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OUTLINE AND AIMS 

Up to now pharmaceutical manufacturing has been synonymous with batch processing and 

little attention was paid to optimization of the manufacturing processes. However, faced with 

high pressure on the profit margins by generic competitors, decreasing health care budgets 

and smaller drug pipelines, the pharmaceutical industry and competent authorities recently 

recognized the potential of continuous processing to improve the efficiency and productivity 

of drug manufacturing. Indeed, continuous manufacturing offers numerous economic, 

environmental and quality-related advantages. The ultimate goal of continuous 

manufacturing is to continuously produce a high-quality product 24/7 for up to 50 weeks a 

year with real time product release. Although innovative continuous processes and 

implementation of process analytical technology were intensively studied by academic 

institutions and R&D units of brand and generic drug manufacturers over the last decade, 

more knowledge concerning the process dynamics, control strategies and process-

formulation interactions is essential to implement fully continuous manufacturing lines.  

Agglomeration processes are often necessary to improve the flowability, homogeneity and 

tabletability of powders prior to tableting. Spray drying and twin screw granulation are 

continuous agglomeration processes with high potential for implementation in continuous 

ófrom-powder-to-tabletô lines. Therefore these techniques were studied in this research 

project.  

The first aim of this project was to develop a modified spray drying process to improve the 

flowability and tabletability of drug formulations with poor tabletability. Although modified 

spray drying setups with return of fines into the atomization zone and integrated fluid beds in 

the bottom of the drying chamber are available to improve the flowability of spray dried 

powders, these setups have limited applicability in the pharmaceutical industry as the 

residence time of particles is uncontrolled. Therefore in current study a modified setup was 

developed to introduce solid particles in an atomized spray of droplets during spray drying 

with the intention to induce agglomeration between droplets and particles and consequently 

to improve the flowability and tabletability of the coprocessed particles.  

Twin screw granulation is an emerging continuous granulation technique. In recent years, 

studies on twin screw granulation focused on the influence of process parameters on critical 

quality attributes of granules while formulation development received little attention. Although 

mannitol is a preferred excipient for the formulation of tablets, most studies on twin screw 

granulation used lactose or microcrystalline cellulose as fillers. Therefore the second aim of 
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this project was to evaluate the potential of ɓ- and ŭ-mannitol as excipient during twin screw 

granulation. Finally, research on twin screw granulation was almost exclusively limited to 

immediate release formulations. Therefore, the third aim was to investigate the potential of 

twin screw granulation with water as granulation liquid, for the production of a controlled 

release formulation with hydroxypropylmethylcellulose as matrix former. The influence of 

process parameters (screw speed, throughput, temperature, screw design) and formulation 

parameters (concentration of HPMC in the formulation, viscosity and substitution degree of 

HPMC) on critical quality attributes of granules and tablets was evaluated. 
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TOWARDS CONTINUOUS MANUFACTURING 

Driven by strict regulations the pharmaceutical industry has been very conservative and for a 

long time did not question its traditional batch-wise manufacturing methods while in other 

industries (e.g. chemical, food, personal care, mining and electronics industry) continuous 

techniques were introduced decades ago. The first continuous paper machine was 

developed and patented in 1799 by Louis-Nicolas Robert, and the Haber process for 

continuous production of ammonia, was fully operational around 1920 [1, 2]. However, under 

pressure from generic competitors, governments and rising development costs, the 

pharmaceutical industry recently recognized the potential of continuous manufacturing for 

more cost-efficient production, delivery of high quality products and lower environmental 

footprint.  

During batch processing raw materials are charged into the system at the beginning of the 

process and the product is discharged all at once at a later point in time. No ingredients are 

added or removed from the system between charging of the raw materials and discharge of 

the product. A common pharmaceutical manufacturing process generally consists of 

sequential batch processes with storage and off-line quality testing of intermediate products. 

If the product does not meet the quality specifications the complete batch is discarded [3]. 

This concept is schematically presented in Figure 1 for the production of tablets which is 

typically preceded by blending, granulation, drying and milling.  
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Figure 1. Schematic overview of typical unit operations in batch-wise manufacturing (top) and continuous manufacturing (bottom) including possibilities for 
monitoring critical quality attributes by PAT. 
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In a continuous manufacturing process all unit operations are connected and starting 

materials and end products are continuously charged into and discharged from the process, 

respectively, following the first-in-first-out principle. Additionally, process analytical 

technology (PAT) systems integrated in the manufacturing line can provide real-time data for 

process monitoring and control. This eliminates the need for storage and off-line 

characterization of intermediates and the final product, making the process more cost-

efficient. This concept of fully continuous manufacturing is compared in Figure 1 to traditional 

batch processing [3]. The ultimate goal of continuous manufacturing is to produce a high-

quality product 24/7 for up to 50 weeks a year with two weeks for annual maintenance of the 

equipment and this from the primary stage of drug production (API synthesis) on.  

