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Abstract

:

A statistical design of experiments for a rotary fluidized bed agglomeration process is performed to improve both the knowledge of the process and the influence of the process parameters. Agglomerates of a pharmaceutical formulation are manufactured in a laboratory fluidized bed rotor apparatus with a tangential spray nozzle. Particle size is measured in-line over the entire agglomeration process with a spatial filter velocimetry probe installed directly in the process chamber and off-line with dynamic image analysis for comparison. The influence of the process parameters spray rate, spray pressure, rotor speed, and process air temperature on the fluidized bed is investigated using a central composite design. In-line measurement of particle size is possible over the entire rotor process. Spray pressure, spray rate, square of process air temperature, and some interactions proved to be statistically significant. Particle size measured with spatial filter velocimetry and dynamic image analysis indicates good agreement and a similar trend. The successful application of particle size measurement in a fluidized bed rotor agglomeration at a laboratory scale using spatial filter velocimetry to improve process control and reduce the risk of failed batches serves as the basis for transferring to a production scale.
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1. Introduction


Fluidized bed technology has a proven history in the pharmaceutical industry in the production of agglomerates, coating of granulates and pellets, and drying of wet granules and powders [1,2,3,4,5,6]. The application of rotary fluidized bed agglomeration with tangential spraying of the binder solution for drug formulation is currently under investigation [7,8,9,10,11,12,13] but is not yet widely used. The reason could be the special character of the helical nature of the rotary fluidized bed. Compared to the vertical fluidized beds of top spray agglomeration and bottom spray coating with a Wurster inlet, it is characterized by strong centrifugal forces. Particle size and particle size distribution play an important role in the quality of particulate products such as powders, agglomerates, granules, and pellets intended for further processing as filling material for hard capsules or for compression into tablets. Multiparticulate units such as tablets and capsules disintegrate into single units after peroral administration. The release rate of the drug substance, the retention time in the stomach, and the transit time through the intestine depend on the particle size and the particle size distribution of the single units. Therefore, process control and product quality at a high level according to the demands of pharmacopoeias and authorities should be ensured by the concept of process analytical technology (PAT) [14] and Industry 4.0 [15] in the pharmaceutical industry.



In-line particle size measurement with spatial filter velocimetry (SFV) has been successfully applied in fluidized bed agglomeration, drying, and coating [16,17,18,19,20,21,22,23]. Recently, studies on the application of the SFV probe in rotary fluidized bed agglomeration with tangential spray have been conducted [24]. Further studies on this special field are not known to date [25,26]. The installation of the probe in the rotor chamber of the fluidized bed apparatus turned out to be challenging, since the probe’s position has an influence on the measuring results, especially with increasing volume of the fluidized bed. Nevertheless, the measured particle size values of the SFV were in good agreement and with a similar trend with those of the dynamic image analysis (DIA). The process parameters spray rate, spray pressure, rotor disk velocity, and batch size were found to be significant using a Plackett–Burman design [24].



In the present study, the investigation of the rotary fluidized bed agglomeration process with a tangential spray at a laboratory scale was continued to obtain more solid information about the conditions for reproducible particle size measurement with SFV. A successful implementation of the in-line particle size measurement at a laboratory scale should create the prerequisite for the application at a production scale. The influences of the process parameters of the rotary fluidized bed agglomeration on the product quality are investigated for further development of PAT. For this purpose, a response surface design (central composite design, CCD) was performed and evaluated. The reproducibility of the particle size measurement was once more verified by comparison with off-line results from DIA [24].




2. Materials and Methods


2.1. Materials


Microcrystalline cellulose (Avicel® PH101, FMC International, Cork, Ireland, median 110 μm) is used as a solid material and filling agent in the agglomeration process. The agglomeration fluid is prepared with three components dissolved in purified water (Table 1). The model drug substance (API) and preservative sodium benzoate (S3 Chemicals, Bad Oeynhausen, Germany) shows several advantages for the experimental program. It is easily soluble in water and simple methods such as UV-VIS spectroscopy can be used for chemical analysis. The binders polyvinylpyrrolidone (Povidon K 25, Carl Roth, Karlsruhe, Germany) and macrogol 6000 (polyethylene glycol 6000, Clariant, Muttenz, Switzerland) guarantee suitable agglomeration and formation of a stable granulate known from earlier investigations. All substances refer to European Pharmacopoeia quality [27].




