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Abstract 

 

In the last years process analytical technologies (PAT) get more important for 

pharmaceutical industries, this is strongly forced by the regulatory agencies. Here not 

only spectroscopic methods come to the fore also process simulations gets more 

important for predicting process behaviours. 

For monitoring of different processes multipoint near infrared spectroscopy was used, 

the fibers were located at different positions in the process vessels. The results of a 

spray process were compared with discrete element method (DEM) simulations. The 

implemented algorithms can be used to predict moisture distribution inside granular 

materials. A hot melt coating process was monitored with a multipoint NIR system the 

fibers were located at different positions in the process chamber. With this multipoint 

NIR system inhomogeneities and disturbances in the process chamber were 

promptly detected and a sensors malfunction was compared and the correct process 

endpoint could be determined. 

Dynamic cross flow filtration is well established process in different industries. The 

operation performance, limitations and possibilities of the Dynotest were analyzed, 

for monitoring flux measurements were used. Due to its capacity to handle highly 

viscous slurries and the easily scale-up possibility the used filtration system is a 

highly suitable technology for continuous filtration in pharmaceutical industries. 
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Kurzfassung 

 

Regulatorische Behörden fordern von der pharmazeutischen Industrie verstärkt das 

Prozessanalytische Technologien (PAT) in den Herstellungsprozessen eingesetzt 

werden. Mittels spektroskopischen Methoden sondern auch die Prozesssimulation 

wird verstärkt eingesetzt, denn durch die Simulation von Prozessen können 

vorhersagen den Prozess betreffend und der Produktqualität getroffen werden. 

Die Ergebnisse wurden mit DEM Simulationen verglichen und die 

Flüssigkeitsverteilung bzw. -aufnahme beurteilt. Ein Multisonden NIR-Spektrometer 

wurde für die Überwachung eines Hot melt coating Prozess eingesetzt. Mit diesem 

System war es möglich Störungen im fluid bed bzw. Unregelmäßigkeiten schnell zu 

erkennen. Ebenfalls ist es möglich mit diesem System Fehlfunktionen eines Sensors 

auszugleichen und den Endpunkt des Prozesses richtig zu bestimmen. 

Querstromfiltration wird in verschiedenen Industrien erfolgreich eingesetzt , dieses 

System ist aufgrund seiner Fähigkeit, hochviskoser Slurries und des leichten Scale-

up eine sehr gut geeignet Technologie für kontinuierliche Filtration in der 

pharmazeutischen Industrie.  
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1 Introduction 

 

The guidance on PAT was released in by the FDA in September 2004 as a 

framework for innovative pharmaceutical development, manufacturing, and quality 

assurance. The goal of the PAT initiative is to enhance process understanding and 

improved control of the manufacturing process.[1] 

The FDA‘s guidance for industry titled ―PAT-A Framework for Innovative 

Pharmaceutical Development, Manufacturing, and Quality Assurance‖3 was intended 

to describe a regulatory framework that encourages the implementation and 

application of innovative techniques to pharmaceutical development, manufacturing, 

and quality assurance. Goals of process analytical technology (PAT) are 

 assurance of pharmaceutical quality and performance through the design of 

effective and efficient manufacturing processes; 

 specifications based on scientific understanding of how formulation and 

process variables affect product performance and quality; 

 continuous real-time quality assurance  

 adoption of risk-based regulatory policies that recognize the capability of 

process control strategies to mitigate the risk of poor quality products. [1] 

Process analysis has advanced during the past decades, due to an increasing 

appreciation for the value of collecting process data. [2]  

These measurements can be: 

 at-line: Measurement where the sample is removed, isolated from, and 

analysed in close proximity to the process stream. 

 on-line: Measurement where the sample is diverted from the manufacturing 

process, and may be returned to the process stream. 

 in-line: Measurement where the sample is not removed from the process 

stream and can be invasive or non-invasive. [2] 

Process analysers typically generate large volumes of data. Certain data are likely to 

be relevant for routine quality assurance and regulatory decisions. In a PAT 

environment, batch records should include scientific and procedural information 

indicative of high process quality and product conformance [2]. Advances in process 

analyse makes real time control and quality assurance during manufacturing feasible.  
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1.1 Near infrared spectroscopy 

 

The discovery of NIR energy is ascribed to 

Herschel in the 19th century [4], but the first 

industrial applications only appeared in the 

1950s. NIR spectroscopy studies the 

absorption of EMR in the NIR region, i.e. 700–

2 500 nm (14 300–4 000 cm−1). Mid infrared 

and Far infrared light can be situated in the 

2 500–10 000 nm and 10 – 1 000 nm range 

[3]. The basic principles of NIR spectroscopy are 

thoroughly described in a review from Reich et 

Figure 1-1: Example of NIR spectrum [3] 

Figure 1-2: NIR band assignment table [6] 
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al [5]. In Figure 1-1 an example figure of a NIR spectrum is shown and in Figure 1-2 a 

NIR band assignment table is shown. 

Near infrared spectroscopy (NIRS) is one of the most flexible vibrational 

spectroscopic techniques for the analysis of pharmaceutical products and also one of 

the most useful tools for the industrial implementation of PAT, at-line, in-line and on-

line measurements and a number of measures of physical and chemical properties of 

samples are possible. Near infrared spectra are influenced by some physical 

properties of the samples [7]. The influence on the spectra can be by temperature 

particle density and the particle size. Therefore, an effective method for calibration of 

the in-line NIR signal is needed [8]. Especially when the environment conditions are 

changing during the process like in fluid bed granulation when in-line moisture 

detection is performed [8], but the effects can be suppressed or minimized by using 

an appropriate spectral pretreatment [7]. Due to its non-destructive nature and its 

ability to provide immediate results NIRS has a lot of advantages in PAT, the results 

must be calibrated against a reference [7]. Some of the better known uses of NIRS in 

the production of solid pharmaceutical forms include chemical raw material 

identification [9], blend uniformity assessment [10]–[12], granulation monitoring [7], 

roller compaction monitoring [13], drying end-point determination [14] and coating 

endpoint and uniformity determinations [7]. Different groups showed the possibility of 

process monitoring and control via NIRS [3], [10], [11], [15]–[34]. Multivariate data 

analysis (MVDA) is necessary for building NIR models, 

this models are necessary for real time control and to 

ensure product quality. 

 

1.2 Multivariate data analysis1 

 

Multivariate data analysis (MVDA) plays a key role in the 

implementation of PAT and QbD [35] as it enables the 

transformation of the enormous amount of data generated 

by process analysers into relevant and crucial process 

information [36]. 

                                                 
1
 Parts of this section are to some extent based on chapter 2 „ Comparison of NIR Spectroscopy with 

DEM Simulations for Tracing the Spatial Dispersion of Water during Mixing‖ written by the authors 
Roland Hohl, Nicolas Heigl, Daniel Koller, Charles A. Radeke 

Figure 1-3: Rotating table 

Sensor Turn 
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In this sub chapter the building of a model is described for NIR spectrometer. First of 

all samples with different amount of water were homogeneously distributed on a 

rotating table (Sensor Turn, WLP-TEC GmbH, Göttingen, Germany), shown in Figure 

1-3, which was rotating counter clockwise. The fiberoptic probes were fixed on an 

acrylic glass disc which was then mounted three millimeters above the rotating 

material to collect the spectra. The gained data were up loaded to SIMCA 13 P+, and 

a model has to be built in this program. An example of the raw spectra is shown in 

Figure 1-4. The raw NIR spectra Figure 1-4 (A) show two water-characteristic bands 

at 5 150 cm-1and 6 875 cm-1, which were assigned to the combination of bending and 

asymmetric stretching of the O-H (ν3 + ν2) and the symmetric and asymmetric 

stretching O-H (ν1 + ν3), respectively. As pretreatment for the spectra SNV was used 

the spectra are shown in Figure 1-4 (B), the increase of the water peak can be seen. 

For a predictive model partial least square regression (PLSR) was used. It is a 

recently developed generalization of multiple linear regression (MLR) [37], [38]. PLSR 

is of particular interest because, unlike MLR, it can analyse data with strongly 

collinear correlated, noisy, and numerous X-variables [38]. The PLSR calibration 

model was validated via segmented cross-validation with leave one out (CV-LOO) in 

which the spectra of a standard formed a segment. The root mean squared error of 

estimation (RMSEE) and root mean squared error of prediction (RMSEP) represent 

the PLSR models prediction accuracies for the calibration samples and the validation 

samples, respectively, and are given as 

 

(1) 

 

Where yi is the actual (reference) value of y for object i, ŷ is the y-value for object i 

predicted by the model and n is the number of objects (NIR spectra). 
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Two PLSR calibration strategies can be followed to predict the % of water via NIRS 

during the spraying and mixing procedure with more than one sensor:  

 

 all recorded spectra from the different fibers are merged to develop a 

PLSR model  

or 

 individual PLSR models can be developed for each channel with the 

respectively collected spectra.  

In most cases the development of individual models for each channel is more 

suitable than developing a general model over all channels. 

  

Figure 1-4: (A) raw NIR spectra (B) NIR spectrum after SNV filter  
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1.3 Fluid bed and hot melt coating2 

 

Pharmaceutical coating processes take place in coating pans or fluid bed 

apparatuses. Most tablets are coated in pans or drums but also fluid bed equipment 

is in use. Pellet coating is typically performed in a fluid bed [39]. The principle of a 

fluid bed is to maintain particles in suspension in a close area by blowing air through 

the powder bed. The state of the fluid bed depends on the air velocity and the 

powder properties [40], c.f. Figure 1-5. The fluid bed is still a very complex unit 

operation, mostly because the trajectories of particles in the fluid bed are not 

predictable. Powders can be classified by their properties and functionality. Geldart‘s 

works (1986) have shown that, for the fluidisation process, powders can be classified 

into four groups Figure 1-6 according to fluid density and the particle size and density 

[40]. Powders from group C are cohesive and difficult to fluidised, powders from 

group A present the aeration property required for coating purposes. 

 

                                                 
2
 Parts of this subchapter are based on the paper Monitoring of a Hot-Melt Coating Process via a 

Novel Multipoint Near Infrared Spectrometer 

Figure 1-5: Different configurations of a fluid bed: (a) fised bed; (b) expansion; (c) channelling; 

(d) slugging; (e) stable fluid bed; (f) conveying. [40] 



Chapter 1 Introduction 

 

  16 

Fluid Beds are a widely used and versatile unit operation in the pharmaceutical 

industry. Putting to use their property of very large particle to air contact surface, they 

are an advanced method for 

drying, coating and more [40]. A 

great deal of interest has 

already been invested, 

concerning the properties of 

fluid beds, especially their 

geometry and flow pattern, 

mostly, this is a field for 

simulations [41], [42]. 

Nonetheless, the efficiency of 

fluid beds is often driven by the 

experience of their operators. This 

is a result of fluid beds being very sensitive to subtle changes, which can affect the 

flow pattern significantly, even disenabling the fluid bed process as a whole. Even 

more so, this increases the difficulty of placing sensors in such an environment, 

making systematic experimental investigations a delicate work. 

Hot-melt coating was performed in an Innojet® laboratory system Ventilus® V-2.5/1 

with an Innojet® Hot-Melt-Device IHD-1 (INNOJET HERBERT HÜTTLIN, Germany). 

Ventilus® V-2.5/1 is a multi-purpose system for granulation, coating and hot melt 

coating. In this system a bottom spray nozzle was used, sketch and movement of the 

fluid bed are shown in Figure 1-7. 

 

Figure 1-6: Geldart’s classification of powders [40] 
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In-line NIR measurements for pharmaceutical tablet coating processes in a pan 

coater were introduced 2005 by Perez-Ramos et al. [43] with univariate calibration 

and 2008 by Römer et al. with multivariate calibration[19]. In different studies the 

monitoring of coating process with NIR is shown [44], [45] [46], [47]. With a novel 

multipoint NIR in-line measurements of the hot melt coating process were performed, 

the fibers were located at different positions in the production chamber. 

  

                                                 
3
 http://www.sinomach.com/products/innojet.html 

Figure 1-7: Sketch of Ventilus Innojet
3
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1.4 Dynamic cross flow filtration 

 

The main goal of separation is to get a clear liquid, in pharmaceutical industries the 

solids are in most cases of interest. These are the active pharmaceutical ingredient 

(API) and those should be separated from the mother liquor and the impurities. For 

this task two main types of filters are available on the market first there are filtration 

systems in which the separation is done batch wise, these are often used in 

pharmaceutical industries, the second type of filter systems are working continuously. 

There are several systems on the market such as rotating disk systems, rotating 

cylindrical membranes and also shear –

enhanced filtration system [48]. Rotating disk 

systems like the multishaft disk (MSD) system 

are subjects of different studies [49]–[51]. In 

these 

studies 

it could 

be seen 

that the permeate flux is strongly influenced 

by the rotor speeds and the pressure, also 

the right membrane has to be chosen [52] for 

getting the highest permeate flux. This means 

that the membrane resistance has to be 

minimized but also the membrane fouling has to be prevented the different types of 

membrane fouling were shown by Belfort et al. [53]. A rotating disk system is the 

Optifilter CR by Metso Paper (Raisio, Finland) [54] or also in a variation of this 

concept the DynoFilter manufactured by Bokela GmbH (Karlsruhe, Germany) [54], 

[55]. Here the DynoTest filter from Bokela was used and characterized. For 

characterizing this system the influences of different process parameters on the 

filtration behavior and the CQAs has to be analyzed. CQAs are physical or chemical 

characteristics, which must be controlled to ensure the quality of the product. Critical 

process parameters (CPPs) are process inputs, which have a direct and significant 

effect on CQAs, when they are varied within the experimental range [56].  