Definition of a batch is important to trace the final product back to the used raw materials, 

applied process parameters and quality testing. Whereas batch definition is straightforward 

during batch processing, it should not be a hurdle after continuous processing as the 

definition of a batch by the Food and Drug Administration (FDA) is not related to the 

production method (batch-wise or continuous). Instead the FDAôs definition refers to the 

quantity of manufactured drug, defining a batch as óa specific quantity of a drug or other 

material that is intended to have uniform character and quality, within specified acceptance 

limits, and is produced according to a single manufacturing order during the same cycle of 

manufactureô. Therefore this definition should not impede the adoption of continuous 

processing from a regulatory point of view. The batch size of a continuous process could be 

defined either by a fixed quantity of product or by the amount produced in a fixed time 

interval [4]. 

Over the last decade individual companies have invested over a billion dollars in total in the 

development of continuous manufacturing technologies as they recognized the numerous 

benefits offered by this emerging manufacturing concept. Whereas initially there was limited 

collaboration across the industry, more recently a broader forum was initialized by the FDA 

as it is convinced of the enormous potential of continuous manufacturing. This platform aims 

to promote collaborations and exchange of knowledge between pharmaceutical companies 

and subsequently to facilitate the implementation of continuous manufacturing. With this 

initiative the discussion has shifted from whether continuous manufacturing should be 

implemented to how it is best implemented [5]. The numerous benefits of continuous 

manufacturing listed in Table 1 will be discussed in the following paragraphs. These benefits 

are related to improved product quality, cost-efficiency and reduced environmental impact.  
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Table 1 Benefits of continuous manufacturing within the pharmaceutical industry 

Improved product quality 

Higher level of process robustness and control 
Implementation of PAT 
Elimination of batch-to-batch variability 
Compliance with Quality-by-design principle 
Prevention of drug shortages 
Faster market access of new drugs 

Improved cost-efficiency 

Flexibility 
Elimination of scaling-up 
Faster market access 
Accelerated capacity response in case of changing market needs 
Faster supply chain 
Reduced footprint 
Possibility for transportable manufacturing lines 
Reduction of API consumption during product development 
Less time needed for product development 
Lower investment in containment of highly potent drugs 

Reduced environmental impact 

Reduced solvent use 
Reduced resource consumption 

 

Improved product quality 

During continuous manufacturing intermediates are continuously transferred throughout the 

entire process, whereas in batch manufacturing a unit operation (e.g. drying, blending) can 

be prolonged to obtain an intermediate or product with the desired specifications. Therefore a 

higher level of process robustness and control should be implemented during continuous 

manufacturing to ensure improved product quality. This is achieved by processing under 

strictly controlled steady state conditions in combination with continuous evaluation of critical 

quality attributes via PAT. As intermediates are not isolated from the process flow during 

continuous manufacturing real-time monitoring of process parameters and quality attributes 

of in-process material by PAT is crucial to establish an effective control strategy with 

feedback and feedforward control loops. Linking critical quality attributes of the final drug 

product to process controls and intermediate attributes measurable by PAT probes should 

result in lower product variability. This concept is schematically presented in Figure 2. This is 

opposed to batch manufacturing where a batch is only transferred to the next unit operation 

when the quality of a batch is approved by analysis of isolated samples. Batch-to-batch 

variability can be eliminated by continuous manufacturing as the material is operated in plug 

flow, whereas during batch processing temperature, mass transfer and momentum vary with 

the position within the equipment, resulting in batch-to-batch variability and eventually 

rejection of complete batches [6]. Therefore continuous manufacturing is highly suited to 
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comply with the quality-by-design principle of the ICH Q8 guideline on pharmaceutical 

development. This guideline states that quality should be built into a product through process 

and product understanding and to use this understanding for implementation of effective 

quality control strategies to deliver high-quality products [7]. 

Drug shortages are a significant public health issue affecting the treatment of patients with 

life-threatening diseases such as cancer and infections. In 2011 the FDA reported 251 drug 

shortages in the USA [8]. Improved agility, flexibility and robustness of continuous 

manufacturing could be key in the prevention of these shortages as they mostly start with 

quality manufacturing problems [8]. The suitability of continuous processes for 

implementation of PAT and feedback and feedforward control should ensure a more 

consistent product quality.  Additionally continuous manufacturing techniques allow faster 

response to changing market needs in case of epidemics or emergencies as the time to 

market is significantly reduced by real time release testing of the product, elimination of 

scale-up and faster installation of the typically smaller plants. Faster market access can be 

particularly important for breakthrough therapies (therapies for serious and life-threatening 

diseases that demonstrated substantial improvement over existing therapies in preliminary 

clinical trials). 
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Figure 2. Concept of linking critical quality attributes of the final drug product to process controls and intermediate attributes measurable by PAT probes to improve 
the drug quality [adopted from 64]. 
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Improved cost-efficiency 

Continuous processes offer more flexibility as the production can be increased by prolonging 

the process time. Hence the same equipment can be used for production of small batches 

intended for clinical trials as for production after product approval by the competent 

authorities. In contrast scale-up of batch processes is necessary to transfer a process from 

the development to production stage and to respond to changing market needs. The scale 

factor between different scales is mostly limited to 10 which signifies that 3-5 scale-up steps 

are necessary to transfer a batch process to production scale [6, 9]. Scale-up steps are 

costly and time-consuming as they require different equipment scales and validation must be 

performed at all scales. Therefore elimination of the scale-up bottleneck facilitates market 

access for new drugs and accelerates the capacity response in case of changing market 

needs. In case of increasing demand the process time of continuous processes can easily be 

prolonged while there is no risk of overstock in case of decreasing market needs. 