2.2. Rotary Fluidized Bed Process


The agglomeration was performed in a batch laboratory fluidized bed apparatus with rotor insert (GPCG 1.1, Glatt, Binzen), tangential spray binary nozzle, and the SFV probe installed directly into the process chamber above the rotor disk (Figure 1). MCC was fed into the process chamber and agglomerated with an aqueous solution of sodium benzoate, polyethylene glycol 6000, and polyvinylpyrrolidone [24]. Agglomeration occurs under the action of three forces: process air volumetric flow from the bottom to the top of the process chamber, centrifugal force of the rotor disk, and gravitation force generating a helical movement of the material. The whole process is controlled by in-line particle size measurement with the SFV probe, resulting in a new quality in the implementation of PAT requirements. The fluidized bed apparatus itself enables continuous measurement of the process parameters product temperature in the process chamber and air differential pressure above the rotor disk for process control according to PAT.



Agglomeration process parameters are shown in Table 2. The process air volumetric flow could not be fixed over the whole process and had to be adapted to the increasing particle size of the granules during the agglomeration process in the range of 35–60 m3/h. The product temperature in the process chamber results from the interaction of different settings of process parameters.




2.3. Central Composite Design


A central composite design (CCD) is a response surface model for the evaluation of square effects and for the improvement of the process response. The core is a two-fold factorial design (2m or 2m-q) expanded by additional central points and star points (α). A CCD was performed with 30 batches including 5 replicates at the central point (Table 3). The levels of the process parameters (factors) spray rate, spray pressure, rotor speed, and process air temperature were varied over a wide range. The product properties sphericity, particle size median (x50.3), and coefficient of variation of the median (CoV of x50.3) as a measure for the width of the chord length distribution (CLD) were selected as responses for the statistical evaluation of the CCD. The general factor adjustment is described in Table 3. The factor setting of each batch and the corresponding results in terms of sphericity, median (x50.3), and COV (x50.3) are presented in the supplemental data (Table S1). The Design Expert software (version 13) was used for the development and evaluation of the experimental design.




2.4. Particle Size Measurement


Particle size and CLD were measured in-line with the SFV probe as a PAT tool (IPP 70, Parsum GmbH, Chemnitz, Germany) over the entire rotor agglomeration process. The process parameters of the SVF probe are listed in Table S2 of the supplementary data. Depending on the density of the spiral fluidized bed, the angle of the disperser should be varied [24]. Data were collected using Parsum software V801_Built 2016_03_28 and later evaluated with the Parsum LogAnalyzer v03-09.11.2018 rel. 19.06.2020.



For comparison, particle size and CLD were measured off-line with dynamic image analysis (DIA, Camsizer® P4, Retsch, Haan, Germany). The particle size of the DIA was determined from the minimal chord length of the particle projection (xc_min). The measuring principles of both methods were described elsewhere [24,25].





3. Results and Discussion


3.1. Statistical Evaluation of CCD


Thirty batches were prepared with the sodium benzoate formulation (Table 1) and the influence of the main effects, two-way interactions, and quadratic effects of spray pressure, spray rate, process air temperature, and rotor speed on the process responses of median (x50.3), CoV (x50.3), and sphericity were investigated. The selection and setting of the factors were based on their significant effect in the screening design [24]. The product yield is high and ranges from 87 to 93%. A small spray pressure range was chosen for the CCD (1.6–2.0 bar) compared to the screening design (1.4–2.2 bar, [24]). For this reason, the scatter of median (x50.3) and CoV (x50.3) is low (Table 4). No suitable model for sphericity could be found (R2 = 0.34, Table 4), and therefore it was not statistically evaluated in this study. The batches of the CCD are not spherical as indicated by the sphericity of 0.77–0.82.



