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Abstract

:

The dissolution behavior of dye in supercritical carbon dioxide influences the overall mass transfer that controls a supercritical dyeing process. Increasing the dissolution rate of the dye leads to shortening of the dyeing process time and can improve the efficiency of the process. Controlling the properties of the carbon dioxide flow is a good method to improve the dissolution rate of dyes. In this study, a dissolution kinetic model was designed by quantitatively analyzing and formulating the dissolution phenomenon of dyes using an in situ UV/Vis spectrometer. Through this model, the dissolution rate was compared by varying the geometric shape of the column containing the dye and the flow rate of carbon dioxide. Moreover, the correlation equation between the Reynolds number and Sherwood number was obtained through mass transfer coefficients derived under various conditions. In order to verify the utility of this equation, it was applied to a scaled-up device and the precise result could be predicted. This study can be useful in the design of dyeing processes and make-up equipment.
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1. Introduction


Supercritical dyeing has been considered as a viable alternative to water-based dyeing, which leads to environmental pollution. This is because supercritical dyeing employs supercritical carbon dioxide as a dyeing solvent instead of water, avoiding the generation of wastewater that causes environmental pollution, and the use of other chemical substances, such as dispersants and surfactants. It is also energy-efficient, as no additional drying process is required [1,2]. However, there remain efficiency limitations in areas such as process capacity, processing time, and fiber diversity. Many studies have been conducted to improve the supercritical dyeing process [3,4,5]. Supercritical dyeing is known to consist of the following processes: (1) Dissolution of the dye in supercritical carbon dioxide, (2) transfer of the supercritical carbon dioxide solution to a fiber interface, (3) adsorption of the dye onto the fiber surface, and (4) diffusion of the dye into the fiber. The last step is widely considered to be the rate-determining step and is a popular topic of research [6,7,8,9,10].



However, according to previous studies, the dissolution rate of dye in supercritical carbon dioxide influences the overall dyeing time [11]. As the dissolution rate of the dye increases through the micronization of the dye particles, the overall dyeing time is shortened. The concentration of the solution is the driving force of the transfer of the dye from the supercritical solution to the fiber, which affects the dyeing time. When the dye dissolution rate is high, the dye uptake into a fiber is accelerated because the concentration of the supercritical solution can be maintained at a high value during the dyeing process. In general, dissolution rate is related to mass transfer coefficient and the reciprocal of the overall mass transfer coefficient is expressed as the sum of the reciprocal of the mass transfer coefficients of the dispersed and continuous phases [12,13]. When the size of the dye particles decreases, the mass transfer coefficient of the dispersed phase increases, and the total mass transfer coefficient increases. Likewise, if the mass transfer coefficient of the continuous phase increases, the total mass transfer coefficient also increases, and the dyeing time can be expected to decrease.



The mass transfer coefficient of the continuous phase is related to the characteristic of flow of the fluid, which is affected by the flow rate, the structure of the pipe through which the fluid flows, and the shape of the internal structure. In the dyeing apparatus used in the supercritical dyeing process, the dye dissolution chamber is generally located in front of the dyeing cell where dyeing is performed and exhibits a cylindrical structure [2,14,15]. The diameter and length of the dye chamber affect the flow of fluid through it. In many studies, a change in the mass transfer coefficient of the continuous phase according to the length-to-diameter ratio (L/D ratio) was observed [16,17,18]. Therefore, changing the mass transfer coefficient by adjusting the geometry of the dye storage column can be a good option to improve the dissolution rate of the dye. Many researchers have described the relationship between fluid flow and mass transfer as a dimensionless correlation [17,19]. While dimensionless correlation itself describes the mass transfer of a system, it can also be used to predict mass transfer or fluid flow in other similar systems. Therefore, using this, it is possible to predict the results by applying the experimental results of a small lab-scale device to a larger device [20,21].