Currently the supply chains of pharmaceutical products require months as chemical and 

drug-product manufacturing occur at different facilities around the world [10, 11]. Continuous 

manufacturing from API synthesis up to tablet production in one manufacturing site would 

significantly shorten the supply chain. In this regard Vertex expects to produce 100 000 

tablets of Kalydeco®, a new cystic fibrosis drug, in an hour by continuous processing rather 

than in four to six weeks which would be needed at a traditional batch plant, and Novartis 

aims to reduce the total process time of drug manufacturing (raw chemicals to finished drug 

product) from 300 to 10 days through adoption of continuous processing [11, 12]. 

Continuous manufacturing plants typically have a drastically reduced footprint as 

intermediate storage, stockpiling, material handling and off-line quality control are reduced. 

This offers opportunities to setup a continuously operating plant in portable containers which 

can be shipped around the world by boat, helicopter or truck in function of the manufacturing 

needs. This potential was recognized by Pfizer which invested several million dollars on its 

portable continuous miniature and modular (PCMM) line which is a prototype of an 

autonomous and transportable manufacturing line for oral solid dosage development and 

production. The PCMM line has a 60 ï 70% lower footprint than a traditional batch 

manufacturing facility [13].  

A significant decrease of API expenses can be achieved in process development studies 

through adoption of continuous processing. A design of experiments (DOE) is often used to 

explore the process space of a new product. A data point of the process space can be 

determined with 1 - 10 kg of product (considering a machine running at 25 kg/h) for a 
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continuous process, depending on the time necessary to reach steady state and the 

residence time distributions of the unit operations. In contrast, 500 ï 2000 kg of product is 

required to produce a data point at commercial scale using batch processing [14]. Moreover, 

running full-scale batch processes in the drug development stage is highly time-consuming. 

Thus reducing the amount of API and time needed during drug development is of great 

economic importance, particularly with highly dosed and expensive APIôs. 

Containment of potent drugs requires higher equipment investments and safety precautions 

during batch processing as operators handle the material multiple times between each unit 

operations. In contrast, material handling is limited when production is organized in a 

continuous way. 

From the above it is clear that significant economical savings can be realized when switching 

from batch to continuous processing. In this context vice-president of Pfizer claimed as óa 

general rule of thumb that a well-designed continuous plant should cost about 40% less than 

a comparable batch plantô. An in-depth economic comparison between an optimized and 

commercially run (by Novartis) batch process and two continuous process (direct 

compression and roller compaction) for the same drug product was made by Schaber et al. 

[15]. The comparison started at the level of an intermediate molecule three steps before final 

synthesis of the API and ended with the product of tablets. Savings of 9 ï 40% on the total 

budget for drug production were realized (depending on the price of the API intermediate and 

API loading) when switching from batch to continuous manufacturing [15].  

Reduced environmental footprint 

During primary manufacturing continuous drug synthesis and crystallization could 

significantly reduce solvent use, but also during secondary manufacturing there are 

opportunities to reduce the ecological impact of drug production via continuous 

manufacturing [16, 17]. Recently the resource consumption reduction (chemicals, heating, 

electromechanical power, cleaning agents, waste disposal, compressed air) was calculated 

to be 10.2% when switching Tramacet®, an analgetic drug product commercialized by 

Johnson & Johnson, from fluid bed batch granulation to continuous granulation. However, 

excluding the use of API and excipients (as more or less the same amount of API and 

excipients is needed for both manufacturing modes) a resource consumption reduction of 

34.0% was recorded [18]. 
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Challenges 

Despite the many advantages of continuous manufacturing, there are still some challenges 

related to its implementation. Initial investment in the construction of facilities, generation of 

process knowledge and possibly development of new equipment are necessary as batch 

manufacturing is still the prevailing production mode. Therefore a convincing business case 

is necessary to justify the replacement of existing batch technology by continuous 

manufacturing lines, and initially continuous manufacturing will most likely be implemented 

for new APIôs rather than for existing drug products. However, the initial investments can be 

compensated during drug development by API savings and the elimination of scaling-up.  

PAT probes were successfully implemented in-line (a PAT probe is directly inserted in the 

product stream), at-line (a sample is removed from the product stream but analyzed in the 

process area) and on-line (automatic sampling and return of the sample to the product 

stream) for e.g. mixing performance after blending (by near infrared (NIR) spectroscopy), 

solid state analysis after wet granulation (by NIR or Raman spectroscopy), particle size 

analysis after wet granulation (by high speed camera or spatial filter velocimetry), moisture 

content after drying (by NIR spectroscopy), particle size distribution during spray drying (by 

laser diffraction), particle size analysis after milling (by focused beam reflectance 

measurement) and content uniformity of tablets (by NIR spectroscopy) [19]. Nevertheless 

interfaces between PAT probes and process remain challenging. Determination of the 

location of the sensor to achieve representative sampling and minimization of the influence of 

the probe on the process are important issues. Systems with purging gases or mechanical 

removal of material disturbing the measurements to solve probe fouling were therefore 

developed. 

