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Strategy for the selection of activated

General Introduction

Volatile Organic Compounds (VOCs) are used as solvents or directly involved in chemical reactions in chemical, pharmaceutical processes, and hydrocarbon industries. Some of them cause serious risks such as cancer and contribute a major proportion to air pollution [1][2][3]. According to the European Union (EU), volatile organic compound is defined as an organic compound having a boiling point less than or equal to 250 °C measured at a standard pressure of 101.3 kPa [1]. The demand for the reduction in the level of VOC from all the sources in EU member states has been entered into force and so they are monitored in all member states (Directive 2004/42/EC of the European Parliament and of the Council of 21 April 2004 on the limitation of emissions of volatile organic compounds due to the use of organic solvents in decorative paints and varnishes and vehicle refinishing products and amending Directive 1999/13/EC [1]. Figure 1.1 shows the VOC emissions per capita with respect to the country during the period 1990 -2005. Among the least populated countries, Canada and Norway have higher VOC emissions per capita compared with the other countries such as France, Belgium, and Netherlands. The scale of VOC emissions is significant in case of Canada and Norway, because of their strong hydrocarbon industry compared to other countries. In the dynamic adsorption and regeneration steps, the activated carbon is the heart of the process to recover the VOCs. According to the Global Industry Inc. activated carbon report (Apr 2011), the consumption of activated carbon keeps on increasing because of their major applications in industries for air treatment and purification. But the needs of activated carbon market in the developing Asian giant countries (like China and India) were already shifted and it would be growing extra-ordinarily in the coming future.

After the adsorption process, the adsorbent can be either regenerated or disposed off based on economics, its use and the kind of adsorbate that was adsorbed. There is a huge amount of risk involved in exposing the spent absorbent, because they accumulate heat and desorb to air causes a dangerous risk for human health and other living things. Disposing the adsorbent would lead to air, water and land pollution risks. So regeneration of the adsorbent could be considered if it is economically and technically viable. In this research work, a complete investigation of different modes of regeneration such as thermal regeneration (using steam or hot nitrogen gas -TSA),

Vacuum Temperature Swing Adsorption (VTSA) has been carried out. Especially, for example dichloromethane has adverse toxic effects on human central nervous system and environment. And so, the European parliament thus decided to ban its use with concentration equal to or greater than 0.1% weight [4]. 

. Adsorption and its mechanism -to control VOC emissions

Adsorption is a phenomenon of combination of diffusions (like Knudsen, molecular and surface diffusions) of contaminants in the surface of granular activated carbon [5][6][7]. The diffusion of gas molecules inside the pores of activated carbon particles is generally explained by three different mechanisms [8]. Theoretically, the three diffusions explain the diffusion phenomenon inside the pore, but the boundaries between these mechanisms are not obvious. The limits depend on the ratio between the size of molecules and the pore size of adsorbent. Moreover, one or more mechanisms may be used during the adsorption process, so it is common to consider the three mechanisms at the same time.

After adsorption, to recover the VOC molecules (contaminants) at higher concentration, a kinetic energy is required in the form of temperature (thermal energy) or vacuum for regeneration.

In theory, there will be a repulsion force and weak nuclear force of attraction (due to Van der Waal's force of attraction) between the surface of the adsorbent and the pollutant molecule. There is always a short distance between the surface of adsorbent and the molecule of the VOC and so the potential energy from the nuclear force of attraction makes the molecules to diffuse into the pores of the adsorbent [6][7].

To recover the VOC molecules at higher concentration, it needs kinetic energy in the form of temperature (thermal energy) makes to fly the VOC molecules from the adsorbent bed. Carbon is the first material to have higher surface area with this property [6][7].

Classification of adsorption

Adsorption can be broadly based on the (1) adsorbent concentration; (2) the modes of operation of adsorption [9]. The following section will represent the types of adsorption based on the above criteria.

Types based on adsorbate concentration

Based on the adsorbate concentration removal, if the removal of adsorbate is of trace elements (generally upto 1 percent of mass fraction in the feed stream), then it is called purification process. Or the removal of adsorbate present to the higher level (greater than 1 percent of the mass flow fraction percent in the feed stream), and then it is called bulk separation process. The following table shows the industrial examples of the bulk separation and purification process [9]. Several isotherms have been established (Langmuir, Langmuir-Freundlich, Dubinin-Raduskevich, etc) for VOC -activated carbon systems. The amount of gas adsorbed depends on the pressure, temperature and the interaction between the gas and the solid surface as adsorbent. The adsorbed gas reduces the pressure and results in increase of total volume enclosed in the solid [10]. The plot between mass/volume with the pressure/relative pressure is called adsorption isotherm [IUPAC, 1985] [10].

The simulation of adsorption processes requires adsorption experimental thermodynamic data which can be obtained with difficulties. Adsorption isotherm models have been developed to represent the adsorption equilibrium data in mathematical forms with different theories behind it.

The isotherm models are generally derived from the fundamental equation of Gibbs isotherm [11].

Several isotherm models have been established such as Langmuir, Langmuir Freundlich and Dubinin-Radushkevich (DR) to model the adsorption phenomena [11][12].

During dynamic adsorption, the temperature rise at different sections of the adsorbent bed depends on the properties of Volatile Organic Compounds (VOCs), on the characteristics of the adsorbent, and also on the interactions between the VOCs and the adsorbent. The increase in temperature in the adsorbent bed is caused due to the integral amount of adsorption heat. The increase in temperature in the adsorbed bed will decrease the adsorption capacity [13][14][15][16][17][18][19][20][21][22].

While constructing a mathematical equilibrium expression for adsorption isotherm, the following factors were considered as important: [23] -The enthalpy of adsorption;

-The pore size distribution function of the adsorbent;

-The ability of adsorbate to condense within the pore of certain size;

-The adsorbate affinity itself which would have an impact on the thickness of the adsorption layer.

The theories behind the isotherm models have already been extensively discussed in the literature [24][25][26][27][28][29][30][31][32][33][34]. Here the classical models of adsorption are Langmuir isotherm; Langmuir - 
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q e is the adsorbed amount (mol kg -1 ), q m is the adsorbed amount at saturation, i.e. for infinite concentration, H is the adsorption enthalpy variation (J.mol -1 ), T is the temperature (K), R is the perfect gas constant, and C e is the experimental concentration at the thermodynamic equilibrium (mol.m -3 ).

The Dubinin-Radushkevich (DR) isotherm model is based on the potential theory developed by Polányi and the pore volume filling theory by Dubinin (see equation 2.3). (2.3) W 0 is the microporous volume that can be filled by adsorbate (cm 3 g -1 ), V m is the molar volume of the adsorbed phase (cm 3 mol -1 ), E is the characteristic energy, i.e. the adsorption potential of the couple adsorbent-adsorbate (J mol -1 ), and p s is the vapor saturation pressure of the adsorbate (Pa).
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Regeneration of Volatile Organic Compounds (VOCs)

Definition of regeneration and its mechanism

Regeneration is defined as the process followed by adsorption to remove the organic vapors from the adsorbent either by raising the temperature or decreasing pressure or other driving force such as vacuum [34]. In general, regeneration is of two steps: desorption and drying [35][36] Drying is a required step particularly in the case of steam regeneration, because there is a possibility of condensed water in the bed; then the condensed water can be removed by passing the hot dry air through the bed. The drying step could be neglected in the case of absence of moisture in the bed. The factors influencing the effectiveness of regeneration are: (i) the degree of purification;

(ii) the adsorbent stability, (iii) the degree of recovery of adsorbed components and (iv)energy consumption [35][36].

Types of regeneration

There are two main types of regeneration of VOCs [37][38][39] which are as follows:

• Thermal Regeneration -by hot nitrogen / steam as heating fluids (TSA)

• Combination of vacuum -hot nitrogen regeneration (VTSA)

Steam regeneration

Steam is readily available in industries and produced by using boiler units at relatively low cost. Steam regenerates very well hydrophobic organics like chlorinated solvents and they are separated by gravity after condensation. Steam is less preferred to hydrophilic contaminants like alcohols, aldehydes, and ketones. If the steam is used for these kinds of VOC, then they are separated by distillation and so it makes the total cost higher [40]. Steam has been proven to be very effective and economical to regenerate activated carbons and hydrophobic zeolites [40]. The temperature distribution along the bed is uniform unlike using purge gas (like nitrogen) for regeneration [40].

The high heat of condensation makes the bed hot and by allowing dry air, it can remove the residual moisture, but still there is some water left in the activated carbon [40]. The temperature is being critical to maintain in steam regeneration and it is a challenge because to remove the some rested moisture from the bed by passing the dry air. Also the time for regeneration has to be optimized, because regeneration time directly links to the energy consumption and it can limit the economics [41]. Regeneration time is defined as the time required for the effluent concentration to reach 1% of feed gas concentration [38].

Chapter 2 -Literature Review

14

Drying is one of the most energy intensive steps after the regeneration cycle [36]. The bed has to be made sure that it does not contain any moisture and it involves mainly on the heat loss gradually by passing the dry air at ambient temperature [36]. But it can be overcome by heating the bed constantly and passing the dry air through the bed [36]. The selection of the regeneration temperature depends upon the heat capacity of the adsorbent and the boiling point and solvency of adsorbate [36]. The regeneration of organic compounds (O-chlorobiphenyl, tetrachloroethylene, carbon tetrachloride, p-dichlorobenzene and methyl ethyl ketone) from Ambersorb 563 adsorbent by using steam at 160 °C has been consistent for six cycles [41]. During the drying process after steam regeneration, the strategy of maintaining the heat stored in the bed by an external heat exchanger will help the dry air to remove the moisture in short period of time [42]. The amount of steam depends on the interaction between the VOCs and the activated carbon [40]. The criteria for selecting the steam mass flow rate depends on the bed pressure drop and is generally kept same as during adsorption step [40]. But the minimum flow rate is essential to reduce the partial pressure of the VOCs in vapor phase and transfer solvent out of the bed [40].

Steam consumption can be expressed in different forms as follows [40]:

-Grams of steam / Grams of VOC desorbed;

-Grams of steam / Grams of adsorbent regenerated;

-Number of bed volumes of steam consumed to regenerate single bed of spent adsorbent

The criteria for finding the mass flow rate of steam are presented as [40]:

• The ratio of mass of steam per mass of adsorbent is in the range of 0.84 and this value can be used in the calculations

• The ratio of steam / VOCs should be at least three Drying is an important step after the steam regeneration, because the moisture left in the bed can dramatically affect the adsorption capacity and the operational performances [36]. When the bed is hot right after the regeneration, the ambient air is passed through the bed and so that drying is faster at the beginning [36].

To conclude, steam consumption depends on the amount of the carbon, the amount of adsorbed VOC, the reactor dimensions, and adsorbent -VOC interactions. Environmental Protection Agency (EPA, United States) [1996] derived the equation 2.4 for the annual cost of steam (Cs).

C s = 3.5 x 10-3. M voc . T o . P s (2.4) Where, C s = Steam cost ($.yr -1 ); T o = System operating hours (h.yr -1 ); M voc = VOC inlet loading (kg.hr -1 ); P s = current steam price ($.tons -1 ). The cost of the steam (P s ) is taken as 120 % of current fuel price. Cost of steam varies with the VOC type, loading concentration and flow rates.
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Nitrogen regeneration

The temperature of hot nitrogen is usually in the range of 135 -160 ˚C depending upon the VOC to be regenerated. Nitrogen flow rates design is deduced from the literature review based on the amount of flow rates, the flow velocity and dimensions of the bed [19]. In the case of cyclohexanone, nitrogen regeneration had higher regeneration efficiencies in comparison with steam regeneration [35]. Nitrogen regeneration had always kept the bed dry and so the adsorption capacities would not be affected once after the regeneration [35]. The occurrence of bed fires was highly unlikely in the case of nitrogen regeneration compared with the steam regeneration [35].

High temperature regeneration range (700 -1000 °C) would increase the cost and as well damage the activated carbon leads to decrease in adsorption capacity in the next cycle. In each cycle after regenerating at higher temperatures will lead to 5 -15% of loss of adsorption capacity and the specific surface area, so it makes the adsorbent useless after several cycles. So the regeneration requires low temperature range (110 -400 °C) [3]. Thermal regeneration using nitrogen at elevated temperature (140 °C) on the synthesized activated carbon with meso porous silicon supports proved the potential of effective regeneration without affecting the carbon properties [43]. The regeneration is done based on different temperature (75, 120, 130, 140 °C) for different flow rates of mixture of CO 2 and polyethylenimine to optimise the regeneration conditions [43]. Indirect heating by internal heat exchanger in the column and cooling strategy helped in reducing the regeneration time and high purity of VOCs recovered [42]. But the investment cost of heat exchanger, structural heat exchanger design, and energy consumption would be high [42] Hot nitrogen regeneration had been advised for regenerating poly-ethylenimine based adsorbents, because of formation of urea linkages. These linkages had affected the adsorption capacity in successive cycles [43]. The regeneration studies on Toluene and Acetone were performed using nitrogen as purge gas on the activated carbon BPL at different temperatures (120, 150, 200°C) and different superficial velocities showed significant variation in regeneration of acetone and toluene [44]. Acetone had weaker interaction on the activated carbon than the toluene interactions [44]. Also Toluene has a significantly high boiling point than acetone, so it needs more energy requirement than acetone [44].

