Mass Transfer During the Dissolution of Ammonium Tetrafluoroborate, Based on the Theory of Locally Isotropic Turbulence
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Abstract. Mass transfer of dissolution of ATFB depending on the temperature of the solution and the stirring frequency were investigated. Mass transfer coefficients have been experimentally determined and compared with theoretically determined ones. A computational dependence has been obtained, depending on the temperature of the solution and the stirring frequency. 
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Introduction 
Ammonium Tetrafluoroborate (ATFB) is a crucial compound with diverse applications across multiple industries, including electronics, glass manufacturing, and metal finishing. In the electronics sector, it plays a key role in semiconductor and circuit board production, enhancing the adhesion of protective coatings. The glass industry utilizes ATFB to improve the strength and quality of glass products, while in metal finishing, it contributes to refining surface properties, ensuring a polished and durable finish. As the demand for high-performance materials continues to grow, the adaptability and effectiveness of Ammonium Tetrafluoroborate make it an indispensable component in modern manufacturing.
A great advantage of mineral compounds is their traditional and very convenient form of supply in the form of granules. Substances in granular form have better physicochemical properties compared to powdered form. Granulation significantly reduces the susceptibility of the product to caking, and thus simplifies storage, transporting and dosing [1].
Literature review
Suspension of solids in mechanically agitated vessels plays a crucial role in various industrial solid-liquid processes, such as dissolution and leaching. This is particularly significant for process intensification, where high solids concentration slurries are processed to enhance throughput per unit volume without significant modifications to the existing infrastructure. Achieving off-bottom suspension in such systems requires a substantial increase in impeller speed and power draw. However, this does not necessarily guarantee improved solid-liquid mass transfer. While solid-liquid mass transfer in agitated vessels has been extensively studied over the past few decades. Limited research has explored the influence of active particle mass fraction on solid-liquid mass transfer in agitated vessels. 
	 Numerous methodologies, calculation dependencies, and theoretical models have been proposed to study mass transfer processes in solid-liquid systems. Notably, the theory of isotropic turbulence [2,3] and the slip velocity theory [4] have been applied to model the mass transfer from particles to stirred liquids. However, these theories and calculation dependencies are based on specific assumptions and simplifications. As a result, several researchers have focused on assessing the accuracy of these models in predicting dissolution processes in industrial-scale stirred reactors [5] and identifying the relationship between impeller diameter and reactor size [6].
Most of the studies mentioned have been conducted using a single sphere or a stationary layer of substance. The originality and novelty of our research lie in the fact that the spheres in our study move freely within the reactor, interact with each other, and make contact with the liquid. This approach more accurately reflects the dissolution process during mechanical stirring under industrial conditions.
In summary, the literature highlights the importance of studying mass transfer processes in solid-liquid systems, predicting methods to intensify these processes, and utilizing models.
Experimental part
This paper presents the results of experimental studies mass transfer during collective dissolution of granules of ammonium tetrafluoroborate (ATFB) by mechanical mixing, according to the theory of isotropic turbulence. The study was carried out at different temperatures and stirring frequency.
The methodology of the experimental part of the study is shown in [7]. According to the same methodology, experiments were conducted at temperatures of 293, 303, 313, and 323 K and impeller rotation frequencies of 1.67, 3.33, 5, and 6.67 s⁻¹. 
Theoretical part
The calculation of the mass transfer coefficient during the dissolution process is based on the kinetic equation of mass transfer:
,					(1)
where is  – mass of the ball at the time of measurement, kg;
, – current concentration and saturation concentration of ATFB in solution, kg/m3;
– mass transfer coefficient during dissolution, m/s;
– surface area of the sphere, m2;
Integrating Eq. (1) within the time change from 0 to , we obtain the following dependence of the mass transfer coefficient on the dissolution time:
							(2)
where  – initial mass of the ATFB sphere, kg;
 – residence time of ATFB sphere in the heat-resistant beaker, s;
	The average surface of the balls involved in mass transfer was determined by the dependence:
,						 (3)
where i = 1, 2, 3 ........ 10 is the period of time spent by the spheres in the heat-resistant beaker
j = 1, 2, 3 …… 5 is the number of ATFB spheres participating in the experiment.
– the diameter of the sphere, at a point in time,
 is the diameter of the sphere at the initial time of the experiment.
The concentration of ATFB in the solution over a period of time  was determined from the dependence of:
 ,						(4)
The average value of ATFB  concentration in the solution was determined by the following equation:
,					(5)
where  – the current concentration of ATFB in the solution , kg/m3,
 – the volume of liquid in the beaker ().
	For comparing the experimentally determined coefficient , with a theoretically calculated one, a theoretical method based on the theory of locally isotropic turbulence was chosen. The subject of turbulence modeling is an infinite number of connections between individual particles of a system, which results in the processes of mass transfer, momentum, energy, and heat. Usually, these interactions are characteristic of turbulent flow. Under the conditions of mechanical mixing, the mass transfer coefficient  was determined from the dependence given in [8]:
,				(6)
where  is the specific dissipation rate, W/kg;
–  density of the liquid kg/m3;
[bookmark: _Hlk171071479] –  dynamic viscosity of the liquid, Pa.s;
 – Schmidt number; 
	The Schmidt number was determined by the formula:
,						(7)
where is   the coefficient of kinematic viscosity of the solvent, m2/s;
 – molecular diffusion coefficient of ATFB in solution, m2/s.
The diffusion coefficient was determined by the method of Wilke and Cheng [9], from the equation:
,				(8)
where is  the coefficient of mutual diffusion of the substance to be dissolved 1 in solvent 2 at a very low concentration of the substance to be dissolved, cm2/s;
– molecular weight of the solvent, a.u.m.; 
 – temperature, K; 
– mole volume of the solution at its normal boiling point, m3/mol (determined by the group components of Le Ba);
 – the "association parameter" of the solvent (for water = 2.6, [9]); 
The specific energy of dissipation  was determined by the power consumption for mixing and their attribution to the mass of the liquid in the volume of the device. 
The mixing power of a mechanical stirrer was determined according to [8]:
,					(9)
where is the mixing coefficient, which was determined by the Reynolds number; 
– diameter of the stirring blades, m; 
 – stirring frequency s-1.
The specific value of the dissipation energy per unit mass of the liquid according to [16]:
			, 						(10)
 where is the volume of the liquid, m3;
  – mixing power, W.
The values of the mass transfer coefficient are theoretically calculated from Eq. (6) and experimentally obtained  are summarized in Fig 1. 
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Fig.1. Dependence of mass transfer coefficients and on the stirring frequency and the temperature of the solvent 