In general, kinetic studies of extraction or dissolution processes are conducted by observing the change in the mass or concentration of a substance over time. In this process, in situ UV/Vis spectrometry could be a suitable analysis method. The UV-Vis spectrophotometer is an accurate and universal device that measures the concentration of a solution. This device measures the concentration of a solution by calculating the absorbance at which a solute absorbs photons from the number of photons passing through the solution [22]. The advantage of using this device is that it can measure not only the concentration in the equilibrium state, but also the changes in concentration simultaneously. In addition, the in situ spectrometer can detect supercritical solutions without interference and detect low concentrations with high resolution. In fact, in many studies, an in situ UV/Vis spectrometer was used to analyze the dyeing process [22,23,24,25,26,27]. Using this analysis method, extraction or dissolution curves can be measured and obtained for a desired time without interruption.



The aim of this study is to investigate the effect of flow characteristics on the dissolution rate of dye in supercritical CO2 and obtain conclusions that can be utilized to improve the efficiency of actual dyeing facilities. In this study, the differences in dissolution rate of dye for the continuous flow of supercritical carbon dioxide in dye columns at different L/D ratios and various experimental conditions were observed using in situ UV/Vis spectrometry. A dissolution kinetic model was designed and modified to calculate the mass transfer coefficient. Moreover, the relation between the flow of CO2 and the mass transfer coefficient was investigated through an analysis of dimensionless correlation. Finally, using this correlation equation, the dissolution pattern in the scaled-up size column was predicted.




2. Materials and Methods


C.I. Disperse Red 60 (DR60) (99% purity) was supplied by Acroma Korea Corp. (Indong, Korea) without any additives or dispersants. The molecular structure of the disperse dye is shown in Figure 1. Carbon dioxide (CO2) (99.5% purity) was purchased from Hyup-Sin Gas Co. (Seoul, Korea). All the materials were used without further purification.



A schematic diagram of the dye-dissolving apparatus is shown in Figure 2. The apparatus was designed based on a study that analyzed diffusion behavior of disperse dye into a fiber using an extraction device [28]. To dissolve the dye under constant temperature and pressure conditions, a column (9) containing dye was installed in a high-pressure cell (8). The temperature of the cell was maintained while ethylene glycol was circulated as the heat medium using a circulation thermostat (3) (model: CW-05G, Lab Companion, Billerica, MA, USA) connected to a preheater (7). A 100-µm mesh filter was installed on both the inlet and outlet sides of the dye column to prevent the loss of undissolved dye without interfering with the flow of the fluid. In addition, the column was designed to be interchangeable. The outlet of the column was connected to the view cell (10) used to measure the concentration of the dye in CO2 using an in situ UV/Vis spectrometer. On the view cell, two sapphire windows were installed to connect the UV-Vis spectrometer (11) (model: Avaspec-ULS2048CL-EVO, Avantes, The Netherlands) to the cell, along with a light source and detector. The distance between the two sapphire windows, the distance traveled by the light through the solution, was designed to be approximately 1.2 cm. The preheater, high-pressure cell, and view cell were placed inside an air bath (6) to precisely control the working temperature of the experiments. The detailed structure of the cylindrical dye column used in this study is shown in the Figure 3. In order to ignore the end effect at the inlet and outlet of the column, the diameter of the column inlet is designed to be the same as the inner diameter of the column. In addition, there is a space between the filter on the outlet side and the line that becomes smaller in diameter. The dye column was defined as the space between the two filters, and accordingly, the distance between the filters is the length of the dye column.