Statistical analysis of the process responses median (x50.3) and CoV (x50.3) reveal significant factors based on p-values, standard regression parameters, and associated 95% confidence intervals (Table 5). The models are highly significant for both process responses (p < 0.001).



3.1.1. Statistical Evaluation of Median (x50.3)


The median shows highly significant results for spray rate and spray pressure (Table 5, A and D, column 2), confirming the results from the screening design. In addition, significant effects of the interactions of spray pressure and spray rate, rotor speed and spray rate, and the quadratic effects of spray pressure and process air temperature are evident. A separate investigation and discussion of the main effects is no longer trivial and may be impossible in the case of significant interactions. The effects are discussed below using graphs. The corresponding response surface models (Figure S1) are attached to the supplementary data for further visual evaluation of the data and for the determination of local minima and maxima in terms of the median (x50.3).



There is an ordinal interaction between the spray rate and the spray pressure, which allows the separate interpretation of both main effects (Figure 2a). An ordinal interaction is characterized by the fact that the graphs do not cross, and both graphs have either a positive or negative slope [28]. In the present case, the median increases with increasing spray rate and decreasing spray pressure, confirming the results of the screening design. A high spray rate, in combination with a low spray pressure, produces large droplets which, due to their small specific surface area, evaporate more slowly, promote higher product moisture, and greater formation of liquid bridges, leading to large agglomerates and a broad CLD.



The interaction of rotor speed and spray rate (Figure 2b) is significant at the 95% confidence level (Table 5, CD, column 2, p = 0.035), although the main effect of rotor speed does not indicate significance (p = 0.57). This is a semi-disordinal effect due to a positive slope of two crossing curves [28]. Small median values are obtained at a low spray rate and a high rotor speed. Presumably, the low spray rate produces dry, brittle agglomerates that are mechanically stressed by increasing rotor speed, causing them to break down into smaller subunits and keeping the particle size small. The largest median value is observed at a high spray rate in combination with a likewise high rotor speed (Figure 2b). Wet particles lead to liquid–liquid collisions and the formation of agglomerates, which is exacerbated by the strong mixing of the product. Above a certain moisture content, the powder bed becomes plastically deformable, with an increase in rotor speed leading to greater compaction and mechanically more stable agglomerates, which is why the particle size increases.



The spray pressure (Figure 2c) has a quadratic effect on the median (Table 5, A2, column 2, p = 0.032). The curve flattens with increasing spray pressure. The reason is probably that the extent of droplet size reduction is not proportional to the increasing spray pressure. Above a certain droplet size, such a high energy is required for further atomization that increasing the spray pressure only produces a marginal effect.



The squared effect of process air temperature (Figure 2d) is highly significant (Table 5, B2, column 2, p = 0.001), while the main effect is not significant (B, p = 0.744). The plot of the median as a function of process air temperature shows an unexpected parabolic behavior. An increasing particle size with increasing process air temperature does not seem plausible. Instead, at high evaporation rates, a decreasing particle size is expected due to a lower agglomeration probability. The reason for this could be a change in viscosity of the granulating fluid at a high temperature caused by polyvinylpyrrolidone that is associated with sticking. Therefore, the validity of the high significance of the quadratic effect of process air temperature should be questioned.




3.1.2. Statistical Evaluation of CoV (x50.3)


CoV of the median of the volume density distribution gives information about the width of the particle size distribution. Even a small proportion of large particles (agglomerates) shifts the particle size to large values, while a higher proportion of small particles does not affect the particle size distribution. Only the volume density distribution and the associated median are suitable for controlling the agglomeration process to prevent the formation of undesirable large agglomerates. The opposite is true for the number density distribution: a small proportion of large particles is not detected in the presence of many small particles due to their high number.