Figure 1-9: Bokela Dynotest 

Figure 1-8: Shematic drawing of 
DynoTest and the flow in the Dynotest 
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During processing a ceramic membrane 

with a thickness of 2 mm, pore size of 

0.5 µm, inner diameter of 65 mm and 

outer diameter of 156 mm (Kerafol 

Keramische Folien GmbH, Germany) is 

mounted in the front plate, right before 

the rotor. The residual moisture of the 

steady-state product was calculated 

from the feed and permeate flow 

measurements. Additionally, retentate 

samples were taken and dried in a thermo-

gravimetric balance. The concentration factor (CF) was calculated according to [57] 

as the ratio of retentate and feed concentration, respectively. 

(2) 

The cf gives information about the residual moisture in the retentate, the residual 

moisture was not measured via NIR here as PAT tool two flow meters were used. 

Feed throughput was measured uing an electromagnetic flow meter type FSM4000® 

(ABB GmbH) with ≤0.5% accuracy. Permeate throughput was measured using an 

electromagnetic flow meter type 008AP001E® (Honsberg Instruments GmbH, 

Germany) with 2.5% accuracy. To measure filtration pressure, a pressure sensor 

type 261GS® (ABB GmbH) with ±0.1% accuracy was implemented. A simplified P&I 

schema is depicted in Figure 1-10. 

1.5 Thesis content 

 

The aim of the study presented in chapter 2 is to validate a wet mixing process, 

where a liquid spray is used to impregnate particles whilst mixing. Here for a near 

infrared (NIR) sensor instrumented bladed-mixer is utilized in order to compare an 

experiment with a 1:1 discrete element method simulation (DEM).  

The used particles in both cases were absorbing the sprayed liquid over the process 

time of. With multiple sensors attached to the mixer wall the liquid content of 

bypassing particles continuously was monitoring. This study has be done because 

spraying liquids is frequently implemented to the processing of active pharmaceutical 

Figure 1-10: Schematic filtration setup 
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ingredients (APIs) and excipients, e.g. during wet granulation, blending, coating or 

fluidized bed granulation, in which dispersion of the liquid phase is considered as a 

critical quality attribute (CQA) [58]. Traditionally, Karl-Fischer titration (KF) and loss 

on drying (LOD) are employed for the residual water detection, however, both 

methods show drawbacks, such as long measurement duration, invasive analysis, 

and no on-line capabilities [59]. In contrast, near-infrared spectroscopy (NIRS) 

enables highly time-resolved and non-invasive on-line monitoring of water, which was 

already discussed in chapter 1.1. Furthermore, discrete element method (DEM) 

simulation was applied to virtually quantify the amount of sprayed fluid onto the 

spheres when passing the spraying zone. Consequently, the DEM-simulation data 

was compared with the experimental NIRS data. In contrast to the locally restricted 

short range NIR sensor analysis, DEM allows the observation of liquid distribution for 

each individual particle in a simulation over the whole process time.  

 

The aim of the present work in chapter 3 was to demonstrate the advantages of 

multipoint monitoring of a hot melt coating process. Here for the optical fibers were 

placed in various positions in the process chamber of a fluid bed device. In our 

experiments, inhomogeneities and disturbances in the process chamber were 

promptly detected. In addition, a sensor‘s malfunction was compensated for, resulting 

in the product quality assurance and the correct process endpoint determination. 

Spectroscopic methods are generally based on single probes. Here multipoint NIR 

was used for predicting the coating amount at different positions in the process 

chamber. The Coating of solid dosage forms is a typical process step in 

pharmaceutical manufacturing for various purposes; Including taste masking, 

increasing the shelf life or tailoring the release profile of the active pharmaceutical 

ingredient [16], [47], [60]. Multipoint near infrared systems provide better monitoring 

possibilities and control of the coating process, for example, with regard to controlling 

homogeneity and determining the end point of a process [61], [62].  

 

The aim of the present work in chapter 4 dynamic cross flow filter was to specify a 

filtration system which can handle high viscous slurries and is at the same time very 

flexible, also the modular scale-up possibilities. In this study flow meters and a 

pressure sensor were used for process monitoring. The residual moisture could be 

also detected via NIR but for more flexibility so that we also can use other solvents 
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flow meters were chosen. To evaluate the performance of the filtration system two 

crystalline material systems which are relevant for the pharmaceutical industry were 

chosen. The first system was Ibuprofen suspended in water and as second lactose 

suspended in water. The main focus is the development of a fundamental theoretical 

model allowing and understanding of the experimental results.  
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2 Comparison of NIR Spectroscopy with DEM 

Simulations for Tracing the Spatial Dispersion of 

Water during Mixing
4
 

 

  

                                                 
4
 This chapter is based on on the paper Comparison of NIR Spectroscopy with DEM Simulations for 

Tracing the Spatial Dispersion of Water during Mixing written by the authors Roland Hohl, Nicolas 
Heigl, Daniel Koller, Charles A. Radeke, 11.07.2017 accepted in the journal Particuology 
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Abstract 

 

The aim of the presented work is to validate a wet mixing process, where a liquid 

spray is used to impregnate particles whilst mixing. A near infrared (NIR) sensor 

instrumented bladed-mixer is utilized in order to compare an experiment with a 1:1 

discrete element method simulation (DEM). The porous particles used in both cases 

are absorbing the sprayed liquid over a process time of about 18 minutes. Multiple 

sensors attached to the mixer wall are monitoring the liquid content of bypassing 

particles continuously. The sensors are modeled accordingly in the simulation and 

the resulting signals are analyzed and compared. We show that the implemented 

algorithms for spray and liquid absorption can be used to predict moisture distribution 

inside granular materials in chemical and pharmaceutical processes. Such 

simulations can help to save money for resource-intensive experiment plans, 

equipment design studies, and variations of material parameters and beyond. 
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2.1 Introduction 

 

Spraying liquids is frequently implemented to the processing of active pharmaceutical 

ingredients (APIs) and excipients, e.g. during wet granulation, blending, coating or 

fluidized bed granulation, in which dispersion of the liquid phase is considered as a 

critical quality attribute (CQA) [58]. Since there has been a growing tendency to use 

water as a solvent, as it is environmentally friendly and eliminates explosion risk 

compared to organic solvents, monitoring of water content has become an important 

task. Moreover, water can have a pronounced impact on the formulations chemical 

reactivity and stability, and on the final product quality and shelf-life [58], [63]. 

Traditionally, Karl-Fischer titration (KF) and loss on drying (LOD) are employed for 

the residual water detection, however, both methods showing considerably 

drawbacks, such as long measurement duration, invasive analysis, and no on-line 

capabilities [59]. 

However, constant advantages have been made in order to enable on-line 

determination of water content in granular material for the biomass, food and 

pharmaceutical industry, based on several principles. A robust application is found 

via capacitance, or impedance methods, based on the high dielectricity of water [64], 

[65]. Those methods offer the further advantage, that with some computational effort, 

a tomographic reconstruction (i.e. a soft model) of the water distribution is possible 

[66]. 

Naturally, attenuation and phase shift of microwave radiation can be used for 

moisture determination [67]. Also triboelectric probes were presented, used for 

determining moisture content during a granulation process at several positions [68]. 

Additionally, near-infrared radiation shows extremely strong absorption for water, 

exhibiting two distinct absorption bands in the near-infrared (NIR) region, i.e. the 

combination of bending and asymmetric stretching of the O-H (ν3 + ν2)from 5100 - 

5300 cm-1 and the combination of the symmetric and asymmetric stretching O-H (ν1 + 

ν3) from 6800 - 7100 cm-1, and thus numerous applications have already been 

shown. [3], [5], [29], [32], [58], [69].  

Near infrared spectroscopy offers the possibility of fast and real-time measurements, 

coupled e.g. with material identification or concentration estimation at the same time. 

However, compared to e.g. microwave absorption, NIR has the drawback of a very 
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limited penetration depth into the sample, at the same time however allowing easy 

access to sealed environments via fiber optics. 

In this study we used a lab-scale stainless steel reactor equipped with a spray nozzle 

and a four-bladed impeller for moisturizing and blending aluminum oxide (Al2O3) 

spheres. Thereby, on-line multipoint NIRS with differently located fiberoptic probes 

was applied to follow the dispersion of water. Partial least squares regression (PLSR) 

with loss on drying (LOD) as reference technique was used to develop a linear 

multivariate model to predict the percentage LOD of the processed Al2O3 spheres. 

Furthermore, discrete element method (DEM) simulation was applied to virtually 

quantify the amount of sprayed fluid onto the spheres when passing the spraying 

zone. Consequently, the DEM-simulation data was compared with the experimental 

NIRS data. 

In contrast to the locally restricted short range NIR sensor analysis, DEM allows the 

observation of liquid distribution for each individual particle in a simulation over the 

whole process time. Consequently, we use this outstanding capability by modeling 

and analysis of a 1:1 simulation of the mixing device and the granules. 

Classical DEM simulation tools lack the capability of liquid spraying and liquid spread 

out into powders or particle beds. Therefore we use an in-house code with 

appropriate extensions to capture the application of a spray nozzle for continuous 

wetting of a powder whilst mixing. 

 

2.2 Materials and methods 

 

2.2.1 Experimental part 

 

2.2.1.1 Aluminium oxide  

 
Aluminium oxide (Al2O3) spheres (SA 52124, UniSpheres®) were purchased from 

Saint-Gobain Nor Pro (New Jersey, USA). The median sphere diameter is 1.3 mm, 

surface area is 5.00 m2/gm, median pore diameter is 0.15 µm, total pore volume (Hg) 

is 0.30 cm3/g, packing density is 1040 kg/m3, chemical purity is < 0.1 % SiO2 and 

maximum water absorption level is 30 wt-%. We here used α-Al2O3, which is 

insoluble in acids or bases and shows adequate mechanical stability. 
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2.2.1.2 Experimental setup 

 
The mixing experiments were carried out using a lab-scale reactor made of stainless 

steel (id = 10 cm) with a controllable four-bladed steel impeller (Heidolph RZR 2102 

control; blade diameter =95 mm, blade width = 25 mm, blade angle = 45 °). Rotating 

speed was 4 rpm in a counter-clockwise direction. Six different ports, i.e. vision 

panels made of NIR penetrable sapphire glass, are integrated to connect single 

fiberoptic probes (Figure 2-1). The blending behavior of this setup was already 

described in [61] 

 

Figure 2-1: Scheme of the experimental setup: (1) NIR spectrometer, (2) fiber switch box, (3.1 – 
3.6) single fiberoptic probes, (4) NIR transparent sapphire glass windows, (5) mixing reactor, 
(6) controllable mixing device with four-bladed impeller, (7) spray nozzle which can be installed 
at three different positions, (a) inner spray nozzle position, (b) middle spray nozzle position, (c) 
outer spray nozzle position. 

 

2.2.1.3 NIR instrumentation 

NIR spectra were recorded with a FT-NIR400 Spectrometer (PerkinElmer, Brunn am 

Gebirge, Austria) which was connected to a fiber switch box (FSM2 1× 6, 

piezosystem jena GmbH, Jena, Germany) enabling successively recording spectra at 

six different locations. The spectral range was 4100 - 10,000 cm−1 and the spectral 

resolution was 16 cm-1. Recording of a full-range spectrum per fiber probe, or 

channel, was achieved in about 0.35 seconds. Twelve scans were averaged to gain 
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adequate signal-to-noise ratio (SNR), leading to a total measurement time of 4.2 

seconds per spectrum and channel. Accordingly, total measurement time for the six 

successively activated channels was 25.2 seconds. 

 

2.2.1.4 NIR calibration 

 
Partial least squares regression (PLSR) with LOD (MLS-N Moisture Analyzer, Kern & 

Sohn GmbH, Balingen-Frommern, Germany) as a reference method was used to 

develop a linear multivariate model (SIMCA P+; Umetrics, Umeå, Sweden) for the 

moisture quantification of the Al2O3 spheres. Therefore, calibration standards were 

prepared by filling 20 g of dry Al2O3 into 100 ml plastic bottles and adding predefined 

amounts of distilled H2O (TKA, MicroPure UV Reinstwassersytem, Niederelbert, 

Germany). The moisturized samples were subsequently mixed for two minutes to 

equally distribute H2O (Turbula® T2F; Willy A. Bachofen GmbH, Muttenz, 

Switzerland).The calibration range was limited from 0 to 26 wt-% H2O, as exceeding 

moisture contents yielded Al2O3 agglomerates. The amounts of sprayed wt-% H2O 

and the associated regained % LOD values for the calibration standards are listed in 

Table 2-1.  