Chapter 2 -Literature Review The use of vacuum regeneration followed by thermal regeneration is more relevant than vice versa in terms of achieving final regeneration percentage [37,46,47]. During the vacuum regeneration, a small velocity of nitrogen 0.05 m.s -1 and a pressure of 0.04 bars are used [37,46,47].

Simulation model for adsorption and regeneration cycles

The adsorption-desorption process was described by first deriving the mass and energy balances for each step, accounting for the axial dispersion of mass and heat. Radial velocity, temperature and concentration gradients were assumed as negligible. The main equations and their respective assumptions used are described below [8,19,21,37].

Mass balance

The following are the assumptions for fluid dynamics and properties of the systems [8,19,37]  Uniform bed voidage ;

 Negligible pressure drop through the fixed bed;

 Constant superficial velocity of the gas-phase;

 Lumped dispersion mechanisms;

 Gas-phase density and specific heat equal to those of air;

 Densities and heat capacities of the different phases independent of temperature;

The following are the assumptions for the mass transfer in the system:  Carrier gas in adsorption is negligible;

 No radial mass transfer in the column

The partial mass balance equation expresses that the change in the concentration of the VOC in the gas phase along the column results from its transport in the gas flowing and from the accumulation of the adsorbate in the solid phase:
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q i -VOC concentration in the adsorbed phase, mol.kg -1 ; C i -VOC concentration in the gas phase, mol.m -3 ; ε -bed porosity; ρ p -bulk adsorbent density, kg.m -3 ; D L -axial mass dispersion coefficient, m².s -1 ; v -superficial velocity, m.s -1

Linear driving force model (LDF)

The adsorption and desorption rates are described according to the Linear Driving Force (LDF) model [8,19,37]. According to this model, the mass transfer kinetics is represented as a function of a global mass transfer coefficient K, weighting a potential difference between the actual amount of VOC adsorbed qi and the amount that would be obtained at the equilibrium qi*:

) q q .( K t q i * i i - = ∂ ∂ (2.6)
q i -adsorbed VOC concentration, mol.kg -1 ; K -global mass transfer coefficient, s -1 ; qi * -adsorbed VOC concentration at the equilibrium with the gas phase, mol.kg -1 ;

The global resistance to the mass transfer embodies the partial resistances to the transfer of the gas at the external surface of the particles and within the intra-granular porous volume.

Assuming a combination in series of the external and internal mass transfer resistances, the following expression can be proposed [4]:

      ∆ = RT H K ads 45 . 0 exp γ (2.7)
γ -adjustable coefficient (s -1 ); D S -surface diffusivity (m 2 .s -1 ) ; ΔH ads -heat of adsorption (J.mol -1 )

The effective diffusion coefficient takes into account the various elementary diffusion mechanisms which control the migration of the organic component to the adsorption sites (porous, Knudsen, and surface diffusion). It is here considered as one adjustable parameter, which remains unchanged whatever the sense of migration of the molecules, towards or backwards the adsorption sites.

Equilibrium model

The Linear Driving Force model requires the knowledge of the concentration distribution in the gas and in the solid phases at the equilibrium, at the operating temperature and pressure. The isotherm model used are Langmuir and multi-temperature Toth's equation [8,19,37].

Energy balance equation

The following are the assumptions involved in the energy balance of the system [8,19,37].

 Instantaneous local temperature equilibrium between gas and solid phases;  Mean heat of adsorption, independent of the amount of VOC adsorbed; The change in the enthalpy of the gas phase results from the heat transfers by convection and conduction with the solid particles and with the reactor walls:
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D H -coefficient of dispersion of heat (W.m -1 .K -1 ); T -temperature (K); ρ g -gas-phase density (kg.m - 3

); Cp g -gas-phase heat capacity (J.kg -1 .K -1 ); Cp s -solid-phase heat capacity (J.kg -1 .K -1 ); Cp Aadsorbed-phase heat capacity (J.mol -1 .K -1 ); ΔH ads -heat of adsorption (J.mol -1 ); h -coefficient of heat transfer (W.m -2 .K -1 ); T 0 -ambient temperature (K)

The heat transfer coefficient of gas to the adsorption wall (h) is calculated by the correlation Leva's correlation [48].

The adsorption enthalpy was derived according to the following statistical predictive model established [8,21]. α -VOC polarisability 10 -24 cm 3 ; ∆H vap -latent heat of vaporisation kJ.mol -1 ; PI -VOC ionisation potential (eV) ; γsurface tension of the liquid solvent (mN.m -1 ) -r mic , adsorbent average micropore opening (nm).

mic

Ergun equation

The Ergun equation was introduced in the model in order to describe the total pressure drops occurring in the system [8,19,37]. The model is composed of a set of fours partial differential equations (PDEs) describing the conservation laws: mass, energy and momentum transfer. The PDE set was first reduced to a set of ordinary differential equations (ODEs) using the method of lines -spatial discretization with finite differences [8,37] 
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Factorial Experimental Design (FED) for optimization of regeneration

FED is a statistical analysis which helps to study the influence of the operating conditions on the desired responses to be measured [49]. FED also reduces the number of experiments when it comes to measure the influence of more than two factors [49]. Figure 1 shows the different combination of two different operating conditions (X 1 , X 2 ) in an experiment and the signs (-, +) corresponds to minimum and maximum of the operating conditions [49]. The final response is measured as 'Y'. By using FED method in MINITAB, the analysis of variance (ANOVA) can be performed to obtain a response equation (Y) which is in linear form with the function of operating conditions (X 1 , X 2 ) [49]. The main effect of each factor is computed by first subtracting the average of the results of maximum level (+) to the average of the results of the minimum level (-) and then divided by the total number of factors in the experiment [49]. The interaction effect (X 1 .X 2 ) is computed by again subtracting the average of the results of maximum level combination to the minimum level combination [49]. For example, the product of an operating condition design (+, +) and (-, -) are considered as the maximum level combination.

Y = a o + a 1 . X 1 + a 2 .X 2 + a 3 .X 1 .X 2 (1) 
Y -Measured response; X 1 , X 2 -operating conditions; a 0 , a 1 , a 2 , a 3 -constants At the end of the analysis of variance in MINITAB software, the probability value p(f) has to be checked that it is less than 10% [49]. This shows that the the data obtained by the statistical analysis is significant with a confidence of interval 90% [49. If not, then the linear equation obtained in invalid [49]. If the statistical analysis is not successful, then a central point (0,0) in the operating conditions in an experimental design is chosen to measure the response. And then the error percentage on the response is estimated between the experimental and statistical results to consolidate the ANOVA equations.

Conclusion

A good approach to have an effective VOC regeneration from the literature review: ( Chapter 3 -Experimental and modeling of adsorption isotherms 28

Experimental and Modeling of adsorption isotherms

Adsorption isotherm equilibrium data are very essential in the dynamic simulation model [1][2][3][4]. These equilibrium data has been modeled to fit the different equilibrium isotherm models such as Langmuir, Langmuir-Freundlich and Dubinin Raduskevich for determining their corresponding coefficients [5][6][7][8][9]. So the isotherm equilibrium models are directly used in the dynamic simulation model. In 1921, Wasburn introduced the technique of using mercury with pressure to determine the macro and meso pore volumes of activated carbons. The pressured mercury fills the meso and macro pores in the activated carbon and mercury has the ability to form a contact angle more than 90˚ with the most carbons. From this technique, the bulk density, total pore volume and the surface area distribution are measured [11][12].

Adsorption isotherm experimental and modeling procedure

Apparent density can be defined as the weight of the solid divided by the volume of the solid included with the internal pores of the solid. True density is defined as the ratio of weight of the solid divided by the volumes of the solid with exclusion of volume of pores and internal voids. All the experiments are carried out by the using Micrometrics Auto pore IV 9500 mercury porosimeter analyzer. There are basically two types of analysis carried out and they are high pressure analysis and low pressure analysis. The pressure applied is inversely proportional to the size of the pores. The pressure and the diameter ranges for high pressure and low pressure analysis are as follows: The primary idea of passing the nitrogen gas is to fill the micropores in the activated carbon and the amount adsorbed depends on the pressure, temperature and the interaction of adsorbateadsorbent. The characteristics of the activated carbons such as BET surface area, micro pore volume (by Horvath-Kawazoe method) are measured by performing nitrogen adsorption isotherm at 77 K [13]. The microporous volume is calculated for the size of pore less than 2 nm [13]. The Table 3.2

summarizes their characteristics. The above all experiments for determining the characteristics of the activated carbon have been repeated for three times to have the consistency of error percent less than 10%.

Adsorption isotherm measurements and error propagation

The volumetric apparatus used to perform measurement is described by Figure 3.1. The activated carbon must be dried at 120 °C for 48 hrs for the moisture remove before experiments. 0.2 g of each activate carbon is put in ten glass reactors of 2.1 L size. A known volume of VOC was injected in glass reactors in the range of 20-400 µL. After equilibrium is reached, a part of the gas phase was sampled and analyzed using a gas chromatograph to establish the VOC gas phase concentration (C e ). The adsorbed amount of VOC was determined by mass balance according to equation 3.1 where C 0 is the injected VOC concentration, V is the volume of the reactor containing the AC, and m is the adsorbent mass [14].

( )
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The above procedure has been followed for the 5 VOCs -8 activated carbon systems to establish the isotherm equilibrium data at 293, 313, 333, and 353 K. So there are totally 120 isotherms have been performed, in which 60 isotherm equilibrium data have been taken from the previous research work [15]. 
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q e is the adsorbed amount (mol kg -1 ), q m is the adsorbed amount at saturation, i.e. for infinite pressure, H is the adsorption enthalpy variation (J mol -1 ), T is the temperature (K), n -constant parameter of the model, and c e is the experimental concentration at the thermodynamic equilibrium (mol.m -3 ),W 0 is the hypothetical microporous volume that can be filled by adsorbate (cm 3 g -1 ), V m is the molar volume of the adsorbed phase (cm 3 mol -1 ), E is the characteristic energy, i.e. the adsorption potential of the couple adsorbent-adsorbate (J mol -1 ), and ps is the vapor saturation pressure of the adsorbate (Pa).

Modeling procedure to determine the coefficients of adsorption isotherm models

The equilibrium data of the 120 isotherm experiments (which includes 5 VOCs and 8 activated carbon systems) were modeled (by using Gauss-Newton method in RSTAT, a statistical analysis programming) to find out the coefficients of different isotherm models [15][16][17]. With the coefficients obtained by R-STAT modeling, the adsorption capacities at equilibrium (qe) for each equilibrium data of all the VOC -activated carbon were calculated. These experimental results of 'qe' were compared with the results of 'qe' calculated by the equation 2. The student's t-test had been performed on the 'qe' (by modeling with RSTAT) and the 'qe' (by equation 3). The statistical results were significant under 95% confidence of interval [17]. All the coefficient values of different isotherm models are enlisted in the annexes section for different activated carbon -VOC systems.

These values are going to be used in the dynamic simulation of adsorption and regeneration cycles.

Chapter 3 -Experimental and modeling of adsorption isotherms 35 3.1.7. Multiple Linear Regression (MLR) procedure for establishing the coefficients of isotherms based on the properties of the VOCs and activated carbons MLR is a standard procedure that enables to understand the most significant variables (from the characteristics of activated carbon and properties of activated carbon) on the measured response [17]. The discrimination of less significant variables makes the MLR model more statistically reliable and also it could be applied to a wide range of VOC -activated carbon systems. The MLR models had been established by using the statistical package MINITAB. The MLR models for the different coefficients of DR and Langmuir isotherm models are going to be established as a function of the properties of VOCs and the characteristics of the activated carbons [15]. The F-test had been used on each of the parameters in the MLR model to test the statistical significance of the model under 95% confidence of interval. Finally, the calculated value from MLR model (for example, H MLR ) will be compared with the value obtained from the modeling of experimental value (H Exp ) by plotting a following graph (Figure 3.3) to check the linear regression validity of the MLR model [15]. 