Significant effects on the CoV (x50.3) and, therefore, on the CLD are shown by the main effects of spray pressure, rotor speed, and spray rate; the interactions of spray pressure and rotor speed, spray pressure and spray rate, process air temperature and spray rate, rotor speed and spray rate; and the quadratic effects of process air temperature and rotor speed (Table 5, column 6, p ≤ 0.05). The corresponding response surface models (Figure S2) are attached to the supplementary data for further visual evaluation of the data and for the determination of local minima and maxima in terms of the COV (x50.3).



The effect of the interaction of rotor speed and spray pressure on the CoV (x50.3) is ordinal (Figure 3a). A higher spray pressure or rotor speed results in a smaller CoV (x50.3). A high spray pressure leads to smaller droplets, which allow a more uniform distribution in the powder bed and cause less over-wetting, which in turn leads to a narrow CLD. The higher the rotor speed, the narrower the CLD, since coarse agglomerates are broken up, especially by a strong mechanical load, before liquid bridges harden or crystallize and stable solid particles are formed. At a high rotor speed and high spray pressure, the PGV is particularly narrow, with the reason probably being that less agglomeration was performed with small droplets and strong mechanical stress, and the narrow CLD of the starting material MCC hardly changed.



The interaction of spray pressure and spray rate is also ordinal (Figure 3b). As the spray rate increases and the spray pressure decreases, the CoV (x50.3) increases and the CLD broadens, as expected (lower atomization, large droplets lead to strong local moisturing and formation of few large agglomerates). At a low spray rate, the small droplets can only be broken up insignificantly as the spray pressure increases. A high spray rate in combination with a high spray pressure leads to local over-wetting, uncontrolled agglomeration, and a high CoV (x50.3).



The interaction of spray rate and rotor speed has a semi-disordinal effect on the CoV (x50.3) (Figure 3c). The CoV (x50.3) is lowest at the combination of a low spray rate and high rotor speed and has only a small increase in the median (130 µm, Figure 2b), which is due to the low product moisture and the strong mechanical forces, and thus hardly any formation of agglomerates occurs. At a high spray rate, the effect of rotor speed on CoV (x50.3) is negligible.



The interaction between the process air temperature and the spray rate has a semi-disordinal effect on the CoV (x50.3) (Figure 3d). At a low spray rate, a high temperature leads to a low CoV (x50.3), since the rapid evaporation of the small amount of spray liquid hardly allows the formation of liquid bridges and thus agglomerate growth. At a high temperature, the CLD broadens, and the effect of the spray rate becomes more and more negligible, where viscosity-increasing properties of the binder solution might play a role (see also Figure 2d).



The quadratic effect of rotor speed on the CoV (x50.3) is relatively weak and only visible at high values (Figure 3e). It is possible that a breakup of more stable agglomerates is only noticeable at higher mechanical forces (high rotor speed).



Overall, based on the standard regression parameters, the effects of interactions and quadratic effects are smaller than the main effects of spray pressure and spray rate on the CoV (x50.3) by a factor of 2 to 4 (Table 5, column 7).





3.2. Comparison of Particle Size Measurements


A plot of the median (x50.3) values of SFV (in-line data) and DIA (off-line data) at the end of the process shows a good overall agreement and a similar trend (Figure 4). The correlation coefficient of x50.3 from DIA versus SFV is very high at 0.98. The DIA off-line data confirm the accuracy of the in-line SFV data and the usability for PAT process control. The in-line particle size measurement in the rotor agglomeration without a time delay allows the intervention in the process and to change the process parameters accordingly or to stop the process if the agglomerates are too large.



Up to a particle size of about 200 µm, the median values measured with SFV are smaller or almost identical (Figure 4), but with further increase of the particle size, the median values become larger compared to DIA. The reason for this is that the vibration of the feeding tray during transport of the particles into the measuring shaft of the DIA apparatus is not sufficient to separate the particles from each other, which have formed loose agglomerates due to Van der Waals forces. As the particle size increases, the effect of the weight force outweighs the Van der Waals forces, and the loose agglomerates are separated from each other by the vibration as they fall through the measuring shaft. Figure 5 confirms that the particle size measured with DIA increases less during the process, because the CLD is already broader at the beginning due to the loose agglomerates compared to SFV. At the process end, the CLD from the SFV is slightly broader.