In a next step, one standard material after another was homogeneously distributed 

on a rotating table (Sensor Turn, WLP-TEC GmbH, Göttingen, Germany) which was 

turned at 42 rpm. The six fiberoptic probes were fixed on an acrylic glass disc which 

was then mounted three millimeters above the rotating material to collect the 

calibration spectra. Twelve single NIR spectra were successively recorded for each 

Standard Theoretical wt-% H2O 
Actual mean wt-% H2O ± 

SD* 
Mean % LOD ± SD* 

1 0 0.00 ± 0.00 0.00 ± 0.00 

2 5 4.80 ± 0.17 3.78 ± 0.83 

3 10 9.68 ± 0.63 8.76 ± 1.50 

4 15 13.60 ± 1.10 12.70 ± 1.02 

5 17 16.73 ± 0.23 16.47 ± 0.44 

6 20 20.31 ± 0.78 20.39 ± 0.87 

7 25 22.65 ± 0.38 22.54 ± 0.36 

8 26 24.70 ± 0.75 24.80 ± 0.74 

Table 2-1: NIR calibration standards with varying amounts of wt-% H2O. The actual amount of 

H2O was confirmed with LOD. (*(n = 3)) 
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of the six channels. Accordingly, a total of 576 NIR spectra, i.e. 8 (standards) × 6 

(channels) × 12 (spectra per channel), were used to build a PLSR calibration model. 

The PLSR calibration model was validated via segmented cross-validation with leave 

one out (CV-LOO) in which the 12 spectra of a standard formed a segment. The root 

mean squared error of estimation (RMSEE) and root mean squared error of 

prediction (RMSEP) represent the PLSR models prediction accuracies for the 

calibration samples and the validation samples, respectively, and are given as 

 

 

 (1) 

 

Where yi is the actual (reference) value of y for object i, ŷ is the y-value for object i 

predicted by the model and n is the number of objects (NIR spectra). 

 

2.2.1.5 Experimental procedure 

 

First, dry Al2O3 was loaded at the mixer to cover the impeller, which corresponds to 110.5 

g of material. Two full impeller revolutions were accomplished to equilibrate the 

system. In a next step, 15 wt-% H2O was sprayed at 0.75 ml/min during continuous 

mixing, what equals 20 minutes spray time. Meanwhile, NIR spectra were 

sequentially collected at channels 3.1 to 3.6 (see Figure 2-1). Consequently, one 

spectrum per channel was recorded every 25.2 seconds (see section 2.3). Finally, 

the prior developed PLSR model was used to predict the % LOD by means of the 

recorded NIR spectra.  
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2.2.2 Simulation 

2.2.2.1 DEM code 

 

In order to achieve faster execution times and higher particle numbers we developed 

a parallelized DEM code. Our implementation uses the CUDA technology [70]. The 

program development started already in April 2008 at Prof. F. Muzzios Department 

for Chemical and Biochemical Engineering of ―Rutgers, the State University of New 

Jersey‖. 

At this time, with our code one can simulate millions of particles on consumer 

hardware. The maximum number of particles depends on the memory size of the 

equipped graphics card. The simulations presented in this paper are executed on an 

NVIDIA GTX 285 2GB graphics board. At the present development stage it is 

possible to simulate about two millions of particles per Giga Byte of graphics 

memory. 

 

2.2.2.2  Implementation 

 

Our numerical model is a 'soft' particle approach where spherical particles exert 

forces due to their mass m and geometrical overlap δ at the contact points c. The 

total force F and torque M acting on a particle 

 (3) 

 
(4) 

is the summation of contact forces fc with other particles or boundaries and 

gravitational force. Considering Newtons second law, at time t we obtain an 

acceleration a(t) which can be used for an explicit time step integration with a time 

step dt in order to obtain new velocities v(t + dt) and positions x(t + dt) for each 

particle in the system. Here, the classical Verlet integration scheme is employed for 

positions [71] 

 
(5) 

 (6) 
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and velocities obtained by central difference approximation 

 (7) 

The implementation accounts for translational as well as for rotational degrees of 

freedom. Both are handled separately by the application of the Verlet algorithm (4 - 7) 

and an Euler integration (8) in the latter case. Total torque M and moment of inertia I 

are used to obtain the angular acceleration  

 

 
(8) 

and the new angular velocity at time t + dt 

 

(9) 

In order to obtain the new particle orientation q(t + dt) the integration of the angular 

velocity is performed afterward. Here, q(t + dt) is a quaternion representation of 

particle orientation, details can be found in (Shigeto, Y. & Sakai, M., 2011.). The 

implemented force laws are linear in normal and tangential direction and follows the 

implementation suggested in [72]. 

 
(10) 

 

(11) 

where µ is the static Coulomb friction coefficient, ,  are spring constants and , 

account for viscous damping in normal and tangential direction respectively. The 

cohesive force fch is only active in the case of liquid bridges.The tangential overlap  

 
(12) 

 

allows for restoring forces if the contact had been existed already in the previous time 

step. Analogous to sliding friction rolling resistance is implemented. 
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The boundary conditions (walls) are modeled as DEM standard, where geometric 

primitives (planes, cylinders) interact with contacting particles by their common 

normal planes. Impeller blades are modeled using inclined planes adjusted to the 

measures of the experimental device. The blades are rotated by constant RPM, 

according to the experiment (table 3). 

Where our code is able to simulate a few millions of individual particles, in the 

presented case we use the computational power to simulate a 16 minutes (!) lasting 

experiment of 64,000 particles. 

 

2.2.2.3 Particle spray and impregnation modelling 

 

The spray nozzle was modeled by defining a conical spray zone located inside the 

mixer. Many rays originate in the spray nozzle, which is assumed to be a point 

source (Figure 2-2). 

 

Figure 2-2: 2D-Sketch of the ray-tracing method. 

 

The size of the resulting spray zone depends –as in reality- on the spray cone angle. 

Each of the rays detects intersecting particles, which increase their liquid content 

according to their number of ray hits in this time step. The mass of liquid absorbed by 

the particle increments according to the former time step values, where mabs,i is the 

mass of absorbed liquid in current time step of particle i,  is the spray rate of the sprayn



Chapter 2 Comparison of NIR Spectroscopy with DEM Simulations for Tracing the Spatial Dispersion 
of Water  

  32 

nozzle in mL/min , Nray is the number of rays that hit particle i in the time step dt. So 

the resulting liquid content can be calculated as follows: 

dtn
N

N
m spray

totalray

iray

iabs


,

,

, 

. 

(13) 

 

Thus, particles liquid content is recorded over simulation time. This fast in-line 

method allows impregnation modeling during the DEM calculation, rather than doing 

a post-processing. Using this method, particle properties (mass, size, stiffness etc) 

can be changed over simulation time. 

In the simulations of the present work, moisture is not present at particle surface. 

Therefore, cohesive forces or a change of friction values does not apply. This is 

coincident with the simulated process, called ‗dry impregnation‘, where typically a fine 

spray fog is used to impregnate particles over a longer period, in order to avoid over-

wetting and agglomerate formation. 

The mathematical model of the spray nozzle is rather simple and does not include 

droplet size, droplet distribution or pressure. It assumes an evenly distributed spray 

fog along with a given spray rate, which results in a homogeneous distributed 

moisture content for particles in the spray zone. Enhancements of the algorithm for 

biased droplet distribution and wetting effects (liquid brides, agglomerates etc) are 

possible, but require validation experiments beyond the scope of the presented work. 

  

Figure 2-3 Impregnation modeling:  Rays running from the spray nozzle through the particle 
bed and hitting particles in the resulting spray zone. 
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2.3 Experiment 

 

2.3.1 Spray nozzle positioning and NIR fiberprobe locations 

 

Generally, the location of the spray nozzle can significantly impact the dispersion of 

liquids during mixing. In a bladed mixer, mixing is achieved throughout a combination 

of two mechanisms, a convective part of collective particle streams due to blade 

rotation and a diffusive part caused by the local interaction of particles with higher 

granular temperature. Considering the chamber between two blades, one circular 

convective stream can be observed in-plane of the bottom of the device, directed 

inverse to the stirrer rotational orientation. The other convection takes place when 

particles are piling up in front of the inclined blade and stream over the upper blade 

edge. 

Diffusive mixing is expected to occur and to be highest at the range of the blade tips 

because of the strong increase of circumferential speed in radial direction. 

Furthermore, the cylindrical wall of the mixer restricts particles spatially and forces 

the release of their kinetic energy partially in diffusive mixing. 

Both mixing effects are superimposed at the blade tips but in our simulations the 

combined two convective streams in the central radial position area of the blade 

shows faster mixing. Therefore this central location was chosen for the spray 

position. 
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To evaluate the homogeneity of H2O dispersion throughout the Al2O3 bed after the 

spraying and mixing procedure, four individual samples were taken from different bed 

locations, as displayed in Figure 2-4A, which were subsequently analyzed with LOD. 

Three individual batches were examined showing satisfactorily reproducibility (Figure 

2-4B). 

The bars indicate almost equally distributed H2O throughout the Al2O3 bed, whereas 

the associated error bars (n=3) indicate good batch-to-batch reproducibilities (Figure 

Figure 2-4 Samples were thief-probed at four different bed locations after the spraying and 
mixing procedure. 
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2-4B). Due to the relatively low amount of sprayed H2O (15 wt-% ≈ 15 ml, spray rate 

0.75 ml/min) compared to the reactor volume (1178 ml), what equals a ratio of 1:78.5, 

the loss by evaporation and entrainment is supposed to be significant. Here the 

mean loss for the four sampling positions was 2.71 wt-% H2O. 

 

Furthermore, due to the rather low filling level only channels 3.1 to 3.4 were 

evaluated, as channels 3.5 and 3.6 did not provide any signal (Figure 2-4A). Also, 

some of the Al2O3 spheres burst into smaller pieces during the mixing process as 

they were crushed between the impeller blades and the side wall of the reactor. The 

resulting fines sedimented at the bottom corners of the reactor but did not 

significantly bias the NIR measurements. 

 

2.3.2 PLSR modeling 

 
In general, NIR spectra of the same material often show fluctuating signal intensities 

because of distinct light scattering, which is a result of changing refractive index from 

solid- to gaseous phase, and light transmission in the samples. With dynamic 

processes, such as mixing or blending, this effect becomes even more pronounced 

as the sample distances from the light exit, e.g. fiberoptic probe, additionally change. 

As a result, primarily a spectral baseline offset (parallel baseline shift), which is a 

multiplicative effect, or a sloped baseline, which is an additive effect are observed. 

These often disturbing effects need to be eliminated prior developing calibration 

models, otherwise erroneous predictions would be the result. Thus normalization 

algorithms, derivatives and scatter correction methods, such as multiplicative signal 

correction (MSC) and standard normal variate (SNV), are frequently applied( Reich, 

G., 2005., Shigeto, Y. & Sakai, M., 2011., Verlet, L., 1967.) In our case, second 

derivative (Savitzky-Golay, 21 points smoothing) pretreatment effectively corrected 

the emerging baseline shifts and was therefore used as a standard spectral 

pretreatment. The raw NIR spectra and the corresponding SNV and 2nd derivative 

spectra of the eight Al2O3 (0 - 26 wt-% H2O) calibration standards, which were 

recorded on a rotating sample desk, are illustrated in Figure 2-5 A–C.  
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In Figure 2-5A the raw NIR spectra show two water-characteristic bands at 5150 cm-

1and 6875 cm-1, which were assigned to the combination of bending and asymmetric 

stretching of the O-H (ν3 + ν2) and the symmetric and asymmetric stretching O-H (ν1 

+ ν3), respectively. SNV effectively corrected for a strong spectral off-set (Figure 2-5 

B), thus revealing only subtle Log 1/R increase with increasing H2O content. 

Therefore, the second derivative spectra (Figure 2-5C) only exhibited relatively small 

intensity changes with increasing water content but at the same time a zero baseline, 

which is beneficial for quantifying the H2O content as no physical interferences bias 

the predictions. (1) is for theoretical zero wt-% H2O and (8) is for theoretical 26 wt-% 

H2O. 

 

Two PLSR calibration strategies were followed to predict the % LOD via NIRS during 

the spraying and mixing procedure: (i) all recorded spectra from channels 3.1 to 3.4 

were merged to develop a PLSR model (termed ―general PLSR model‖ in the 

following), and (ii) four individual PLSR models were developed for each channel 3.1, 

Figure 2-5 NIR spectra of the eight calibration standards with 0 – 26 wt-% theoretical H2O 
contents (see Table 1). 
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3.2, 3.3 and 3.4 with the respectively collected spectra. Table 2-2 provides the 

corresponding calibration statistics of the PLSR models. 

Model 

number 

Model 

type 
Channel(s) 

Spectral 

pretreatment 

PLS-

factors 

Explained 

variances 

(%) X, Y 

RMSEE RMSEP R
2
 Q

2
 

1 
General 3.1 - 3.4 

2nd derivative 3 17.6, 72.3 4.175 6.466 0.723 0.616 

2 SNV 5 98.1, 92.3 2.116 21.382 0.923 0.913 

3 

Individual 

3.1 SNV 4 78.8, 96.4 0.722 13.101 0.968 0.987 

4 3.1 2nd derivative 2 5.5, 96.8 1.383 5.132 0.966 0.700 

5 3.2 2nd derivative 1 3.7, 88.7 2.363 5.698 0.887 0.700 

6 3.3 2nd derivative 4 100, 89.7 2.268 6.268 0.897 0.809 

7 3.4 2nd derivative 1 7.76, 90.6 2.339 5.233 0.906 0.797 

 

2.4 Simulation procedure 

2.4.1 Setup 

 
In order to achieve a 1:1 comparison to the experiment, geometrical dimensions of 

the mixing device, impeller speed, spray rate and spray frequency are modeled 

accordingly. The particle properties (size, shape, amount, porosity, fill level) are 

modeled as close as possible to the experimental data. The simulating parameters 

are shown in Table 2-3. 