The experimental sequence was as follows. First, the correct amount of dye was weighed and then loaded into the dye column. Filters were installed in the column, and the total weight of the column was measured. After the dye column was installed on the high-pressure cell, the cell was completely sealed. Subsequently, the assembled cell was placed in an air bath, the view cell and heating circulator were connected, and the temperature was raised. After the desired temperature was reached, the CO2, chilled to −20 °C by a precooler (4) connected to a cooling circulator (2), was pumped using a dual-plunger high-pressure pump (5) (model: HKS-3000, Hanyang Accuracy, Hanyang, Korea). The pumped liquid CO2 was heated to a supercritical state while passing through the preheater and injected into the cell. Simultaneously with the operation of the pump, the concentration of the passing CO2 was analyzed by the in situ UV/Vis spectrometer through the measurement of the absorbance, which was recorded at every second and automatically stored on a computer. The experimental pressure was controlled at the desired conditions using a back pressure regulator (12) (model: 26-1700 series, Tescom, Pflugerville, TX, USA). The experiment was performed for 2 h under the conditions of 393.15 K and 25 MPa, which are general supercritical dyeing process conditions, and the time needed for pressurization was included. After the dye was dissolved for 2 h, the dye column was removed and weighed to obtain the amount of dissolved dye. In the experiment, the flow rates of CO2 were 20, 30, and 40 mL/min. The experiment was conducted with columns exhibiting length-to-diameter ratios of 1, 5, and 10, and the volumes of all columns were almost identical. The sizes of the columns used in this study are shown in Table 1. The experiment was conducted three times under each experimental condition, and the average weight of the dissolved dye was used. The standard uncertainty of temperature, pressure, and gravimetric analysis is 0.1 MPa, 0.1 K, and 0.1 mg, respectively.




3. Results and Discussion


3.1. UV/Vis Spectrometer Analysis


To analyze the dissolution rate of the dye in supercritical CO2, the concentration of the dye in supercritical CO2 was measured using an in situ UV/Vis spectrometer. The Beer-Lambert law was used to calculate the concentration of the solution from the measured absorbance with two assumptions for application to the supercritical solution [23,27]. The first assumption is that the molar absorption coefficient is constant. In the supercritical state, the molar absorption coefficient is known to vary with density [24,29]. In this study, the dissolution of the dye was carried out under constant conditions of 393.15 K and 25 MPa; however, because the absorbance measurement included a pressurization step, the molar absorption coefficient was assumed to be constant, even as the pressure was increased. The second assumption is that the solute absorption is not affected by other solutes. This assumption is generally justified when the solute concentration is low, and it is applicable because the solubility range of DR60 in supercritical CO2 is 10−6 to 10−7 in terms of mole fraction. For this reason, many studies have shown that the absorbance and concentration have a linear relationship in supercritical solutions [30,31,32].



Absorbance is usually measured at a specific monochromatic wavelength, λmax. In this study, because the fluid flows as the absorbance is measured, noise due to the flow can occur, and fluctuations occur near the top of the peak as a result of this noise. To minimize the error caused by this phenomenon, the absorbance was measured by specifying a range rather than a single wavelength. The absorbance spectrum of DR60 as a function of wavelength in supercritical CO2 at 393.15 K and 25 MPa is shown in Figure 4. The maximum absorption peak appears at approximately 540 nm; however, the change in absorbance according to concentration of solution is large in that area. Therefore, in this experiment, absorbance was measured at a wavelength of 500–510 nm, and integrated absorbance was calculated with following equation.


  A =   ∫    λ 1     λ 2    ε  ( λ )  d λ   ·   c   ·   l =   ∫    λ 1     λ 2    ε   ·   c   ·   l d λ =   ∫    λ 1     λ 2     A λ  d λ  



(1)




where A is the integrated absorbance in the range of λ1 and λ2. ε(λ) [L·mol−1·cm−1] is the molar absorption coefficient at λ, c [mol·L−1] is the solute concentration in solution, and l [cm] is the path length of light. Aλ is monochromatic absorbance at wavelength λ. Using above assumption, ε(λ) is constant at experimental condition in this study. In all subsequent calculations, the integrated value was used for absorbance.