There are also some other technical challenges and issues that require further development 

and investigation such as the development of in-line tests for friability, disintegration and 

dissolution, minimization of the start-up and shut-down phases and build-up of material 

during long runs (e.g. along the granulator barrel).  

Regulatory uncertainty was long perceived as a major hurdle to implement continuous 

manufacturing, but over the past few years the regulatory authorities (especially the FDA) 

expressed their preference for switching to continuous manufacturing. Early and frequent 

discussions with the FDA are encouraged before implementation to avoid that the choice for 

continuous manufacturing would delay the regulatory approval [4, 20]. Although the FDA and 

European Medicine Agency (EMA) are open for implementation of continuous processes, 

regulatory acceptance of continuous processes by other competent authorities is unclear. 
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Additionally, the pharmaceutical industry itself is a risk-aversed and conservative industry 

that is sceptic towards novel continuous processing as there is limited experience with long-

term routine manufacturing.  

Although few challenges remain they appear surmountable and are clearly outweighed by 

the advantages continuous manufacturing offers. This was recognized by several big 

pharmaceutical companies with e.g. Johnson and Johnson aiming to manufacture 70% of its 

highest-volume products continuously within 7 years from now [12].  
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CONTINUOUS MANUFACTURING TECHNIQUES FOR PRODUCTION OF TABLETS 

The full potential of continuous manufacturing will only be realized by coupling the primary 

(API production) and secondary (production of final dosage form) manufacturing steps in a 

continuous manufacturing train. Concerning primary manufacturing, several research groups 

studied continuous API synthesis and crystallization [16, 17, 21, 22, 23, 24, 25]. However, 

the discussion in this thesis is focused on secondary manufacturing of tablets. Tablets are 

the most popular dosage form for patients as well as manufacturers because of the 

convenience of administration, accurate dosing, ease of manufacturing and low costs. 

Additionally, they exhibit improved product stability in comparison to liquids, tamper-

proofness in comparison to capsules and safety in comparison to parenterals [26].  

The preferred tablet manufacturing method is direct compression where tablets are 

compressed directly from a powder blend of API and suitable excipients without prior 

granulation steps. The simplicity of this method and absence of water during processing is 

attractive to manufacturers [26]. Moreover, it is an inherently continuous process and the 

blending and feeding steps preceding tableting can also be operated in a continuous way 

[27, 28, 29]. These steps were incorporated in the ConsiGmaTM Continuous Direct 

Compression line (GEA Pharma Systems) which is an integrated continuous manufacturing 

platform for direct compression of tablets. However, it is estimated that only 20% of 

pharmaceutical ingredients are suited for direct compression [26]. The other materials exhibit 

insufficient flowability, tabletability and homogeneity for the production of tablets by direct 

compression [26, 30]. Excellent flowability is required to ensure uniform die filling during 

high-speed tableting. Homogeneity of the powder mix to be tableted is essential to avoid 

content uniformity issues. Finally, powders need to exhibit sufficient binding potential, by 

plastic deformation or fragmentation, for successful tableting. Powder agglomeration 

techniques such as granulation and spray drying can overcome issues related to flowability, 

tabletability and homogeneity, and can deliver agglomerates suitable for tableting.  

Granulation 

Granulation can be performed by wet or dry granulation techniques. During roller compaction 

a powder mixture is compacted between the compactorôs rolls into ribbon-shaped compacts 

that are finally milled to obtain granules suitable for tableting. A schematic of the roller 

compaction process is shown in Figure 3 [31]. 
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Figure 3. Schematic of the roller compaction process [adopted from 31]. 

This technique is inherently continuous and is therefore ultimately suited for implementation 

in a fully continuous tablet manufacturing line. Additionally, roller compaction is attractive for 

granulation of moisture and heat sensitive APIôs. However, absence of water also causes the 

main limitation of the process; lack of binding potential. After all, bonding between particles 

during roller compaction exclusively depends on the compression properties of the material, 

whereas during wet granulation capillary forces and formation of solid bridges after 

crystallization also contribute to the granule formation. Additionally roller compaction was 

linked to inferior tablet hardness after tableting [32, 33, 34]. Thus the potential of dry 

granulation is limited to powders with excellent tabletability and formulators often need to 

resort to wet granulation techniques. 

Wet granulation has mostly been applied in batch-wise manner using fluid bed or high shear 

granulators. During fluid bed granulation granules are formed by spraying a binder solution 

on top of a powder bed that is fluidized by conditioned air (Figure 4).  
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Figure 4. Schematic of fluid bed granulation [adopted from 40]. 

High shear granulators consist of a jacketed mixing bowl, an impeller and a chopper (Figure 

5). The process starts with mixing of the dry powder ingredients by an impeller. After several 

minutes the granulation liquid is added, and the dry powder and granulation liquid are mixed 

by the impeller, while the chopper breaks down the wet mass to produce granules. Finally 

the wet granules are transferred from the granulator bowl and dried via fluid bed drying or 

tray drying. The desired granule density and friability can determine the choice of granulation 

process as granules produced via high shear granulation are denser but less friable than 

granules produced via fluid bed granulation [35]. As discussed in the first part of this chapter, 

batch manufacturing is not cost-efficient in comparison to continuous granulation and batch-

to-batch variability is often high. Therefore traditional batch high shear and fluid bed 

processes were modified for continuous operation.  
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Figure 5. Batch high shear granulator [Courtesy GEA Pharma Systems]. 