  

Table 2-2 PLSR calibration statistics 
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Parameter Value / Unit 

Impeller speed 4 rpm 

Number of particles 63744 

Particle size 1.3 mm 

Particle porosity 0.45 % (of Volume) 

Spray rate 0.75mL/min (15% weight within 20min) 

Impeller diameter 95mm 

Blade angle 45 deg 

Blade height 25mm 

Particle density 1125kg/  

 

2.4.2 Process simulation 

 

Initially the particles are created at random positions inside the device atop of the 

blade area. The system was allowed for settling whilst two revolutions. After this 

initial step the time was set to zero and the onset of spray was started. Then, the 

simulation runs for 72 revolutions at 4 rpm, which results in a total process time of 18 

minutes. 

The spray nozzle is fixed at central position (b), directing parallel to the impeller axis 

according to Figure 2-4A. The spray zone covers a circular area of about 30 mm 

diameter (varying, depending on impeller passage and bed height). 

Particles inside the spray zone are detected by a projection algorithm (ray tracing, 

Section 2.2.2.3). Every particles‘ spray zone visit is monitored and leads to a 

recording of its residence time and the corresponding liquid content under 

consideration of the constant flow rate. Details of the spray algorithms used to extend 

the DEM code are not within the scope of the present work and will be presented in a 

separate paper. 

 

 



m3

Table 2-3 Simulating parameters 
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2.5 Results 

2.5.1 Alignment of depth of scrutiny of off-line, on-line and simulated data 

 
Naturally, the different presented methods offer a different depth of scrutiny for the 

interpretation of the process. 

Regarding the LOD measurements, happening offline, one is basically free in 

choosing an appropriate sample size. However, in practice limitations on the amount 

to be analyzed are given by the measurement equipment, but also by the practical 

limitations in thieving representative samples from the blender. In the presented 

case, calibration samples had a mass of approximately 2 g, whereas the thieved 

samples ended up with 1 g of material. For calibration, the samples were assured to 

be homogenous, however for the thieved samples it has to be considered, that the 

samples represent less than roughly 1.2% of the total filled mass inside the blender.  

For the NIR based measurements, it is safe to assume, that the penetration into the 

powder is no more than one particle layer. Hence, based on the diameter and 

aperture of the optical fiber, the acquisition time and number of scans, and assuming 

a particle speed equal to the tip speed of the impeller, one ends up with an estimated 

scanned volume of 0.075 ml. This is equal to the volume of 6.8 particles, and at the 

same time representing approximately 0.1% of the total (particle occupied) volume in 

the vessel. 

In order to obtain sensor data comparable to the experimental procedure, the 

location and the near field of the sensors is modeled accordingly. The particles are 

detected in a half-spherical sensing field in front of a sensors position. A mean value 

of 3.6 (0.95 STDEV) particles are entering the near field for the channels 3.1 and 3.2 

on the bottom. For sensor 3.4 we observe only a mean value of 2.8 particles with a 

higher STDEV of 1.2. This is because of the stronger fluctuation of the bed surface, 

which passes the sensing area at the location of sensor 3.4 (Figure 2-1). 

Thus the estimations on the experimental part, and the simulated results, regarding 

the number of particles scanned are in good agreement, considering that likely the 

particles move at slower speed than the impeller tip, and the bulk density in the 

vicinity of the blade is slightly decreased due to particle movement. 

For quantifying, the water content in the simulation, for all of the detected particles in 

the sensing area, their liquid content is accumulated and divided by the number of 

particles in this near field. 
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Hence, the comparison of experimental and simulated results is possible rather 

straightforward, as the same volumes (or particle numbers) are compared. 

Furthermore, the fundamental error when sampling particle systems caused by the 

finite particle number in the sample [73] is of lesser concern to us, as the Al2O3 

spheres do not represent a binary system (with wet and dry spheres), but carry a 

continuous expression of amount of moisture.  

Evidently, the obtained water content obtained via NIR measurements, as well as 

probed in the simulation, show the same order of magnitude in their fluctuations. Both 

are higher than the observed deviations within the thieved samples analyzed via 

LOD, reflecting the differences in sample size probed in the NIR measurement, the 

simulation, and the LOD method. 

This is already reflected in the observed larger error of the NIRS calibration based on 

to the LOD reference measurement. Based on the fact, that only a majority of the 

variation is explained by the finally chosen chemometric model (see Table 2-2), that 

large fluctuations in the observed spectra lead to a bad model performance. These 

might include the actual position and reflection of the rather large particles in front of 

the probe, leading to distortions in the spectra. Although this is corrected for by 

spectral pretreatments, such effects cannot be eradicated completely. 

It has to be noted here, that the used optical probes are most simply, and just consist 

of a cupped bifurcated fiber, as those were costume made to fit into the blending 

vessel. Alternative probes, which could enable a more homogeneous illumination and 

a wider area of detection, would permit to mean over the individual particle positions 

and improve the spectral interpretation. 

 

2.5.2 Comparison and explanation of theoretical and experimental results 

 
Previous simulations predicts a central spray zone location, at the middle of the 

impeller radius for optimum liquid distribution in the bed. Therefore, experiments for 

different locations a, b, c (Figure 2-4A) were made in order to verify this prediction. 

Spraying at the inner position a can be discarded because of resulting wetting of the 

stirrer and impeller blades in this case. For position c the blades will not be wetted 

but partially the cylindrical wall. This leads to sticking particles and agglomerates 

forming. Additionally, the comparison of the liquid content evolution shows much 

stronger fluctuations than in the case of central spray location (Figure 2-6 ). Stronger 
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fluctuations corresponds to less homogeneous liquid distribution inside the particle 

bed, so the central spray location is the optimum for our process.  

 

Figure 2-6 to Figure 2-9 show the comparison of DEM liquid evolution with the 

measured evolution via NIR. The data sets were verified with a chi-squared test, 

Table 2-4 shows the results of chi-square test. For sensor 3.1 and 3.2 the null 

hypothesis is true, which means that sensor 3.1 and 3.2 can be compared with the 

simulation data. 

Sensor 3.4 did not pass the chi-square test. The reason is the position of this sensor, 

the comparison of this sensor and simulation data is shown in Figure 2-7. The sensor 

is located in a height in which also the blades of the impeller are measured, c.f. 

Figure 2-1. This leads to higher fluctuations during the measurements and the null 

hypothesis has to be rejected. 

 

 

 

The measured fluctuations depicted in Figure 2-7 to Figure 2-9 sometimes show a 

mirrored behavior (Figure 2-7, between 30 – 50 rev.). This can be explained by a 

phase-shift between simulation and experiment, when blades and pure particles are 

passing the sensor. Here, a synchronous angular constellation of the impeller in 

simulation and experiment cannot be warranted. Similarly, the sensor electronic 

schedules sensors in a multiplex logic, where data are delivered asynchronous to the 

simulated sensors.  

 

  

Table 2-4 Values of chi-squared test from DEM simulation data and NIR data. 

Channel χ²-Test p-Wert 

3.1 0.98179 

3.2 0.99999 

3.4 0.03408 
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2.5.3 Results for different measurement and spray locations 

 

In Figure 2-6 the comparison of different spray locations, central (b) and outside (c 

evolution of monitored liquid content at sensor 3.2, (bottom, 34mm radial distance) is 

shown. Higher fluctuations represent more inhomogeneous liquid distribution inside 

the bed. The central spray location yields smoother liquid content increase.  

 

In Figure 2-7 evolution of monitored liquid content at sensor 3.2 at the bottom, 20 mm 

radial distance (central spray position). Both curves depicts a fluctuation of liquid 

content within the same range. Here, the liquid content is slightly under-predicted by 

the simulation until 60 revolutions; the final saturation is equal to the experimental 

data.  

Figure 2-6 Comparison of different spray locations, central (b) and outside (c). 
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In Figure 2-8 evolution of monitored liquid content at sensor 3.2 at the bottom, 34 mm 

radial distance (central spray position) is shown. Excellent agreement of both data 

sets until the theoretical moisture content has been reached. 

Figure 2-7 Evolution of monitored liquid content at sensor 3.1 
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In Figure 2-9 evolution of monitored liquid content at sensor 3.4 at the side wall, 

20 cm vertical distance (central spray position) is shown. The agreement here is 

poor, because of the improper location of the sensor, where no continuous 

measurements are possible. 

Figure 2-8 Evolution of monitored liquid content at sensor 3.2. 
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Residence time and liquid content are evolving in tandem. That is first: Because of 

the fact, that particles are receiving a constant amount of sprayed liquid per time 

spending in the spray zone which is equal to the flow rate of the nozzle. Second: The 

porous particles are not over-wetted, because their absorption rate is higher than the 

spray rate. In that case, particles cannot transfer liquid throughout wet contacts or by 

a liquid film, because they do not arise.  

 

As known from statistical theory, summarizing any random values lead to a Gaussian 

density distribution. So this observation has to be assumed for our particle residence 

time distribution as well [74]. 

 

With increasing process time the typical Gaussian shape of the distribution function 

develops, shown in Figure 2-10. After 50 revolutions, it becomes fairly symmetric and 

shifts towards larger residence times as a whole, with an increasing number of 

revolutions. That indicates a stationary flow regime of the mixing process. 

Figure 2-9 Evolution of monitored liquid content at sensor 3.4. 
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2.6 Discussion and outlook 

 

The analysis of our results shows very good agreement for the quantitative liquid 

content evolution of the simulation data compared to the experimental data. Where in 

the experiment only spot-like analyses are accessible via NIR sensors which have 

advantages of revealing local variations, in numerical simulations the information of 

the liquid content is available for all particles in the system at any time. In order to 

evaluate the quality of our simulation, we compared the liquid content of the 

experimentally measured sensor data with ‗virtual sensors‘, accordingly placed in the 

simulation and identified statistically reasonable sensor locations (3.1 and 3.2) for our 

process. 

Based on the available total information in the simulation data, the mixing-time 

dependent residence time distribution (rtd) was analyzed (Figure 2-10). We remark 

that this analysis cannot be carried out at all without numerical simulations. The 

Figure 2-10 Residence time distribution of particles visiting the spray zone. 
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excellent agreement of the sensor data confirms that we have simulated the rtd of 

experiment as well. 
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3.1 Abstract  

 

The aim of the present work was to develop a PAT strategy for the supervision of hot-

melt-coating processes. Optical fibers were placed at various positions in the process 

chamber of a fluid bed device and experiments were performed to determine the 

most suitable position for in-line process monitoring, taking into account such 

requirements as a good signal to noise ratio, the mitigation of dead zones, the ability 

to monitor the product over the entire process, and reproducibility. The experimental 

evidence suggested, that the position at medium fluid bed height, looking towards the 

center, i.e. normal to particle movement, proved to be the most reliable position. In 

this study the advantages of multipoint monitoring are shown, and an in-line-

implementation was created, which enables the real-time supervision of the process 

including the fast detection of inhomogeneities and disturbances in the process 

chamber, and the compensation of sensor malfunction. In addition, a model for 

estimating the particle size distribution via NIR was successfully created. This 

ensures that the quality of the product and the endpoint of the coating process can 

be determined correctly. 
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3.2 Introduction 

 

Coating of solid dosage forms is an important process step in pharmaceutical 

manufacturing for various purposes, including taste masking, increasing the shelf life 

or tailoring the release profile of the active pharmaceutical ingredients (API) [16], [47], 

[60]. In addition, a second API can be delivered to patients by active coatings (i.e., an 

API is incorporated in the coating) [75]. Depending on the purpose of the coating and 

on the substrate particles (e.g., tablets or pellets), typically pan coating or fluid-bed 

coating are used to apply a thin continuous layer on the substrate. Dependent on the 

size of the substrate particles pan coating (widespread used for tablets) or fluid-bed 

coaters (usually used for pellets and mini-tablets) are preferred. Several different 

implementations of fluid-bed coaters exist, whereas bottom-spray fluid-bed 

technology is one of the most established methods for pellet coating [60]. Typically, 

an aqueous polymer-containing solution is sprayed onto pellets. However, solvent-

free systems have been developed as well. For example, hot-melt coating (HMC) has 

been used for many materials, such as paper or textiles, since the early 1940s. In the 

pharmaceutical industry hot-melt coating has been applied since the 1980s [76]. One 

of the advantages over conventional coating techniques is that no solvent is required, 

since the coating material is applied to a substrate in the molten state, reducing the 

energy costs associated with evaporation and the (expensive) need for solvent 

recovery and explosion proofing in case of organic solvents. Moreover, HMC can be 

performed in modified conventional coating systems (e.g., fluid bed coaters) [76]. An 

excellent understanding and a precise control of the HMC process is required to 

successfully manufacture and to reduce product variability. The critical process 

parameters (CPP) are the melt temperature, the air flow rate, the molten lipid spray 

rate and the atomizing air pressure (a detailed discussion on the CPPs will be found 

in Stocker E, Salar-Behzadi S, Hohl R, et. al. Applying ICH Q9 quality risk 

management methods and tools to encourage process development for hot-melt 

coated particles; in preparation) as they significantly affect the critical quality 

attributes (CQA) of the product, including taste masking, effectively. Therefore, the 

quality of the coating layer is an important and critical parameter for the performance 

of the drug product.  
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In general, the coating quality is characterized by the coating thickness and its 

uniformity. These parameters should be monitored by sensors providing real-time 

information about the process state, thus enabling control of the process. Several 

studies investigated process analytical technology (PAT) applications for the 

monitoring of coating processes. Most techniques directly rely on the detection of the 

coating material, including near infrared spectroscopy (NIRS) [44], [46], [77], [78], 

Raman spectroscopy [43], [79], [80], and Terahertz pulsed imaging [39]. In a series of 

papers we recently reported the use of optical coherence tomography (OCT) as a 

powerful method for in-line measurement of coating thickness and variability [81]–

[83]. Alternatively, the particle growth due to coating can be monitored, e.g. with 

spatial filter velocimetry [84]. 