Results and Discussion

Error bars on the adsorption isotherm

The error bars on the measurement of adsorption is calculated by the classical error propagation method. The accuracy of isotherm measurement decreases as a function of increase in concentration of different reactors in an isotherm experiment. This effect is due to the higher deviation of equilibrium concentration measurement (while 3 times sampling in the Gas Chromatography, GC), in the reactor which has the highest equilibrium concentration. For example, the error deviation (while 3 times sampling) in the reactor of 10 μl injected VOC (first point in the figure 3.5) is much less than the error deviation in the 400 μl injected VOC (last point in the figure 3.5). This is because of the area measure (volts x time) in the GC measurement for high concentration has a larger deviation than for a smaller concentration. The average of the concentration at equilibrium had been taken to have a balance on the error of uncertainty. The 

Modeling results of coefficients of adsorption isotherms by Gauss Newton method

The coefficients of the different isotherm model (such as Langmuir, Langmuir-Freundlich and Dubinin-Raduskevich) were found by using Gauss Newton method. The Gauss Newton method reduces the error (to the minimum) between the experimentally measured values of adsorption isotherm and the calculated values of adsorption isotherm. The calculated values of adsorption isotherm points are significant under 95% confidence of interval with the experimental isotherm measurements by student t-test. In the following section, an example of comparison between the calculated values of adsorption isotherm points (Cal.q e ) and the experimental value of adsorption isotherm measurements (Exp.q e ) to check the linearity of the model. The adsorption isotherm results and the coefficients of VOC -activated carbon systems (acetone/ethyl formate/ dichloromethane -NC 60/NC 100/ BC120/ BPL /GF 40) [15] are included in the entire process of isotherm modeling and the MLR model. The properties of the VOCs and the characteristics of the activated carbons were taken as variables in the MINITAB statistical software [15,18,19,20]. Table 3.7 shows the linear regression between the parameters. All the symbols of the different parameters and their corresponding units in table 3.7 are given in the nomenclature section. In case of two parameters sharing stronger value of R 2 , one has to be eliminated based on its less importance to the MLR model to be developed [18][19][20]. Therefore in the case of DR model, the parameters such as micropore volume (W o ), saturation 

Conclusions

The concentration range (1 -170 g.m -3 ) which had been chosen in the adsorption isotherm experiments covers a wide range which represents the typical situation in food, chemical and hydrocarbon industries. The adsorption isotherm coefficients to predict the adsorption capacity 

Objectives

The objectives of the VTSA are: (1) to study the influence of operating conditions on the recovery efficiency and operating costs by using Factorial Experimental Design (FED); (2) to find the time for which vacuum regeneration can be applied to achieve maximum recovery efficiency and reduce the operating costs, (3) to achieve the cooling benefits of the activated carbon bed after hot nitrogen regeneration, and also to perform the simulation for the experimental results. The aim of the study is to develop the simulation tool for VTSA process which has consists of VOC -AC system based on all the experimental work.

Dichloromethane -CECA ACM404 system

Characterization of Activated Carbon

The activated carbon CECA -ACM 404 is a coal based physically activated carbon. For all the characterization methodologies and results of the ACM 404, the chapter 3 could be referred [4][5][6].

Properties of dichloromethane

ACROS Organics supplied 99% pure dichloromethane for the experiments and the properties of dichloromethane (CH 2 Cl 2 ) could be referred in chapter 3 [4].
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Adsorption isotherm equilibrium model

The value q i * in the linear driving force model (LDF) was computed from the modified Langmuir isotherm model, taking into account the temperature effect on the equilibrium data. The parameters of the Langmuir equation were derived from the experimental data measured for the system (dichloromethane -ACM 404) at 20, 40, 60 and 80 °C [7]. Since, the isotherms are performed at different temperature, it is important to include the temperature parameter in the isotherm model as shown in equation 4.1. The R-Stat statistical software was used to check the significance of the computed parameters using an interval of confidence of 95% by student t-test [8].

The results are summarized in table 4.1. For the regeneration step, a system of heating cable was arranged around the pipeline to heat the nitrogen externally before entering the column. It was done to avoid the heat loss of hot nitrogen with atmosphere before entering the column for regeneration.

i i m m i P T k k P T k k T q q q ) exp( 1 ) exp( ) exp( 1 0 1 0 1 0 * + = (4.1)

Adsorption step

The adsorption step of dichloromethane on ACM 404 was achieved with the operating conditions as mentioned in Table 4.2. A constant flow rate of 0.0257 g.sec -1 of dichloromethane was passed through the evaporator which is at 35°C. A small flow rate of nitrogen (0.05 NL.sec -1 ) was passed through the evaporator to carry the dichloromethane which is in vapor form. The small flow rate of nitrogen was diluted with another nitrogen stream of 0.56 NL.sec -1 , thus forming a concentration of 50 g.m -3 of dichloromethane in the gas stream (dichloromethane + nitrogen) which is entering the column for adsorption. The gas which is at 0.56 NL.sec -1 was sent from the bottom of the column which was packed with 1.222 kg of ACM404 (activated carbon) as shown in the The external mass transfer coefficient (K f ) was computed from the correlation from Petrovic and Thodos [12]. The heat transfer coefficient of the gas to adsorbent (h p ) is calculated by the Satterfield correlation [12] and the heat transfer coefficient of gas to the adsorption wall (h w ) is calculated by the correlation Leva's correlation [12]. The adsorption-desorption process was described by first deriving the mass and energy balances for each step, accounting for the axial dispersion of mass and heat. Radial velocity, temperature and concentration gradients are assumed as negligible. The main equations and their respective assumptions used are described below [2,4].

Mass balance and Linear Driving Force (LDF) equations

The mass balance and linear driving force are exactly the same which was presented in the literature review section. In the following section, the improvement of the simulation model will be presented. The global resistance to the mass transfer embodies the partial resistances to the transfer of the VOC at the external surface of the particles and within the intra-granular porous volume.

Assuming a combination in series of the external and internal mass transfer resistances, the following expression can be proposed [1,2,4]:

p gl p p f * i m p a D r y a K q V K 5 1 + = ρ (4.7)
K -global mass transfer coefficient, s -1 ; K f -external mass transfer coefficient m.s -1 ; V m -molar VOC volume, m 3 .mol -1 ; q i * -amount of VOC adsorbed at the equilibrium mol.kg -1 ; a p -ratio between the external surface and the volume of the particle, m -1 ; y -VOC molar fraction in the gas ; r pparticle equivalent radius, m; D gl -global mass transfer coefficient m 2 .s -1 .

The external mass transfer coefficient K f was computed from the correlation from Petrovic and Thodos [12]. The effective diffusion coefficient takes into account the various elementary diffusion mechanisms which control the migration of the organic component to the adsorption sites (porous, Knudsen, and surface diffusion). It is here considered as one adjustable parameter, which remains unchanged whatever the sense of migration of the molecules, towards or backwards the adsorption sites.
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Energy balances

The energy balances were derived for each phase, accounting for the changes in the enthalpy of the gas and of the solid phases. The energy balance is further developed to add the regeneration heat exchange term (T -T p ) in the equations 4.4 and 4.5. The following are the assumptions involved in the energy balance of the system.

 Instantaneous local temperature equilibrium between gas and solid phases;

 Mean heat of adsorption, independent of the amount of VOC adsorbed;

 Enthalpy of adsorption = Enthalpy of regeneration;

 No radial heat transfer

In the gas phase:

The change in the enthalpy of the gas phase results from the heat transfers by convection and conduction with the solid particles and with the reactor walls: T -gas temperature, K; H -enthalpy of gas phase, J.kg -1 ; T p -temperature of solid phase, K; ρ gdensity of gas phase, kg.m -3 ; Cp g -specific heat capacity of gas phase, J.kg -1 .K -1 ; h w -heat transfer coefficient of wall, W.m².K -1 ; h p -heat transfer coefficient with solid, W.m².K -1 ; d c -diameter of the column, m; v -superficial gas velocity, m.s -1 ; D L -diffusivity (D H = ρ g .Cp g .D L ), m².s -1 ; D H -axial

0 ) ( 6 ) 1 ( ) ( ). ( 1 
heat dispersion coefficient, J.m -1 .s -1 .K -1
The heat transfer coefficient of the gas to adsorbent (h p ) is calculated by the Satterfield correlation [12] and the heat transfer coefficient of gas to the adsorption wall (h w ) is calculated by the correlation Leva's correlation [12].
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In the solid phase:

In the solid phase, the change in the specific heat of the solid phase is computed taking into account the calorific capacities of the virgin carbon adsorbent and of the liquid adsorbed organic solvent. The generation term expresses the amount of heat, either released during the exothermal adsorption process or transferred during the desorption step:

0 6 = ∂ ∂ ∆ + - + ∂ ∂ + t q H ) T T ( d h t T ) q Cp Cp ( i p i p p p p i a p p p ρ ρ ρ (4.9)
T -temperature of gas, K; T s -temperature of solid, K; ρ p -bulk adsorbent density, kg.m -3 ; ΔH ienthalpy of adsorption/desorption of the compound i, J.mol -1 ; Cp a -specific heat capacity of adsorbed phase, J.kg -1 .K -1 ; Cp p -specific heat capacity of the adsorbent, J.kg -1 .K -1 .

The enthalpy of adsorption is an important measure to understand the exothermal nature of the VOC adsorption and it could cause bed fires [13][14][15][16]. The adsorption enthalpy was derived according to the following statistical predictive model established [4]. It has been already discussed in the literature review section. As a first approximation, the integral enthalpy of desorption was assumed in absolute value to be equal to the one computed for the adsorption. This assumption may however be discussed as some experimental work reported in the literature, indicate some significant lowering in the desorption energies compared to the adsorption ones.

Ergun equation

The Ergun equation was introduced in the model in order to describe the total pressure drops occurring in the system [1][2]. It has been already described in the literature review section.

Numerical solving method

The model is composed of a set of fours partial differential equations (PDEs) describing the conservation laws: mass, energy and momentum transfer. In addition, constitutive equations were introduced in the model in order to express the rates of heat and mass transfers, as well as the equilibrium concentration distribution and the integral adsorption enthalpy. The PDE set was first reduced to a set of ordinary differential equations (ODEs) using the method of lines, which itself Chapter 4 -Experimental and modeling of dynamic VTSA 67 was solved using the method of Gear [1,2,4]. The discretization of the cells in the adsorption column is changed between 3 and 50. The model was implemented in the PROSIM software environment, which provides with the numerical method subroutines required to solve the equation set.

Results and Discussion

Results and discussion of adsorption step

The breakthrough curve of dichloromethane adsorption on ACM404 was measured during adsorption cycle and it was shown in the figure 4.6. Breakthrough curves represent the concentration of VOC (dichloromethane) start to rise in the exit of the column and it was measured by the FID. The amount of dichloromethane adsorbed was calculated by estimating the first momentum of the breakthrough curve. And the adsorption capacity can be calculated by the ratio of the mass of dichloromethane adsorbed to the mass of ACM404 (activated carbon). The adsorption capacity calculated by this method was found to be 31 % from the adsorption cycle. The breakthrough time was determined based on 10 % of the concentration of dichloromethane, which is set for adsorption in the inlet stream. The breakthrough time is 188 min as shown in the figure 4.6.

The dynamic adsorption capacity value (3.7 mol.kg -1 ) was verified if it is close to the value of the equilibrium adsorption capacity value (3.9 mol.kg -1 ). The dynamic adsorption capacity value was calculated by the ratio of dichloromethane in 'moles' to the mass of activated carbon in 'kg' and these values are taken from the dynamic adsorption experiments which generates the breakthrough curves. The equilibrium adsorption capacity was calculated by the ratio of dichloromethane in 'moles' to the mass of activated carbon in 'kg' and these values are taken from the equilibrium adsorption isotherm experiments which are conducted at 20, 40, 60, and 80°C. The error deviation between the dynamic and equilibrium adsorption capacity was found to be 5 %.

The simulation model PROSIM was executed to compare the results of the experimental and simulated break through curve, temperature profile (placed at 105 cm in the activated carbon Chapter 4 -Experimental and modeling of dynamic VTSA 74 Also, from the table 4.5, it is clear that the recovery efficiency (82%), average regeneration rate (1.74 g.min -1 ) for regeneration 1 was the best operating conditions among the other conditions. The cost was slightly higher than regeneration 3, but it regenerates significantly more than the other experiments. This will also result in retaining good adsorption capacity in the successive adsorption cycle.

Conclusions

FED was an effective tool to understand how the operating conditions of regeneration influences in the objectives of achieving higher recovery efficiency at an optimized operating cost.

The influence of flow rate of hot nitrogen has been significant in increasing the recovery efficiency and decreasing the operating cost [10][11]. The increase of intermediate regeneration has enabled to achieve maximum recovery efficiency at a shorter total regeneration time. By achieving higher recovery efficiency, it maintains the higher adsorption capacity for the successive cycles of adsorption. The temperature impact was slight (because of slight variation of temperature range 85 -93 °C) in terms of achieving higher recovery efficiency and optimized operating cost. It could have been interesting, if the heating equipments of higher capacity could have been used, so that the temperature of nitrogen could reach up to 170°C during thermal regeneration mode. The effect of vacuum regeneration was proven in terms of (1) achieving further effective recovery of dichloromethane after the thermal regeneration mode; (2) cooling of activated carbon bed significantly. It could be more interesting to study the 3x3 FED factors effect (temperature of nitrogen, intermediate regeneration and the flow rate of nitrogen) in one design approach of experiments by increasing the capacity of heating equipments.

Characterization of activated carbons

Three different activated carbons (such as ACV 404, ACM 404, and BC 120) are selected for this section of dynamic TSA process. They are selected in such to represent the diverse criteria such as: raw material; surface area; micropore volume; meso and macropore volume; activation method.

All the characterization methodologies and results of the activated carbons could be referred in the chapter 3 [4][5][6]. Here in this section, a comparison is drawn on the dichloromethane adsorption performance on the different activated carbons and also their corresponding simulation results.

Adsorption step of dichloromethane -ACV 404 system:

The dynamic adsorption capacity was calculated by the ratio of mass of dichloromethane adsorbed to the mass of activated carbon in the column. The mass of ACV404 is 250 g and so dynamic adsorption capacity was found to be 35 percent of the mass of dichloromethane adsorbed.