Another reason for the difference in the median values is that the DIA determines the minimum chord length, which is especially important in the case of non-spherical particles, whereas the SFV determines a random chord length depending on the trajectory and orientation of the particle.





4. Conclusions


Earlier investigations [24] on the application of the SFV probe in a rotary fluidized bed with tangential spray have been continued by conducting a central composite design to gain further insight about the influence of the process parameters spray rate, spray pressure, process air temperature, and rotor speed on the process responses of the agglomeration process: median (x50.3), coefficient of variation (x50.3), and sphericity. The main effects of spray pressure and spray rate; the interactions of spray pressure and spray rate, rotor speed and spray rate; and the quadratic effects of spray pressure and process air temperature prove to be significant. Overall, the influence of main effects on the median (x50.3) and coefficient of variation (x50.3) was higher than that of interaction effects and quadratic effects by a factor of 2 to 4. Within the scope of this study, no suitable model for sphericity could be identified, so that further investigations were necessary [25].



The measured particle size values of the spatial filter velocimetry probe agreed well with those of dynamic image analysis and showed a similar trend, confirming previous studies [24]. The SFV measurement leads to reproducible results in the rotary fluidized bed with tangential spray and can be used as a process analytical tool for improved process control through in-line particle size measurement and determination of chord length distribution, minimizing the risk of failed batches in the pharmaceutical industry. Further studies are needed for the implementation of SFV measurement in rotary fluidized beds at a production scale.
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	API
	active pharmaceutical ingredient



	CCD
	central composite design



	CLD
	chord length distribution



	CoV (x50.3)
	coefficient of variation of median



	DIA
	dynamic image analysis



	GPCG
	Glatt pelletization, coating, and granulating apparatus



	MCC
	microcrystalline cellulose



	PAT
	process analytical technology



	SD

SFV
	standard deviation

spatial filter velocimetry



	x50.3
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Figure 1. (a) Schematic representation of the rotary fluidized bed agglomeration process with tangential spray and in-line particle size measurement; (b) image of the rotor insert with installed SFV probe, (A) rotor disk with central cone, (B) rotor speed adjustment, (C) rotor disk height adjustment, (D) process air volumetric flow, (E) air gap, (F) spray nozzle, (G) helical flow pattern of the fluidized bed, (H) SFV probe with attached disperser, (I) sample chute for off-line particle size measurement, (J) process air temperature probe, (K) product chamber wall. 
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Figure 2. Plot of median (x50.3) versus the factors of (a) spray pressure and two different spray rates, (b) spray rate and two different rotor speeds, (c) spray pressure, (d) process air temperature. 
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Figure 3. Plot of COV (x50.3) versus the factors of (a) spray pressure and two different rotor speeds, (b) spray rate and two different spray pressures, (c) spray rate and two different rotor speeds, (d) spray rate and two different process air temperatures, (e) rotor speed. 
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Figure 4. Values of x50.3 of all batches of the CCD measured with SFV and DIA by ascending particle size (SFV). 
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Figure 5. CLD of SFV and DIA after 5 and 39 min (batch 15). 
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Table 1. Sodium benzoate formulation.






Table 1. Sodium benzoate formulation.









	
	Content [w/w]





	Sodium benzoate
	56.4



	Microcrystalline cellulose
	28.6



	Polyvinylpyrrolidone
	5.0



	Polyethylene glycol 6000
	10.0



	
	100.0
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Table 2. Process parameters of the rotary fluidized bed agglomeration process.
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	Process Parameter
	Setting





	Spray rate (g/min)
	11.5–21.5



	Spray pressure (bar)
	1.4–2.2



	Rotor speed (rpm)
	300–1000



	Process air temperature (°C)
	70–90



	Process air volumetric flow (m3/h)
	35–60



	Difference pressure above rotor disk (Pa)
	450



	Spray nozzle diameter (mm)
	1.0



	Position of spray nozzle cap (scales)
	2



	Distance of spray nozzle (cm)
	3



	Batch size (g)
	350
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Table 3. Factor adjustment of CCD.