Being non-destructive and fast, NIRS and Raman spectroscopy are established PAT 

tools for monitoring of coating processes [44]–[46], [77], [78], [85]. However, the 

fluorescence of certain coating materials can be a major obstacle with regard to 

Raman spectroscopy [43], [79], [80]. Using a correct data pre-treatment and 

reference analytics, successful real-time prediction of coating thickness, uniformity 

and drug release via NIRS were reported [44], [45]. NIRS was also extensively 

investigated in connection with fast and non-destructive particle size monitoring 

during granulation processes, typically combined with moisture content determination 

[86]. 

All mentioned methods are usually based on point sampling, i.e. the area of 

measurement is usually in the range of a few µm² (OCT), up to some mm² (for 

infrared). Hence, correct positioning of a probe is critical. This is especially true for 

processes, where spatial gradients exist (e.g. the particle size varies with the fluid 

bed height).  

In the current study, a novel multipoint near-infrared system was used for 

simultaneous measurements of the coating thickness at various positions in the 

process chamber of a fluid-bed hot-melt coater. A single probe may fail or may 

become useless due to several reasons; very common is the occurrence of fouling. 

Thus, a multipoint system provides a better monitoring quality and control of the 

coating process, for example, with regard to coating homogeneity and end point 

control of a process [61], [62], [87]. Different positions inside the coating vessel were 

evaluated regarding their susceptibility for fouling and their reliability. 
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3.3 Materials and methods  

3.3.1 Hot-melt coating 

Hot-melt coating was performed in an Innojet® laboratory system Ventilus® V-2.5/1 

with an Innojet® Hot-Melt-Device IHD-1 (Romaco Innojet, Steinen Germany). The 

Ventilus® V-2.5/1 is a multi-purpose system for granulation, coating and hot melt 

coating. 

A stable fluidized bed of the substrate crystals is established by the air stream forcing 

the crystals to follow a helical path inside the process chamber. The process 

chamber has volume of 2.5 liters and is topped by a filter tower. The spray nozzles 

for the molten coating are situated at the bottom of the process chamber and eject 

the molten material in a low angle into the process chamber, in all radial directions.  

The substrate crystals were provided by Hermes Arzneimittel GmbH, Germany and 

were coated with Compritol ATO 888 (Glattefossé, Nanterre Cedex, France).The 

coating process was performed for 30 minutes at a constant product temperature of 

55°C. Atomizing air pressure was set to 1 bar. These settings were applied in all 

experiments. 

3.3.2 Near infrared spectroscopy and probe positioning 

A new spectrometer prototype, Helios EyeC Multifiber, provided by EVK (EVK 

DI Kerschhaggl GmbH, Raaba, Austria) was used to monitor the process. The 

spectrometer is based on available hyperspectral imaging systems. The MCT-sensor 

chip (mercury-cadmium-telluride) allows to detect a spectral range in the near-

infrared region of 1000 – 2250 nm effectively. A special optical unit maps up to 25 

probes, which can be attached via typical SMA905-ports to the spectrometer, to the 

entrance slit of the imaging system. Thus this enables the simultaneous acquisition of 

all probes. With this setup, acquisition of spectra can be done very fast, and spectral 

drifts between several probes are not occurring. 

In each coating run, measurements were performed simultaneously at three 

positions. One sensor was permanently fixed at level 2 and looking in radial direction 

during all experiments. This sensor was defined as main sensor. The other sensors 

were placed at different levels, as shown in Figure 3-1. These sensors are termed 

further control sensors. 
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The three probes used consisted of bifurcated fibers, capped with a sapphire window 

(Ocean Optics Inc., Dunedin, USA). They were mounted inside the process chamber 

at different positions and were pointed in different directions, as shown in Figure 3-1. 

The height levels of the sensor positions are marked 1 to 3. The directions of the 

sensors were chosen to be in circumferential direction (C), in the upward (U) 

direction, downwards-looking (D) onto the fluid bed and in radial (R) direction, i.e. 

from the vessel rim towards the center of the fluid bed. 

The spectra were acquired with an integration time of 1500 µs and a frequency of 

105 Hz. After every 5.3 s, the recording was interrupted for about 8 s to flush the 

working memory, resulting in about 60000 spectra during the process time of half an 

hour. The interpretation of spectra was performed with MATLAB R2011b (version 

7.13.0.546, TheMathWorks Inc., Natick, Massachusetts, USA) and using the 

Statistical Toolbox., for off-line analysis as well as SIMCA and SimcaOnline 

respectively (SIMCA version 13.02, SimcaOnline version 13.01, Umetrics, Umeå, 

Sweden) for in-line analysis. Since all spectra were recorded by one single CCD chip 

of the EyeC system, typical setbacks associated with multiple spectrometers (e.g., 

the need for individual models, time delays, differences in the resolution) were 

eliminated. 

Right before the coating process was started, white and dark reference spectra were 

recorded; for creating dark reference the sensors were disconnected from the 

spectrometer and for white reference Spectralon® (Labsphere, North Sutton, NH) 

was used in a distance of 2 mm from the probes. The direction and position of the 

main sensor (R) was not changed, during the experiments. The control sensors were 

used at different height levels and different directions. Many positions proved to be 

vain, due to having a too low particle density, or not enough movement in front of the 

sensor, to give reliable results. Three experiments will be discussed in detail in this 

manuscript, which are listed in in Table 1. 
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Figure 3-1: Fluid bed vessel with a bottom spray nozzle and EVK system Helios EyeC. NIR 

optical fiber probes were turned in different directions: (C) circumferential, (U) upwards, (D) 

downwards and (R) in radial direction towards the center. 

 Main sensor Control sensor 1 Control sensor 2 

Experiment 1 Level 2 (R) Level 2 (D) Level 2 (C) 

Experiment 2 Level 2 (R) Level 1 (D) Level 2 (C) 

Experiment 3 Level 2 (R) Level 3 (U) Level 1 (C) 

Table 3-1: Dependent on the size of the substrate particles pan coating 
(widespread used for tablets) or fluid-bed coaters (usually used for pellets and 
mini-tablets) are preferred. 
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3.3.3 Compensating for window fouling 

 

Another crucial issue associated with HMC is window fouling, which can render the 

sensors ineffective. For example, the end point can be detected too early due to 

coating material deposited on the sensor head. Window fouling occurs when the 

molten lipid recrystallizes on the capping of the NIR fibres rather than on the particles 

in the process chamber or when abrasion of the coated particles takes place. As 

such, window fouling can be different at different positions. To compensate for 

window fouling, extended multiplicative signal correction can be used (EMSC) [88]. 

As proposed in [89] the collected spectra were separated according to: 

                                                
     (14) 

The parameters a, b, c, d, e are calculated for every time step but are constant over 

the considered spectral region. A1, is a constant value across all wavelengths, which 

mainly reflects the influence of the crystal distance. Acrystal is the characteristic 

spectrum (taken off-line) of pure substrate crystals. Therefore, if crystals are near the 

probe window, and give a notable absorption spectrum, b is high. Since a and b 

depend on the crystal distance, they show a correlation. Acoating describes spectral 

content attributed to coating. It was obtained by taking off-line spectra of the samples 

collected during the coating process. Aλ and Aλ
2 represent linear baseline offset and 

quadratic curvature. 

By taking into account the existing correlations between a, b, and c; i.e. the 

geometrical based relation of crystal distance, and crystal and coating proportion in 

the spectra, it is possible to distinguish between the coating, adhered to crystals, and 

coating adhered to the probe window [89]. Thus the increase of coating on the 

crystals, and on the NIR probes can be followed separately. The obtained corrected 

EMSC coefficient is then directly proportional to the detected coating mass. 

This calculation is performed for every time step (i.e. with 105 Hz). To avoid 

cluttering, in the following figures the mean value over 0.57 s, and the corresponding 

standard deviations over the same time period are indicated. Numerical values are 

given relative to the coating target value. 
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3.3.4 Off-Line measurement of the particle size distribution  

 

Particle size distribution was measured using the QICPIC dynamic picture analysis 

instrument with the RODOS dry dispersion unit and the VIBRI vibrating conveyor 

from Sympatec (Sympatec GmbH, Clausthal-Zellerfeld, Germany). QICPIC is a high-

speed camera with a stroboscopic light source, which can take up to 450 pictures per 

second of dispersed particles moving through the measurement zone. The 

associated software WINDOX 5.6.0.0 calculates the PSD and shape factor 

distributions of the measured particles by evaluating their projected area in the 

pictures. The particle diameters x10, x50 and x90 were determined for the particle 

volume distributions. 

 

3.3.5 Coating prediction via PLS 

 

The calibration of the NIR setup was performed off-line, using samples taken every 5 

minutes during a coating process. Samples were distributed homogeneously on a 

rotating table (Sensor Turn, WLP-TEC GmbH, Göttingen, Germany). The table 

rotated to mimic particles passing the probe and to avoid subsampling. To collect the 

calibration spectra, the three fiber optic probes were fixed on an acrylic glass disc 

mounted 2 mm above the rotating material. For the in-line measurements it was also 

necessary to develop a PLS (projection to latent space) model for the prediction of 

the coating mass. The model is similar to the one presented in [90]. The model was 

developed by recording several batches during the whole process time. Afterwards, 

only those batches, which performed successful (as determined afterwards by 

drawing samples and analyzing them off-line were considered for being included in 

the model. Off-line-analysis happened via dynamic picture analysis, as described in 

section 2.4. It was assumed that the increase in particle diameter over process time 

can be attributed to the growth of the coating layer on the particles. This was 

supported by microscopic images (taken with a Leica DM 4000 equipped with a Leica 

DFC 290 camera), which allowed to distinguish the coating layer from the substrate 

material optically. The score plot for a single calibration batch is shown in Figure 3-2.  

As target variable the batch maturity, i.e., the normalized process time, is used. Thus, 

the end-point of a successfully coated batch is 1. More details on such batch models 
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can be found in literature [91], [92]. For the prediction of coating, SNV normalized 

spectra over nearly the whole spectral range (1100 – 1800 nm) were used. Three 

PLS components were used, resulting in a model with a RMSECV of 0.033 (in units 

of normalized time, i.e. root mean square error for predicting the batch maturity of the 

cross-validation batches is approximately 1.5 minutes). The regression vectors 

indicate, that the increase of coating material, and the decrease of substrate material 

in the obtained spectra are the variables relied on. 

As this model just gives a regression vector for the obtained spectra (i.e., is sensitive 

to the increase of coating material in the obtained spectrum), the validity of this model 

can only be guaranteed, for one position and reproducible fouling over several 

batches (as window fouling is intrinsically calibrated into the model). Hence, the 

model can only be applied, when the correction in section 3.2.3 has shown, that 

fouling occurs as expected. 

 

Figure 3-2: Score scatter plot of a calibration batch for the PLS model. The color indicates time, 

hence it can be seen that the HMC processes wander from left to right, until they are finished. 

Whereas the first component nicely increases with time, the second component has to 

compensate some fluctuations, maybe due to badly controlled coating feed. 
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3.3.6 Set-up for In-line monitoring 

 

An FPGA (field programmable gate array) chip housed in the spectrometer is used 

for control of the spectrometer. In principal the FPGA can be used to perform 

calculations on the acquired spectra at high speed [93]. In the current application, 

however, no further steps are performed on the FPGA, but the raw detected intensity 

is exported. The multipoint spectrometer was set to an automatic mode for in-line-

monitoring, to regularly acquire and save the detected intensity data into files. This 

has the additional advantage that the original spectral data is preserved (and thus 

archived) as demanded by the regulators. 

In an intermediate step, the folder containing the spectral data is supervised remotely 

and newly written files are loaded and processed further in an in-house developed 

program. The first step is the conversion of the recently acquired intensity I(t) to 

absorbance, by including the previously determined white Iwhite and dark Idark 

reference, via 

 ( )         (
 ( )      

            
)  (15). 

For off-line analytics, the absorbance spectra are then used as described in section 

3.3.3 to correct for window fouling. For in-line supervision, a mean absorbance over 

5 seconds is calculated. These values are then written to an OPC server, running on 

the same machine, as illustrated in Figure 3-3. OPC (Object Linking and Embedding 

for Process Control) is a standardized software interface for the exchange of plant 

data in between instruments and controllers of different manufacturers.  

A third computer serves as the final supervision station. Here, the data are imported 

regularly from the OPC server via two different APIs (application programming 

interfaces) that serve as OPC clients, namely the Batch Table Wrapper API and OPC 

SIM API. The communication between OPC server and clients on different PCs is a 

delicate task, regarding communication protocols and data safety; details are omitted 

here. The data are then used in a real-time prediction system (i.e., SimcaOnline). 