It could also be represented as 4.02 mol.kg -1 . This dynamic adsorption capacity value could be compared with the equilibrium isotherm adsorption capacity at 20 °C to justify that there is not a significant deviation between the dynamic and the static state of adsorption. The value of equilibrium isotherm adsorption capacity was 4.2 mol.kg -1 and so the error percentage was 4.3 %.

The breakthrough time was calculated at the point, when the concentration at the exit of the column reaches 10 percent of the initial concentration (30 g.m -3 ). So it was found to be 80 min. (2) BC 120 is chemically activated carbon and so the detail (different functional groups on the surface of BC120) is not included in the simulation tool. So it could be an explanation for the temperature profile. And these details are often very complicated to include in the simulation tool; (3) BC 120 is really micropores (Table 5.1) compared to its counterparts ACV404 and ACM204. This could be reason that the breakthrough rise momentum in BC120 is sharp and steep (Figure 5.6) than its counterparts.

To conclude, because of the low bulk density (will cause two times the capital cost for adsorption beds compared to using ACV 404) for dichloromethane -BC 120 system, ACV 404 could be preferred to BC 120 in this TSA application. ACV 404 is the outperforming material in terms of: (1) high adsorption capacity (4.2 mol.kg -1 ); (2) high bulk density (530 kg.m -3 ); (3) good simulation representation of experimental results of breakthrough curves and temperature profile.

Comparison of hot nitrogen regeneration results of dichloromethane from ACV404/ACM404/BC120 systems

Regeneration step of dichloromethane -ACV 404 system: Table 5.1 summarizes all the operating conditions of the hot nitrogen regeneration experiments and the corresponding results such as regeneration efficiency (R E ), Operating Cost (OP € ). The regeneration efficiency was calculated by the ratio of mass of dichloromethane regenerated to the mass of the dichloromethane adsorbed. The average regeneration rate (∑R R ) was calculated (Table 5.1) to represent as the average speed of regeneration during the cycle of 60 min.
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The operating cost was calculated on the basis of the nitrogen consumption (0.18 €.m -3 , Supplier -Air Liquide) and the energy costs for heating nitrogen (60 €.Mwh -1 , French electricity tariff). The signs (+) and (-) in the Table 5.1 indicates the two ranges of the operating conditions for the FED and they were chosen based on the preliminary experiments. Since it was a 2x2 FED, there had been 4 regeneration experiments (Reg.1, Reg.2, Reg.3, and Reg.4) as shown in the Table 3. From the equation 5.1, it could be concluded that the superficial velocity of the nitrogen (v) has influenced more on achieving higher regeneration than the nitrogen temperature (T). The influence could be compared by the coefficient of the corresponding coefficients of the operating conditions (T, v) in equation 5.1. From the equation 5.1, it could be concluded that an increase in temperature of nitrogen could decreased the operating cost. This was due to the fact of increasing Chapter 5 -Experimental and modeling of dynamic TSA
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The average error percent of the mass of dichloromethane regenerated between the simulations and the experiments was 2.7 %. It had been noticed in Figure 5.8, there has been a delay in the regeneration concentration profile of the experimental in comparison with the simulation results. This was due to the fact of overestimation of the effective mass transfer coefficient of solid to gas (K) in the simulation model. The adjustable effective mass transfer coefficient (K) had been optimized to the best fit of the simulation curve.

There were T1, T2, and T3 thermocouples which have recorded at the 3 ports of the column (at x = 2, 19 and 25 cm). The simulation and the experimental readings are marked are 'Exp' and 'Sim' respectively in the above Figure 5.9. In Figure 5.9, the rise in temperature profile in the simulation was faster than in the experiment. This explains the delay in the regeneration concentration profile of the experiment in comparison with the simulation.

Regeneration step of dichloromethane -ACM 204:

The following table 5.2 summarizes the regeneration performance for dichloromethane -ACM204 system. The following are the ANOVA equations for the regeneration efficiency and the operating costs for the dichloromethane -ACM 204 system. R E % = 63.9 + 5.12.T + 7.67.v + 0.02.T.v (5. Regeneration step of dichloromethane -BC 120:

The following table 5.3 summarizes the regeneration performance for dichloromethane -BC120 system. The regeneration efficiency is calculated at 20 min because of it low adsorption capacity compared to the ACV 404. The following are the ANOVA equations for the regeneration efficiency and the operating costs for the dichloromethane -ACM 204 system. R E % = 81.0 + 5.78.T + 10.0.v -3.2.T.v (

OP € (€/kg) = 1.93 -0.14.T + 0.24.v + 0.075.T.v (5.6)

The following figure 5.11 shows an example of experimental and simulation regeneration results of the dichloromethane -BC 120 ystem. The regeneration concentration peaks at 120 g.m -3 in the case of dichloromethane -BC 120 system, whereas in the case of dichloromethane -ACV 404, the peak is observed at a concentration 90 g.m -3 under the same operating conditions. In this case, the regeneration is calculated at 20 min and it is marked in the bold line. This calculation is because of the fact that at 20 min, a very good regeneration rate of 93.6 percent is achieved. This is because of the fact that the bulk density of ACV 404 is twice more than BC 120. And also the operation will be much simpler by using ACV 404, because of their higher bulk density, less need of adsorption beds, less need of hot nitrogen supply components. In the temperature profile (Figure 5.12), it could be noticed that the simulation points lead the experimental points and it is an explanation for concentration lead in simulation compared to simulation results. From the adsorption and regeneration results, ACV 404 clearly showed its The mechanistic models for evaluating regeneration efficiency (R E ) and the operating costs (OP € ) obtained by doing an ANOVA with the MINITAB software. The same approach has been implemented to the other VOCs such as dichloromethane and acetone and the results of FED equation for each VOC are presented as follows:

For acetone -ACV 404 system: R E % = 57.8 + 7.2.T + 11.65.v + 5.1.T.v (5.7)

OP € (€/kg) = 6.5 -0.6.T + 0.2.v -0.3.T.v (

For ethyl formate -ACV 404 system: R E % = 62.1 + 6.2.T + 10.9.v + 0.8.T.v ( In Table 5.5 and 5.6, regeneration experiment Reg.5 had the operating conditions in the central point of FED (T = 150 °C, v = 0.136 m.s -1 ). The experimental results were compared with the mechanistic models (equation 9) and the error percentage of the mass of regeneration of ethyl formate and acetone are under 5 %. This shows that the mechanistic model is statistically and realistically consistent within the range of operating conditions chosen. A similar central point had

Chapter 5 -Experimental and modeling of dynamic TSA 96 been chosen for the other cases of VOCs and their respective errors on the mass regenerated were always found to be less than 7%. So the equations 5.7, 5.8, 5.9, 5.10, 5.11, and 5.12 could be used to interpolate the regeneration efficiency and the operating costs for the different families of VOCs with the activated carbon ACV 404. Figure 5.17 -FED measure of influence of operating conditions on regeneration efficiency From the Figure 5.17, it could be concluded that the superficial velocity of the nitrogen (v) has influenced more on achieving higher regeneration than the nitrogen temperature (T) for all the VOCs. And also the interaction effect is significantly stronger for the case of acetone compared to dichloromethane and ethyl formate. From the Figure 5.18, it could be concluded that the increase in temperature of nitrogen has decreased the operating cost for all the cases of VOCs.
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For the steam regeneration, the temperatures of steam (Ts) were varied as 140 and 200˚C, and the flow rate of the steam (Vs) was kept constant at 0.83 g.s -1 by adjusting the pressure. The following Table 5.6 summarizes the operating conditions and the results obtained by the steam regeneration.

The operating cost was calculated on the basis of energy required for the steam (2722 kJ.kg -1 of steam, NIST), electricity tariff in France (60 €.Mwh -1 ), cost of drying (drying time = 1 hour), and cost of water (used for the production of steam) in France (3 €.m -3 ). The heating cost during drying step had been calculated based on the amount of heat energy spent to eliminate the moisture in the bed by passing hot air. Nitrogen regeneration had been favorable in terms of achieving slightly higher regeneration efficiency (84.8 %) and higher average regeneration rate (1.3 g.min -1 ) compared to the steam regeneration. Also there was no presence of humidity after the nitrogen regeneration, which has kept the successive adsorption cycle performance consistent. Since nitrogen is inert, it would regenerate high purity of dichloromethane. Although, nitrogen regeneration was very effective in achieving slightly higher regeneration, but the operating cost was four times higher of the steam regeneration.

And also, after the nitrogen regeneration, the step of separation (cryogenic condensation) of dichloromethane from nitrogen adds an additional cost. In the case of steam regeneration, it has proved that the regeneration of dichloromethane was effective (82.3 %) at a short time (16 min). But the drying step (which includes cooling time of bed) added an additional time of 1 hour to retain the bed completely dry, which has decreased the average regeneration rate (0.96 g.min -1 ). But, since dichoromethane is not soluble in water, it was easy to separate by simple condensation.

Steam regeneration step of acetone -ACV 404 system:

The following table 5.7 summarizes the results of steam regeneration of acetone from ACV 404. The error between simulation and the experiment is 10% based on the regenerated acetone (g). Inspite of high regeneration percent of acetone by steam regeneration (Figure 5.25 and Table 5.7), nitrogen regeneration could be preferred in the case of readily available steam in the industrial unit. It is because that acetone is highly soluble in water and so it has to be separated by multiple steps of distillation for having high purity. This additional cost has not been taken into account in the operating cost and so the nitrogen regeneration could be a better option over steam regeneration.

So by implementing the DR-MLR model for characteristic adsorption for the 4 VOCs, it would bring down the difficulties of performing adsorption isotherm experiments. And hence, the dynamic simulation becomes simple and efficient.

Experimental and modeling of dynamic VTSA system

The VTSA system which has been experimented was very different from the industrial practice. Usually in industries, simple TSA systems such as hot nitrogen and steam regenerations are used for VOC recovery process. Here in this system once after the dichloromethane adsorption step, the column is completely closed and heated by hot oil bath for 40 minutes (preheating). During this time, the adsorbed dichloromethane is partially desorbed. Then the hot nitrogen was passed for a period to achieve the intermediate regeneration. Once the intermediate regeneration is achieved, the vacuum mode of regeneration was applied for further regeneration and cooling benefits at the end of regeneration. The cooling at the vacuum regeneration is an advantage over normal TSA system, because it brings the temperature down close to 40˚C and so the time of cooling is saved.

Vacuum regeneration had been tried to apply at an intermediate regeneration point for achieving high final regeneration at an optimized cost. Thanks to factorial experimental design which has helped to achieve this optimization.

The adsorption and regeneration experiments carried out were validated by the simulation tool PROSIM. Inspite of the fact that there was high level of regeneration and cooling benefits of VTSA systems, the additional capital cost for vacuum pump, hot oil bath, valves and other components would certainly have a drawback over normal TSA system. Also there should be an additional measurement required for determining the intermediate regeneration to apply the vacuum regeneration. Hence, the VTSA system has been very interesting from the research point of view, but because of additional capital cost and complex of operation, it leads to difficulties for an industrial practice.

Experimental and modeling of dynamic TSA system

The two different systems such as hot nitrogen and steam regeneration had been thoroughly investigated for different VOCs and different activated carbons. The TSA system experimented here is exactly identical to the industrial process in terms of operation, just by passing the hot nitrogen or steam for regenerating the activated carbons. Resume en Francais L'ensemble de ces données, fournies par l'utilisateur, sont transmises au modèle développé avec la collaboration du partenaire spécialisé, Prosim. Les principales informations fournies par la simulation sont alors les courbes de percée (efficacité du procédé), les profils de température au coeur du lit (sécurité du procédé pendant la phase d'adsorption et réduction des coûts énergétiques pendant la phase de régénération).