3.2. Calculation of Mass Transfer Coefficient


The change in the integrated absorbance over time in the wavelength range of 500–510 nm is shown in Figure 5. This figure shows the case where approximately 40 mg of dye was put into a dye column with an L/D ratio of 10 and the experiment was conducted under the condition of a CO2 flow rate of 30 mL/min. By calculating the area of the graph of the change in absorbance over time, the accumulated absorbance for that time can be obtained. According to the Beer-Lambert law, absorbance and dye concentration have a linear relationship. That is, the accumulated absorbance and concentration of dissolved dye are proportional to each other. To convert the measured absorbance into the amount of dye, the volume of the solution passing through the view cell is assumed to be always constant. Using this assumption, since the concentration of the dye is proportional to the weight of the dye, it can be said that the cumulative absorbance over 2 h (120 min) has a linear relationship with the weight of the dissolved dye.


   A  a c c u m u l a t e d , t   =   ∫  0 t  A d t  



(2)






    A  a c c u m u l a t e d , 120   :  m  120   =    A  a c c u m u l a t e d , t   :  m t    



(3)






   m t  =    m  120   ×  A  a c c u m u l a t e d , t      A  a c c u m u l a t e d , 120      



(4)







Aaccumulated,t and mt [mg] are the cumulative absorbance at time t [min] and total amount of the weight of the dye dissolved and exiting the dye column, respectively. Using Equation (4), the absorbance over time measured in each experiment was converted into the total amount of dye dissolved over time to obtain a dye dissolution curve. Figure 6 shows a graph of the cumulative amount of dye dissolved over time for the addition of approximately 40 mg of dye at a flow rate of 30 mL/min and a dye column with an L/D ratio of 10. The experimental conditions and measurement results are shown in Table 2. When comparing the amount of dye dissolved under each experimental condition, a greater L/D ratio and flow rate correspond to an improved dissolution efficiency over 2 h.



A simplified dissolution model was designed to calculate the mass transfer coefficient of the system constructed in this experiment, based on the amount of dissolved dye.


    d M   d t   = −  K c  A  ( t )   (   C s  −  C b   )   



(5)




where M is the weight of the dye in the dye column, Kc [m·min−1] is the mass transfer coefficient, A(t) [m2] is the total surface area of the dye at time t, and Cs and Cb are the saturation concentration and bulk concentration of the dye in the fluid. Equation (5) represents the basic dissolution rate equation [12,13]. In this study, this equation was improved through two assumptions, for applying the above equation to the system. First, because fresh CO2 is continuously supplied, the concentration of the bulk fluid is assumed to be zero. Second, each dye particle was assumed to participate in the dissolution, with all the dye particles being spherical. The surface area of the dye can be calculated as follows,


   A  d y e   = 4 π   r  d y e   2   



(6)






   N  d y e , t   =    M t    A v e r a g e   m a s s   o f   d y e   p a r t i c l e s   =    M t    ρ  V  d y e      



(7)






   V  d y e   =  4 3  π   r  d y e   3   



(8)






  A  ( t )  =  A  d y e   ×  N  d y e , t   =  A  d y e   ×    M t    ρ  V  d y e      



(9)




where Adye [m2], rdye [m], and Vdye [m3] are the average surface area, particle radius, and particle volume of DR60, respectively. Mt [g] is the mass of the dye in the column at time t [min]. ρ is the density of DR60 calculated with molecular weight and molar volume, which is provided by supplier. In this study, rdye was calculated as 20 µm, which was measured in the previous study [11]. From Equation (9), the surface area of the dye can be expressed as a function of the mass of the dye,


    d M   d t   = − k  M t   



(10)






  k =   3  K c   C s    ρ  r  d y e      



(11)







Substituting Equation (9) into Equation (5) and substituting k for constant values give Equation (10).