Horizontal fluid beds (e.g. Glatt GF series, Niro Contipharm granulator, Heinen drying 

technologies) consist of different functional zones where feeding, mixing, spraying, drying, 

cooling and discharging are performed (Figure 6). The air inlet temperature and air flow in 

these zones are independently regulated. Although popular in the food industry for 

manufacturing of instant products (e.g. instant coffee, milk powder, soup), horizontal fluid 

beds are generally not applicable in the pharmaceutical industry due to the long residence 

time of material and lack of plug-flow in the granulator [36, 37, 38]. Short and controllable 

residence times are of utmost importance during granulation of pharmaceutical products to 

avoid product degradation.  
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Figure 6. Horizontal continuous fluid bed granulator [adopted from 40]. 

In spouted bed granulators (Figure 7) fluidizing air enters the granulation chamber at high 

velocity through two longitudinal slots and spraying nozzles are positioned between these 

slots. Forward particle movement is obtained by applying an angled air flow. This design 

results in homogeneous wetting, fluidization of difficult-to-fluidize materials, elimination of 

lump formation and a short residence time, according to the manufacturer [39, 40]. 

  

Figure 7. Spouted bed granulator [adopted from 40]. 
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Glatt also developed another continuous fluid bed granulator based on the traditional batch 

granulator design. In the AGT system (Figure 8) granules exit the system via an outlet tube 

positioned in the middle of the bottom screen while starting material is fluidized and wetted in 

the granulation chamber. A classifying air stream through the outlet tube ensures that only 

larger particles can be discharged and that fine particles are returned to the granulation 

chamber. A major drawback of this system is again the long and uncontrollable residence 

time of granules as the concept is not based on plug-flow [37, 40]. Additionally, strict control 

of the powder feeding system is required as the amount of starting material added to the 

granulation chamber must match the amount of discharged granules to avoid varying 

powder/liquid ratios as this would result in varying granule characteristics [37]. 

 

Figure 8. AGT system for continuous fluid bed granulation [adopted from 40]. 

Traditional batch high shear granulators were also modified for continuous operation (e.g. 

Böhle Easy FlowTM system) by continuous addition of powder and granulation liquid to the 

granulation chamber while granules are simultaneously discharged by a chopper [37, 38]. 

This principle is illustrated in Figure 9 [41]. 
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Figure 9. Traditional high shear granulator modified for continuous operation [adopted from 41]. 

Next the granules are continuously fed into a rotating cylindrical dryer [37]. Although the 

concept is promising, it was only described in one research paper [41]. Another technique for 

continuous high shear granulation, ring layer granulation, was launched by Lödige 

(CoriMixTM). In the process chamber of the ring layer unit mixer blades are rotating on a 

central axis (Figure 10). High speed rotation of the blades results in formation of a concentric 

annular layer of product in the process chamber. The granulation liquid is sprayed via one or 

multiple nozzles onto the annular layer. According to the manufacturer, the design ensures 

plug-flow and the residence time can be influenced by the number of revolutions, geometry 

and adjustment of the mixing tools. 
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Figure 10. Ring layer unit for continuous high shear granulation [adopted from Loedige.de]. 

A quasi-continuous granulation unit, combining high shear and fluid bed technology, was 

developed by Glatt (Glatt MulticellTM) in co-operation with Roche and the University of Basel 

(Figure 11). In this quasi-continuous approach, discrete amounts of materials (mini-batches) 

pass sequentially through units of blending, granulation, drying and conditioning [37, 42, 43]. 

The production line consists of a high shear granulator connected to a series of fluid bed 

dryers. After granulation the first mini-batch is transferred to the first fluid bed dryer for the 

initial drying phase at high temperature, then to a second fluid bed dryer for further drying at 

low temperature and finally to a third fluid bed dryer for conditioning. After transport of the 

first mini-batch to the first fluid bed dryer, a second mini-batch is loaded into the granulator 

chamber and this mini-batch is then transferred to the first fluid bed dryer after transfer of the 

first mini-batch to the second fluid bed dryer. Mini-batches are granulated and transferred to 

a series of the fluid bed dryers until the required amount of material is produced. This 

process is not fully continuous as there is no constant output of material in function of time. 

However, it exhibits some advantages associated with continuous manufacturing such as 

elimination of scale-up, small footprint, less labor-intensive, improved output and suitability 

for implementation of PAT [42]. However the full potential of continuous manufacturing can 

only be achieved by implementation of fully continuous ófrom-powder-to-tabletô production 

lines.  
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Figure 11. Glatt Multicell
TM

 for quasi-continuous granulation [adopted from 65]. 