	    
A 
[image: ]
 T, K
Fig. 2. Dependence of the approximation coefficient A on the temperature of the solvent T



The dependence of the mass transfer coefficient on the stirring frequency of the agitator and temperature can generally be represented as:
					      (11)
In order to determine the effect of temperature on the mass transfer coefficient, the results of the experiments were presented in the form of a graphical dependence of Fig. 2 and approximating them by exponential dependence, we obtained the dependence of the coefficient A on temperature.
Then, to predict the process of dissolution of ATFB balls depending on the temperature of the solvent and the stirring frequency, the following calculated dependence was obtained:
		     (12)
Using Eq. (12) and experimentally obtained results, the dependence of the mass transfer coefficient  and the experimentally obtained coefficient on the stirring frequency is presented in Fig. 3.
Fig. 4 shows the deviation of the obtained values  according to Eq. (12) from the theoretically calculated value  according to Eq. (6).
The absolute value of the relative error of the deviation of the experimentally obtained values of the mass transfer coefficient from the theoretically calculated values according to Eqs. (6) and (12) is less than 5%, which is the permissible error for mass transfer processes in chemical, pharmaceutical and food industries.
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Fig.3. Dependence of mass transfer coefficients  and  on the stirring frequency and the temperature of the solvent
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Fig.4. Deviation of the obtained values  according to Eq. (12) from theoretically calculated  according to Eq. (6)



It should be noted that Eq. (12) is much easier to use in production than Eq. (6), and the absolute error between the obtained values of dependencies is acceptable.
Conclusions
The kinetics of dissolution of ATFB depending on the temperature of the solution and the stirring frequency were investigated. Mass transfer coefficients have been experimentally determined and compared with theoretically determined ones (Fig. 1,3).
A computational dependence (12) has been obtained, which makes it possible to predict the process of dissolution of ATFB depending on the temperature of the solution and the stirring frequency. 
The obtained results confirm the significant influence of reactor design parameters and mixing conditions on the mass transfer process in the solid-liquid system. In general, the obtained results of the study make it possible to simulate and optimize the processes of mass transfer in solid-liquid systems, which in turn makes it possible to further optimize technological processes in the chemical industry and ensure a reduction in the energy consumption of the dissolution process.
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