     M t     M 0    =  e  − k t    



(12)







Integrating Equation (10) yields Equation (12), and the mass transfer coefficient can be calculated from the change in the mass of the dye in the column over time. The change in the mass of dye for each experimental condition is presented in Figure 7. Mt is calculated by subtracting the value previously calculated from the absorbance from M0. To reduce the error of the absorbance noise, points were plotted every 10 min, with the trend line for each condition indicated by a dotted line. For the trend line equation, the curve fitting program from MATLAB was used. As shown in the graph, each trend line is not fitted well in the front part. In this experiment, the total experiment time includes the pressurization time; thus, the fluid does not flow well, and the dye can remain in contact for a sufficient time such that the dye is dissolved at the beginning. Therefore, it was found that more dyes were dissolved in the beginning than what the trend line indicated. For this reason, 20 min was set as the initial value for a better fitting. It was assumed that the time required for the pressure to reach the desired value and almost all of the carbon dioxide dissolving a large amount of dye initially escaped was 20 min. The time taken for the pressure to increase was about 10 min when the flow rate was 20 mL/min and about 6 min when the flow rate was 30 mL/min. Therefore, values from 20 min were used so that the dissolution phenomenon was observed only when pure CO2 flows in the experiment. The modified graph is shown in Figure 8. The equation for each trend line is shown in Table 3. From the equation of the trend line, the experimental fitting constant k can be obtained, and the mass transfer coefficient (Kc) can be calculated using Equation (11) above. The mass transfer coefficients of each experimental conditions are listed in Table 3. The density of DR60, which is required to calculate the mass transfer coefficient, is obtained from the dye supplier, and the solubility of DR60 at 393.15 K and 25 MPa was 1.1343 × 10−4 g/mL, which was experimentally measured using static method with UV/Vis spectrometer. The values used in the calculation of mass transfer coefficient are listed in Table 4. This calculation revealed that the larger the L/D ratio and the higher the flow rate conditions were, the greater the mass transfer coefficient was. Furthermore, when the L/D was small, the difference in dissolution rate according to the flow rate was not large, and as the L/D increased, the difference in dissolution rate according to the flow rate increased.




3.3. Effect of Initial Weight of Dye


To check the effect of the initial mass of the dye entering the column on the dissolution rate, the experiment was performed with different initial masses at a flow rate of 30 mL/min in a column with an L/D ratio of 10. As above, the amount of dye at 20 min was set as an initial value and the trend line and mass transfer coefficient were calculated. The weight changes of the dyes in the column over time and the trend line are shown in Figure 9, and the experimental conditions and results are shown in Table 5. Data fitting was performed to determine the relationship between the initial mass of the dye and the mass transfer coefficient, which was found to be almost linear. The results are shown in Figure 10. The fitting equation is


   K c  = − 6   ·     10   − 6    M 0  + 0.0007 ,    R 2  = 0.9999 ,  



(13)







According to the results, an increase in the initial mass of the dye corresponds to a decrease in the dissolution mass transfer coefficient of the dye. In general, the melting point of DR60 is known to be 185 °C. However, according to the study results that melting-point depression may occur in a high-pressure CO2 environment, dye particles can be aggregated even under this experimental condition [33]. This is interpreted as the increase in the initial mass of the dye causes the aggregation of the dye particles to increase, which gradually reduces the surface area of the particles that can participate in dissolution. In the dissolution rate model used to calculate the mass transfer coefficient, it was assumed that all particles were in contact with carbon dioxide, but in reality, there were some particles that did not make contact with carbon dioxide. As the dye particles overlap due to agglomeration or aggregation, etc., an area in which carbon dioxide cannot directly contact occurs, and this phenomenon can increase in proportion to the amount of dye. As a result, as the amount of dye increases, the mass transfer coefficient is calculated to be small. According to this result, when calculating the mass transfer coefficient, the equation must be corrected in consideration of the effective surface area. This is because, according to dimensionless correlation, in the case of theoretically the same Re, Kc should be equal regardless of M0. In this study, the modified mass transfer coefficient (Kc*) was calculated as follows by applying Equation (13) to Kc calculated from Equation (11).