Table 3. Factor adjustment of CCD.





	
Factor

	
Level Adjustment




	
−α

	
Low (−)

	
Central Point

	
High (+)

	
+α






	
Level distance

	
−2

	
−1

	
0

	
+1

	
+2




	
Spray rate (g/min)

	
11.5

	
14.0

	
16.5

	
19.0

	
21.5




	
Spray pressure (bar)

	
1.4

	
1.6

	
1.8

	
2.0

	
2.2




	
Rotor speed (rpm)

	
300

	
475

	
650

	
825

	
1000




	
Process air temperature (°C)

	
70

	
75

	
80

	
85

	
90
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Table 4. Model parameters of the CCD.
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	Median (x50.3)
	CoV (x50.3)
	Sphericity





	SD
	14.7
	0.01
	0.04



	Mean
	172.4
	0.45
	0.78



	CoV %
	8.5
	2.84
	4.99



	R2
	0.92
	0.94
	0.34
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Table 5. Statistical evaluation of the CCD. p-values: highly significant (p ≤ 0.01) highlighted in green and significant (p ≤ 0.05) highlighted in blue.
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Median (x50.3)

	
CoV (x50.3)




	

	
p-Value

	
St. Reg. Par.

	
95% CI Low

	
95% CI High

	
p-Value

	
St. Reg. Par.

	
95% CI Low

	
95% CI High






	
Model

	
<0.001

	
-

	
-

	
-

	
<0.001

	
-

	
-

	
-




	
Constant

	
-

	
160.0

	
147.2

	
172.7

	
-

	
0.445

	
0.434

	
0.456




	
A Spray pressure

	
<0.001

	
−26.2

	
−32.6

	
−19.8

	
<0.001

	
−0.021

	
−0.027

	
−0.016




	
B Proc. air temp.

	
0.744

	
−1.0

	
−7.4

	
5.4

	
0.113

	
−0.004

	
−0.010

	
0.001




	
C Rotor speed

	
0.565

	
−1.8

	
−8.1

	
4.6

	
0.002

	
−0.010

	
−0.015

	
−0.004




	
D Spray rate

	
<0.001

	
23.4

	
17.0

	
29.7

	
<0.001

	
0.025

	
0.020

	
0.030




	
AB

	
0.829

	
−0.8

	
−8.6

	
7.0

	
0.921

	
−0.000

	
−0.007

	
0.006




	
AC

	
0.123

	
−6.0

	
−13.8

	
1.8

	
0.022

	
−0.008

	
−0.015

	
−0.001




	
AD

	
0.003

	
−13.3

	
−21.1

	
−5.5

	
0.011

	
−0.009

	
−0.016

	
−0.002




	
BC

	
0.498

	
2.5

	
−5.3

	
10.4

	
0.836

	
−0.001

	
−0.007

	
0.006




	
BD

	
0.287

	
4.0

	
−3.8

	
11.9

	
0.036

	
0.007

	
0.001

	
0.014




	
CD

	
0.035

	
8.5

	
0.7

	
16.3

	
0.001

	
0.013

	
0.006

	
0.019




	
A2

	
0.032

	
6.6

	
0.7

	
12.6

	
0.117

	
0.004

	
−0.001

	
0.009




	
B2

	
0.001

	
11.0

	
5.0

	
16.9

	
0.007

	
0.008

	
0.002

	
0.013




	
C2

	
0.222

	
−3.6

	
−9.5

	
2.4

	
0.002

	
−0.009

	
−0.014

	
−0.004




	
D2

	
0.603

	
1.5

	
−4.5

	
7.5

	
0.430

	
0.002

	
−0.003

	
0.007




	
Residual

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Lack of Fit

	
0.150

	
-

	
-

	
-

	
0.211

	
-

	
-

	
-
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