Dans ce contexte, nos objectifs sont de :

mesurer les données utilisateur essentielles pour la simulation (EMN-ENSCR)

• Sélection de COV et des CA à tester (panels représentatifs des conditions d'utilisation industrielles)

• Caractérisation des CA (angle de contact supérieur à 140°), le volume de mercure introduit dans la structure de l'adsorbant est corrélé à la taille des pores par l'équation de Washburn [5][6]. A partir du volume poreux total (meso + macro), la densité du charbon actif est calculée (Tableau 2). Surface BET (m 2 .g -1 )

Volume poreux total (meso + macro) (cm 3 .g -1 )

Pica BC120 0,26 Un grand nombre de mesures sont encore à réaliser pour compléter la base de données (environ 180 isothermes). Cpg : chaleur spécifique de la phase gaz (J.kg -1 .K-1 )

Modélisation des isothermes

T R H exp b q q         +         = q m , b, H Dubinin -Raduskevich                         - =
C T R H exp b q q         +         = q m ,
Cps : chaleur spécifique de la phase solide (J.kg -1 .K -1 ) Cpa : chaleur spécifique de la phase adsorbée (J.kg -1 .K -1 )

ΔHads : enthalpie d'adsorption (J.mol -1 ) h : coefficient de transfert de chaleur (W.m -2 .K -1 ) En ce qui concerne le modèle développé à l'EMN, l'analyse met en évidence une bonne représentation des courbes de percée. Les profils de température simulés sont en bon accord avec l'expérience mais la valeur de la température maximale est souvent sous-estimée. Enfin, le lien apparent entre la surface spécifique et le coefficient de transfert de matière suggère de tenir compte avec précision de l'aspect géométrique des particules d'adsorbant (surface spécifique, rapport de surface sur volume de ces particules, etc.). Ce dernier point suggère de modéliser le coefficient k comme la somme de deux contributions : le transfert de matière interne, fonction du coefficient de transfert au travers de la couche limite, et externe, fonction de la diffusivité globale. La dépressurisation sous vide est insuffisante pour régénérer complètement le lit, même après une désorption thermique partielle de 55 à 75% de la quantité de COV adsorbée à saturation. En mode combiné, le taux de régénération maximal atteint en fin de cycle est de 82%. Ce taux varie notamment en fonction du niveau de régénération partielle auquel débute la dépressurisation sous vide.
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Au cours de l'étape de désorption thermique, si la température atteinte dans le lit n'influe guère sur la vitesse de régénération (cycles 5, 6, 7, 8), on constate que le débit d'azote appliqué est en revanche un paramètre opératoire déterminant. Ainsi, si l'on compare les cycles 2 et 5, un gain de 25% est obtenu sur le taux de désorption partiel à l'issue de la désorption thermique (étape 1) grâce au doublement du débit d'azote, toutes choses égales par ailleurs.

Analyse technico-économique

Une comparaison des coûts opératoires exprimées en termes d'énergie électrique consommée et de consommation d'azote a complété l'étude expérimentale.

Le débit d'azote chaud appliqué lors de l'étape de désorption thermique a un impact significatif non seulement sur les performances de régénération mais aussi sur les coûts opératoires.
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 1112 Figure 1.1 -VOC emissions per capita by country (Source: OECD)
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 12 Figure 1.2 -Different techniques for recovery / emission control of VOC (Source: Waterleau)

Figure 1 .

 1 Figure 1.3 shows an example of the adsorption and regeneration of ethyl acetate, which has been used as solvent to extract caffeine from coffee powder. Once the caffeine is extracted, the gas mixture containing ethyl acetate is passed through the adsorption column. At the end of the saturation step, the organic vapors are recovered (by passing hot nitrogen / steam) from the activated carbon bed to reuse it in the caffeine extraction.
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 13 Figure 1.3 -Temperature Swing Adsorption (TSA) application in solvent recovery
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 141 Figure 1.4 -Summary of architecture of the research work

Figure 2 .

 2 1 shows the pie-chart distribution of VOC sources by sectors out of 7500 kt of VOC in the European Economic Area for the year 2009 (Source: European Environmental Agency). With this research work of remediation process (adsorption and regeneration) of VOC, it would be possible to primarily find a solution for the VOC emissions due to: (1) solvent and product use (35.8%); (2) Industrial processes (15.1%).
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 21262 Figure 2.1 -Pie-chart distribution of VOC sources in European Economic Area in 2009
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 22 Figure 2.2 -Change in VOC emissions in European Economic Area -by sector (1990-2009)
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 223 Figure 2.3 -Schematic diagram of different types of diffusion
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 23 Types of mode of operationAdsorption processes can be classified into two main types: (1) Pressure Swing Adsorption (PSA); (2) Temperature Swing Adsorption (TSA)[9]. Figure2.4 and 2.5 show the example of the typical example of PSA and TSA processes. PSA process is generally applied when the adsorbate is of higher concentration (> than 1%) of the feed gas and the pressure range is (2 -20 bars, depending the separation). An example is CO 2 removal from biogas. And, TSA process is applied for concentration of the adsorbate ranging from 1 to 100 g.m -3 of the feed gas stream and the temperature range is (120 -250 °C). An example is the removal of VOCs (ranging from 1 -100 g.m - in the production of biomethane from landfill waste.
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 241025 Figure 2.4 -Pressure Swing Adsorption (PSA) for hydrogen production

Freundlich

  and the Dubinin Radushkevich (DR) isotherm model are summarized from the literature[24][25][26][27][28][29][30][31][32][33][34]. The well known Langmuir model (see equation 2.1) is based on the hypothesis that the adsorbed phase is constituted of a monolayer of adsorbed molecules, the adsorbent surface is energetically homogeneous, there is no interaction between molecules, each adsorbed molecule is located on one adsorption site and each adsorption site could receive only one molecule, and the adsorbed phase is a perfect phase. According to the Van't Hoff law, the affinity coefficient could be expressed as a function of the adsorption enthalpy and the temperature. The equation 2.2 represents the Langmuir-Freundlich isotherm and it has one more additional parameter compare to classical Langmuir model (equation 2). This additional parameter (n) gives more flexibility for the model.

  Figure 2.5 shows the cycle of steps in recovery of adsorbed molecule [36]. The regeneration of the chloro-organic derivatives are very efficient with steam at 140 °C and the number of cycles of adsorption and desorption does not influence the adsorption capacity [3].
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 25 Figure 2.5 -Cycle of adsorption, steam regeneration, drying and cooling
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 20 No radial heat transfer

  10) μ -dynamic viscosity, Pa.s; ρ p -bulk adsorbent density, kg.m -3 ; d p -equivalent particle diameter, m ; ε -bed voidage.
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 26 Figure 2.6 -Factorial Experimental Design (FED) representation
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 331 Experimental and modeling of adsorption isotherms 29The physicochemical properties of VOCs are used in the dynamic simulation model and also in the modeling section of adsorption isotherms[10]. Physicochemical properties of volatile organic compounds 3.1.3. Characteristics of activated carbon (a) Mercury Porosimetry
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 31 Figure 3.1 -Adsorption isotherm experimental setup
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 32 Figure 3.2 -Error propagation method on adsorption isotherm measurements
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 334 
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 33 Figure 3.3 -Plot of MLR model values Vs Experimental values

  results from modeling are fitted to the actual experimental date (without the error bar consideration). Two examples of error bars on adsorption isotherm measurements are shown in the following figures 3.4 and 3.5. The error bar tendency has not varied independent of VOC and the activated carbon used in the isotherm experiment.
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 3435 Figure 3.4 -Error bars on the adsorption isotherm of Dichloromethane -ACV404 system at 20˚C
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 3637 Figure 3.6 -Influence of temperature on adsorption isotherm of Ethanol -ACM204 system
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 3833939 Figure 3.8 -Influence of properties of activated carbons on adsorption of Ethyl formate at 20˚C
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 3103 Figure 3.10 -Influence of properties of VOC adsorption on ACV404 at 20˚C

  (a) Langmuir isotherm model coefficients. In the figure 3.11 (Dichloromethane adsorption systems), the values of calculated adsorption isotherms are having a very good agreement with the experimental adsorption isotherms.
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 311 Figure 3.11 -Validity of Langmuir isotherm model for Dichloromethane -activated carbon systems
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 342312 Figure 3.12-Validity of Langmuir-Freundlich isotherm model for Ethyl formate -activated carbon

  (c) Dubinin-Raduskevich (DR) isotherm model coefficients: Here is an example of the validity fitting for DR isotherm model in the figure 3.13. The DR isotherm model results (calculated by using R-STAT modeled on isotherm coefficients of DR isotherm model) are statistically less significant with the raw experimental results of adsorption isotherms in comparison to the results of Langmuir and Langmuir-Freundlich isotherm models.
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 313 Figure 3.13 -Validity of DR isotherm model for Dichloromethane -activated carbon systems
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 314 Figure 3.14 -Saturation pressure variation of VOCs with temperature

47 represents 4

 474 pressure (Ps), parachor (Pa), and specific surface area (BET) have been chosen to form the MLR model. The measured response adsorption characteristic energy [E] was also taken in the MINITAB statistical software. The MLR model of the response was established as a function of variables by regression analysis. The best MLR model (in terms of accuracy) for the characteristic adsorption energy [E] in the DR isotherm model is expressed as equation 3.2. The MLR model is dimensionless (normalized) because the variables had been normalized to avoid the art effect on each variable. Adsorption characteristic energy [E] with R 2 value = 0.94 E = 0.61.W o -1.39.BET + 0.45.Ps -0.33.Pa (3.2) The coefficient [E] of MLR model was calculated using the quantitative equation 3.2 for each VOC -activated carbon system and these calculated results were statistically significant (under 95 % confidence of interval by f-test) with the experimental values obtained by modeling with Gauss Newton method in R-STAT. The quantitative MLR model which is used to calculate the characteristic adsorption energy is expressed as equation 3.3 E = 9.96 + 6.92.W o -0.005.BET + 0.05.Ps + 0.03.Pa (3.3) A very good agreement between the calculated characteristic adsorption energy values (E MLR ) and the modeled characteristic adsorption energy values (E Exp ) from the isotherm experimental data had been observed by plotting the as shown in the Figures 3.15 and the value of R² is 0.94. Based on the large set of 120 adsorption isotherm experiments, the statistical MLR model had been established for the characteristic adsorption energy [E]. This MLR model had been validated with the experimental values which were obtained by using R-STAT software. This MLR model Chapter 3 -Experimental and modeling of adsorption isotherms VOCs of different families and also the 8 activated carbons and hence the model is rich and diverse in terms of different VOCs and activated carbons. This MLR model will be implemented in the dynamic adsorption simulation model PROSIM and so it will make the simulation tool PROSIM simpler and more efficient (by not dealing with isotherm equilibrium data). The variables such as BET, micropore volume, saturation pressure and parachor had emphasized the influence of adsorbate-adsorbent interactions as shown in equation 3.3 [18-20]. These interactions were often described as the most influential parameters for the adsorption mechanisms of DR isotherm model. Despite of the limitation that the MLR model is not valid for toluene activated carbon system, it will be very a useful option of covering the equilibrium isotherm data of 4 VOCs -8 activated carbon systems with a simpler predictor MLR equation in the dynamic simulation tool PROSIM.
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 31553 Figure 3.15 -Characteristic adsorption energy [E] of DR model
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 316 Figure 3.16 -Enthalpy of adsorption [H] of Langmuir MLR model
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 344 Experimental and modeling of adsorption isotherms 50 have undergone rigorous statistical tests to consolidate the reliability of each VOC -activated carbon system. The goal of establishing these huge set of isotherm data are to use them in process simulation PROSIM. Even though the DR-MLR model for the characteristic adsorption energy (E) for toluene-activated carbon systems has failed to work because of the reasons given in the discussion, the DR-MLR characteristic energy model would reduce the necessary to perform the adsorption isotherm experiments. The other values such as micropore volume (from nitrogen analysis), the saturation pressure and molar volume (from VOC properties) are already available. So by having this MLR model in the simulation tool, it will make the simulation efficient and simple. Experimental and modeling of dynamic VTSA 53 Experimental and Modeling of dynamic Vacuum Temperature Swing Adsorption (VTSA)Experimental and simulation studies on VTSA process to recover organic vapors had been initiated to identify the advantage and limitations of the VTSA process over the normal TSA process[1][2]. And the influence of operating conditions has not been investigated in depth to estimate the combined vacuum temperature regeneration efficiency and the operating costs[1][2]. In addition, there are not many studies that compares the dynamic experimental and the simulation results of combined vacuum temperature regeneration[1][2].
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 44 Figure 4.1 shows the experimental setup of ACM404 (activated carbon) -dichloromethane (VOC) system. The adsorption column used is made of stainless steel and the dimensions are 1.5 m in length, 0.05 m of internal diameter and 1.5 cm thickness. The thermal conductivity value (λ) of the adsorption column's wall (stainless steel = 16 W.m -1 .K -1 at 25 °C) was taken from the database which had been implemented in the simulation package. A thermocouple is placed in the activated carbon bed at 105 cm to record temperature data. The first step was the adsorption of dichloromethane on ACM404, and then followed by regeneration step which is a combination of hot N 2 and vacuum. In the system, a continuous gas-phase sampling of VOC concentration using Flame Ionization Detector (FID) was present in figure 4.1. FID was used to measure the exit
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 4 Figure 4.1.
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 414 Figure 4.1 -VTSA Pilot plant scheme

Figure 4 .

 4 Figure 4.2 shows the different steps and the operating conditions in the combination of hot nitrogen and vacuum regeneration.
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 42 Figure 4.2 -Different steps in combination of hot nitrogen and vacuum regeneration

FED has been implementedChapter 4 - 4 . 4 . 4 . 2 3 2 ( 4 . 5 ) 6 ) 4 - 4 . 5 .