This systems performs the chemometric analysis of the data, based on the 
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chemometric model, which was established beforehand, and gives a status report 

and possible warnings to the user. 

 

 

 

3.4 Results 

3.4.1 NIRS measurements 

 

Experiments were performed with sensor positions given in Table 3-1. For all shown 

experiments the applied coating is shown as ratio to a target coating level. Hence a 

coating ratio level of 0 represents the lack of coating, and a value of 1 roughly a 

coating thickness of 75 µm. A usual coating process should end at a range of 1. In 

Figure 3-4 the experiment 1 according to table 1, is shown, the higher coating ratio 

Spectrometer
FPGA

Personal Computer
Helios Viewer

Personal Computer
Custom Data TreatmentCustom Batch Mask

Spectral Archive

OPC Server

Personal Computer
OPC SIM APIBatch Table Wrapper API

SimcaOnline

Personal Computer
Simca Operator

Figure 3-3: Schematic overview of the data flow. Grey fields are performed on the 

spectrometer, and the accompanying computer. Orange fields represent our custom program, 

used for entering batch data and handling of spectra respectively. Green marks the OPC server 

(MatrikonOPC, Köln, Germany). Blue fields are products from the company Umetrics AB. APIs 

are used by SimcaOnline for communicating with the OPC server and administrating the batch 

data. SIMCA itself is used to prepare the chemometric model. 
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reported by the sensors is caused by window fouling of the sensors during the 

process time. 

 

Figure 3-4: Experiment 1 according to table 1, coating ratio vs. time without correcting for 

window fouling (solid line). The dotted line is the standard deviation of the coating ratio. Blue 

dots represent the off-line measured values. As can be seen, the off-line measurement show a 

lower coating ratio. The higher coating ratio reported by the sensors is caused by window 

fouling of the sensors during the process time. 

In Figure 3-5 the same process data are presented, now with the correction for 

window fouling. As can be seen, the NIR-measured coating ratio decreased and a 

final value of approximately 1 was reached, which is in good agreement with the off-

line samples; the off-line calibration samples are within the standard deviation of the 

in-line measurement. Therefore, by using the off-line calibration and without applying 

the presented signal correction, the process would potentially be stopped too early 

before reaching the final coating ratio. 
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Figure 3-5: Experiment 1 according to table 1 coating ratio vs. time after correcting for window 

fouling. The dotted line is the standard deviation of the coating ratio. Blue dots represent the 

off-line measured values. At minute 34, the process was stopped, and depending on the 

direction of the probes their ability to still see particles in the settled bed is different, hence the 

different values of coating ratio at the very end.  
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The results of experiment 2 are shown in Figure 3-6. In this experiment control 

sensor 1 was fixed at an unsuitable position above the fluid bed at level 1. This 

sensor was not able to see the product adequately, because the product stream was 

too far away, only window fouling was detected. In contrast the main sensor and 

control sensor 2 were mounted at level 2. The same increase of the coating ratio can 

be observed at both positions indicating that particles are coated homogeneously. 

 

 

Additionally, a rough spatial assignment and a detection of disturbances are possible 

by considering the different sensor positions and directions, as shown in Figure 3-7. 

The disturbances detected by main sensor and the control sensor 2 might be caused 

by substrate crystals falling down from the filter. Control sensor 1 shows no 

disturbance at this specific process time. This might be due to the facts that this 

sensor was looking downwards from top to bottom, and the disturbance was rather 

short and local in the fluid-bed.  

Figure 3-6: Experiment 2 according to table 1, coating ratio vs. time for experiment 2. The solid 

line represents coating ratio and the dotted lines are the standard deviations. The sensor in the 

left chart was mounted at an unsuitable position. 
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In the experiment 3 according to Table 3-1, shown in Figure 3-8, control sensor 1 

was fixed at level 3 at the bottom of the process chamber and control sensor 2 above 

the fluid-bed at level 1. The Control sensor 1 was not able to follow the coating, 

because in front of the sensor a dead zone was created where no particle movement 

happened. Control sensor 2 was not able to see a product because it was too distant. 

With the main sensor the process could be followed, as it was mounted at level 2. 

Figure 3-7: Coating ratio recorded by the three sensors over time. The black lines are the 

measured-to-desired coating ratio, the black dotted lines are the standard deviation of the 

coating ratio. The main sensor and the control sensor 2 detect a process upset at the same 

time, marked with a red rectangle. 
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All other possible positions for control sensor 1 and control sensor 2 were tested. The 

best position for the sensors is level 2 in the process chamber. At this level the 

process could be followed with all three sensors. For all following experiments the 

sensors were mounted at level 2. 

 

3.4.2 In-line prediction of particle size distribution 

 

The reference measurements were generated by drawing samples, and measuring 

them with NIR as described in section 3.3.2, followed by QicPic measurements for 

several batches. As can be seen in Figure 3 – 9, the predictions are successful, yet 

scatter wildly. The color is according to the DModX value [94], indicating that some of 

the measurements differ in their spectral response. 

Figure 3-8: Experiment 3 according to table 1, coating level recorded by the three sensors over 

time. The solid lines are the coating ratio, the dotted lines are the standard deviation. Both 

control sensors (left and right graph) fail, due to their unsuitable positioning. 
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The PLS-model is based on the 2nd derivative of the spectral range between 1375 – 

1650 nm. Three PLS components are used; Taking a look at the PLS weights, it is 
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Figure 3-9: Top: Predicted and reference values for NIR and particle size parameter x50 
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clear that the first component reflects the diminishing of the substrate material during 

the coating process, whereas the second and third component represent 

contributions of the peak flanks. Hence, the particle sizes were determined, based on 

chemical information, which is insensitive to variations of the particle-sensor distance. 

The cross validation groups are distinct batches. The obtained root mean square 

error for cross validation (RMSECV) for the prediction of the x50 parameter was 

below 30 µm. The predicted values during the process (with NIRS) and reference 

values (with QicPic) for the calibration measurements can be seen in Figure 3 – 10.

 

Additionally, different size parameters (i.e., x10 and x90) can be modeled the same 

way. However, as those share the same calibration samples, the relationship in the 

predictions between different particle size parameters is nearly linear. 
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Figure 3-10: Predicted value and reference value for the calibration measurement of the particle 

size x50. 
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In Figure 3-11 the predicted particle diameter is shown over process time. Hence, it is 

possible to follow the particle size over time. Additionally, it can be seen, that the 

obtained particle size slightly varies depending on the sensor position. In this 

experiment the probes were arranged like in experiment 1 and thus it can be 

concluded that the particles are slightly separated inside the fluid bed.  

 

3.4.3 In-line monitoring of the hot-melt coating process 

 

The crucial step for enabling in-line control is the real-time implementation of the 

analysis - hitherto performed off-line - into an in-line system. The spectrometer 

represents the data in a hypercube, which incorporates the obtained intensity values, 

dependent on position, wavelength, and time. Hence a second of measurements 

results in a cube with dimensions of 25 ×256 ×105 (25 channels, not all are used; 

256 distinct wavelengths, and an acquisition rate of 105 Hz). 

Figure 3-11: Prediction of the particle size during the coating process. Evidently, the particle 

size increases as the particles gain coating mass over time. However, different positons give 

slightly different results. The Sensors were mounted according to experiment 1. 
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Whenever those values are written as a complete file into the supervised folder by 

the spectrometer software, those files are read again using our custom program. The 

3 used measured positions are extracted from the 25 channels. Additionally, the 

program performs the necessary spectroscopic steps, i.e., conversion of intensity to 

absorbance by including background spectra. Furthermore a mean of 525 spectra 

over a time step of 5 seconds is taken. These data are then written by an OPC client 

on the defined OPC server. 

Hence, a number of 3x256 spectral variables are present on the OPC server. 

Additionally, some control variables are stored on the OPC server (e.g., batch 

information as batch number and start time, timestamps of the spectra, control 

variables that the spectrometer is online, and the custom program is running OK, 

etc.). The data are persistent on the OPC server, hence available whenever the data 

are questioned, and only replaced by newer data. 

The data are then read by SIMCA-online in a regular interval of 5 seconds (chosen in 

our setup). The data are consecutively interpreted by a chemometric model, 

developed in SIMCA beforehand. Thus, selection of spectral bands and projection 

into an existing PLS model are performed via SimcaOnline.  

In a last step, an overall maturity parameter, indicating the process state via a single 

variable, is created via hierarchical modelling. The already described PLS model for 

coating thickness prediction serves as bottom model. The obtained scores in these 

models, for the first two latent variables, and for every channel, thus six variables, 

serve as input for a top model. This top model is again a PLS model and is regressed 

towards a maturity parameter ranging from 0 at process start, to 1 for achieving the 

desired coating thickness at all three channels. That means, the large original data 

set has been condensed down into a single variable, indicating the progress of the 

hot-melt coating process, which can be interpreted by operators, and serve as 

decision indicator. 

Finally, it is necessary to define limits for 1) determining a successful process end, 

and 2) deciding if a process is out of specification. For determining a successful 

process end, the predicted coating level of all three positions has to be within 1 to 1.1 

of the desired coating level, at all three positions at the same time, and no other 
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alarm must have occurred. The limits for detecting an out-of-bounds process, or 

confirming a still successful process, are the following: 

 A confidence limit for the desirability variable was established by previous 

batches. As this variable contains all three probes, a deviation in any probe 

will lead to deviation in this variable. 

 Hard alarm limits were set in the predicted coating amount for all three 

channels, as well as on the score values of the individual measurement 

positions. 

 The DModX-value (i.e., the residual between the reconstructed spectra in the 

PLS model, and the actual measured spectra) is supervised. Here, a large 

value indicates that the obtained spectra have a different structure then 

expected, and investigation is needed. 

A process monitored with SimcaOnline, showing the indicator variables over time, 

can be seen in the screenshot in Figure 3-12. Problems appeared, as sometimes 

only a portion of a spectrum was transmitted, before the reading process started, and 

thus was mixed with the previous spectrum. These pieced-together spectra led to a 

high DModX-value and could not be interpreted correctly. With new software 

versions, this problem should be avoided, as a spectrum is treated as a vector, and 

not an array of independent numbers anymore. 
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3.5 Discussion 

3.5.1 Probe positioning and multiple probes 

 

The examples shown in section 3.4.1 highlight the fact that the sensor positions have 

to be chosen carefully. If only one sensor is used, and its position is not chosen 

carefully, in-line monitoring will ultimately fail. 

The sensor performance at different levels provides a judgement on the different 

positions. As expected, the central level (level 2) is feasible for process monitoring. 

Regarding the lower level (level 3), the problem that the sensor was completely 

covered by crystals arose (though not in all experiments). This also happened once 

at level 2 for an up-looking (U) sensor. Hence, one has to be careful not only to avoid 

fouling of the sensors by coating, but also the substrate crystals themselves can clog 

Figure 3-12: Screenshot of a hot-melt coating process monitored with SIMCA-Online. On the 

left hand side, the running maturity variable, and the allowed corridor are shown. On the right 

hand side, the DModX variable is plotted. It can be noticed, that the process is running 

smoothly, but singular outliers appeared. An investigation unveiled, that those outliers were 

caused not by real measured events, but by incompletely transferred spectra to the OPC 

server. 
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the sensor, if the position is unsuitable. Both problems occur individually and in 

combination when positioning the sensor at the lowest level (level 3). However, 

sometimes this positons worked remarkably well, in most occasions, the number of 

crystals observed was too few, to give reliable results. This indicates that the 

effective height of the fluid bed varies from process to process (although the 

experimental settings are the same). This may be caused by environmental 

variables, changes in the raw material properties, and more. Consequently it also 

shows that a single experiment is not reliable in deciding for or against suitable 

measurement positions in fluidized systems. 

By using a multiple-sensor approach, process disturbances, such as those shown in 

Figure 3 – 6 can be detected and corrective actions may be initiated, bringing the 

process back in the desired operating space. Moreover, malfunction of one sensor 

can be compensated. With regard to a hot-melt coating process, the corrective 

actions could, for example, be an increase/decrease of process time and spray rate.  

 

 

 

 

Figure 3-13 (sensor positions according to Table 3-1, Experiment 1) shows the 

coating ratio for the three sensors. It can be observed that control sensor 1 follows 

the trajectory of the coating process until the process reaches a coating value of 0.45 

Figure 3-13: Signals of the three sensors. Only two predicted the coating level correctly. 



Chapter 3 Monitoring of a Hot-Melt Coating Process via a Novel Multipoint Near Infrared Spectrometer 
 

  72 

after 18 minutes. After this time sensor 1 shows no further increase of the coating 

mass. Thus, sensor 1 needs to be checked after the process regarding its function 

and position. With the two other sensors the coating growth was monitored correctly. 

With the positioning of the three sensors the endpoint can be determined also in the 

case of one sensor failing. 

 

3.5.2 Process monitoring 

 

The set-up described in the sections 3.3.6 and 3.4.3 indeed enables the in-line 

control of the hot-melt coating process. The operator can follow the coating trajectory 

over time, and out of specs occasions can be detected in real-time. An example of a 

frequently occurring event (in our set-up) is the clogging of the tube, transporting the 

molten coating from the heating element to the spray nozzle. Corrective actions by 

the operator can be the elongation of the spraying time, or the increase in feed rate, 

after the tube has been cleaned.  