Twin screw granulation is a novel and promising granulation technique as it ensures plug-

flow during processing, whereas the continuous granulation techniques discussed earlier 

often suffered from long and uncontrollable residence times. This technique is based on the 

extrusion technology, and was first described by Gamlen and Eardley (1986) and Lindberg et 

al. (1988) for the production of paracetamol and effervescent granules, respectively [37]. 

Modifications to this setup were made by Kleinebudde and Lindner (1993) and Keleb et al. 

(2004) through installation of a perforated die and removal of the die, respectively [44, 45]. 

Removal of the die block dramatically reduced the pressure build up at the end of the 

granulator barrel and avoided compression of the granules [45]. This resulted in less dense 

granules, in a higher process yield (as no lumps were produced) and in a higher granulation 

capacity (as a higher total input rate was possible) [45]. Over recent years multiple research 

groups studied the influence of process parameters (e.g. screw speed, barrel temperature, 

throughput, screw configuration) and formulation parameters (e.g. liquid-to-solid ratio, binder 

addition, particle size of the starting material, hydrophilicity of the excipients) on critical 

quality attributes of granules [46, 47]. Additionally, PAT probes were successfully 

implemented to monitor the moisture content, particle size and API content of granules 

exiting the granulator [19]. Continuous melt granulation using a modified twin-screw 

granulator is also possible and eliminates drying of the wet granules but requires cooling 

before further processing of the granules [48].  
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Integrated ófrom-powder-to-tabletô manufacturing lines including continuous 

granulation technology 

Recognizing the potential of continuous manufacturing for pharmaceuticals, equipment 

suppliers (e.g. GEA Pharma Systems, Glatt, Lºdige, Bºhle) have developed integrated ófrom-

powder-to-tabletô continuous production lines. GEA Pharma Systems was one of the first 

equipment manufacturers to commercialize such an integrated production line, the 

ConsiGmaTM Continuous Tableting Line (Figure 12).  

 

Figure 12. Consigma
TM

 continuous tableting line with: 1. Liquid and powder dosing via loss-in-weight-
feeders; 2. Twin screw granulation unit, 3. Segmented fluid bed dryer, 4. Granule evaluation unit, 5. 

Blender for external phase, 6. Tablet press [Courtesy GEA Pharma Systems]. 

Following unit operations can be distinguished in the ConsiGmaTM-25 Continuous Tableting 

Line: liquid and powder dosing via loss-in-weight feeders, twin screw granulation unit, 

segmented fluid bed dryer, granule evaluation unit, blender for external phase and tablet 

press (Figure 12). These units will be discussed below. 

- Liquid and powder dosing via loss-in-weight feeders: Up to 4 loss-in-weight feeders can be 

installed in connection with an in-line blender, dosing the powder mixture to the granulator 

barrel. The granulation liquid is added by two peristaltic pumps via two tubes with nozzles 

mounted in the granulator barrel. The liquid feed rate is also monitored by the loss-in-weight 

principle.  
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- Twin screw granulation unit: The granulation unit comprises a jacketed granulator barrel 

with two co-rotating screws. The granulator barrel consists of three zones: (1) a feed zone 

where powder is fed by one or multiple feeders and transported by conveying elements, (2) a 

working zone where granulation liquid is added to the barrel and mixed with the powder by 

kneading elements and (3) a discharge zone where the granules exit the barrel and are 

transported to the fluid bed dryer (Figure 13).  

 

Figure 13. Granulator barrel of a ConsiGma
TM

 Continuous Tableting Line [courtesy GEA Pharma 
Systems]. 

A temperature sensor is integrated in the working zone of the barrel and linked to a feedback 

control system which regulates the temperature in the barrel jacket and compensates for 

temperature increase during the process due to friction. A torque-gauge is built in for 

measurement of the torque during processing. The granulator screws are modular and 

typically consist of conveying elements, one or two blocks of kneading elements in the 

working zone, followed by a conveying zone and finally two small kneading elements at the 

end of the screw (Figure 14).  

 

Figure 14. Granulator screws of a ConsiGma
TM

 continuous tableting line, with 2 kneading blocks of 6 
kneading elements in the working zone [courtesy GEA Pharma Systems]. 
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Van Melkebeke et al. demonstrated that this standard screw configuration resulted in high 

process yields [49]. However, alternative screw elements for improvement of the process 

yield were recently introduced [50, 51]. Granule characteristics such as size distribution, 

density, friability and shape are affected by the granulation parameters (screw speed, barrel 

temperature, liquid feed rate, throughput, screw configuration). After granulation the granules 

are transported gravimetrically or pneumatically to a fluid bed dryer.  

- Six-segmented fluid bed dryer (Figure 15):  Drying is based on traditional fluid bed 

technology. However to limit the residence time distribution, the fluid bed dryer is divided in 6 

identical drying cells. After a first cell is filled for a set filling time, wet granules are filled into 

the next cell while the granules in the first cell are drying. The dry granules are discharged 

from the drying cell after a set drying time. This drying approach is quasi-continuous, 

signifying that plug flow is not maintained during drying, as mini-batches are discharged from 

the fluid bed dryer. However, quasi-continuous drying can also be advantageous in case of a 

disturbance in the process since individual mini-batch(es) containing the affected material 

can be discarded.   

