this work the recovery of aromatic components, i.e. benzene, toluene and xylene from coke oven gases is regarded by experimental investigations as well as simulation studies. For the reliable calculation of this process extensive studies are carried out in order to describe the absorption rate and the behavior of the conventional applied multicomponent absorption liquid. In the first part of this work, the implemented models are discussed and validated. In the second part, a comparison between the absorption capacity of the conventional and the alternative absorption liquid biodiesel is taking place based on experimental data. Based on these experiments, the application and innovation of this process will be discussed.
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1. Introduction
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The absorption of aromatic hydrocarbons from coke oven gases takes place on the gas purification side, i.e. the white side of a coke oven plant (fig.1), in order to recover valuable crude chemicals for the chemical industry. In the conventional process a complex mixture of polyaromatic hydro-carbons is applied as absorption liquid with 400 up to 500 different components, similar in their molecular weight and structure. Previous investigations [3], [4] have shown that only ten of these components can be identified which sum up to approx. 54 %-mass. Up to now, the simulation of the regarded process fails mainly due to the complexity of the mixture, the lack of thermodynamical data and variations of thermodynamical properties during the process caused by losses of light washing oil components and thereby the accumulation of heavier ones. In order to be able to simulate this process (fig. 2) more accurately, extensive studies are carried out in order to implement a rigorous and robust model approach. For real-time applications the model requirements are defined by model robustness, the required simulation time as well as the accuracy especially for column and process design. The application of structured packing in the absorption column complicates the application of an equilibrium model due to the determination of the HETP value and uncertainties caused by variations of the gas and liquid inlet streams during process operation and thus the probability of varying HETP values. In this work a modified rate based approach is presented, it is evaluated through a certain number of measurements for the main components which are recovered from the gas stream. Investigations on the phase equilibrium behavior concerning the main BTX components in the conventional applied coal tar oil and also in the alternative absorption liquid biodiesel have shown that an increase of almost 30% of absorption capacity  offers a reduction of required washing medium in this process and therefore a significant reduction in the operation as well as investment costs. In this contribution, a comparison between the conventional and the alternative absorption liquid is presented based on experimental results. 
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Thermodynamical investigations

Extensive studies were carried out in [3] and [4] for the determination of general thermodynamical properties related to temperature in order to provide more accurate process simulation. These investigations have shown that the high number of components similar in molecular weight and structure complicates the calculation of properties and therefore the simulation of the whole process. Changes in the composition of the applied washing oil occurring during the process are held within certain operation conditions due to the addition of fresh oil and the removal of heavy components. Further experiments were carried out in order to describe the thermodynamical behavior of the regarded BTX components in the coal tar oil. Thereby and due to the adjustment of missing parameters [5] it becomes possible to calculate activity coefficients depending on the molar concentration and the temperature by the application of the modified UNIFAC model. The same set of experiments was also carried out for the alternative absorption liquid biodiesel (Rapeseed oil methyl ester = RME). The experiments for RME, also available in [1], emphasizes that the activity coefficients of benzene, toluene and xylene in biodiesel, with values less than unity, are more desirable than in case of coal tar oil due to the fact that a higher absorption capability is obtained. Table 1 presents a summary of the main results. 
Table 1: Activity coefficients for the investigated solvents (T = 303.15K)

	Solvent
	γ(Benzene)
	γ(Toluene)
	γ(Xylene)
	Density

T=298.15K
	Molecular

weight

	Coal tar oil
	1.7
	2.7
	4.6
	1075
	180

	RME
	0.63
	0.65
	0.68
	870
	290


Also the solubility of overcritical components expressed by the Henry coefficients was determined for the main coke-oven gas components [3] for more accurate calculations.
3. Model approach
The calculation of the absorption as well as desorption process is based on an equilibrium model as well as rate-based approach implemented in FORTRAN as user-defined [image: image16.png]Mineral Coke Oven
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subroutine for the application in ChemCAD. Adjusted parameters in the case of the equilibrium model, are the Murphree efficiency for the plate column (desorber), the HETP value for the packed column (absorber) equivalent to the number of theoretical stages. The main requirements for the rate-based approach are model accuracy as well as robustness, in order to carry out real-time simulations for the application of model predictive control. In the general rate-based approach (fig.3) regarding the bulk phases of the liquid and the gas phase separately, mass and heat transfer rates are calculated by the transfer rates crossing the phase boundary between the bulk phases. In this work certain equations are replaced by more robust ones, leading to a better convergence behavior and a higher robustness. The investigations have shown that coupling the mass transfer rates only to one of both bulk phases increases the model robustness significantly for multicomponent mass transfer calculations. Therefore, the original component balances (2) and (3) are replaced by equations (4) and (5). 

Original rate based equations:
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Modified rate-based equations:
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For the energy balances, the correlation for the liquid side temperature is replaced by the energy equation of the whole section. Investigations on the absorption process have shown that equation (6) leads to higher robustness, whereby variations in the temperature profile due to disregarding the energy transfer coupled to the mass transfer are negligible. Optionally the equation can also be replaced by the general interface energy balance [6]. 