 4444232456445 to study the effects of set of factors on the responses;(1) to estimate the magnitude of the effects contributed by the factors;(2) and to develop a mechanistic model. In FED, say X 1 and X 2 are two different factors and the response (output) was measured as say Y. The FED analysis was performed by with MINITAB software by using analysis of variance (ANOVA) method[3].At the end of the ANOVA, it gives a model in the form of the following equations 4.2 and 4.3. F R = a o + a 1 .T + a 2 .I R + a 3 .T.I R (4.2) OP € = b o + b 1 .T + b 2 .V f + b 3 .T.V f (4.3) F R -Recovery efficiency; OP € -Operating costs; T -Temperature of nitrogen factor; I R -Intermediate regeneration factor; V f -Volumetric flow rate of nitrogen factor Experimental and modeling of dynamic VTSA 59 Estimation of recovery efficiency and operating costs The recovery efficiency was estimated from the integration of the regenerated mass (g.l -1 ) with time (min) and then multiplied by corresponding flow rate of nitrogen. The multiplication of different flow rates is because the values of nitrogen flow are different in hot nitrogen and vacuum regeneration. The operating costs for the regeneration step was calculated by the summation of energy costs of all the heating equipments (pre-heater, rope heating, hot oil bath, and vacuum pump) and the consumption of nitrogen during the regeneration step. The parameters required for the cost analysis were tabulated in the Table 4.4 [9]. Equations 4.4, 4.5 and 4.6 are used to calculate the recovery efficiency, operating cost for regeneration and recovery speed.Table 4.4 -Inputs for operating costs estimation Power of vacuum pump (kW) 0.396 Power of hot oil bath (kW) Power of pre-heater (kW) 0.Power of rope heating (kW) 0.Cost of Nitrogen (€.m -3 ), supplier -Air Liquide 0.18 EDF Electricity Tariff (€.MWh -1 ) in France 60 Recovery efficienty (%) = [Regenerated VOC] (g). [Adsorbed VOC] -1 (g -1 ) (4.4) Operating cost (€ cents) = Heating costs (€ cents) + Cost of N2 (€ cents) Recovery speed = Total mass of VOC regenerated (g). [Regeneration time] -1 (min -1 ) (4.Chapter Experimental and modeling of dynamic VTSA 60 Simulation model development and validation 4.5.1. Simulation arrangement As per the experimental setup, the VTSA process arranged in the PROSIM simulation tool and it is shown in the figure 4.3. Stream 1 represents the adsorption step of the dichloromethane coming at a concentration 50 g.m -3 . Stream 2 represents the hot nitrogen regeneration until to achieve the intermediate regeneration according to the FED. Stream 3 represents the vacuum pressure regeneration and it is applied once the intermediate regeneration is achieved by hot nitrogen regeneration. Stream 4 is the purge nitrogen at the end of the regeneration to cool the bed once after the regeneration. Stream 5 is the exit for the concentration measurement in different stepsof the VTSA process. In the case of TSA process, the stream 3 will be absent in the simulation interface[10][11].
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 434452444 Figure 4.3 -VTSA process -PROSIM simulation setup
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 454 Figure 4.5 -Different data entry sections in the simulation interface
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 534544455 Adjustable variable in the simulation modelThe effective diffusion coefficient between gas to solid (D gl ) takes into account the various elementary diffusion mechanisms which control the migration of the organic component to the adsorption sites (porous, Knudsen, and surface diffusion). The effective diffusion coefficient could be very difficult to obtain theoretically for different VOC -activated carbon because of its complex mechanism and it had been already explained in the literature review. It is here considered as the only one adjustable parameter, which remains unchanged whatever the sense of migration of the molecules, towards or backwards the adsorption sites. This value is adjusted in a way such that the simulation results have the least possible error with the experimental results of adsorption and regeneration. Results analysis after the simulation execution After entering the different data (listed in the section 4.5.2) and also initializing the data such as effective mass transfer coefficient, the simulation model is executed to run for the calculations with the numerical analysis method. Once the simulation is complete, it is possible to look for results such as breakthrough curve, VTSA regeneration profile, and temperature profiles of adsorption and regeneration. An example of results of breakthrough curve and temperature profile of dichloromethane -ACM404 system from the interface is shown in the figure4.3. In addition to the results, the simulation interface is programmed to create automatic excel sheets of concentration and temperature profiles of the adsorption and regeneration cycles. This will be used for calculating the different results of the adsorption and the regeneration steps. Experimental and modeling of dynamic VTSA 64 Development of simulation model equations
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 4 Experimental and modeling of dynamic VTSA 68 bed) and it is shown in the figures 4.6, 4.7. The simulation model results had a good agreement with experimental results and it has showed in figures 4.6 and 4.7. The mass transfer coefficient between the gas-solid (D gl ) is adjusted in the simulation model and the value is 0.008m 2 .s -1 . The calculation of the adsorption capacity for the simulations having 3 and 50 discretization cells has remained the same value of 31%.
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 46 Figure 4.6 -Experimental and simulation breakthrough curves comparison
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 47 Figure 4.7 -Experimental and simulation adsorption temperature profile comparison

Figure 4 .8 and 4 . 9 .

 449 Figure 4.8 and 4.9. The other results of regeneration profile at different operating conditions are given in the annexes. The validity (R²) of the prediction of simulated regenerated dichloromethane mass to the experimental regenerated mass is 0.99 and it is shown in the figure 4.10. A similar graph is plotted between the average concentration of the simulation and the experiment and it is shown in the figure 4.11. It is interesting that the average concentration could be high, inspite of the low mass
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 48 Figure 4.8 -Regeneration profiles corresponding to operating conditions in Table 7

Figure 4 . 9 -Figure 4 . 10 -Chapter 4 -

 494104 Figure 4.9 -Regeneration temperature profile at the exit of the column

  efficiency and also significantly reducing the operating cost. The factor intermediate regeneration plays a critical role in achieving high recovery efficiency, but it increases the operating costs. The increase in the operating cost was justified by obtaining higher recovery efficiency and so that the number of successive regeneration cycles can be reduced. The interaction effect of temperature and the intermediate regeneration was very low in both cases of recovery efficiency and operating costs and it can be noticed from the value of coefficient of T.I R from equations 4.10 and 4.11. From equations 4.12 and 4.13, the interaction effects of temperature and flow rate (T.Vf) were not significant. The first FED set with temperature of nitrogen (T) and intermediate regeneration (I R ) as factors F R = 76.5 + 1.5.T + 4.5.I R + 0.5.T.I R (4.10) OP € cents = 58.3 -0.7.T + 6.3. I R + 0.25.T.I R (4.11) F R -recovery efficiency; OP € cents -Operating Costs The second FED set with temperature of nitrogen (T) and flow rate of nitrogen (V f ) as factors F R = 66.3 + 2.3.T + 5.8.V f -0.25.T.V f (4.12) OP € cents = 65 -1.T -13.V f (4.13)
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 45 Figure 5.1 shows the experimental setup of Temperature Swing Adsorption (TSA). It has an adsorption column with the dimension of 0.275m high x 0.05m internal diameter. Thermal couples are located at 3 various ports (at 2 cm, 19 cm and 25 cm from the top of the column) in the column to record the temperature data during adsorption and regeneration cycles. In the event to avoid heat losses, the column was insulated by 2 cm thick glass wool. During the adsorption step, 30 g.m -3 of VOC concentration (acetone, dichloromethane and ethyl formate) are prepared by the VOC generating system (includes the two air streams, one for lifting the vapors of dichloromethane in the reservoir and the other for dilution, and enters the column at temperature = 25.8 ˚C). The flow meters which is used for connecting the adsorption column and the equipments is BROOKS mass flow controller 5851. The concentration of the VOC was measured and calibrated by using by a commercial Flame Ionization Detector (FID) called CAMBUSTION HFR-400FFID. For the calibration curve, different volume samples (from 10 -400 µl) are injected into a glass balloon of 1L volume. The mass of VOC is calculated by multiplying density of VOC and volume of VOC injected in the glass balloon. Once having the value of VOC mass, the concentration (g.m -3 ) is calculated by the ratio of mass of VOC to the volume of the glass balloon. Hence, a linear calibration curve of concentration of VOC (g.m -3 ) Vs FID response (volts) could be established for the dynamic experiments. The superficial velocities of the adsorption gas corresponding to acetone, ethyl formate and dichloromethane are 0.24, 0.23 and 0.26 m.s -1 respectively [2,6,7]. The temperatures in the activated carbon bed are monitored to observe the risks of bed fires during
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 51555 Figure 5.1 -Experimental setup of dynamic temperature swing adsorption pilot plant

Figure 5 . 2 shows

 52 the breakthrough curve of the experimental (represented as Exp) and the simulation (represented as Sim) results. From the Figure 5.2, it is clear that the simulation model predicts well the experimental points to give the similar breakthrough time and adsorption capacity. But there was dispersion at 90 min between the experimental and simulation points. From this point, the simulation model could under predict the mass transfer coefficient of the gas to the solid compared to the experimental points. The mass transfer coefficient of dichloromethane -ACV 404 system (D gl ) is adjusted as 0.009 m 2 .s -1 . Figure 5.3 shows an example of the exit temperature profile (at the exit of the column 25cm) of the adsorption of dichloromethane on ACV 404. In general there was only a negligible temperature difference of 2˚C between the simulation model and the experiment. The adsorption isotherm results of the three systems dichloromethane -ACV404/ACM204/BC120 are summarized in the annexes sections.
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 52535 Figure 5.2 -Breakthrough curve of dichloromethane -ACV404: experiment and simulation
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 5455 Figure 5.4 -Breakthrough curve of dichloromethane -ACM 204: experiment and simulation
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 5657 Figure 5.6 -Breakthrough curve of dichloromethane -BC 120: experiment and simulation

  Reg.5 (=) (acts as a central point of the FED) had been performed to check the statistical validity of the mechanistic model obtained by performing ANOVA on the regeneration experiments Reg.1, Reg.2, Reg.3, and Reg.4. Regeneration time was always fixed at 60 min for all cycles. The mechanistic models for evaluating regeneration efficiency (R E ) and the operating cost (OP € ) obtained by doing an ANOVA with the MINITAB software were as follows: R E % = 64.7 + 7.15.T + 11.15.v + 1.8.T.v (5.1) OP € (€/kg) = 3.79 -0.41.T + 0.11.v -0.05.T.v (5.2)
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 5 Figures 5.8 and 5.9.
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 5859 Figure 5.8 -Regeneration profile of dichloromethane -ACV 404: experiment and simulation

3 )Chapter 5 -

 35 OP € (€/kg) = 5.8 -0.47.T + 0.45.v -0.02.T.v(5.4) Experimental and modeling of dynamic TSA89The following figure 5.10 shows an example of experimental and simulation regeneration results of the dichloromethane -ACM 204 system. The regeneration concentration peaks at 55 g.m-3 in the case of dichloromethane -ACM 204 system, whereas in the case of dichloromethane -ACV 404, the peak is observed at a concentration 90 g.m -3 under the same operating conditions. This sign shows the superior regeneration performance of ACV 404 over ACM 204 and it could be justified because of the characteristics of the activated carbon.
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 510 Figure 5.10 -Regeneration profile of dichloromethane -ACM 204: Reg.1 at 170˚C and 0.17m.s -1
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 51115 Figure 5.11 -Regeneration profile of dichloromethane -BC 120: Reg.1 at 170˚C and 0.17m.s -1
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 512 Figure 5.12 -Temperature profile of dichloromethane -BC 120: Reg.1 at 170˚C and 0.17m.s -1
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 555135145516 Figure 5.13 -Ethyl formate breakthrough profile of experiment and simulation

  OP € (€/kg) = 4.5 -0.34.T + 0.21.v + 0.11.T.v (5.10) For dichloromethane -ACV 404 system: R E % = 64.7 + 7.2.T + 11.2.v + 1.8.T.v (5.11) OP € (€/kg) = 3.79 -0.41.T + 0.11.v -0.05.T.v (5.12)

Figure 5 .

 5 Figure 5.17 and 5.18 are plotted by taking the dimensionless coefficients (from equations 5.7, 5.8, 5.9, 5.10, 5.11, and 5.12) of the corresponding operating conditions (T, v) and their interaction effect (T.v) to compare their influence on regeneration efficiency and operating costs for different VOCs with the activated carbon ACV 404.

Figure 5 .

 5 Figure 5.18 -FED measure of influence of operating conditions on operating costs
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 551915201521152215556 Figure 5.19 -Regeneration concentration profile of ethyl formate at 170°C and 0.17m.s -1
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 55 24 show an example of the steam regeneration concentration and temperature profile respectively. In Figure5.23, the regeneration profile was obtained by the simulation model. From the results in the Table5.6, the simulation model had predicted the regenerated dichloromethane less than the experimental results and the error percentage of the mass of dichloromethane regenerated between the simulation and the experiment is 12%. This error could be due to the absence of the effect of enthalpy of latent heat of change of phase from steam to Chapter Experimental and modeling of dynamic TSA 101 water in the simulation model. This energy would have decreased the error difference between the simulation and experiment.