- Granule evaluation unit: The granules can be milled by an integrated ComilTM (Quadro) 

system when elimination of oversized granules is required. Additionally, PAT probes for 

particle size analysis, residual moisture content or content uniformity can be implemented in 

this unit.  

 

Figure 15. Six-segmented fluid bed dryer of the ConsiGma
TM

-25 line (left: side view, right: bottom 
view) [courtesy GEA Pharma Systems]. 
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- Blender for external phase: The granules are loaded into a continuous blender and mixed 

with lubricant using a ribbon blender. 

- Tablet press: The final blend of granules is gravimetrically added to the hopper of the tablet 

press and compressed to tablets. Optionally, a continuous tablet coater can be implemented 

as final unit operation in the continuous manufacturing line. 

The stability and repeatability of the ConsiGmaTM-25 continuous tableting line was evaluated 

by Vercruysse et al. during three consecutive runs of 5h using the entire line [52]. Although 

steady-state level of torque, barrel temperature, mill screen temperature and differential 

pressure over the filters was only reached after a stabilization period, the critical quality 

attributes of granules and tablets were within the specifications during the entire run. 

Additionally, the three runs were highly repeatable. Therefore the ConsiGmaTM-25 

Continuous Tableting Line can be considered as a stable and repeatable system for the 

continuous production of granules and tablets [52]. Nevertheless, even longer runs are 

necessary to validate the process stability over a period of days and weeks.  

For research and development purposes a ConsiGmaTM-1, a mobile and smaller version of 

the ConsiGmaTM-25 line, was developed. The ConsiGmaTM-1 consists of an identical 

granulator barrel as the ConsiGmaTM-25 line and one segment of the 6-segmented fluid bed 

dryer incorporated in the ConsiGmaTM-25 line (Figure 16). As the fluid bed dryer of the 

ConsiGmaTM-1 consists of only one dryer cell, drying is performed batch wise. Nevertheless, 

this equipment allows performing short granulation experiments during early phases of 

research and development. 
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Figure 16. ConsiGma
TM

-1 with: 1. Powder dosing, 2. Granulator barrel, 3. Fluid bed dryer [courtesy 
GEA Pharma Systems]. 

Similar lines (consisting of a twin screw granulation unit, fluid bed dryer and tablet press) for 

continuous production of tablets (MODCOSTM by Glatt in collaboration with Thermo Fisher 

Scientific and Fette and Böhle Conti Granulator BCG by Böhle in collaboration with Korsch) 

were recently introduced by Glatt and Böhle.   

Lödige designed a continuous line for manufacturing of granules (GranuconTM) including a 

ringlayer mixer and a horizontal fluid bed dryer (the integrated setup is shown in Figure 17). 

Recognizing the wide retention times continuous fluid bed dryers suffer from, Lödige 

implemented a screw in the dryer to obtain forced conveyance of granules and consequently 

to narrow down the residence time distribution of granules in the dryer.  

 

Figure 17. Granucon
TM

 continuous manufacturing line by Lödige [adopted from Loedige.de]. 
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Spray drying 

Spray drying is a continuous process which involves spraying of a liquid feed (solutions, 

suspensions or emulsions) in a hot drying medium to convert it into a dry product. It is widely 

applied across the food (e.g. production of baby food, milk, instant coffee, soup), chemical 

(e.g. production of catalysts, detergents, pigments) and pharmaceutical industry [53, 54].  

A schematic overview of the spray drying process is shown in Figure 18. A liquid feed is 

pumped to a drying chamber and atomized in a constant flow of hot air. Consequently the 

liquid phase of the droplets evaporates, yielding dry powder particles. After exit from the 

drying chamber, the powder is gravimetrically separated from the air in a cyclone where the 

particles sediment in a container.  

Figure 18. Schematic overview of the spray drying process [courtesy GEA Pharma Systems]. 

Different spray drying setups can be distinguished depending on the atomization mode, on 

the direction of the air and droplet/particle flow and on the exhaust of the solvent. Firstly, 

different atomization designs are available, differing in the energy (centrifugal, kinetic, 

pressure or sonic energy) used for creation of droplets. The droplet and particle size 

generated depend on the atomizer type with a pressure and sonic nozzle generating the 

largest and smallest particles, respectively [54, 55]. However, with all atomizer types the 

particle size can be reduced by adding more atomization energy [55]. Secondly, depending 

on the flow direction of drying air and atomized droplets, co-current, counter-current and 
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mixed flow setups are distinguished. In a co-current flow setup the atomized drops and 

drying air pass in the same direction through the drying chamber. This way the largest drops 

are exposed to the hottest air while dry particles are exposed to cooler air at the bottom of 

the drying chamber. Therefore this setup is ideally suited for spray drying of heat sensitive 

components. In a counter-current flow setup the atomized drops and drying air move in the 

opposite direction through the drying chamber. This setup induces particle agglomeration, 

resulting in larger and better flowing particles, but is not applicable for heat sensitive 

components as dry particles are exposed to the hottest air in the bottom of the drying 

chamber. In a mixed flow setup co- and counter-current flows are combined. Free flowing 

particles can be produced with this setup but it is not suited for heat sensitive components. 