Alternative energy balance:

[image: image6.wmf](

)

Vap

Liq

Liq

Vap

Liq

I

T

T

T

T

a

a

+

-

+

+

-

=

1

0


(6)

Mass transfer rates, pressure drop in structured packing and liquid hold up are calculated by the correlations from Billet and Schultes taken from [2]. Assuming cross effects negligible, the binary diffusion coefficients are calculated for each component in the mixture of the coke-oven gas by Fuller and in the washing fluid by Wilke & Chang. 
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Investigations on the off-elements in the matrix of mass transfer coefficients show that the influence of the cross elements are negligible. Therefore, the simulation time can be reduced and the model robustness is improved considerably due to the simplification of equation (7) by equation (8). The calculation of the concentration and the temperature profiles is carried out for an increasing number of discretization elements. For the laboratory column with a packing height of 2.6m an optimal number between 10 and 12 elements can be pointed out.
4. Experimental Setup

The experimental validation of the implemented models is carried out in the pilot plant illustrated by fig. 4. The column is equipped with 2.6m of Mellapak 350Y with a diameter of 0.1 m. For the reduction of maldistribution caused by wall effects three liquid distributors are placed along the column height. The gas concentration profile is evaluated taking gas samples continuously at the gas inlet and at the positions of the liquid distributors and are analyzed by a gas transmitter (Dräger Polytron IRExES). 
The temperature profiles are determined by the use of eight temperature sensors of type PT100 placed along the column height. The gas load is controlled by a gas blower and the gas load is kept constant at F = 1.5 Pa1/2 (G = 37m³/h) during all experiments. The liquid load is controlled by a radial pump in order to investigate liquid loads between B = 6.8 – 11.3m³/m²h (L = 60-100 l/h). 

5. Experimental results

5.1. Model validation

During the first set of experiments the absorption capability of the conventional applied coal tar oil concerning the components benzene, toluene and m-xylene is analyzed for constant gas inlet temperatures between 28° and 30°C. 
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	Fig.5: Comparison between calculated and measured benzene concentration profiles in the gas phase
	Fig. 6: Comparison between calculated and measured toluene concentration profiles in the gas phase


In figures 5 and 6 the rate-based approach is evaluated schematically by parity plots. The comparison with the equilibrium model points out that a number of 6 to 7 stages, which corresponds to an HETP value of 0.37 to 0.43m leads to comparable results. Only in the case of higher liquid loads the maldistribution between the liquid distributors and thus the deviation between calculated and measured profiles increases for both models. The calculation of the outlet concentrations are almost within an accuracy of ±0.3g/Nm³ for the regarded components. 

5.2. Studies on absorption capacity
During the second set of experiments studies on the absorption capability of the alternative absorption liquid were carried out. The comparison between the experimental concentration profiles (fig. 7) of benzene in the different absorption liquids illustrates that the absorption rate is about 35% higher compared to the conventional absorption liquid and, therefore, lower outlet concentration can be obtained for the same liquid and gas load.
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	Fig. 7: Concentration profiles for coal tar oil and RME for same liquid load B=11.3 m³/m²h


	Fig. 8: Concentration profiles for coal tar oil and biodiesel for different liquid loads


In the case of biodiesel as absorption liquid the corresponding outlet gas concentration is obtained after 67% of packing height compared to the measurements with coal tar oil, which is equal to 1.7m of packing (Fig. 7). Therefore a reduction of packing height and thus a decrease of investment costs is provided. In the second experiment the liquid load is reduced to B = 7.9 m³/m²h which is equal to a reduction of 30% in the volumetric flow. Fig. 8 illustrates the comparison between the reduced RME flow (B=7.9m³/m²h) and the higher coal tar oil flow rate (B=11.3m³/m²h). In this case, the concentration profiles almost corresponds each other.      
6. Conclusions

The validation of the implemented rate-based approach as well as the equilibrium model have shown that both models are able to predict the absorption rate with sufficient accuracy. Due to the modification of the rate-based approach model, the robustness is increased significantly. The simulation time is reduced by the simplification concerning the mass transfer rates, which are expressed by binary mass transfer coefficients. The concentration profiles for both absorption liquids point out that investment as well as operation cost can be reduced by changing the absorption liquid onto the more favorable biodiesel. Due to the possibility of reducing the required washing oil rate about 30% through savings in investment costs for heat exchangers, pumps as well as column diameter are available.

7. Outlook

During ongoing studies the desorption process is studied also in order to analyze the rate-based approach with the focus on the assumed simplifications. For the application in the industrial process the alternative absorption liquid is studied concerning thermal as well as chemical stability especially during the desorption process.
Symbols

a
Effective interfacial area
[m²]

Greek letter
B
Liquid load

[m³/m²h]

α  Heat transfer coefficient
[W/m²K]

c
Molar concentration
[kmol/m³]
k
Mass transfer coefficient
[kmol/m²h]
Superscripts
L
Liquid molar stream 
[kmol/h]

I
Related to interphase
N
Molar flux across interface[kmol/h]

In
Inlet streams
Q  Heat flux across interface
[W/h]

Liq
Liquid phase
T
Temperature

[K]

Vap
Vapor phase
V
Vapor molar stream
[kmol/h]
x
Molar fraction liquid side
[kmol/kmol]
y
Molar fraction vapor side
[kmol/kmol]
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Fig. � SEQ Fig. \* ARABIC �2� Recovery of aromatic hydrocarbons
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Fig. 4: Flow sheet of pilot plant








Fig. � SEQ Fig. \* ARABIC �3�: Mass transfer stage
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