   K c *  =  K c  + 6   ·     10   − 6    M 0   



(14)








3.4. Dimensionless Correlation


In this study, the change in the dye dissolution rate according to the L/D ratio of the dye column was observed. When other experimental conditions such as CO2 flow rate, volume of dye column, weight of dye, temperature, and pressure are constant, the L/D ratio affects the flow of CO2. When the diameter of the column is changed, the cross-sectional area of the space through which the fluid flows changes. Then, when the volumetric flow rate of the fluid remains the same, the velocity of the fluid changes. The characteristics of flow according to these structural variables and flow rate are expressed as the Reynolds number (Re). In the case of convective mass transfer, the relationship between the fluid flow and the properties of fluid and materials is generally expressed as the following correlation [13,19],


  Sh = f  (  R e ,   S c  )  = a R  e m  S  c n   



(15)




where Sh is the Sherwood number, Re is the Reynolds number, Sc is the Schmidt number, and a, m, and n are constants. Sh, Re, and Sc are defined by Equations (16)–(18), respectively,


  Sh =    K c  L    D  A B      



(16)






   Re =    ρ U L   μ    



(17)






  Sc =  μ  ρ  D  A B      



(18)




where L [m] is the characteristic length, DAB is the diffusivity of dye in supercritical CO2, ρ is the density of CO2, U is the velocity of CO2, and µ is the viscosity of CO2. In the system of this study, the characteristic length was a diameter of dye. The density and viscosity of CO2 were obtained from the National Institute of Standards and Technology (NIST, USA) Chemistry webbook [34]. The diffusion coefficient in the supercritical CO2 of DR60 was calculated as 6 × 10−7 m2/min by referring to the values of other dyes that are judged to have similar scale values with DR60, as there are no measured values or values in the literature about diffusivity of DR60 [35]. The values used to calculate the dimensionless number are shown in Table 6. The calculated dimensionless numbers and their correlation equations are listed in Table 7. Sc is a value that does not change for each experiment under this experimental condition, because both the diffusion coefficient, density, and viscosity are functions of temperature and pressure. Therefore, the correlation was calculated only with Sh and Re and not with Sc. The dimensionless numbers for each condition are shown in Figure 11, with the fitting parameters calculated using the MATLAB curve fitting program.



According to dimensionless correlation equations, in the dissolution model of the dye used in this study, Sh is proportional to the 0.442–0.514 power of Re. In general, in the case of extraction using supercritical fluid in a packed bed system, the dimensionless correlation shows that the index of Re is approximately 0.5–0.83 [19]. In this study, empty spaces exist inside the column because the column is not fully packed full of dye particles. Therefore, it is interpreted that the influence of the flow properties of the fluid itself on the dissolution of the dye is reduced. In addition, the tendency varies depending on the flow rate. This is because in this study, when the flow rate was changed, the volume was constant, so there was a difference in the time the fluid stayed in the column.




3.5. Prediction of Dissolution Rate


A dye dissolution experiment was conducted with a large volume dye column to test whether the result obtained above can be applied to a larger size dyeing equipment. In order to make the space time (the time that the carbon dioxide stays in the column) equal to the case where the flow rate is 30 mL/min in a column with a small volume, the flow rate was performed at 77 mL/min. Furthermore, about 100 mg of dye was inserted to match the ratio of the total amount of CO2 and dye. The Sherwood number was calculated under the experimental conditions using the dimensionless correlation equation at the previously calculated flow rate of 30 mL/min. From this, the dissolution rate constant (k) was calculated to predict the dissolution curve. The values used in the calculation are shown in Table 8. In addition, Figure 12 shows the experimentally measured dissolution curve and the calculated dissolution curve. As a result of predicting the dissolution rate using the dissolution rate model derived in this study, it was almost accurately predicted with an error of about 2.4%. Actually, when applied to industrial dyeing facilities, differences may occur due to various additional process variables, but it was confirmed that the possibility of empirically predicting the rate of dye dissolution when increasing the volume of the dye column.