An interesting example of a possibly faulty process is shown in Figure 3-14. Here, the 

sensor did not notice the increase in coating over time, due to an unsuitable 

measurement position. At the process end, however, the powder bed developed 

enough height, to render the probe successful, and it indicated a regular process. In 

this questionable case, if the in-line monitoring had already been in place at that time, 

the process would have been stopped. Having only the usual end-control would have 

indicated a successful process nonetheless. In contrast, having the full knowledge 

over time renders this batch out-of-specs. This is a warning, that the usual opinion of 

having more data being beneficial is only true if the additional data are of high quality, 

and can be interpreted correctly. 
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3.6 Conclusions 

 

This study demonstrates the advantages of using a multi-point near infrared system 

for hot-melt coating process monitoring. The CQA coating ratio was determined in 

different positions, and disturbances or inhomogeneities in the process chamber 

were promptly detected. Proper monitoring of the process and correct endpoint 

determination can be performed effectively with three sensors, and in the case of a 

breakdown of one of these sensors the quality of the batch and the endpoint can be 

determined with the others. Window fouling has also to be taken into consideration. 

Moreover, although particles in the fluid bed move very fast and often only void space 

was in front of the sensor, the appropriate quality of spectra was ensured due to the 

system‘s high acquisition speed. 

Furthermore, an in-line-implementation was created, that enabled the real-time 

supervision of the process, thus facilitating the correct determination of the coating 

time, and the fast detection of problems during the running process. 

 

Figure 3-14: Questionable case of a coating process with one sensor at an unsuitable 

measurement position. At the process end a regular process in indicated. 
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4.1 Introduction 

 
While there is a wide variety of technologies available for high-volume throughputs 

(e.g., drum pressure filters, belt filters, decanters, and so on), for continuous small-

throughput filtration only a few systems are readily available. Meanwhile, the demand 

for such equipment is increasing. For example, in the pharmaceutical industry 

continuous production of small-quantity products is on the rise due to the trend 

towards continuous manufacturing and highly specialized patient-centered drugs.[97] 

Although some ready-to-use continuous equipment is available, the achievable final 

solid concentrations are often rather low (i.e., 20 vol.% [110]), making the process of 

solid-liquid separation inefficient.  

In our previous study,[111] we reported the use of a commercially available dynamic 

cross-flow device and demonstrated that it is suitable for producing highly 

concentrated slurries in a continuous operation mode. While industrial sectors, such 

as the food and chemical industries have long established continuous manufacturing 

lines, the pharmaceutical sector has only recently begun to adopt continuous 

manufacturing (CM) methods [112]. One of the advantages of CM is that time-

consuming scale-up can often be avoided. By simply increasing the process time, the 

same equipment can be used both during the development phases and in the final 

production [98], enabling a faster product development and a shorter time-to-market 

for new drugs [96]. Together with real-time release testing and model-based control 

strategies, products of consistently high quality can be produced in less time. This 

way, rejection of large batches can be avoided, resulting in a substantial decrease in 

quality-associated costs and in the length of the supply chain [95], [96], [113], [114]. 

In our previous study [111], dynamic cross-flow filtration was shown to be suitable for 

continuous operation of small throughputs, even at high initial solids concentrations. 

A schematic of the system is shown in Figure 4-1. 
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However, the tested setup had one major restriction: a constant (material-depending) 

concentration factor (CF) that could not be changed by modifying process conditions 

(e.g., for Ibuprofen a CF = 2 was obtained). The concentration factor is defined as:  

   
                           

                        
 

(2) 

 

Thus, concentration of a feed with low solids loading takes several consecutive steps. 

For instance, with a concentration of 1 wt% six subsequent steps need to be carried 

out to concentrate the suspension up to 64 wt%, with each step requiring a complete 

set of supporting equipment, such as process analytical tools (PAT), pumps, etc. This 

results in high investment costs and creates additional complexity associated with 

developing a control strategy for multiple independent process steps.  

Therefore, strategies for improving the process effectiveness have to be developed, 

i.e., by increasing the achievable permeate flow rates and the concentration factors. 

Various approaches can be identified by considering Darcy‘s equation. According to 

classical filtration theory, the permeate flux (J) can be calculated as a function of 

Figure 4-1: Schematic of the filter system and a possible concentration polarization layer (CPL) 

structure as presented in [111] 
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transmembrane pressure (Δp), dynamic viscosity (η), membrane resistance (Rm) and 

concentration polarization layer (CPL) or cake layer resistance (RC) [107]: 

 ( )  
  

  (     )
 

(16) 

 

The following strategies can be considered: 

(1) Reduction of CPL or cake layer resistance Rc: In many cross-flow applications, 

the filtered material itself forms a limiting barrier to the flow of liquid through the 

membrane. In dynamic cross-flow filtration, the limiting barrier is reduced or 

completely eliminated by shear that is generated either by the material flow itself or 

the moving parts, e.g., disks or propellers. An increase in the shear rate thus leads 

to a decrease in layer thickness and an increase in the permeate flow rate [50], 

[54], [115], [116]. 

(2) Change of filter medium: Sub-optimal filter media can create substantial 

problems due to filter blockage. Choosing filter media suitable for a specific 

filtration task (e.g., particle size, solvent polarity, etc.) significantly improves 

permeate flow rates if membrane resistance Rm represents the rate-limiting step. 

(3) Increase in filtration pressure: An increase in the pressure difference as the 

main driving force in cross-flow filtration leads to an increase in the permeate flow 

rates, as long as other effects (e.g., flow reduction due to compaction of the filter 

cake) can be avoided.  

As shear rates were already set to maximal levels (option one) and optimal filter 

media were already chosen (option two) during our previous study [111] only option 

three, i.e., an increase of filtration pressure, remains to be addressed. As reported 

earlier, the tested dynamic cross-flow equipment can alternately open and close the 

retentate (i.e., the highly concentrated slurry outlet) exit, leading to a pulsating flow at 

the outlet. During the closed time period, the chamber pressure rises and higher 

permeate flow rates can be achieved. This oscillating, quasi-continuous operation 

mode can also be implemented in the equipment manufacturer‘s larger filtration 

devices and is already successfully used in industrial applications. 



Chapter 4 Dynamic Cross-Flow Filtration: Enhanced Continuous Small-Scale Solid-Liquid Separation   

79 

In the fully continuous operation mode (i.e., retentate valve open at all times), the 

filtration pressure was constant throughout all tested ranges of feed solid 

concentration and feed rates [111]. The observed constant pressure level (1.41 bar) 

results from the nature of free suspension flow through the equipment in the open 

continuous mode and a very low flow resistance of the tested equipment itself. 

Increasing the resistance of flow through the device, e.g., by adding a constriction at 

the retentate exit, increases the filtration pressure. However, constrictions may cause 

blockage of the retentate exit at higher concentrations and thus, are not technically 

feasible. 

Another method of increasing the pressure is to establish a pressurized zone at the 

retentate exit. However, a continuous discharge of the retentate from a pressurized 

zone has to be established. Such locks are difficult to engineer and are error-prone.  

Another option is to increase the driving pressure difference by reducing the pressure 

level behind the membrane by adding a vacuum pump to create a limited under-

pressure on the permeate side. In this study we investigated approaches to increase 

the concentration factors and/or the permeate flow rates in a straightforward manner. 

This paper provides experimental results for vacuum-enhanced dynamic cross-flow 

filtration in comparison with the established pulsation operation mode. Additionally, 

for comparison reasons results for open operation mode as presented in [111] are 

highlighted. 

4.2 Materials and methods 

4.2.1 Filtration equipment 

 
The Dynotest® by Bokela GmbH, Germany was used as filtration equipment. The 

unit has a 0.55 kW/ 400 V motor that drives a directly-coupled rotor in line with the 

axis of the filter disk. The cooled process chamber can be opened for cleaning and 

changing the membrane, as shown in Figure 4-2. The filtration area is 130 cm2. The 

maximum filtration pressure is 7 bar (absolute).  
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A progressive cavity pump type MX10S-10/20® (Knoll Maschinenbau GmbH, 

Germany) was used to feed material into the process chamber. The feed throughput 

was measured with smaller than 0.5% accuracy using an electromagnetic flow meter 

type FSM4000® by ABB GmbH. Permeate throughput was measured with 2.5% 

accuracy using an electromagnetic flow meter type 008AP001E® by Honsberg 

Instruments GmbH, Germany. To measure the filtration pressure, a pressure sensor 

type 261GS® by ABB GmbH with ±0.1% accuracy was installed. To enhance 

permeate flow rate, a peristaltic pump type ISM920® by Ismatec, Switzerland was 

added at the permeate outlet. A simplified P&I schema is provided in Figure 4 – 3.  

Figure 4-2. CFF (Dynotest
®
 by Bokela GmbH) with rotor and a ceramic membrane 
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4.2.2 Materials 

 
In our study, alpha-lactose monohydrate (Granulac_230® donated by Meggle AG, 

Austria) with a volume mean particle size of 19 µm was dispersed in water. To 

prevent particle size or shape changes due to dissolution, we used water saturated 

with pre-dissolved lactose (180 g/l). Ibuprofen with the volume mean particle size of 

32 µm (BASF Switzerland) was also dispersed in water. In the case of Ibuprofen, 8 g 

sodium pyrophosphate tetrabasic (SPT) provided by Sigma-Aldrich were pre-

dissolved per liter of water to ensure uniform dispersion. Solubility effects of 

Ibuprofen in water are negligible. As membranes, aluminum oxide disks with mean 

pore size of 0.5 µm, inner diameter of 65 mm, outer diameter of 156 mm and 

thickness of 2 mm provided by Kerafol Keramische Folien GmbH, Germany were 

used.  

4.2.3 Material characterization 

 
Raw materials and products were thoroughly characterized. Q3 particle size 

distribution (PSD) was determined using laser diffraction with Helos® (Sympatec 

Figure 4-3 Schematic of the filtration setup 
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GmbH, Germany, dry dispersing unit Rhodos®) equipped with Sympatec Software, 

WINDOX 5.6.0.0®. The dispersion pressure was 1.5 bar.  

 

 

Residual moisture was analyzed via a thermo-gravimetric method (MLS_N Version 

2.0, Kern & Sohn GmbH, Germany). The drying temperatures for lactose and the 

Ibuprofen-SPT mixtures were kept constant at 105 °C and 65 °C, respectively. The 

final residual moisture content was determined once the weight did not change more 

than 1 mg within 4 minutes, which corresponds to approximately 0.05‰ of relative 

weight change (based on 20 g sample size). 

 

  

Figure 4-4 PSD of raw materials 
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4.2.4 Methods 

 
To avoid partial blockage of the membrane due to air enclosed in the internal 

membrane structure, prior to use all membranes were wetted in water for an hour. 

After assembly, the SFD was vented and rinsed with water for an hour to ensure 

evacuation of all air. During this time, the outlet valve was opened and a continuous 

operation mode was established in the vacuum-enhanced operation mode. In the 

pulsation operation mode, the outlet valve was kept closed during venting and 

rinsing. Subsequently, the feed was switched from water to suspension. Suspension 

was prepared in a continuously stirred tank and fed to the SFD via a progressive 

cavity pump.  

In the vacuum-enhanced operation mode, the rotation speed of the peristaltic pump 

(permeate side) was increased stepwise to prevent exceeding the maximal solid 

concentration levels as defined by a ramp-up test, which would lead to blockage of 

the rotor. At the maximum rotation speed of the vacuum pump (130 rpm) an 

additional pressure difference of approximately 0.54 bar could be achieved. The 

additional pressure difference was calculated using equation16, and the permeate 

flow and the membrane resistance were measured with water only. The measured 

chamber pressure of 1.41 bar was typical for the open operation mode [111]. Thus, a 

total pressure difference of 0.95 bar were achieved by the vacuum pump speed of 

130 rpm and the SFD rotor speed of 1400 rpm.  

In the pulsation mode, the retentate valve was designed to open once a material-

specific rotor load set point was reached. For lactose and ibuprofen, the opening set 

points were 71.5 W and 60.5 W, respectively, with open valve intervals of 0.7 s in 

both cases. These set points were determined by ramp-up tests, during which the 

retentate valve was kept closed and the suspension was continuously fed to the 

chamber. As the permeate continuously exits the process chamber, both the 

suspension‘s solid concentration in the chamber and the rotor load (measured via 

frequency converter) increased. As shown in Figure 4-5, in the beginning of the 

ramp-up test, the rotor load increased slowly. Once a certain solid concentration in 

the process chamber was reached, a rapid rise in the rotor load occurred. The rotor 

load set point was chosen in the beginning of the rapid load increase. After this point, 
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a slight increase in the solid concentration led to a fast increase in the rotor load. To 

minimize the risk of rotor blockage, the rotor load set point should not be exceeded. 

 

 

Tests were performed for all three operation modes, as shown in Table 4-1. Since 

rotor blockage occurs once a certain solid concentration in the filtration chamber is 

exceeded (50wt % for Ibuprofen and 76 wt% for lactose), a low level of feed solid 

concentration was chosen to demonstrate the possibility of achieving high CFs. 

Therefore, suspension concentrations range from 10-20 wt%. The feed flow rate was 

set to 4 kg/h, which is a typical low throughput. However, sedimentation in the feed 

pipes is still prevented in our lab setup. The rotor speed was set to 1400 rpm (the 

maximal rotation speed) to ensure the most efficient CPL removal and the highest 

permeate rates and retentate solid concentrations.  