Figure 5 . 23 - 1 Figure 5 . 24 - 1 Chapter 5 -

 523152415 Figure 5.23 -Simulation of steam regeneration of dichloromethane -Reg.1 at 140˚C and 0.83g.s -1

  The three activated carbons (ACV 404, ACM 204 and BC 120) were selected carefully to represent the diversity of their characteristics and the VOCs are MLR in the dynamic process simulation of adsorption and regeneration; (3) inspite of less error (under 7%) on mass of adsorption and regeneration for the VOCs -activated carbon systems, it could be a good improvement to develop new mass transfer and heat transfer models for their respective coefficients to overcome the lead of simulation regeneration results compared to the experimental regeneration results of TSA (4) adding the latent heat effect (phase change from steam to liquid) in the simulation model would decrease the error observed between the simulation and the experiment of steam regeneration; (5) adding a sensitivity analysis tool in the simulation tool to optimize the operating conditions both for adsorption and regeneration according to customary needs.The long term perspectives from this research could be: (1) developing isotherm equilibrium data for multiple VOCs systems; (2) performing multiple dynamic adsorption and regeneration of VOCs on activated carbon; (3) adapting the simulation tool to the Pressure Swing Adsorption process (PSA), for example CO 2 capture to produce high purity methane in the biogas process applications.
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  modèle d'Horwart Kawazoe pour obtenir le volume microporeux. A titre d'exemple, la Figure 1 montre une courbe d'équilibre à 77 K entre le diazote et le Pica BC120. Grâce à cette courbe, le modèle B.E.T. est appliqué (Figure 2). La relation linéaire, uniquement valable pour une plage restreinte de pressions, permet de déterminer la surface spécifique.
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 1 Figure 1 -Isotherme d'adsorption de l'azote à 77 K par le Pica BC120

Figure 2 -

 2 Figure 2 -Modèle B.E.T. appliqué à l'adsorption de azote à 77 K par le Pica BC120

Figure 3 -

 3 Figure 3 -Volume poreux total (meso + macro) et micropore en fonction du type de CA

  à l'équilibre (mol.g -1 ) C 0 : concentration initiale en COV (mol.m -3 ) C e : concentration à l'équilibre (mol.m -3 ) V : volume du réacteur (m 3 ) m CA : masse de charbon actif (g) Une partie des isothermes à mesurer ont déjà été obtenues au cours d'un travail de recherche précédent [9]. Afin de valider nos mesures expérimentales et avant de continuer la construction de la base de données existante, nous avons réitérer certaines de ces mesures. Ainsi, un exemple de reproductibilité des mesures est présenté sur la Figure 5 pour l'adsorption de dichlorométhane sur le charbon Pica NC60. La concordance entre les mesures réalisées et la référence montre la validité du protocole opératoire mis en place. De plus, la répétabilité des mesures est confirmé par trois essais consécutifs aboutissant à des courbes quasi-confondues.
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 456 Figure 4 -Mesure des isothermes d'adsorption

- 9 R2>…Figure 10 :

 910 Figures 7a et 7b : Courbes de percée et profils axiaux de temperature expérimentaux et simulés dans le cas de l'adsorption de formiate d'éthyme sur PICA NC60.
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 2 Analyse comparative du modèle d'adsorption ProSim DACComme le modèle EMN, le logiciel ProSim DAC a pour but de modéliser l'adsorption de COV sur un lit de charbon actif. ProSim DAC présente une interface permettant de choisir les constituants (COV, gaz vecteur), de renseigner les caractéristiques de l'alimentation, de la colonne, du charbon et des isothermes d'adsorption. Les résultats sont directement visibles via des courbes XML, et des fichiers EXCEL sont créés pour une grande quantité de données calculées (quantité adsorbée, températures, concentrations, etc.). Il est possible d'intégrer plusieurs constituants (mélange de COV), ces derniers étant accessibles depuis une base de donnée de corps purs. Cette base de données offre également l'accès aux caractéristiques thermodynamiques de chaque constituant (masse molaire, capacité calorifique, dépendance des ces caractéristiques en fonction de la température, etc.).La figure 11 donne un aperçu de l'interface de ProSim DAC avec la fenêtre principale, celle des caractéristiques et les courbes XML :

Figure 11 :

 11 Figure 11 : Interface du logiciel Prosim DAC

Figure 16 -

 16 Figure 16 -Schéma de l'installation expérimentale EMN

  montre que pour réduire les coûts et accroître le taux de désorption mieux vaut appliquer un débit d'azote suffisamment élevé. Si le débit d'azote est trop faible, la vitesse de désorption est fortement ralentie. Il en résulte une baisse du taux de régénération associée à un allongement de la durée de l'étape de désorption qui accroît sensiblement la quantité globale d'azote consommée. L'augmentation du débit implique cependant une dilution plus grande des composés désorbés. Il faut ainsi considérer que le gain économique sur cette étape peut éventuellement être partiellement compensé s'il engendre un surcoût sur l'étape de séparation ultime, de condensation des COV récupérés.Resume en Francais 139En appliquant le vide dans les Reg 5 et 6 (à la fois à des débits inférieurs = 250 L. hr -1 ), il est possible d'atteindre plus de 5 -8% de la régénération que dans le cas de Reg 7 et 8 aux mêmes coûts (figure19) L'ensemble des résultats reportés sur la figure20indiquent que l'on peut trouver des conditions de régénération en mode combiné qui permettent d'optimiser le taux de régénération du filtre tout en minimisant les coûts opératoires.

Figure 18 :Figure 19 :Figure 20 : 5 .Figure 4 - 9

 181920549 Figure 18: Influence du débit d'azote sur les performances de régénération thermique et les coûts opératoires engendrés (Cycles 2 et 6)
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	1 -Examples of bulk separation and purification process
	Bulk separation process	Purification process
	• Normal Paraffin, iso-paraffin,	
	aromatics	
	• N 2 /O 2	

Table 3 .

 3 

			2 -Characteristics of activated carbons		
					Bulk	Micro	Meso+	BET
					Density	pore	macropore volume	Surface Area
	Producer Commercial	Raw	Activation Mode		Volume		
		name	Material	/ agent	(mg.l -1 ) (cm 3 .g -1 )	(cm 3 .g -1 )	(m².g -1 )
	Pica	BC 120	Wood	Chemical/H 2 SO 4	0.26	0.82	0.36	1687
				(H 2 O)g				
	Norit	GF 40	Olive	Chemical/H 2 SO 4	0.38	0.80	0.38	1881
			Stone	(H 2 O)g				

Table 3 .

 3 3 -Summary of adsorption isotherm models

	Model	Equation		Adjustable parameters
	Langmuir			
		m		e
	e	T H R	C	e

Table 3 .

 3 4 -Summary of experimental results of coefficients of Lagmuir isotherm model

	VOC	CA	R² adj
	Ethyl Alcohol	ACM 204	0.93
	Ethyl Alcohol	ACM 404	0.99
	Ethyl Alcohol	ACV 404	0.97
	Dichloromethane	ACM 204	0.98
	Dichloromethane	ACM 404	0.98
	Dichloromethane	ACV 404	0.98
	Ethyl Formate	ACM 204	0.92
	Ethyl Formate	ACM 404	0.95
	Ethyl Formate	ACV 404	0.95
	Acetone	ACM 204	0.92
	Acetone	ACM 404	0.98
	Acetone	ACV 404	0.95
	Toluene	ACM204	0.94
	Toluene	ACM404	0.95
	Toluene	ACV404	0.98
	(b) Langmuir-Freundlich isotherm model coefficients:		
	The Langmuir-Freundlich isotherm model works better than the Langmuir model, because it
	has an additional parameter (n) which gives greater flexibility to the validity of the model. One of the
	the example of the validity fitting for the model is shown in the following figure 3.12. The

disadvantage of the model is that it has the most number of coefficients and there could be difficulties in computing them.
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	VOC	CA	R² adj
	Ethyl Alcohol	ACM 204	0.99
	Ethyl Alcohol	ACM 404	0.99
	Ethyl Alcohol	ACV 404	0.99
	Dichloromethane	ACM 204	0.99
	Dichloromethane	ACM 404	0.99
	Dichloromethane	ACV 404	0.99
	Ethyl Formate	ACM 204	0.99
	Ethyl Formate	ACM 404	0.99
	Ethyl Formate	ACV 404	0.99
	Acetone	ACM 204	0.97
	Acetone	ACM 404	0.98
	Acetone	ACV 404	0.97

5 -Summary of experimental results of coefficients of Langmuir-Freundlich model

Table 3 . 6
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	VOCs	ACs	R² adj
	Acetone	ACM 204	0.96
	Acetone	ACM 404	0.92

-Summary of experimental results of coefficients of DR isotherm model

The DR model is not valid for toluene -activated carbon system. The reason is because that the saturation pressure of toluene was not varying in the temperature range (293 -353 K) unlike in the other case of VOCs (ie. acetone, ethanol, ethyl formate and dichloromethane have similar tendency) as shown in the figure

3

.14. The saturation pressure is a function of temperature and it directly influences the amount of VOC vapors formed inside the reactor. Since the amount of toluene vapors had not varied significantly like in the cases of other selected VOCs, so it is not evident to have one characteristic adsorption energy value (E) for the adsorption isotherms operating at a wide temperature range (293 -353 K).

Table 4 .
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		1 -Langmuir isotherm coefficients	
	Langmuir model coefficients -Dichoromethane -ACM404 system
	qm 0 (mol.kg -1 )	Qm 1 (T -1 )	k 1 (T -1 )	k 0 (atm -1 )
	2.695	239.21	2723.24	0.01441
	4.4. Experimental			

Table 4 .

 4 2 -Pilot specifications and adsorption step operating conditions

	Adsorption column size	1.5 m x 0.05 m
	Superficial adsorption gas velocity	0.28 m.s -1
	Concentration CH 2 Cl 2	50 g.m -3
	Pump flow rate CH 2 Cl 2	0.0257 g.sec -1
	Total gas flow rate (N 2 + CH 2 Cl 2 )	0.56 L.sec -1
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			3 -VTSA Regeneration -operating conditions	
			Step 1 : Thermal Regeneration (Hot N 2 )	Step 2 : Vacuum Regeneration
		T N2 (°C)	Flow N 2	Time	I R	Flow N 2	Time
	Exp.		(NL.s -1 )	(min)	(%), step1	(NL.sec -1 )	(min)
	1	93	0.14	100	75	0.018	40
	2	85	0.14	105	75	0.018	35
	3	93	0.14	50	55	0.018	90
	4	85	0.14	55	55	0.018	85
	5	93	0.07	108	55	0.018	72
	6	85	0.07	121	55	0.018	59
	4.4.3. Factorial Experimental Design (FED)			

Table 4 .

 4 With the statistical package MINITAB, it was possible to check the statistical significance of the factors considered in the two sets of FED. The ANOVA were done for the two sets of FED by MINITAB and the solutions are presented as equations 4.10, 4.11, 4.12, and 4.13. The probability value p(f) from the analysis of variance is 8%. The effect of operating conditions such as T, I R and V f on recovery efficiency and operating costs could be visualized by comparing the significance of the coefficients of T, I R and V f from the equations 4.10, 4.11, 4.12, and 4.13.

			5 -Recovery efficiency and operating costs results		
		Operating conditions FED Factors	FED Responses	Supplementary
							responses
	Exp.	T N2 (°C)	Flow N 2 (NL.s -1 )	I R (%)	F R	OP €	OP € (€.kg -1 )	Recovery (g.min -1 )
					%	(€ cents)		
	1	93	0.14	75	82	64	2.04	1.74
	2	85	0.14	75	80	66	2.16	1.70

It seems that the flow rate dominates the other factors in terms achieving high recovery

Table 5 .
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	1 -Regeneration operating conditions and results for dichloromethane -ACV 404 system
	Regeneration	Operating Conditions	Regeneration %	Operating cost	Avg. Reg. Rate
	Experiments	T (°C)	v (m/s)	R E (%)	OP € (€/kg)	∑R R (g.min -1 )
	Reg.1	170 (+)	0.17 (+)	84.8	3.44	1.30
	Reg.2	170 (+)	0.10 (-)	58.9	3.31	0.88
	Reg.3	130 (-)	0.17 (+)	66.9	4.35	1.00
	Reg.4	130 (-)	0.10 (-)	48.2	4.04	0.72
	Reg.5	150 (=)	0.14 (=)	66.5	3.68	0.99
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	2 -Regeneration operating conditions and results for dichloromethane -ACM 204 system
	Regeneration	Operating Conditions	Regeneration %	Operating cost	Avg. Reg. Rate
	Experiments	T (°C)	v (m/s)	R E %	OP € (€/kg)	∑R R (g.min -1 )
	Reg.1	170 (+)	0.17 (+)	76.7	5.81	0.75
	Reg.2	170 (+)	0.10 (-)	61.3	4.86	0.60
	Reg.3	130 (-)	0.17 (+)	66.4	6.70	0.65
	Reg.4	130 (-)	0.10 (-)	51.1	5.83	0.50

Table 5 .

 5 3 -Regeneration operating conditions and results for dichloromethane -BC 120 system

	Regeneration	Operating Conditions	Regeneration %	Operating cost	Avg. Reg. Rate
	Experiments	T (°C)	v (m/s)	R E %	OP € (€.kg -1 )	∑R R (g.min -1 )
	Reg.1	170 (+)	0.17 (+)	93.6	2.10	1.72

Table 5 .
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	4 -Regeneration operating conditions and results for ethyl formate -ACV 404
	Regeneration	Operating Conditions	Regeneration %	Operating cost
	Experiments	T (°C)	v (m/s)	R E %	OP € (€/kg)
	Reg.1	170 (+)	0.17 (+)	80.0	4.47
	Reg.2	170 (+)	0.10 (-)	56.6	3.83
	Reg.3	130 (-)	0.17 (+)	66.0	4.91
	Reg.4	130 (-)	0.10 (-)	45.9	4.73
	Reg.5	150 (=)	0.14 (=)	61.1	4.42

Table 5 .