4. Conclusions


In a system in which supercritical CO2 flows continuously, the dissolution rate of DR60 was experimentally measured, and a dissolution kinetic model was designed to calculate the mass transfer coefficient for dye to CO2 phase. A method for measuring and expressing the dissolution rate of dyes with in situ UV/Vis spectrometer were demonstrated. The dissolution rate of the dye was calculated by converting the absorbance to the mass of the dye based on the Beer-Lambert law. The mass transfer coefficient of DR60 in the continuous supercritical system could be obtained from experimental results. By changing the L/D ratio of the dye column in which the dye and supercritical CO2 are in contact with each other, the dissolution rate of the dye was found to increase as the flow velocity increased. The relationship between the mass transfer coefficient and the fluid flow was expressed through the correlation between Sh and Re. Finally, using this correlation equation, the dissolution rate at which the dye dissolves in the scale-up dye column was accurately predicted with an error of about 2.4%. The system established in this study simulated the actual dyeing process similarly, and the results explain this system well. Therefore, this system can help to make the process more efficient and contribute to broadening the understanding of reactor and process design in the supercritical dyeing process. In addition, this study is expected to be able to be applied to predict the end point of the process.
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Figure 1. Chemical structure of DR60. 
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Figure 2. Schematic diagram of experimental apparatus. 
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Figure 3. Structure of dye column. 
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Figure 4. Absorbance spectrum of DR60 in CO2 at 393.15 K, 25 MPa. 
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Figure 5. Time-dependent absorbance changes for DR60, column with L/D ratio = 10 and flow rate = 30 mL/min. 
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Figure 6. Weight of dissolved dye as a function of time, column with L/D ratio = 10 and flow rate = 30 mL/min. 
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Figure 7. Dimensionless concentration as function of time for various experimental conditions and trend lines with flow rate = 20 mL/min (red), flow rate = 30 mL/min (green), flow rate = 40 mL/min (blue), L/D = 1 (○), L/D = 5 (△), L/D = 10 (□). 
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Figure 8. Modified dimensionless concentration as a function of time for various experimental conditions and trend lines with flow rate = 20 mL/min (red), flow rate = 30 mL/min (green), flow rate = 40 mL/min (blue), L/D = 1 (○), L/D = 5 (△), L/D = 10 (□). 
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Figure 9. Dimensionless concentration as a function of time and trend lines, column with L/D ratio = 10 and flow rate = 30 mL/min for various initial weight of dye, 62.4 mg (●), 40.9 mg (◆), 20.2 mg (▲). 
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Figure 10. Initial weight of dye dependent on the mass transfer coefficient of DR60 and fitting line. 
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Figure 11. Dimensionless correlation, flow rate = 20 mL/min (a), flow rate = 30 mL/min (b), flow rate = 40 mL/min (c). 
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Figure 12. Dissolution curve with large size dye column, experimented line (dotted) and predicted line (solid). 
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Table 1. Size of dye columns.
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	Length (m)
	Diameter (m)
	L/D Ratio
	Volume (m3)





	0.0146
	0.0146
	1
	2.44 × 10−6



	0.043
	0.0086
	5
	2.45 × 10−6



	0.068
	0.0068
	10
	2.45 × 10−6
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Table 2. Experimental conditions and measured value.
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Flow Rate [mL/min]

	
L/D Ratio

	
Initial Dye 1 [mg]

	
Dissolved Dye 2 [mg]






	
20

	
1

	
39.8

	
6.73 (0.65)




	
5

	
41.0

	
15.31 (0.52)




	
10

	
40.6

	
19.59 (2.01)




	
30

	
1

	
39.3

	
7.60 (0.22)




	
5

	
40.3

	
17.02 (0.71)




	
10

	
40.9

	
22.68 (1.10)




	
40

	
1

	
40.1

	
8.80 (0.44)




	
5

	
40.3

	
18.11 (1.02)




	
10

	
41.2

	
28.93 (0.51)








1 Uncertainty for the measured values: u (initial dye) = 0.1. 2 Averaged values and the standard deviation (in the parentheses) for the data having three measurements at each condition.
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Table 3. Equation of trend lines.
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Flow Rate [mL/min]

