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Abstract: The goal of this work is, first of all, to construct a mathematical model of the mass transfer process in porous adsorption layers, taking into account the fact that in most cases the adsorption process is carried out in non-stationary technological modes, which requires a clear description of its various stages. The scientific contribution of the novel model is based on a probability approach allowing for deriving a differential equation that takes into account the diffusion migration of adsorbed particles. Solving this equation allows us to calculate the reduced degree of the adsorption surface coverage along the flow and, thereby, calculate the efficiency of the mass transfer process. The model also makes it possible to determine the slip coefficient, the internal diffusion coefficient and the degree of filling of the internal surface of the pores of the adsorbent layer, which corresponds to the completion of the initial stage of adsorption and the transition of the process to a stable mode. In this case, the problem is to calculate a non-isothermal turbulent boundary layer when flowing around the surface of an adsorbent. Next, the problem of identifying the main control parameters of the model has been solved. Based on such analysis and experimental studies to assess the influence of process control parameters, the patterns of adsorption purification and solution separation have been established and the design of a highly efficient adsorption apparatus with a fixed layer of porous adsorbent have been developed.

Keywords: Modeling; mass transfer; porous; adsorbent; diffusion; migration





Nomenclature



	Cp
	Concentration of the solute in the solvent;



	D
	Diffusion coefficient;



	Deff
	Effective diffusion coefficient;



	Jр
	Solute flow;



	Jad
	Flow of the adsorbed substance on the surface of the adsorbent layer;



	Κm
	Migration rate;



	Κpas
	Surface passivation coefficient;



	l
	The amount of the overshoot;



	р
	Particle momentum;



	Pad
	Probability of adsorption;



	Pm
	Probability of migration;



	Pdes
	Probability of desorption;



	P*m
	Probability of migration near a busy center;



	P*des
	Probability of desorption near a busy center;



	s
	Local coefficient of adhesion;



	S1
	Saturation of pores with dissolved matter;



	S2
	Pore saturation with solvent;



	T´
	Perturbation of the temperature field caused by turbulent pulsations of the velocity field;



	u´
	Longitudinal velocity of turbulent pulsations;



	V1
	Flow rate of the solute;



	V2
	Solvent flow rate;



	v
	Velocity of particles near the surface in the area of the potential hole;



	v´
	Transverse velocity of turbulent pulsations;



	β
	Internal mass transfer coefficient;



	δ
	Thickness of the diffusion boundary layer;



	δ
	Thickness of the hydrodynamic boundary layer;



	ε
	Coefficient of turbulent viscosity;



	ε1
	Porosity for the dissolved component in the zone of “overshoot” porosity;



	ε2
	Porosity for the solvent in the zone of “overshoot” porosity;



	εP
	“Overshoot” specific porosity;



	εS
	Porosity, which is formed by channels having a characteristic radius less than the radius of the solvated molecule;



	ε
	Energy;



	θ
	Degree of coverage of the adsorbent surface with adsorbate molecules;



	θ*
	Filling degree;



	Θ
	Transitional reduced degree of coverage;



	λ
	Degree of filling.





1  Introduction

Due to the existence of passive surfaces near the interfaces, the quantitative mass transfer indicator decreases [1]. In this study, a continuous particle transport model of molecule transfer based on the phase separation technique [1] is used to simulate the interfacial mass transfer of solutes from the stationary phase of the solution to the mobile phase of the solution. Two processes associated with the surface and porosity values were studied. The dependence of the soluting velocity on the mass transfer indicator is characterized by the immobility area and the characteristic diffusion distance. It was found that the saturation of the stagnation zone can serve as an indicator of the total diffusion distance in the pores of the surface [2].

Changes are observed in the processes of heat and mass transfer in the surface pores. The effective and convenient simulation method for modeling the bidisperse porous media properties was generated by digital image reconstruction [3]. The appropriate was solved by using the finite element numerical scheme. Next, a comparative analysis of stresses and strains in open and closed pore regions has been carried out. It was shown that the deformation of the bidisperse porous sample led to an increase in the fractal dimension of the pore area and to a decrease in the fractal dimension of tortuosity [3].

Based on the obtained results, the need to consider the effect of deformation on the actual volume of flexible porous media, which plays a sufficient role for adequate model building [4].

As the early stage mass transfer coefficient continuously decreases due to the depletion of solute by small NAPL clusters that are in direct contact with the flowing liquid [5], the conclusion is that long-term mass transfer mainly occurs at interfaces associated with large clusters characterized by a larger diffusion length. By this, the mass transfer coefficient is mainly determined by the saturation of the stagnant zone. So, the influence of different mass transfer rates at different stages of the process must be taken into account when modeling [6]. The coordination of the dynamics of the driving force model and the diffusion equations are of great practical importance in the design and optimization of adsorption separation processes [7].

Analysis of the adsorption characteristics has shown that it is impossible to achieve equivalence based on a single parameter. To construct a universal equivalence and determine the mass transfer coefficients, it is necessary to take into account many parameters for the active volume of the particle, the geometries of the sphere, and diffusion. Understanding the mass transfer of matter and determining the diffusion coefficients are necessary to study the mechanisms of the flow of matter and evaluate porous media [8]. In porous media with a complex pore size distribution, numerous mechanisms of substance transfer coexist, including viscous flow, Knudsen diffusion, and many other parameters.

In work [6], an original approach to modeling mass transfer during multicomponent, multiphase flow in porous media has been proposed. This model allows one to derive and solve equations for the concentration of substances in the volume of a porous layer under the condition of thermodynamic equilibrium at the liquid/liquid interface. A special feature of the model is the ability to set physically justified boundary conditions for concentration on solid walls. The validity of the method was verified by comparison with analytical solutions for simplified problem statements. This approach was then used to study and scale mass transfer through interphase surfaces in thin films and mass transfer in complex porous structures under various hydrodynamic conditions. The known experimental results demonstrate the validity of this approach [9]. The experiments were conducted with different main acid substance concentrations and entry velocities into different porous structures. At low acid concentrations, the reaction proceeded in a single-phase regime. In cases with higher acid concentrations, multiphase hydrodynamic instabilities were observed. In experiments with different entry velocities, it was noted that a higher entry velocity leads to an acceleration of the reaction, but at the same time, fewer gas bubbles are formed. On the contrary, at a lower velocity, more gas bubbles are formed, which block the flow and the reaction. In addition, cracks or cavities on the solid walls of the apparatus significantly affect the flow structure [9].

In the article [8], a mathematical model taking into account surface diffusion has been developed. The results show that the equilibrium time of the gas transfer process decreases rapidly with increasing temperature. A higher saturation pressure can speed up the process and increase the amount of gas produced. The surface diffusion coefficient for shale is from 10−18 to 10−16 m2/s. In the article [10], the adsorption and diffusion of lithium ions on various sizes of a graphene monolayer are investigated, and it is proved that they depend on the size. Moreover, the lithium-ion diffuses over the graphene surface rather than through the hexagonal carbon ring to the other side, regardless of the size of the graphene sheet. In the article [11], based on the assumption that the porous medium was quasi-homogeneous, effective diffusion coefficients were calculated based on experimental data for two stages of adsorption and one stage of desorption of 1,2-dichloropropane in activated carbon particles. Although the effective diffusion coefficient calculated from the desorption data corresponded by an order of magnitude to the values obtained from the adsorption data, its absolute value was significantly lower. A comparison of the values of the developed model and experiments on the study of diffusion indices proved that diffusion control is prevailed [12]. A mathematical model is used to analyze the mass transfer in the pores of materials, taking into account pores of different sizes. Meso and micropores are mainly used [13].

Many research works are carried out with the absence of uncertainties, considering only precise parameters under ideal conditions. However, the presence of uncertainties associated with It has been established that depending on their relationship, the improvement of total mass transfer is provided by two fundamentally different mechanisms and the total transfer depends on three independent parameters. The calculated diffusion index, in the range from 4.93 × 10−10 to 5,96 × 10−10 m2/s were obtained on the basis of kinetic data during adsorption on the adsorbent of 14.94–31.51 g/m3 [14]. A significant analysis of the dependence of the diffusion index in the adsorbent on the adsorption and desorption values, may be related to the nonlinear character of the adsorption isotherm. The effective internal diffusion coefficients of Di [15] phenol and p-nitrophenol in an aqueous solution on granular activated carbon were calculated using a diffusion-adsorption mathematical model that takes into account the usual mechanisms of characterizing diffusion in liquid and surface diffusion. Calculations were made for the surface diffusion indices taking into account the temperature. The calculation of the release of heat and energy during adsorption was made. The values obtained are between the values of the characteristic physical and chemical adsorption. Experimental data on the adsorption rate of methylene blue and methyl blue were interpreted using a diffusion model that took into account external mass transfer, intragastric diffusion, and adsorption at the active center [16]. At the same time, internal diffusion considered both pore volume and surface diffusion. The surface diffusion model corresponded well enough to the experimental data, thereby indicating that the overall adsorption rate was controlled by surface diffusion. It is concluded that surface diffusion plays an important role in the adsorption of organic compounds on organoclay. The model of homogeneous surface diffusion (HSDM) of dyes on natural clay was developed on the basis of external mass transfer and surface diffusion to explain the curves of concentration versus time [17]. A computer program was used to create theoretical curves of concentration versus time, and these results were adjusted based on experimental data using the ‘best fit’ approach. The Ds values are 2.3 × 10−8 and 1.9 × 10−8 cm2/s for base blue and base red, respectively.

Interesting studies have been conducted to study and understand the physicochemical and thermal processes associated with methane hydrate dissociation [18]. Of particular interest are the studies conducted at the pore scale, since this allows us to propose approaches to developing more accurate simulation models in the oil industry. In the analyzed work, a numerical model at the pore scale was developed based on the lattice Boltzmann method and a description of the distribution of a multicomponent multiphase flow, heat and mass transfer, heterogeneous reaction, and solid structure evolution during gas hydrate dissociation was given. As a result of the numerical modeling of the study, the characteristics of hydrate dissociation in kinetically limited and diffusion-limited modes were determined. The limitation of mass transfer in the diffusion-limited mode indicates that enriched methane at the hydrate-water interface reduces the rate of hydrate dissociation with increasing water saturation.

In work [19], the yield coefficient approach model for nanoscale flow is used to simulate the flow in the adsorbed layer, and the traditional hydrodynamic flow theory simulates the continuous fluid flow. The calculation shows that the adsorbed layer on the wall surface can have a very significant effect on power losses during multiscale mass transfer. The work [20] used a combination of computational fluid dynamics and a porous media model to simulate the adsorption of benzene on activated carbon and the flow fields in a porous media. Three-dimensional unsteady state gas flow was modeled using laminar single-phase flow equations combined with a mass transfer equation. Diffusion time constants were obtained by fitting a series of curves to an isothermal diffusion model [21]. The results of the analysis showed that the transport of CO2 in granules is well described by a combination of Knudsen mechanisms and viscous diffusion. The pore diffusion model (PDM) was developed based on external mass transfer and pore diffusion to predict the performance of a batch adsorber for the adsorption of basic dyes [22]. A computer program was developed to create theoretical curves of the dependence of the Sherwood number on time, and these results were adjusted with experimental curves of the dependence of the Sherwood number on time using the ‘best fit’ approach. The external mass transfer coefficient (Ks) and the intracellular diffusion rate parameter (Kp) were calculated and evaluated as functions of gas mixing and temperature [23]. It was found that the increase in the adsorption rate caused by gas mixing was twice as large as with an increase in temperature due to the high turbulence caused by the axial and radial flow created by gas mixing. The activation energy (E), equal to 5.95 kcal/mol, demonstrated that the adsorption of the main dye on clay was controlled by diffusion. The diffusion properties of zeolite H-ZSM-5 were measured using a new flow gravimetric method involving sorption of p- and o-xylenes [24]. The sorption rate of p-xylene in all studied samples corresponded to Fick’s second law of diffusion, which led to an effective diffusion capacity of about 1.7 × 10−11 m2/s, regardless of whether the H-form or modified forms were studied. In the study [25], an analytical procedure was investigated to determine the kinetic parameters of Ds and kF adsorption using a single concentration change curve (decay curve) in a reactor with a fixed layer of a circulating type by a test method. Experimental conditions such as the large liquid-solid ratio zϕ, the short contact time z/u, and the low height of the Z layer, which bring the decay characteristics in a reactor with a fixed circulating layer closer to the characteristics of a batch mixing reactor, were quantified on a theoretical basis. In the study [26], fractal theory was used to construct a velocity and surface diffusion model for mesoporous adsorbents. The fractal pore sizes of the adsorbent were obtained using the Dubinin-Astakhov equation and the Yaronets equation. The calculated CO2 adsorption from convective models was significantly higher in the turbulent regime. The rate of adsorption increased with increasing values of ΔT (Tsat – T). The surface diffusion also increased with increasing ΔT, regardless of the flow regime.

Recently, special attention has been paid to the study of adsorption processes in specific nano-systems. For example, paper [27] was devoted to the investigation of the unsteady flow of a hybrid nanofluid (NF) consisting of cobalt ferrite (CoFe2O4) and copper nanoparticle (Cu) with natural convection flow due to an expanding surface implanted into a porous core. In biomedical fields, in very rare cases fluid flows through a static channel in a stable mode [28].

In the article [29], kinetic data were described using intracellular diffusion, and the results of isothermal studies were described using the Langmuir, Freundlich, and Dubinin-Radushkevich equations. It was found that the adsorption of toluene and benzene, considered in the Weber-Maurice model, corresponds to diffusion with the resistance of the liquid phase film. In addition, the physical nature of adsorption is confirmed by the values of free energy (E = 6.92 and 8.41 kJ mol−1 for benzene and toluene, respectively). In studies [30], the effective diffusion time constants (Deff/R2) of alkylbenzene on the ZLC desorption curves increase with increasing mesoporosity in ZSM-5 zeolites, but the diffusion activation energy (Ea) shows the opposite trend. Due to the low interaction of isopropylbenzene with the zeolite surface, the Deff/R2 values of isopropylbenzene with a lower activation energy in all ZSM-5 samples are higher than those of toluene. The size of the molecules of the two alkylbenzenes is not a key factor for their adsorption and diffusion in mesozoic rocks. In [31], it was concluded that the resistance to mass transfer includes diffusion in micropores, diffusion in macropores, surface barriers, and resistance of the outer film. With reasonable application of (FR) frequency response methods, it is possible not only to determine the dominant mass transfer resistances, but also to extract reliable mass transfer coefficients based on appropriate mathematical models.

The effective diffusion coefficients in silicas were estimated on the basis of Fick’s second diffusion law [32]. The obtained diffusion coefficients are quite similar for different samples, demonstrating that diffusion occurs mainly in silica macropores. It was found that the values of the diffusion coefficients go beyond Knudsen’s prediction. In the article [33], diffusion was modeled using Fick’s second law. The relationship between the mass transfer coefficient and the electrical conductivity of the mass was determined by simplex optimization, minimizing percentage errors between experimental and simulated concentrations, obtaining 3.79% (w/v) for NaCl and 5.66% (w/v) of KCl in static brine. In the article [34], the standard diffusion model and the time-separated diffusion model for methane and methanol, respectively, were used to calculate the diffusion coefficients. Studies demonstrate that the mode of anomalous diffusion using spatial scaling of the diffusion coefficient is limited by measuring the diffusion length of a certain diffusion in a porous material. Methane diffusion [35] was measured in the temperature range (298–393 K) and pressure (0–0.9 bar) to study the effect of temperature and pressure on diffusion coefficients. The results showed that the diffusion properties decrease with increasing pressure, while they increase with increasing temperature. Moreover, the activation energy of diffusion decreases with increasing pressure. A new approximate solution [36], relevant to the case of rectangular (Langmuir) adsorption isotherms, was developed based on the integral balance method with the double integration technique. The solution is based on a model developed by Ruthven for slabs and spherical adsorption granules, where adsorption is controlled by diffusion in macropores. The new approximate solution uses the concept of a finite diffusion penetration depth and the shape of concentration profiles. The adsorption and diffusion properties of CH4 in the slit pores of montmorillonite were investigated [37]. As a rule, the pore space can be divided into three parts, namely the inaccessible zone, the adsorption zone and the free zone. It was found that the length of the inaccessible zone does not depend on pore size and pressure. In the article [38], it was concluded that mass transfer over the surface due to surface diffusion depends on the concentration of molecules adsorbed on the surface. This is a significant factor affecting the surface flow and is the that mass transfer is related to the concentration of substances. A combined decrease in the adsorbate concentration during adsorption from a limited volume [39], in the temperature rate change of the adsorbent, and in the rate of intercrystalline diffusion between crystals leads to a decrease in the kinetics of adsorption.

Unlike the decrease in the differential heat of adsorption with the degree of filling, these factors are not necessary conditions for the appearance of extremes on the kinetic curves of adsorption.

Solution of the problem on the equilibrium the dynamics of adsorption dependens on the form of the adsorption isotherm [40].

It is shown in the article [41] that all forms of adsorption isotherms can be used in calculations of adsorption kinetics with diffusion control. Examples of calculations concerning Langmuir, Freundlich, Vollmer, Frumkin, and van der Waals isotherms are given. In [42], the estimates justifying the standard diffusion in adsorbents are critically revised. Examples of incompleteness of the evaluation procedure based on the re-evaluation of data previously published in the literature are presented. Incorrect choice of boundary conditions [43] when estimating diffusion coefficients in solids can lead to very unreliable estimates.

The analysis of experimental and theoretical material on the modes of dynamics and mass transfer in the adsorbent layer showed that in the separation processes, it is necessary to take into account the role of controlling factors: unsteadiness of influences, diffusion migration of molecules of the adsorbed substance from the outer surface of the adsorbent grain into the channels of its pores, turbulence of the boundary layer, heat release and heat exchange between the adsorbent and the flow. However, it is precisely taking into account the influence of parameters characterized by equilibrium and kinetic patterns of the adsorption-desorption cycle, rearrangement of molecules in solutions, an increase in the diffusion coefficient, taking into account heat release and heat transfer, the coefficient of turbulent viscosity, the degree of filling of the inner surface of the adsorbent pores, and the adhesion coefficient that are necessary when calculating and designing systems for adsorption purification of streams [2]. This approach to the problems of adsorption separation, unlike traditional approaches today, opens up fundamentally new possibilities for increasing the selectivity and selectivity of target components during their mass transfer.

The main conclusion made by the authors of the works mentioned here, from the review of literature sources, is that many problems in calculating adsorption processes in porous layers are associated with insufficient consideration of the fundamental non-stationarity of the adsorption process. This is due to the fact that at different stages of the process, control parameters differ significantly.

In the submitted now work, the authors set the problem for building a mathematical model of the mass transfer process in porous adsorption layers allowing for describing the various stages of the adsorption process. The main scientific contribution of the novel model is based on a probability approach that has been used for deriving a differential equation taking into account the variability of adsorption layer properties.

2  Material and Methods

To develop the most economical solution to the problem of deep adsorption purification, we have developed a design of a mass transfer device with a fixed adsorbent layer, combining high intensity of mass and heat transfer, and high productivity.

The mass transfer apparatus developed [44] with a fixed adsorbent layer allows for the most efficient adsorption process in conditions where maintaining a certain temperature is required, increasing the degree of purification of the substance, minimizing the cost of adsorbent regeneration and evenly distributing the temperature control of the adsorbent layer. Fig. 1 shows a general view of the mass transfer apparatus.
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Figure 1: An adsorber with a fixed layer

The mass transfer device works as follows. The liquid phase is fed through the nozzle 8 into the upper section of the apparatus, passing through the switchgear 4, the liquid phase is filtered through the adsorbent layer 3 in chamber 2 and is discharged from the apparatus through the nozzle 7. When the solution passes from the upper section of the apparatus into the contact chambers, the volumetric flow density is leveled along the section of the apparatus and evenly distributed.

When filtering the viscous liquid phase, the flow of the mass transfer process depends on temperature and hydrodynamic conditions. To heat the liquid phase to reduce its viscosity and increase fluidity, which makes it possible to effectively use the entire volume of the adsorbent layer, a coolant is introduced through the nozzle 9 into the coolant chamber 11 with a certain temperature, depending on the properties of the liquid phase and the absorbed substance, which allows systematic control of the temperature in the contact chambers of the adsorbent with the liquid phase during filtration.

When the degree of purification of the liquid phase by the adsorbent decreases, as evidenced by an increase in the concentration of the absorbed substance in the purified liquid phase, the filter loading (adsorbent layer) is regenerated. To do this, the supply of the initial liquid phase is turned off using the taps of fittings 7, and 8, and a regenerating agent is introduced through fitting 12 and fed into contact chamber 2, while the temperature in coolant chamber 11 increases. The absorbed substance separated from the adsorbent in a mixture with a regenerating agent is removed through the nozzle 13.

For uniform distribution of the liquid phase, a perforated switchgear made of webs with tunnel cells is used (Fig. 2). After passing the first web of the switchgear package, the liquid takes a direction corresponding to the direction of the edges of the tunnel cells on this web. The liquid passes through the subsequent web of the package, changing direction, as the direction of the edges of the tunnel cells on this web changes relative to the previous one. Moreover, the relative change in the direction of the edges of the tunnel cells on the canvases of the package is carried out with the displacement of each canvas in the package relative to the lower one by screw. In this sequential arrangement of the canvases one under the other, after describing the edges of the 360° cells (one screw approach), the direction of the arrangement of the canvases one under the other changes with their displacement along the screw (the screw approach changes).
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Figure 2: Perforated switchgear

The liquid phase, like the arrangement of the cloths in the package, describes the trajectory of one screw, changing, in general, the direction of travel along the height of the package by 360°, after which its approach along the screw changes, and the liquid, again passing through the canvases of the switchgear, describes the trajectory of the screw and so on. The twisting of the liquid flow through the screw as it passes through the switchgear is local, i.e., the entire liquid flow is, as it were, divided into some separate streams (such a division occurs when the liquid phase passes through the tunnel cells of the webs), each of which, passing through some webs of the package, twists. With such a fractional twisting of the liquid flow, force flows of the centrifugal field arise, because of which the volume density of the flow is equalized along the cross-section of the apparatus, i.e., the liquid phase is evenly distributed. After passing through the switchgear, the liquid evenly passes through the active layer.

In modern industries, adsorption processes are now used as the main methods of separation and purification of a wide variety of substances. Adsorption is a process that allows the impurity to be almost completely removed from the liquid medium. Depending on the purpose, the scale of installations varies from miniature cartridges to complexes containing tens of tons of adsorbents. The adsorption process is of particular importance for solving the problem of protecting the environment from harmful products formed during the operation of industrial enterprises.

The vast majority of purification processes from liquid media are carried out in the adsorbent layer. However, the saturation of each adsorbent particle in the adsorber with adsorbate depends on the diffusion rate of the absorbed molecules inside the pellet, which ultimately determines the intensity of mass transfer under a certain hydrodynamic regime. When filtering the liquid phase, the flow of the mass transfer process depends on temperature, hydrodynamic conditions, height, and shape of the layer, i.e., the size and design of the apparatus.

Granular activated carbons developed by us from the shells of fruit seeds (apricot, plum, peach) were used as adsorbents [45–47].

3  Modeling of the Initial Stage of the Adsorption Process in a Porous Adsorbent Layer

Following the stated purpose of the study and modern concepts, the work presents two main mathematical models. The first model is modeling of the initial stage of the adsorption process in a porous adsorbent layer. When developing this model, the following assumptions were made. First, it is assumed that the adhesion coefficient is a function of temperature, and the control parameter in this dependence is the degree of surface coating by adsorbate molecules. Secondly, the process of adsorption and subsequent internal diffusion of molecules is accompanied by competition between associative physicochemical adsorption of molecules and dissociative chemisorption. The model is probabilistic. Therefore, below the main probabilities that determine the kinetics of various stages of the adsorption process at the microlevel have been introduced.

3.1 Initial Stage of the Adsorption Process.

The flow of the substance adsorbed on the surface of the adsorbent layer is written as [48]:

Jad=∫0∞vdphf(ε)s(ε),(1)

where f(ε)–is the Maxwell particle energy distribution function,

h–Planck’s constant,

v–the velocity of particles near the surface in the area of the potential well,

s(ε)–the probability that a particle with energy will be captured by the surface of the adsorbent,

p–is the momentum of the particles.

The incoming molecule is first captured by an external potential well (presorption state), and then it is captured into an internal potential well. Let’s consider how the degree of coverage of the adsorbent surface affects the adhesion coefficient. In accordance to main suppositions, the coefficients of particle migration, surface passivation and the initial local adhesion coefficient of the part are estimated by introducing special probabilities for these local characteristics.

The effective degree of the surface coverage along the flow changes due to changes in the concentration of captured component along the flow and, accordingly, the equilibrium concentration also changes. This, in turn, leads to a change (a decrease, namely) in the driving force of the mass transfer process. All of the above describes the universal features of mass transfer processes in flow systems.

A molecule near the free chemisorption state can either move Pad into adsorption well with probability, or move to an adjacent well with probability Pm, or desorb back to the initial phase with probability Pdes.

If the molecule is physically adsorbed over the occupied chemisorption state, then the first of these probabilities is zero. Let’s denote the probabilities of particle migration and desorption near the occupied center Pm∗,Pdes∗.

Let be θ-the degree of coating of the surface of the adsorbent with adsorbate molecules, and A1 and Ai+1-are two adjacent active centers of this surface.

Let’s make a probabilistic balance of particles on the surface of the adsorbent [48,49].

Pad(Ai)=Pad(1−θ);(2)

Pm(Ai)=1−Pad−Pdes+θ(Pad+Pdes−Pdes∗).(3)

For the center Ai+1 [36,37]

Pdes(Ai+1)=Pdes2(Ai).(4)

We introduce a local coefficient of adhesion in the form:

s0=PadPad+Pdes.(5)

For the adhesion coefficient, we have:

s=Pad(1−θ)(1+∑Pm(Ai))=Pad(1−θ)1−Pm.(6)

From here, we get:

ss0=1[1+Pdes∗θPad+Pdes1−θ].(7)

The probabilities of adsorption and desorption are approximated by temperature dependences of the Arrhenius dependence type [50–52]:

Pad=Kadexp(−Ead/kT).(8)

Pdes=Kdesexp(−Edes/kT).(9)

The probability of particle migration is assumed to be proportional to the number of neighboring free centers, i.e.,

Pm=Km(1−θ)2.(10)

The rationale for this approach can be given using the idea of the local thermodynamic equilibrium of particles in a potential well during physical adsorption [51,53].

Then, for the initial local coefficient of adhesion, we obtain:

s0=11+(Kdes/Kad)exp(−Edes−EadkT).(11)

For the probability of desorption of a particle near the occupied center, respectively, we obtain:

Pdes∗=1−(1−θ)[Pad+Pdes+Km(1−θ)]θ.(12)

Expression (12)can be rewritten as:

Pdes∗=1−(1−θ)[1−Km(1−θ)2+Km(1−θ)]θ.(13)

Fig. 3 shows the results of a numerical study of the dependence of the probability of desorption of a molecule near the occupied center on the degree of surface coverage at different values of the migration coefficient Km.
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Figure 3: The dependence of the probability of desorption of a molecule near the occupied center on the degree of surface coverage at different values of the migration coefficient

It can be seen from the graphs that with an increase in the migration coefficient, the probability of desorption and, accordingly, the efficiency of the capture process decreases rapidly. This effect is especially pronounced at low degrees of surface coating, i.e., at the initial stage of the process, which is most important from the point of view of efficiency.

The estimation of the migration coefficient follows from the ratio (12):

Km=1−Pdes∗θ−(Pad+Pdes)(1−θ)(1−θ)2.(14)

Let us now consider the transition process associated with the establishment of the state of stationary saturation of the adsorbent layer. Fig. 4 shows the results of a numerical study of the relative coefficient of adhesion from the degree of surface coating at different ratios of the probabilities of adsorption and desorption of molecules near free and occupied active centers. For this purpose, an appropriate evaluation parameter has been introduced: the surface passivation coefficient.
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Figure 4: The dependence of the relative coefficient of adhesion on the degree of surface coating at different ratios of the probabilities of adsorption and desorption of molecules near free and occupied active centers

Kpas=Pdes∗Pad+Pdes(15)

It can be seen from the graphs that the degree of passivation of the surface significantly affects the adhesion coefficient. Moreover, with an increase in the passivation coefficient, the adhesion coefficient begins to decrease more sharply with an increase in the degree of coverage of the adsorption surface. The apparent separate porosities for the dissolved component and the solvent in the “slip” porosity zone depend on the saturation of the pores with the filtered components S1 and S2, accordingly:

ε1=εS1,ε2=εS2,(16)

where, as a hypothesis, we assume that in a non-stationary process, an equality similar to the ratio for a stationary process is observed at any given time:

S1+S2=εPε.(17)

During stationary adsorption in the flow mode, there is no accumulation of the dissolved component in the adsorbent in the “overshoot” filtration zone. This condition is written as:

CP=V2V1+V2=f(z),(18)

∂CP∂y=0.(19)

In the transition period, the function can be Cp(t) approximated as:

∂CP∂t=∂∂t(V2V1+V2)=f(z,t).(20)

Also:

JP=CP¯V11−CP¯.(21)

εS=1−εP.(22)

Only the solvent moves through this channel system. Moreover, we will assume that the concentration of the dissolved substance near the adsorbent does not exceed the equilibrium one, i.e., there is no clogging of pores with polymer molecules.

We will further assume that the diffusion of adsorbate in the pores of the adsorbent is described by the classical diffusion equation for the probability of migration of adsorbed particles:

∂Pm∂t=DΔPm,(23)

∂[Km(1−θ)2]∂t=DΔ[Km(1−θ)2].(24)

Let’s consider a tubular apparatus and rewrite the basic diffusion equation in one-dimensional form:

∂[Km(1−θ)2]∂t=1Pe∂2∂z2(Km(1−θ)2).(25)

Hear

t=ττres,(26)

z=xL.(27)

Pe=LVD–the number of Pekle,

V–the average flow rate in the device.

In Formulas (26) and (27):

τ,x–respectively, the current time and spatial coordinates;

τres,L–the residence time of the substance in the apparatus and, accordingly, the length of the apparatus.

With a known initial function that defines the distribution of the degree of surface coverage along the length of the device θ0(z) and the specified degrees of coverage in the input and output sections of the device:

θ(0)=θ1;θ(1)=θ2.(28)

The solution of Eq. (25) can be obtained by the Fourier method [54]. To do this, we will introduce the transitional reduced degree of coverage into consideration

Θ=[θ^1+z(θ^2−θ^1)]−θ^(z,t),(29)

where

θ^=Km(θ)(1−θ)2=Pm(θ).(30)

Then the task is converted to the form:

∂Θ∂t=1Pe∂2Θ∂z2.(31)

Eq. (31) is a first-order equation in the time variable t, and it is a second-order equation in the spatial variable z. Respectively, the initial condition for variable t is written in the form (33) and two boundary conditions for z are written in the form (32).

The boundary conditions take the form:

{Θ(0)=0,Θ(1)=0.(32)

The initial conditions are converted to the form:

Θ0(z,0)=θ^0−[θ^1+z(θ^2−θ^1)].(33)

Using the Fourier variable separation method according to [55], the solution of the problem (31)–(33) is obtained in the form:

Θ(z,t)=2∑n=1∞(∫01Θ0sin⁡(πnξ)dξ)exp(−π2n2tPe)sin⁡(πnz).(34)

Based on Formulas (34), (29) and (30), we obtain a description of the change in the degree of coverage of the adsorption surface along the flow in the apparatus.

Since the average distance between the centers of particle migration along the adsorption surface can be taken inversely proportional to the average number of neighboring vacant centers, we obtain an estimate of the magnitude of the “jump”:

l≈aKm(1−θ)2,(35)

where a the characteristic distance between the active centers on the absorption surface.

This leads to an estimate of the value of the internal diffusion coefficient:

D≈l24τ≈l⟨V⟩4,(36)

where ⟨V⟩=8kTπm–the average rate of thermal motion of molecules [51].

So, we have:

D≈aKm(1−θ)2kT2πm.(37)

Fig. 5 shows the dependence of the internal diffusion coefficient in the pores of the adsorbent on the temperature and degree of coating of the pore surface.
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Figure 5: Dependence of the internal diffusion coefficient on the temperature and degree of coating of the pores of the adsorbent

As an estimate of the stabilization time of the saturation process of the inner surface of the pores of the adsorbent with the captured component, it is possible to take the time when the characteristic distance between the vacant centers exceeds the path length of the adsorbate molecules at a given temperature. This will happen when the degree of filling of the adsorption surface is of the order:

λ≈aKm(1−θ)2.(38)

The corresponding Knudsen number is calculated using the formula:

Kn≈1Km(1−θ)2.(39)

From here, we obtain a formula for calculating the degree of filling of the inner surface of the adsorbent pores, corresponding to the completion of the initial stage of adsorption and the transition of the process to a stable mode:

θ∗≈1−1KmKn.(40)

The proposed mathematical model allows us to calculate the main characteristics of the transient process of non-isothermal adsorption of a two-component liquid in a porous adsorbent layer. Unlike existing methods, the described model uses a minimum number of empirical data that can be obtained using relatively simple experimental facilities.

The next section devotes the model, which makes it possible to calculate the mass transfer coefficient during adsorption on the grain surface, taking into account the change of the non-isothermal turbulent boundary layer.

3.2 Calculation of a Non-Isothermal Turbulent Boundary Layer at Flow around the Surface of the Adsorbent Layer

The effective diffusion coefficients calculated according to the described method are used to calculate the internal mass transfer coefficient in the apparatus according to the formula:

β=Deffδ,(41)

where δ–the thickness of the diffusion boundary layer.

A turbulent boundary layer is usually described as consisting of three regions with different flow patterns. A laminar sublayer with a thickness from 0.001 to 0.01 of the layer thickness is located near the wall. Next is the transition zone-from 0.1 to 0.2 layer thickness. At the outer boundary there is a completely turbularized part of the layer, occupying up to 0.9 of its thickness.

The equations describing free convection in a flat laminar flow near the surface of a vertical plate in the presence of a transverse temperature gradient are written, as a rule, in the Boussinesq approximation. Moreover, when describing a turbulent flow, it is necessary to take into account the transfer of momentum in the liquid layer due to turbulent pulsations. Then the equation of fluid motion takes the form:

ρ∞(u∂u∂x+v∂u∂y)=−dpdx+∂∂y(μ∂u∂y)+ρ∞gβ(T−T∞)+ρ∞∂∂y(−u′v′¯),(42)

where u′,v′–the longitudinal and transverse components of the velocity of turbulent pulsations, respectively.

The thermal conductivity equation for a turbulent layer is written as:

u∂T∂x+v∂T∂y=1ρ∞cp∂∂y(λ∂T∂y)+∂∂y(−T′v′¯).(43)

Here is a perturbation of the temperature field caused by turbulent pulsations of the velocity field.

Formula (43) can be rewritten as:

u∂T∂x+vν∞Pr∞∂∂y(λλ∞∂T∂y)+∂∂y(−T′v′¯).(44)

where Pr∞=μ∞cpλ∞.

The boundary conditions for the equation of motion, as usual, are the conditions of adhesion, i.e., the equality of all components of the velocity field on the wall to zero:

u=v=0; u′=v′=0.

Either a constant temperature or a constant heat flow is also set on the wall:

y=0→ T=Tw=const,

or

λ∂T∂y=qw=const.(45)

Currently, the most productive approach is the one based on the concepts of turbulent viscosity and turbulent Prandtl number. It is shown that with the help of such model representations, turbulent boundary layers with natural convection can be calculated. In accordance with this approach, the term in the momentum equation due to turbulent pulsations is represented as:

u′v′¯=−ε∂u∂y,(46)

where ε–the coefficient of turbulent viscosity, the determination of which is associated with the main difficulties of calculation.

The corresponding calculation can be performed as follows, based on the ideas proposed in [42].

First, according to the Cebeci model, Bradshaw [56] proposed to use the mixing path length characteristic of boundary layers without buoyant forces to calculate the coefficient of turbulent viscosity, i.e.,:

ε=(0,075δ)2|∂u∂y|,(47)

where δ–the thickness of the hydrodynamic boundary layer.

Secondly, a change in the thickness of the boundary layer is assumed according to a semi-empirical law:

δ=0,371Rex−0,2.(48)

The variable Reynolds number, depending on the longitudinal coordinate, is calculated from the “equivalent” longitudinal velocity associated with an additional term in the momentum equation due to thermal convection. Thus, the closure of thermal and hydrodynamic problems is carried out.

The first approximation of the velocity profile in a turbulent boundary layer obtained in the described way can be used to calculate the second approximation, and so on. The calculation using a simplified method gives a very good match with the results of large-scale numerical experiments by Cebeci and Bradshaw for the first approximation. The calculation of the velocity profile according to the first approximation gave results for the middle part of the boundary layer that are very close to experimental data.

3.3 The Results of the Numerical Experiment and Comparison with Experimental Data

The mathematical model developed in the previous sections was used to conduct numerical experiments and then compare the calculation results with experimental data. Fig. 6 shows the results of calculating the effective diffusion coefficient at different degrees of pore coating of the adsorbent, depending on temperature. The calculation was performed by solving Formula (24) to determine the dynamics of changes in the degree of pore coverage and then using Formula (37). The available array of experimental data does not allow a direct assessment of both the dynamics of changes in the degree of pore coverage of the adsorbent and the average value of this parameter. However, as can be seen from the figure, the experimental data are in good agreement with the calculated curve at temperatures up to 370 K with an average degree of coverage of the order of 0.45.
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Figure 6: Comparison of experimental and calculated values of the diffusion coefficient in the pores of the adsorbent at different degrees of coating

At higher temperatures, the best agreement of experimental and calculated data is obtained with a higher degree of adsorbent coating of the order of 0.6. This result can be explained by the fact that, despite the increase in the mobility of molecules of the captured component with increasing temperature, which contributes to an increase in the probability of surface migration, an increase in the activity of adsorption centers still plays a predominant role. Therefore, the degree of coverage is also increasing.

Fig. 7 shows the results of calculating the characteristic distance between the active centers of the adsorption surface, depending on the pore radius and the degree of surface coating. This calculation can be performed only with the combined use of experimental data on pore radii and calculated ratios of the mathematical model. Even in this case, the available experimental data alone do not make it possible to calculate the characteristic distances between active centers. However, the calculated curves obtained make it possible to interpret the experimental data.
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Figure 7: Calculation of the characteristic distance between the active centers of the adsorption surface based on experimental data and a mathematical model depending on the pore radius and the degree of surface coating

It can be seen that for a given average degree of pore coverage of the adsorbent (which corresponds to different temperatures) the maximum distance between the active centers of the adsorption surface has extreme values at certain pore radii. With a high degree of coverage of the adsorption surface, this extreme is weakly expressed. However, at the initial stage of the process, with small degrees of coverage, the extremes appear quite vividly. This phenomenon can be explained by the fact that the average pore radius has a complex correlation with the tortuosity of the pores and the average porosity of the adsorbent layer. The geometric nature of this correlation manifests itself more strongly at lower degrees of coverage corresponding to greater activity of the adsorption surface.

Fig. 8 shows the results of comparing the calculated and experimental values of the Bio criterion depending on the diameter of the adsorbent particles. These results are also obtained by indirect calculation, first using the data shown in Fig. 8, and then using the formulas of the mathematical model. The boundary layer thickness was calculated using the model described in the second section. It can be seen from the graphs that the best agreement between the calculated and experimental data was observed with an average particle size of the adsorbent of the order of 0.5 × 10−3 mm or more.
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Figure 8: Comparison of calculated and experimental values of the Bio criterion depending on the internal diffusion coefficient

In general, it can be concluded that with very small particle sizes corresponding to a sufficiently dense adsorbent package, the turbulent boundary layer model is not appropriate. At the same time, for large particle sizes, this model works reliably enough, which explains the better agreement of the calculated and experimental values of the mass transfer coefficient and, accordingly, the Bio criterion.

Based on the results of the comparison of calculations performed according to the ratios of the mathematical model and experimental data, it can be concluded that the developed mathematical model qualitatively correctly describes the processes occurring during adsorption and gives fairly good quantitative estimates. In the future, these data may be very useful in assessing the characteristic geometric parameters of the adsorption layer and identifying the main geometric and technological parameters controlling the adsorption process.

Fig. 9 shows the dependence of the diffusion coefficient on the thermal speed of movement of petroleum product molecules and the pore radius of the activated seed shell. If the pores are comparable to the absorbed molecules, the adsorption process becomes activated. By analogy with the Arrhenius concepts developed for a chemical reaction, during activated adsorption, not all molecules of petroleum products can penetrate into the pores and be absorbed there, but only those that have some excess energy reserve. This excess energy is called activation energy.

[image: images]

Figure 9: Diffusion coefficient as a function of the thermal speed of movement of petroleum product molecules and the radius of the pores of the activated seed shell

Fig. 10 shows the dependence of the diffusion coefficient on the activation energy. It can be seen from the figures that the higher the activation energy, the more the adsorption rate changes with temperature changes. With increasing activation energy, the diffusion coefficient increases; with an increase in temperature to 328–343 K, the diffusion coefficient increases to 2.4 × 10−10 m2/s.
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Figure 10: Dependence of diffusion coefficient on activation energy

Using the proposed model, the main characteristics of the adsorption process were calculated, on the basis of which the design parameters of the adsorber were calculated. The results of this work were involved in the production of InnovTechProduct LLP.

4  Conclusions

A mathematical model allowing for calculating the main characteristics of the initial stage and transient process modes of non-isothermal adsorption of a two-component liquid in a porous adsorbent layer has been carried out. Equations are proposed to determine the probabilities of particle migration and desorption near the occupied center, as well as expressions for determining the coefficient of migration of molecules, passivation of the surface and the initial local coefficient of adhesion.

Based on the established mechanism for changing the degree of coverage of the adsorption surface along the flow in the apparatus, a differential equation is proposed for the probability of diffusive migration of adsorbed particles in the pores of the adsorbent. As a result of solving the differential equation, an expression is obtained for the transiently reduced degree of coating and calculation of the degree of filling of the inner surface of the pores of the adsorbent corresponding to the completion of the initial stage of adsorption and the transition of the process to a stable mode.

To calculate a non-isothermal turbulent boundary layer when flowing around the surface of the adsorbent layer, expressions are proposed for calculating the coefficient of turbulent viscosity of the mixing path, characteristic of boundary layers without buoyant forces.

An efficient design of a fixed-layer adsorber has been developed, combining high mass transfer intensity and high productivity. The mass transfer device allows to increase in the degree of purification, a high level of utilization of the useful volume of the device, an increase in the degree of processing of the adsorption capacity of the adsorbent in the layer, uniform distribution of water in the adsorbent layer.

Further research, in the author’s opinion, should be aimed at a more detailed development of the model, taking into account the multicomponent nature of the mixtures being processed and the characteristics of hydrodynamics in specific apparatuses. It is also necessary to pay special attention to understanding the methods for estimating control parameters and debugging the quantitative calculation of their optimal values for specific systems.
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