The residual moisture of the steady-state product was calculated based on the feed 

and permeate flow measurements. Additionally, product samples were dried in a 

thermo-gravimetric balance. The concentration factor (CF) was calculated according 

to equation 2 [57] as the ratio between product and feed concentration. 

 

Figure 4-5 Ramp-up test for lactose to determine rotor load set point  
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4.3 Results 

 
A summary of the results as well as the tested parameter range is shown in Table 
4-1.  

 
Table 4-1 Tested parameter range with resulting retentate solid concentration and 
concentration factor (CF) 

Substance Operation mode 
Feed flow 

[l/h] 

Feed solid 

concentration 

[wt%] 

Retentate solid 

concentration 

[wt%] 

CF 

Lactose 

Open mode 4 10 17 1.7 

Vacuum-enhanced 

open mode 
4 20 70 3.5* 

Pulsation mode 4 10 76 7.6* 

Ibuprofen 

Open mode 4 10 20 2.0 

Vacuum-enhanced 

open mode 
4 20 52 2.6* 

Pulsation mode 4 10 50 5.0* 

* Concentration factors for the pulsation and vacuum-enhanced operation modes strongly 

depend on the feed concentration. In order to reach a specific maximal concentration defined 

by the rotor load set point, in the pulsation mode retentate valve opening is controlled and in 

the vacuum-enhanced operation mode vacuum pump speed is adapted. 

4.3.1 Open operation mode 

 
In the open operation mode, a material-dependent, yet otherwise constant CF (1.7 for 

lactose; 2 for Ibuprofen) is obtained. As reported in [111], typical startup times to 

reach steady-state are from 45 minutes to an hour. In all open mode runs, the trans-

membrane pressure reached a constant level of 1.41 bar after the startup phase, with 

centrifugal forces of the rotor causing the largest fraction of the measured pressure 

level. 
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4.3.1.1 Vacuum-enhanced operation mode 

 
In the vacuum-enhanced open mode, maximal pressure difference was 0.95 bar 

(1.41 bar measured chamber pressure plus vacuum). Fluctuations in the permeate  

flow (Figure 4-6 and Figure 4-7) result from variations in the vacuum pump rotation 

speed that were introduced in order to keep CF high but to avoid transcending 

maximal solid concentration levels as defined by a ramp-up test. Additional 

adaptations of vacuum pump rotation speed were necessary to compensate for air 

leakage into the vacuum system. Air leakage caused a decrease of vacuum 

conditions as well as deviations in the permeate flow measurement. Achievable CFs 

in the vacuum-enhanced open mode were approximately 3.5 for lactose and 2.6 for 

Ibuprofen, and thus 2.1 and 1.3 higher than in the open mode, respectively. CF 

values are calculated using initial feed solid concentrations. As the vacuum level was 

adapted to achieve maximal retentate solid concentrations (as determined by a ramp-

up test) calculated CF values would be higher for lower feed solid concentrations. 

 

Figure 4-6 Experimental results for the vacuum-enhanced open operation mode with lactose 

(only every 10
th

 data point plotted). The fluctuations in the permeate flow and in CF from 2000 

to 4000 s result from variations in the vacuum pump speed. During this time span, the vacuum 

pump speed was manually manipulated to maximize CF while avoiding transgression of 

maximal solid concentration levels as defined by a ramp-up test.  
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Figure 4-7 Experimental results for vacuum-enhanced open operation mode with Ibuprofen 

(only every 10
th

 data point plotted)  

4.3.2 Pulsation operation mode 

 
In the pulsation mode, the pressure remained at 1.4 bar for lactose, as shown in 

Figure 4-8. However, an additional test run performed at an elevated feed rate of 

8 kg/h resulted in a pressure increase of 1.8 bar. For Ibuprofen, even at a feed rate of 

4 kg/h, a rise in the pressure to approximately 2 bar was observed Figure 4-8. 

Achievable CFs in the pulsation mode were 7.6 for lactose and 5 for Ibuprofen. As 

retentate solid concentration solely depends on a material-dependent rotor load set 

point determined in a ramp-up test, calculated CF values only depend on feed solid 

concentrations. As for the vacuum enhanced operation mode, achievable CF values 

would be higher for lower feed solid concentrations. 

In Figure 4-8 and Figure 4-9 measured chamber pressure difference is shown 

instead of CF. As retentate solid concentrations reached a constant value right from 

the start (76 wt% for Lactose and 50 wt% for Ibuprofen), CF values were also 

constant. In contrast, chamber pressure was subjected to constant pressure rises 

and decreases due to repeated opening and closing of the retentate valve. 
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Figure 4-8 Experimental results for the pulsation operation mode for lactose (only every 10
th

 

data point plotted) The peak measured at 7760 seconds results from a short term material 

congestion at the retentate valve. However, the subsequent pressure rise sufficiently removed 

the congestion 
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4.4 Discussion 

 
As reported in [111], the open operation mode requires long start-up times for 

obtaining a constant concentration polarization layer (CPL). During the start-up 

phase, variations in the concentration factor, i.e., variations in the retentate fluid 

concentration, can be expected. Depending on the feed rate, this can lead to a large 

amount of reject material or material that needs to be re-treated. However, once the 

steady state is reached, a stable flow and a constant CF is obtained. Since the CFs 

depend exclusively on the material, they are constant over a wide range of flow rates 

and feed concentrations, as described in [111]. This means that filtration, which 

involves achieving a significant concentration increase, may require a high number of 

subsequent filtration steps. This requires additional production equipment or time-

consuming recycling steps and results in a large amount of reject material during 

each start-up phase.  

 

Figure 4-9 : Experimental results for Ibuprofen in the pulsation operation mode (only 
every 10th data point plotted) 
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Time to steady state can be significantly reduced in the vacuum-enhanced open 

mode. For the manually operated vacuum system, a slow stepwise increase in the 

vacuum level was required to avoid transcending maximal solid concentration levels 

as defined by a ramp-up test and subsequent blockage of the filter rotor (Figure 4-6 

from 2000 to 4000 seconds). Shorter times to steady state can be expected when 

setting up an automated control of the vacuum system. In addition, by ensuring a 

constant vacuum level, fluctuations in the permeate flow can be reduced. In our 

experiments, air slip into the vacuum system caused a decline in the vacuum 

conditions and deviations in the permeate flow measurement. Less permeate flow 

fluctuations can be expected when using a vacuum pump type other than the 

implemented peristaltic pump. Since the vacuum system can be used to control the 

permeate flow, in a fully automated system a constant CF can be achieved from the 

start of operation, i.e., only a small amount of initial retentate will have to be 

discarded (or re-treated). This small amount results from the fact that the 

implemented system has to be prefilled for degassing purposes; therefore, initial 

retentate consists of a mix of prefilled liquid and feed material. As shown in Table 

4-1, the achievable concentration factors were quite high, and the final solid 

concentration matched the maximum final solid concentration determined during the 

ramp-up tests.  

In the vacuum-enhanced operation mode, one filtration step was enough to reach the 

maximum final concentration levels. Thus, compared to the open mode operation, an 

increase in the CF for most materials (as was the case for all tested substances) and 

less filtration equipment or recycle steps can be expected.  

Start-up time in the pulsation mode depends solely on the feed rate: the faster the 

filtration chamber is filled, the sooner the pre-determined rotor load set point is 

reached and the retentate valve opens. Due to the regulated product discharge, the 

maximal final solid concentration is reached in one step and the retentate has a 

constant solid concentration right from the beginning. Due to the intermittent closure 

of the retentate valve and the retention of the concentrated product, the system 

pressure rises. According to equation16, a rise in the pressure results in an increased 

permeate flow rates, as long as there are no additional effects, such as the 
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compaction of the CPL layer. During our experiments, a pressure rise to 

approximately 2 bar was observed before the system stabilized. Although the pulsing 

nature of the retentate flow may cause variations in subsequent manufacturing steps, 

e.g., drying and mixing, its direct integration into downstream steps without buffers 

may be feasible. For this purpose, the retentate stream has to be well characterized, 

i.e., the retentate flow rate has to be precisely determined. Calculation of retentate 

flow rate from permeate measurement is inaccurate (calculation with mean values), 

therefore retentate flow rate has to be measured directly. For most flow measurement 

devices this is difficult to achieve at low flow rates, especially if the monitored fluid is 

a highly concentrated slurry.  

4.5 Conclusion 

 
Three operation modes were tested using the same continuously or semi-

continuously operating cross-flow filtration device and two model substances. 

Process stability, the ability to integrate with downstream steps and the filtration 

efficiency (high achievable suspension concentration) are key factors in choosing an 

operation mode.  

Fluctuating feed rates and concentrations cannot be compensated in the open 

operation mode since the only controlling parameter is the CPL layer or rather the 

CPL layer build up [111]. Fast fluctuations cannot be compensated quickly by 

variations in the CPL layer. As such, variations in the feed flow will result in variations 

in the retentate composition. In the vacuum-enhanced operation mode, the vacuum 

level can be adapted by a control system, reacting to the changing feed conditions. 

Thus, changes in the feed concentration and feed flow rate can be accounted for and 

variations in the retentate composition can be avoided.  

Since in the pulsing mode the retentate valve only opens once a given rotor 

load/chamber solid concentration is reached, retentate composition does not depend 

on the feed conditions and the only variation in the retentate is the resulting flow rate 

over time. The pulsating output flows (flow rate and pressure) of this operation mode 

pose challenges for integration in subsequent manufacturing steps. Buffering might 

be needed, or retentate flow rates have to be measured directly. However, flow rate 

measurement of fast changing high-viscosity suspensions at low throughput volumes 
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is challenging. In contrast, retentate flow rates in the open and vacuum-enhanced 

operation modes can be characterized using the permeate flow rates. Even direct 

measurement of the retentate stream is possible due to the constant flow through 

cross-flow filtration equipment. 

In terms of achievable CFs, the pulsation and vacuum-enhanced operation modes 

are superior to the open operation mode. Minimizing the number of required filters 

decreases not only the investment costs, but also possible sources of malfunctions 

and process upsets. In this context, the open operation mode seems to be the least 

beneficial: for example, low feed concentrations would necessitate a large number of 

filtration steps or filtration cycles. Depending on the filtered substance, the vacuum-

enhanced operation or pulsation operation modes with the increasing filtration 

pressure may result in higher CFs. For several substances permeability of the 

concentration polarization layer is known to decrease once a certain vacuum or 

pressure level is reached. For the tested lactose and Ibuprofen-water mixtures no 

significant differences could be observed with driving pressure forces reaching 

approximately the same values (vacuum enhanced mode: 1.95 bar; pulsation mode: 

1.8 bar for lactose and 2 bar for Ibuprofen). Therefore, both operation modes seem 

feasible, according to the specific filtration characteristic of the treated substance.  

Overall, the vacuum-enhanced operation mode appears to be the most promising 

one in terms of achievable CFs for a large number of substances. Easy integration 

into subsequent manufacturing steps, straightforward flow monitoring and fast 

reaction to changes in the feed conditions make this operation mode promising for 

enhanced continuous small-scale filtration. 
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5 Outlook and summary 

In chapter 2, the comparison of the experimental data and the simulated date show 

very good agreement. In order to evaluate the quality of our simulation, we compared 

the liquid content of the experimentally measured sensor data with ‗virtual sensors‘, 

accordingly placed in the simulation and identified statistically reasonable sensor 

locations (3.1 and 3.2) for our process.  

 

 The analysis of our results shows very good agreement for the quantitative 

liquid content evolution of the simulation data compared to the experimental 

data.  

 

 In the experiment only spot-like analyses are accessible via sensors, in 

numerical simulations the information of the liquid content is available for all 

particles in the system at any time.  

 

 Based on the available total information in the simulation data, the mixing-time 

dependent residence time distribution (rtd) was analysed.  

 

In chapter 3 the advantages of using a multi-point near infrared system for hot-melt 

coating process monitoring are demonstrated.  

 

 The CQA coating ratio was determined indifferent positions.  

 

 Disturbances or inhomogeneities in the process chamber were promptly 

detected.  

 

 Proper monitoring of the process and correct endpoint determination can be 

performed effectively with three sensors in the case of a breakdown of one of 

the sensors, the quality of the batch and the endpoint can be determined with 

the sensors. 
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In chapter 4, a membrane filtration system was investigated which can handle a wide 

range of feed rates and feed concentrations.  

 The materials showed a linear relationship between the feed and the permeate 

rate. 

 

 A constant concentration factor was reached for the different model 

substances.  

 

 The linear relationship and the constant CF makes it easy to predict filtration 

performance. 

 

 Once the material-specific CF value is known, the developed one-parameter 

model suffices to describe the filtration process. 

 

 Here, feed rates of 36 l/h were set as the upper limit, due to the equipment‘s 

use as small-scale production equipment. 

 

 Maximum final solid concentrations were very high (60 wt% for Ibuprofen and 

76 wt% for lactose).  

 

 The low throughput range renders the CFF the most favorable choice for 

continuous production.  

 

 Its closed-chamber design allows for treatment of toxic solvents and APIs, 

which is a must in pharmaceutical production. 

 

The implementation of PAT in pharmaceutical processes gets more important, 

especially real time analysis of the production processes. Different measurement 

systems can be used for the online control and prediction of those processes. The 

importance of simulations for process understanding and also the use of non-
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spectroscopic measurement systems which generate univariate data could be clearly 

shown in this thesis.  
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