	
L/D Ratio

	
Trend Line Equation

	
R2

	
Kc ·104 [m/min] 1






	
20

	
1

	
   y =  e  − 0.00130 x     

	
0.9908

	
1.093




	
5

	
   y =  e  − 0.00346 x     

	
0.9927

	
2.927




	
10

	
   y =  e  − 0.00536 x     

	
0.9941

	
4.533




	
30

	
1

	
   y =  e  − 0.00132 x     

	
0.9685

	
1.120




	
5

	
   y =  e  − 0.00372 x     

	
0.9488

	
3.144




	
10

	
   y =  e  − 0.00592 x     

	
0.9981

	
5.007




	
40

	
1

	
   y =  e  − 0.00160 x     

	
0.9883

	
1.352




	
5

	
   y =  e  − 0.00413 x     

	
0.9938

	
3.497




	
10

	
   y =  e  − 0.00734 x     

	
0.9989

	
6.215








1 Calculated with Equation (11).
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Table 4. Values used in the calculation of mass transfer coefficient.
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	Property of DR60
	Value





	Density of DR60 [g/mL]
	1.44



	Particle radius of DR60 [µm]
	20



	Solubility of DR60 in CO2 [g/mL]
	1.134 × 10−4
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Table 5. Experimental conditions and results: Effect of initial weight.
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	Initial Dye [mg]
	M01 [mg]
	Dissolved Dye 2 [mg]
	Trend Line Equation
	R2
	Kc 104 [m/min]





	20.2
	14.51
	13.21 (1.58)
	   y =  e  − 0.00721 x     
	0.9974
	6.10



	40.9
	32.84
	22.68 (1.10)
	   y =  e  − 0.00592 x     
	0.9981
	5.01



	62.4
	55.02
	26.90 (2.71)
	   y =  e  − 0.00431 x     
	0.9993
	3.65







1 Calculated value from Absorbance of DR60. 2 Averaged values and the standard deviation (in the parentheses) for the data with three measurements at each condition.
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Table 6. Values used in the calculation of dimensionless numbers.
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	Property
	Value





	Density of CO2 [Kg/m3]
	500



	Viscosity of CO2 [Kg/m· s]
	4 × 10−5



	Particle radius of DR60 [µm]
	20



	Diffusivity of DR60 in CO2 [m2/min]
	6 ×10−7
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Table 7. Calculated dimensionless numbers and correlation equations.
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Flow Rate [mL/min]

	
L/D Ratio

	
Kc*·104 1 [m/min]

	
Re

	
Sh

	
Dimensionless Correlation

	
R2






	
20

	
1

	
3.344

	
0.996

	
0.0222

	
Sh = 0.0221·Re0.442

	
0.9912




	
5

	
5.087

	
2.869

	
0.0339




	
10

	
6.664

	
4.589

	
0.0444




	
30

	
1

	
3.316

	
1.493

	
0.0221

	
Sh = 0.0180·Re0.477

	
0.9911




	
5

	
5.214

	
4.304

	
0.0348




	
10

	
6.978

	
6.884

	
0.0465




	
40

	
1

	
3.544

	
1.991

	
0.0236

	
Sh = 0.0161·Re0.514

	
0.9624




	
5

	
5.432

	
5.738

	
0.0362




	
10

	
8.052

	
9.178

	
0.0537








1 Modified with Equation (14).
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Table 8. Values used in the calculation for prediction of dissolution curve.
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	Property
	Value





	Length of dye column [m]
	0.093



	Diameter of dye column [m]
	0.0093



	Volume of dye column [m3]
	6.32 × 10−6



	Flow rate of CO2 [ml/min]
	77



	Initial dye [mg]
	100.7



	Dissolved dye [mg]
	39.4



	Re
	9.446



	Experimented dissolution curve
	   y =  e  − 0.00332 x     



	Predicted dissolution curve
	   y =  e  − 0.00324 x     
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