 5 5 -Regeneration operating conditions and results for acetone -ACV 404

	Regeneration	Operating Conditions	Regeneration %	Operating cost
	Experiments	T (°C)	v (m/s)	R E %	OP € (€/kg)
	Reg.1	170 (+)	0.17 (+)	81.7	5.77
	Reg.2	170 (+)	0.10 (-)	57.1	7.60
	Reg.3	130 (-)	0.17 (+)	48.2	6.03
	Reg.4	130 (-)	0.10 (-)	44.0	6.59
	Reg.5	150 (=)	0.14 (=)	56.8	6.48

Table 5 .
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		6 -Operating conditions and results of steam regeneration of dichloromethane -ACV404
	Operating Conditions	Regeneration	Dichloromethane regenerated	OP €	∑R R
	Exp	Ts (°C)	Vs (g.s -1 )	Time (min)	Experiment% Simulation%	(€.kg -1 )	(g.min -1 )
	Reg.1	140	0.833	16	82.3	72.2	0.85	0.96
	Reg.2	200	0.833	14	82.3	72.2	0.87	0.99
		The Figures 5.23					
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		7 -Operating conditions and results of steam regeneration of acetone -ACV404
	Operating Conditions	Regeneration	Acetone regenerated	OP €	∑R R
	Exp	Ts (°C)	Vs (g.s -1 )	Time (min)	Experiment% Simulation%	(€.kg -1 )	(g.min -1 )
	Reg.1	140	0.833	24	83.4	73.4	1.1	2.1

3. Mesures des isothermes d'adsorption

  Chaque réacteur est placé dans un bain thermostaté et quand la température atteinte à l'intérieur est celle désirée, un volume connu de COV liquide y est injecté. Durant ces expériences, les mesures de température réalisées au coeur des réacteurs ont montré que cette variable était précise à ±2°C autour de la valeur exigée. Après un temps d'équilibre (préalablement déterminé), la concentration en COV dans la phase gaz est mesurée par un détecteur à ionisation de flamme après une éventuelle séparation par chromatographie phase gazeuse. La quantité adsorbée est calculée par le bilan

	Norit GF40 Pica NC60 Pica NC100 Chemviron BPL 4). massique suivant [8-9] :	0,39 0,47 0,30 0,50	0,70 0,43 0,54 0,40	1881 1028 1430 955	1,01 1,40 2,36 0,64
	Ceca ACV404	0,42	0.54	1256	0,60
	Ceca ACM404	0,46	0.44	1063	0,55
	Ceca ACM403	0,53	0.47	1126	0,52
	Ceca ACM204	0,59	0.30	698	0,38
	Tableau 2 -Principales caractéristiques de texture des charbons actifs étudiés
	2.3.1. Méthode expérimentale				
	Les isothermes d'adsorption représentent les limites thermodynamiques du couple COV -CA.
	Ces données sont donc essentielles pour la modélisation. En outre, la relation d'équilibre entre le
	COV et le charbon actif sera fortement influencée par la température. Les courbes d'équilibre seront
	donc mesurées à quatre températures : 20, 40, 60 et 80°C. Finalement, pour sept COV et neuf CA,
	un total de 252 isothermes est nécessaire.			
	Décrivons brièvement le protocole expérimental. La mesure d'une isotherme d'adsorption est
	0,66 assez simple à réaliser. Dix réacteurs sont utilisés en parallèle dont chacun est empli d'air sec avec 1687 1,89
	une masse constante de charbon actif (0,2 g) contenue dans une nacelle au centre du réacteur (Figure

Le tableau 2 montre qu'encore une fois deux classes de charbons actifs sont distinguées. En effet, contrairement aux charbons activés physiquement, les charbons activés chimiquement développent un volume mésoporeux beaucoup plus important que les CA produits par activation physique. Des données sont manquantes pour les charbons actifs produits par Ceca et restent à mesurer.

2.

Analyse du modèle d'adsorption EMN et exemples de simulations

  Lesautres valeurs telles que le volume des micropores (à partir de l'analyse d'azote), la pression de saturation et le volume molaire (à partir des propriétés de COV) sont déjà disponibles. Donc, en ayant ce modèle MLR dans l'outil de simulation, il fera la simulation efficace et simple.

	ε	: degré de vide du lit (-)
	C	: concentration du COV (mol.m -3 )
	v	: vitesse superficielle (m.s -1 )
	3 -Phase 2 : Modélisation de l'étape d'adsorption z	: coordonnée axiale (m)
	Cette section consiste en une étude comparative des modèles de modélisation de ρlit : densité du lit (kg.m -3 )
	l'adsorption proposés par l'EMN et ProSim. Cette comparaison permet d'évaluer les spécifications en vue d'obtenir un modèle amélioré. Enfin, des résultats préliminaires sont présentés. q : quantité de COV adsorbée (mol.kg -1 )
	b, H, n Tableau 4 -Principaux modèles appliqués à l'adsorption de COV La gamme de concentration (1 à 170 gm-3) qui avait été choisi dans les expériences DL : coefficient de dispersion de masse (m2.s -1 ) -le bilan énergétique : : température (K) 3-1 Les équations du système sont au nombre de trois: T ρ g : densité de la phase gaz (kg.m -3 )
	isothermes d'adsorption couvre un large éventail qui représente la situation typique dans les -le bilan de matière :
	industries alimentaires, chimiques et d'hydrocarbures. Les coefficients d'adsorption isothermes pour
	prédire la capacité d'adsorption ont subi des tests rigoureux statistiques pour consolider la fiabilité de
	chaque COV -système de charbon activé. L'objectif de la création de ces vaste ensemble de données
	isothermes sont de les utiliser dans PROSIM simulation de processus. Même si le modèle DR-MLR
	pour la caractéristique de l'énergie d'adsorption (E) pour les systèmes de carbone toluène-activés n'a

pas de travailler à cause des raisons invoquées dans la discussion, le modèle DR-MLR énergie caractéristique permettrait de réduire le besoin d'effectuer l'isotherme d'adsorption expériences.

Le modèle développé à l'EMN consiste à simuler l'adsorption de COV sur un lit fixe de charbon actif industriel. L'approche globale de simulation du procédé prend en compte les transferts couplés de chaleur et de matière. Lors du transfert de matière, le mécanisme de diffusion de surface est considéré comme prédominant et le coefficient global de transfert est un paramètre ajustable. Les phénomènes de dispersion thermique et de chaleur sont également pris en compte, et les coefficients de dispersion correspondants sont aussi des paramètres ajustables.

Pour toutes les simulations, l'isotherme d'adsorption utilisée est celui de Freundlich. Le système d'équation à résoudre est limité à trois équations : le bilan massique, le bilan énergétique et le transfert de matière par adsorption (modèle de force linéaire). Enfin, la résolution du système d'équation est effectuée à l'aide de la méthode des volumes finis.

d'avoir participé au jury de cette thèse. Je suis aussi très reconnaissant à Monsieur Serge NICOLAS (GRL ARKEMA) et Monsieur Olivier
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Experimental and Modeling of Temperature Swing Adsorption (TSA)

Inspite of the high regeneration performance (82%) of the vacuum temperature swing adsorption process from the previous section, it has the limitation in terms of capital costs such as additional vacuum pump, hot oil bath, valves, different nitrogen supply lines, during hot nitrogen regeneration and vacuum regeneration, and complex controls of the process over Temperature Swing Adsorption (TSA). In the following section, the objectives of the TSA process, dynamic TSA experimental setup, and dynamic experimental and simulation results will be discussed.

Objectives

The objectives of this chapter are: (1) to evaluate and compare the performances and the operating costs of hot nitrogen for 3 VOCs (acetone, dichloromethane, and ethyl formate) and 3 activated carbons; (2) to validate the experimental results of adsorption and regeneration by simulation model PROSIM; (3) compare the regeneration performance of different families of VOCs -activated carbon system under same hot regeneration operating conditions by FED results of ANOVA equation [1]; (4) to evaluate the steam regeneration operating conditions for the VOCs -activated carbon systems

Selection of VOCs -activated carbon systems

The VOCs are selected based on the criteria (1) extremely hazardous causes cancer The hot nitrogen regeneration operating condition (T = 170°C; v = 0.17 m.s -1 ) were very effective for the VOCs involved (acetone, ethyl formate and dichloromethane) to achieve high regeneration at an optimized cost [6][7]. Thanks to the FED tool which has played a very important role in the art of designing and optimizing the hot nitrogen regeneration process. Comparison on the different families of VOC regeneration were analyzed in a detailed fashion that how each operating condition and their interaction effect contributed to the regeneration efficiency and the operating cost. The dynamic systems of adsorption and regeneration had been simulated and Steam regeneration had been a choice over nitrogen regeneration in the case of dichloromethane because of lower operating cost (0.85 €.kg-1 ); easy choice of separation of dichloromethane of steam by simple condensation; effective regeneration efficiency (82.3%); and also readily available in the industrial units [11][12]. But in the case of acetone, it is not very clear to choose the mode regeneration because: (1) given the availability of steam in industrial unit; (2) operating cost considering the multiple distillation unit to achieve high purity; and (3) acetone purity requirements.

Conclusions and Perspectives

The following section summarizes the objectives and the results obtained in the three different dimensions of the research work: (1) experimental and modeling of adsorption isotherms;

(2) experimental and modeling of dynamic Vacuum Temperature Swing Adsorption (VTSA) system;

(3) experimental and modeling of Temperature Swing Adsorption (TSA) system.

Experimental and modeling of adsorption isotherms

Equilibrium data were obtained for 5 VOCs (acetone, dichloromethane, ethyl formate, toluene, and ethyl alcohol) -8 activated carbons systems (ACM 404, ACV 404, ACM 204, BC 120, GF 40, NC 60, NC 100, and BPL). Each system of VOC -activated carbon system has isotherm data at four different temperatures at 20, 40, 60 and 80˚C, and so in total there are 120 isotherms.

The range of concentration used for the isotherm experiment varies from the lowest concentration 1 g.m -3 to the highest concentration 170 g.m -3 .

Different isotherm models (like Langmuir, Langmuir-Freundlich and Dubinin Raduskevich) had been chosen and modeled to find out the coefficients involved in each of the model. Langmuir-Freundlich isotherm model has worked better than Langmuir and DR model for all the VOCsactivated carbon systems. This is because of the greater flexibility of the model with an additional parameter (n) in the isotherm model. The coefficients of the different model have been determined by using the Gauss Newton method for non-linerar regression. These coefficients had been used in the simulation tool PROSIM for dynamic process of adsorption and regeneration.

Multiple Linear Regression (MLR) models have been established based on the properties of

VOCs and the activated carbons for the characteristic adsorption energy (E) of DR model and the enthalpy of adsorption (H) of Langmuir model. Since the micropore volume is determined by the nitrogen analysis, by substituting the only unknown value of characteristic adsorption (E) in the DR model, the adsorption capacity can be determined for any concentration of VOCs (acetone, dichloromethane, ethyl formate, ethanol and toluene) to be treated. A similar approach had been tried for the other coefficients of Langmuir isotherm, but it has been unsuccessful. selected based on: (1) being really hazardous (dichloromethane); (2) widely used as industrial solvents (acetone and ethyl formate). From the all the hot nitrogen experiments of dichloromethane -ACV 404/ ACM 404/ BC120, the activated carbon ACV 404 has been selected as the best activated carbon because of: (1) high adsorption and regeneration performance; (2) higher bulk density.

The operating conditions for nitrogen regeneration have been optimized by changing the temperature and the superficial velocity of the nitrogen. The optimization has been done by using 2x2 FED to determine the effect of the operating conditions on the VOC regeneration efficiency and the operating costs. The ANOVA equation sets for the regeneration efficiency and the operating costs from the 2x2 FED had been established with dimensionless influence of operating conditions and their interaction effect. In all the cases of high VOCs regeneration efficiency, the superficial velocity (0.17 m.s -1 ) had been the dominant factor. The influence of temperature of nitrogen, superficial velocity of nitrogen and their interaction effect on the operating cost had been different from each case of VOC -activated carbon system. Thus the understanding of these influences is very vital in designing an efficient VOC regeneration system at an optimized cost. The simulation PROSIM had been proved to be robust for having good agreements with experimental results (adsorption and regeneration) of the 3 VOCs -activated carbon systems.

The steam regeneration had been used for 2 VOCs [dichloromethane (non-soluble), acetone (soluble)] -ACV 404 systems. The temperature and the flow rate of the steam had been optimized to achieve high regeneration at a low operating cost. The major disadvantage of steam regeneration is the drying step after regeneration. If the drying is not properly done, there will be problems to have good successive VOC adsorption capacities. In the case of dichloromethane, steam regeneration is a preferred choice over hot nitrogen regeneration because of: (1) ready availability of steam in industries; (2) simple separation of dichloromethane from steam by condensation. But in case of acetone, it is unclear because it depends on the following: (1) if the steam is readily available in the industrial unit; (2) purity of acetone required; (3) cost of multiple distillation of acetone after steam regeneration to have high purity.

Perspectives

The short term perspectives from this research work could be: