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Abstract

:

Granulated chelates are innovative fertilizers that are highly effective and versatile, and they ensure the best start-up effect for plants. The final properties of granules are influenced by the method of their preparation and the used substances. The diameters of the obtained granules, their size range, and the final costs of the produced fertilizer are of great importance. The paper describes granules that were produced using an agglomeration of ZnIDHA in a fluidized bed with the aid of an aqueous solution of this substance with a high dry matter content. The aim of the study was to evaluate the effect of surfactant addition to the solution on the evolution of granule size distribution during the process carried out in a batch mode and to access the possibility of describing the process dynamics using population balance approach. A sieve analysis was performed in order to determine the size of the granulate, and numerical calculations were performed to determine the value of the constant aggregation rate. Based on experimental studies, it can be seen that the increase in the diameters of granules is mainly caused by the agglomeration process, and to a lesser extent by the coating process. The addition of surfactant increased the median size of the granules in the initial granulation stage, and also lowered the surface tension. This in turn enables a lower spraying pressure to be used. A comparison of different aggregation kernels constituting an integral part of the population balance model proved that the physically motivated equipartition kinetic energy kernel performs best in this case. Moreover, the computational results show an increase in the aggregation rate when the surfactant additive is used and confirm that population balance allows the extraction of physical information about the granulation.
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1. Introduction


Granulation is the process of producing grains (granules), or enlarging existing solid particles [1]. Its main goal is to obtain a convenient and acceptable final form of a product for users [2]. Granulation, understood as the controlled agglomeration of powders with a high degree of dispersion, is a technique that is implemented in various ways. It can be divided into wet and dry granulation [3]. The most important difference between them is that in the case of wet granulation, it is necessary to apply an additional substance-granulating liquid [4,5]. The phenomenon of agglomeration occurs in the widely used wet granulation. The increase in grain size can be regulated by coating the grains with a layer of solution. The process involves the spraying of a liquid binder onto small particles that are mixed in, e.g., drums, a fluidized bed, mixers with high-speed mixing apparatus, or similar devices [6]. The factors that influence the combination of particles are surface tension, capillary pressure, and viscosity. In order to fix the formed bonds, drying or sintering is used in subsequent steps [7].



Fluid bed granulation, combined with the simultaneous spraying of a drying solution, is another known and commonly used method of obtaining granules. It is used in various industries, such as the food, pharmaceutical [5,8,9], fertilizer, and chemical industries [3,10]. In the chemical industry, the formed granules of fertilizers enable special properties regarding the rate of their dissolution to be obtained. This influences the innovativeness of the produced fertilizers, broadens the spectrum of their application, and minimizes their negative impact on the environment. Fertilizers in the form of granules enable the fertilizer to be applied with seeds. This ensures a better initial plant growth, as well as the plants’ uniformity, and also creates good conditions for their future growth and development. Moreover, innovations concern solutions that slow down and control the release of nutrients. The release of minerals from fertilizers is controlled physically and chemically. An important aspect of creating these types of fertilizers is their conditioning, i.e., covering them with a special coating that ensures the gradual and controlled release of ingredients. The time of operation of such a fertilizer depends on the type of material from which the coating is made, as well as the number of applied layers and their thickness and climatic conditions, such as temperature, soil moisture, and its pH.



As a result of the granulation process, solid particles with specific physicochemical properties, such as density, porosity, solubility, and grain size, can be obtained [11,12]. The equipment, process parameters, and the substance itself have an impact on the obtained effect. This method of obtaining granules involves the use of a bed consisting of solid particles suspended in a stream of hot air, in which the solution for drying is sprayed with the help of nozzles. The substances used to bind the particles into granules or agglomerates are the so-called binding solutions, which are chemically different chemical compounds when compared to granular particles. On the other hand, the binding solution may be a solution of a chemical substance with the same chemical composition as the substance that makes the fluidized bed. As a result of water evaporation, a drop may become so sticky that it will stick to solid particles. After the evaporation of most of the water, larger particles are formed, as they connect to each other by means of liquid bridges [13]. In the meantime, the particles may be further enlarged by agglomeration, granulation, or by being coated. The process that is antagonistic to the growth of granules is crushing, abrasion as a result of turbulent air flow, the collision of particles, or poorly selected drying parameters [14]. The drying process, as well as granulation on a fluidized bed, can be carried out periodically or continuously.



Chemical engineering uses mathematical models to simulate different processes, such as polymerization, granulation, etc. The development of granulation processes via drum, pan, or fluidized bed granulation is a multiscale operation [15]. Modeling of the fluidization process is a common and important practice used by many scientists in order to optimize the process parameters [16,17]. Przywara et al. [18] conducted experimental studies to determine the effect of the binder spray rate, binder composition, feed powder flow rate, pan inclination angle, and angular velocity on the distribution of the granule particle diameter, mechanical stability, and humidity. The fertilizer was made using a continuous granulator. An increase in the binder flow rate to feed rate, binder concentration, and the inclination angle of the pan resulted in an increase in the mean size of the granules. The obtained experimental results constitute the basis for the future mathematical modeling of the pan granulation process [18]. Fluid bed granulation is a process that is more complex to describe than pan granulation.



The most widely used and successful method for the analysis and quantitative prediction of the granulation processes is the approach based on population balance modeling [19,20,21,22,23]. The population balance equation (PBE), which is based on the law of conservation of mass, is a mathematical description of how the particle size distribution evolves [24]. It not only allows the change of particle size distribution during the granulation to be predicted, but also the mechanisms that play the most important role in the process under study to be understood. Different numerical methods, such as the method of successive approximations, Laplace transform, the method of moments and weighted residuals, and Monte Carlo simulation can be used to solve the PBE [22]. Another very efficient, yet relatively simple, approach was proposed by Hounslow [25], who formulated a discretized model in which particle sizes are divided into classes using geometric discretization, and in which the balance equation is applied to each class. The Hounslow discrete population balance (DPB) model is used in this study.



Earlier studies investigated the influence of drying parameters, such as drying temperature or solution spraying pressure, on granulation kinetics, or other features that characterize these types of processes [26]. The aim of this paper is to investigate the effect of adding surfactant to a ZnIDHA fertilizer solution on the drying and granulation process on a fluidized bed. Along with the analysis of experimental data, the possibility of describing the evolution of the particles using population balance was analyzed. In particular, the impact of using different types of so-called aggregation kernels in the model was evaluated and discussed.



In today’s agriculture, it is increasingly important to use specialized and properly selected fertilizers in order to increase the efficiency of agricultural production, while maintaining the appropriate quality of crops and soil. They should be characterized by a high concentration of the nutrient and its high availability to plants. In the literature, the use of surfactants in liquid fertilizers [27] and the high effectiveness of preventive foliar fertilization [28] is reported. Additionally, attention should be paid to the significant effect of fertilization of crops with agents containing high concentrations of Zn and the high availability of this important micronutrient in agricultural products. The experiment described in this study involves a fertilizer that meets these criteria [29,30,31].




2. Materials and Methods


2.1. Experimental Setup and Procedure


The agglomeration of ZnIDHA (D, L-Aspartic acid, N-(1,2 dicarboxyethyl) disodium salt of Zn), produced by PPC ADOB, was carried out using an aqueous solution of this substance with a high dry matter content. The liquid phase was fed by a pump to the fluidized bed using a nozzle to which an aqueous solution and compressed air were supplied separately in order to atomize the solution.



In the discussed experiment, a conical vertical granulator was used. It was applied as a batch granulator according to Figure 1. The diameter in the place of the fluidized bed was 1.3 m, and the height was equal to 11 m. The solution for drying was fed with the use of a metering pump, which adjusts the load to the given flow. The liquid phase was distributed to five separate liquid flow meters, and then flowed to the nozzle where it was sprayed with compressed air. The nozzles were located inside the fluidized bed just above the gas distributor, the task of which was to properly distribute the gas inside the system. The drying air flowed in co-current with the sprayed solution.



Figure 2 shows a schematic diagram of the test installation with the orientation points of the measuring equipment, fan and filters, that is:




	
TI—temperature sensors (TI 1—temperature of the fluidized bed; TI 2—temperature of the inlet air; TI 3—temperature of the exhaust air),



	
PI—pressure measurement or the measurement of pressure drop,



	
FI—process air flow sensor (FI 6) or liquid flow sensor (FI 1–5).








Before the experiment, the installation was heated until stable inlet and outlet air temperatures were established. After each experiment, the granulator was emptied thoroughly and prepared for a new test. The experiments were performed for the previously determined drying parameters: a drying temperature of 116 °C (±2 °C)—this value was kept constant by the burner—a spraying air pressure of 2.0 bar, a liquid pressure of 0.5 bar, a flow of drying solution of 40 l/h (±2 L/h) per nozzle, an initial charge that forms the fluidized bed of 20 kg (±2 kg) of granules, and a process air flow of 10.800 m3/h (±100 m3/h). The density of the fertilizer solution    ρ L    = 1270 kg/m3, and DM = 0.35. At the appropriate time of the test, a solution with the addition of polyglucoside surfactants (Agnique PG8105, Basf) and betains (C12-14-alkyldimethyl) at a total amount not exceeding 3.5% (V/V) of the final solution was prepared.



After the initial test conditions were obtained, sampling from the fluidized bed with the use of a sampler inserted into the bed layer and placed above the gas distributor was started. The sampling interval was 2.5 min, and the total duration of the experiment was 20 min. The mixture of particles was analyzed with regards to particle size ranges using sieving analysis. This analysis was conducted with a Retsch AS 200 analyzer using a vibration amplitude of 60% (digital, 1–100%; 0–3 mm). Based on the relevant standards [32,33], the specific and bulk densities of the obtained granulate were measured (the results are given in Table 1) [32,33].




2.2. Population Balance Modeling


The general form of a population balance equation for a well-mixed batch system can be written as [34,35]:


    ∂ n   ∂ t   +   ∂ ( G n )   ∂ L   = B − D  



(1)




where n(L) is the population density based on the total number of particles in the bed, G is the growth rate of particles, and B and D are the birth and death rates, respectively.



Generally, the granulation process consists of different competing mechanisms [7]. The particle growth can be either due to the coating and solidification of the successive layers of solution or slurry on the seed particles, or due to agglomeration (aggregation) of particles, which results from the addition of a liquid binder. The liquid binder can also be a source of nuclei droplets of spray that dry before hitting the solid particles and become the smallest particles present in the bed. Other important phenomena are attrition and breakage, the contribution of which to the granulation process depends on the hydrodynamic conditions prevailing in the apparatus. For the sake of simplifying the complexity of the model, it was assumed in this study that nucleation, attrition, and particle breakage can be neglected. Consequently, the birth and death rates (i.e., B and D) are only attributable to agglomeration, while the growth rate G, which is associated with layering, is assumed to be size independent. Furthermore, the particles are assumed to be spherical.



Due to the high bed temperature, fast drying of the spray is assumed, and therefore, temperature and humidity do not appear in the model. The growth rate, which depends on the spray inflow to the system, is, thus, expressed as [35]:


  G =   2  (  1 −  X  s l    )  Φ    A  p , t o t     =   2  (  1 −  X  s l    )  Φ   π    ∫ 0 ∞   n  L 2  d L       



(2)




where Xsl is the moisture fraction in the slurry and Φ is the effective spray inflow volumetric rate, which is defined as the ratio of the fresh fertilizer spray rate     m ˙   s l     and the material density of the solid particles    ρ S   .



The agglomeration is described following the model proposed by Hulburt et al. [36], which is expressed in relation to the particle size L, and given by [25]:


  B  ( L )  =    L 2   2     ∫ 0 L     β  (     (   L 3  −  λ 3   )    1 / 3   , λ  )  ⋅ n  (     (   L 3  −  λ 3   )    1 / 3    )  ⋅ n  ( λ )       (   L 3  −  λ 3   )    2 / 3     d λ     



(3)






  D  ( L )  = n  ( L )     ∫ 0 ∞   β ( L , λ ) ⋅ n  ( λ )  d λ     



(4)




where λ is the variable of integration and β(L,λ) is the coalescence kernel. In this study, the particle size is represented by its diameter dp.



The population density n(L) is defined as the ratio between the number of the particles in the differential neighborhood around L to the size of the neighborhood [25], namely:


  n  ( L )  =   d N   d L    



(5)







To formulate a discretized population balance (DPB)—suitable for numerical simulations—it is necessary to use the number of the particles instead of the density function. When the nucleation is neglected, the discrete form for a batch process can be written as follows [26]:


    d  N i    d t   =    (    d  N i    d t    )    g r o w t h   +    (    d  N i    d t    )    a g g    



(6)







The overall rate of change in the number of particles due to aggregation can be calculated as follows:


     (    d  N i    d t    )    a g g   =  N  i − 1     ∑  j = 1   i − 2     2  j − i + 1    β  i − 1 , j    N j  +  1 2   β  i − 1 , i − 1    N  i − 1  2  −  N i    ∑  j = 1   i − 1     2  j − i    β  i , j    N j  −  N i    ∑  ∞    β  i , j    N j         



(7)




whereas the rate of change in the number of particles in the ith interval due to their growth is as follows:


     (    d  N i    d t    )    g r o w t h   =   2 G    (  1 + r  )   L i     (   r   r 2  − 1    N  i − 1   +  N i  −  r   r 2  − 1    N  i + 1    )   



(8)







In the above formulas, Ni is the number of particles in the ith interval, r is the ratio of the upper bound Li+1 and lower bound Li of this interval, and the parameter r is defined as follows [34]:


  r =    L  i + 1      L i    , r =  2 3   



(9)







The coalescence (aggregation) kernel β, present in Equations (3) and (4), contains information about the probability of forming new aggregates. It generally depends on the time, and also the size of the particles, and is defined as the product of two contributions [37]:


  β (  L x  ,  L y  , t ) =  β 0  ( t )  β *  (  L x  ,  L y  )  



(10)




where β0(t) is the aggregation rate constant and β*(Lx,Ly) is the particle-size dependent part. The success of using population balances to model granulation processes depends on the proper choice of kernel. Many different kernel dependencies with regards to time and particle size have been proposed and analyzed [38]. They can be divided into empirical and physic-based kernels.



The simplest coalescence kernel is based on the assumption that the influence of the size of the particles can be neglected, which in turn gives a so-called random (also referred to as a volume-independent) kernel with the following form [25]:


   β *  (  L x  ,  L y  ) = 1  



(11)







Another frequently used empirical kernel is the one proposed by Kapur [39], which is defined as follows:


   β *  (  L x  ,  L y  ) =     (  L x 3  +  L y 3  )  a      (  L x 3   L y 3  )  b     



(12)




where a and b are empirical constants.



The physically motivated equipartition kinetic energy (EKE) kernel assumes that particles collide as a consequence of their random velocity component, and also that the random components result in an equal distribution of the particles’ kinetic energy [40]:


   β *  (  L x  ,  L y  ) =   (  L x  +  L y  )  2     1   L x 3    +  1   L y 3       



(13)







A similar assumption as for the EKE kernel underlies the Brownian motion kernel [41]:


   β *  (  L x  ,  L y  ) = (  L x  +  L y  )  (   1   L x    +  1   L y     )   



(14)







The value of the aggregation rate constant β0(t) is affected by the aggregation efficiency and the collision rate. The collision rate depends on the particle velocity, granulation temperature, and particle concentration distribution in the granulation zone. Therefore, a theoretical description of its time dependency is difficult. Typically, it is assumed that the aggregation rate constant is time-independent and averaged over the entire bed [37]. However, sometime dependent expressions for β0 are reported in the literature. Adetayo and co-authors [20] proposed a sequential kernel, according to which the granulation process can be divided into stages, with different kernel values being applied for each stage. When the aggregation rate constant is a continuous function of time, it typically has the linear form [40,41]:


   β 0  ( t ) =  β A  +  β B  t  



(15)




where βA and βB are parameters that are estimated by fitting techniques.



In the framework of this study, three different agglomeration kernels were considered in order to describe the dynamics of the agglomeration process, namely the simplest random kernel and the EKE and Brownian kernels. In all cases, the aggregation rate constant β0(t) was assumed to be constant in time. Therefore, given the mathematical form of the kernels adopted, as well as the fact that the values of the parameters present in the expression for the growth constant are known, only the aggregation rate constant β0 had to be estimated from the experimental data. The parameter estimation was performed in Matlab software by minimizing the sum of square residuals between the simulated and experimental data. The fitting procedure was implemented with the use of fminsearch (with an embedded ode15s solver), which was implemented for the resolution of in order to solve the DPB equation at each iteration of the optimization function.





3. Results and Discussion


To evaluate the influence of adding the surfactants to the solution of fertilizer on the granulation process of the ZnIDHA, the size distribution of the granules initially present in the bed was determined using sieve analysis and compared with the size distribution obtained after 20 min from the start of the process. Figure 3a,b show the particle size evolution for the test performed without the surfactant, while Figure 3c,d illustrate the change in particle size distribution obtained over a time period of 20 min for the case in which the solution of fertilizer sprayed into the fluidized bed was enriched with the surfactant. The rapid increase in granule diameters indicates that agglomeration is the dominant mechanism here, with coating having a weaker effect on diameter growth.



The domination of the agglomeration mechanism is directly related to the size of the fluidized bed, which is likely to generate the collisions of particles. In addition, the movement of the particles is due to the location of the nozzles inside the bed. Moreover, the determining factor of agglomeration is the presence of a high concentration of dry matter and the administration of a relatively high flow and weight of the binding solution during the experiment.



At first sight, the particle size distributions obtained from the tests performed with and without tenside appear to be nearly identical. Nevertheless, the determination of the median particle diameter dp50 shown in Figure 4 reveals significant differences in the evolution of the granule size distribution. The strong influence of the surfactant additive is particularly evident in the early stage of the batch granulation process, i.e., up to t = 10 min, where the rate of growth in median diameter is much higher for the test performed with the additive.



The addition of the surfactant reduces the surface tension, and thus, it contributes to the reduction of the diameter of a single drop. Taking this into account in the tested process, we can predict the possibility of lowering the spraying pressure in relation to the parameters of the process of drying without the addition of the surfactant. At the same time, it is necessary to consider the possibility that the addition of the surfactant may affect the final stage of water evaporation from a single drop of the solution. In such a case, there can be a longer-lasting sticky surface of the granule, which will increase the ability of another solid particle sticking to it. In general, the fertilizer obtained in the experiment does not contain large amounts of respirable fractions, which is a great advantage of this method when compared to spray drying. At the same time, the achieved size and narrow size range of the granules will have a positive effect on both the application of the product and the water solubility in the preparation of the fertilizer solution for spraying. In addition, the obtained bulk densities for the product with the addition of the surfactant indicate the possibility of rational packaging management for the final product (within the range of 0.2–0.8 mm). The mechanism described above is reflected in the characteristic sigmoidal shape of the curves shown in Figure 4, and in the considerable initial lag that is observed for the test run without an additive. According to earlier studies [42,43] on batch granulation, the particle growth profiles strongly and nonlinearly depend on the particle morphology and binder-to-solid ratio. In particular, particles reported as referred as to “smooth” tend [42,43] to agglomerate faster than “rough” particles. Here, an analogous effect is clearly evoked by a longer-lasting sticky and more plastic surface of the granule produced in the presence of surfactant.



In the second step, the obtained data were compared in terms of the aggregation rate constant β0, which is a measure of the frequency of successful “sticking” after two granules collide. The EKE kernel (Figure 5) was taken as the baseline because it is generally accepted as the most suitable for fluid bed granulation. For comparison purposes, calculations were also performed using the simplest size-independent random kernel and the Brownian kernel.



Figure 6 shows the mass density distributions q3 calculated with the best fitted β0 values, namely β0 = 1.890 × 10−12 for the test performed without the addition of the surfactant (Figure 6a) and β0 = 2.497 × 10−12 (Figure 6b) for the test performed with the addition of the surfactant. The results obtained indicate much better efficiency (also in terms of the aggregation rate) of the granulation process, in which the solution of fertilizer was enriched with surfactant (~32% higher value of β0).



The values of β0 fitted to the DPB combined with different kernels are shown in Table 2. In all cases, the values of the aggregation rate obtained for the case with tenside additive are about ~32–33% higher than the values obtained when the additive was not added to the fertilizer solution. It has to be underlined that the different order of magnitude of the optimal value of β0 found for each model is due to their different mathematical forms. In any case, the predictions obtained with all the adopted models, shown in Figure 7 and Figure 8, respectively, for the tests performed without and with additive, are very similar, with the EKE kernel performing slightly better, especially after some time from the start of the process, i.e., at t = 20 min (Figure 7c and Figure 8c). This finding is consistent with previous studies of Honslow [40], which indicate that the EKE kernel is most suitable for fluidized bed granulation. Furthermore, as also indicated in the above cited work, the results presented in Table 2 confirm that despite its rather simple nature, PBE allows for the extraction of physical information about the granulation rate.




4. Conclusions


Granulation is a difficult and demanding process, but provides benefits in many application areas. One of them is agriculture, and more precisely, aspects related to the technology of producing fertilizers. The paper investigated the course of the wet granulation process carried out in a fluidized bed. In particular, the growth behavior of ZnIDHA fertilizer granules with and without surfactant was investigated for the first time. The experimental work performed and the fitting of the model contributes to a better understanding of the granulation of this fertilizer, which consequently may contribute to the development of methodology that will permit to easier control the process under study.



It was shown that the dominant mechanism is agglomeration, which is directly related to the selected granulation method—the operation parameters of the fluidized bed and the generated turbulent flow. The influence of tenside addition into the solution sprayed into the bed on the course of the process was determined. The reduction of surface tension influenced the breakdown of individual droplets and the evaporation of the water present in the system. Thanks to the applied method, it was possible to obtain a fertilizer that has much better properties than the fertilizer obtained with the use of the classic spray method. Properties such as the bulk density and particle size distribution of granules obtained using tests run with and without surfactant addition were determined and compared. Knowledge of these parameters and their appropriate values are of great importance with regard to packaging, transport, and storage of products. In order for the granulation process to be controllable and for its optimization or intensification to be possible, it is necessary to use appropriate mathematical models. The data obtained from the conducted experimental research allowed for the determination of an empirical aggregation kernel, which when employed within the population balance equation enables the process dynamics to be predicted. Given that model predictive control is nowadays an attractive approach to automation of industrial processes, ensuring a reliable and sustainable operation of enterprises, a consistent quality of products, and a better performance of the fluidization process, further investigation toward improving the mathematical tools is essential.
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Figure 1. Scheme of the agglomeration process on the fluidized bed in the used apparatus. 
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Figure 2. Schematic diagram of the installation. 
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Figure 3. Experimental mass-based histograms of particle size distribution: (a) initial particle size distribution for the test without surfactant addition; (b) particle size distribution after t = 20 min for the test without surfactant addition; (c) initial particle size distribution for the test with surfactant addition; (d) particle size distribution after t = 20 min for the test with surfactant addition. 
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Figure 4. Temporal evolution of the median particle diameter dp50. 
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Figure 5. 3D representation of the particle size dependent part β*(dp1, dp2) of the equipartition kinetic energy (EKE) kernel. 
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Figure 6. Mass density distribution q3 simulated with the EKE kernel: (a) test without tenside; (b) test with tenside. 
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Figure 7. Measured and simulated mass density distribution q3 for the test without tenside: (a) t = 0 min; (b) t = 10 min; (c) t = 20 min. 
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Figure 8. Measured and simulated mass density distribution q3 for the test with tenside: (a) t = 0 min; (b) t = 10 min; (c) t = 20 min. 






Figure 8. Measured and simulated mass density distribution q3 for the test with tenside: (a) t = 0 min; (b) t = 10 min; (c) t = 20 min.



[image: Energies 14 07557 g008a][image: Energies 14 07557 g008b]







[image: Table] 





Table 1. Density of the used and obtained material.
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	Sample 1,2
	Granule Density [kg/m3]
	Bulk Density [kg/m3]
	Tapped Bulk Density [kg/m3]





	A1
	1779
	1000
	1140



	A2
	1772
	890
	950



	B1
	1510
	730
	800



	B2
	1571
	680
	780







1 Samples A1 and A2 are the mixtures of granules without additives, which were taken at the beginning and at the end of the experiment. 2 Samples B1 and B2 are the mixtures of granules with the addition of a surfactant, which were taken at the beginning and at the end of the experiment.
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Table 2. Aggregation rate constants β0 obtained using different kernels.
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	Test
	Random
	EKE
	Brownian





	Without tenside
	2.656 × 10−13
	1.890 × 10−12
	6.103 × 10−14



	With tenside
	3.446 × 10−13
	2.497 × 10−12
	8.136 × 10−14
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