Thirdly, spray drying systems can operate in open and closed loop. In open loop spray dryers 

the drying air is drawn from the atmosphere and exhausted back into the atmosphere after 

extensive filtering. This setup is used for spray drying of aqueous solutions. In closed loop 

spray dryers an inert drying gas (e.g. nitrogen) is used to allow processing of oxidizable 

products and flammable solvents. A solvent vapor condenser is implemented in this setup to 

recycle the solvent and inert gas. 

The particle size and flowability of spray dried particles are affected by the spray drying 

setup. Use of a pressure nozzle and a counter-current setup, for example, results in large 

and good flowing particles as large droplets are created and agglomeration is favored, 

respectively. However, spray dried particles are typically smaller than 200 µm [55]. If larger 

and better flowing particles are required, spray dryers can be equipped with multiple spraying 

nozzles, a fines return system, an integrated fluid bed dryer or combinations thereof to 

induce agglomeration of particles (Figure 19). These agglomerated particles exhibit a better 

flowability and have a porous structure with instant properties (good wettability, dispersibility, 

solubility) which is desirable for uniform dosing and use as instant product. Use of multiple 

nozzles induces forced primary agglomeration as the nozzles are positioned to create 

overlapping spray zones and collisions between droplets. Alternatively, fines collected after a 

cyclone or bag filter can be recycled to the atomization zone to induce forced secondary 

agglomeration. Agglomerated particles consisting of many particles are created through 

collisions between the returned fines and wet atomized drops. Finally, integration of a fluid 

bed dryer in the bottom of the spray dryer also promotes agglomeration as small fluidized 

particles are returned into the drying chamber and collide with partially dry particles. Although 

fines recycling and integration of a fluid bed are often applied in the food industry, these 

approaches for particle agglomeration are not applicable in pharmaceutical processing as dry 

particles are exposed to high temperatures in the atomization zone and their residence time 

is prolonged [56].  
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Figure 19. Schematic overview of a spray dryer setup with modifications for particle agglomeration 
(multiple atomization nozzles, fines recycling, integrated fluid bed) with: 1. Atomization and drying of 
droplets, 2. Fluidization provoking collisions between mois and dry particles, 3. Collisions of fines and 
partially dry particles, 4. Exhaust of non-agglomerated material from the drying chamber [adopted from 
54]. 

Spray drying is an inherently continuous, fast and robust process that can be run for months 

without interruption [55]. It is used during primary and secondary drug manufacturing. After 

API synthesis and crystallization, spray drying can be applied to obtain an API in powder 

form for further processing into a solid dosage form. During secondary manufacturing spray 

drying is applied to improve the tabletability of powders, to increase the bioavailability of an 

API, for encapsulation and for production of dry powder aerosols [53, 54].  

Improved tabletability of excipients as well as APIôs can be achieved via spray drying. Spray 

dried lactose is a popular excipient for direct compression as it exhibits excellent flowability 

and tabletability. It is produced through spray drying of a suspension of lactose crystals and 

consists of a mixture of Ŭ-lactose monohydrate and amorphous lactose exhibiting brittle 

fracture and plastic deformation upon compaction, respectively. The combination of 

amorphous and crystalline lactose with different compaction mechanisms results in better 

tabletability and flowability of spray dried lactose in comparison to Ŭ-lactose monohydrate 
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[26, 57]. Microcrystalline cellulose is another frequently used direct compression excipient 

that is spray dried during to yield porous microcrystals with good tabletability [26]. However, 

different materials are often coprocessed via spray drying to obtain a product with improved 

properties compared to a physical mixture of the individual components. During coprocessing 

the physical properties of the product are modified without altering the chemical structure 

[26].  Several spray dried coprocessed excipients for direct compression are available: e.g. 

Cellactose® (Ŭ-lactose monohydrate and powdered cellulose), Starlac® (Ŭ-lactose 

monohydrate and native maize starch), Combilac® (Ŭ-lactose monohydrate, microcrystalline 

cellulose and native corn starch), Ludipress® (lactose monohydrate, polyvinylpyrrolidone 

K30, crospovidone) and Prosolv® SMCC (microcrystalline cellulose and silicon dioxide). 

Coprocessing of excipients and a poorly compressible API (e.g. paracetamol, ibuprofen, 

cimetidine) via spray drying can also improve the tabletability of the formulation [58, 59].  

The physical properties of spray dried particles, e.g. size, shape, moisture content, density, 

can be controlled through selection of the spray drying setup and process parameters [55]. 

These particle properties are important for clinical efficacy of pulmonary and nasally 

administered dry powder aerosols as they affect the site of drug deposition in the airways or 

lungs. Therefore spray drying is ideally suited for the production of dry powder aerosols. 

Examples of dry powder aerosols produced by spray drying include a vaccine for mass 

vaccination of poultry and antibiotics for treatment of cystic fibrosis, chronic obstructive 

pulmonary disease and tuberculosis [60, 61, 62, 63]. The solid state of spray dried particles 

can also be controlled by the process parameters. Amorphous products are often formed 

during fast dehydration during the spray drying process [53]. The sticky nature of amorphous 

particles present during spray drying can favor agglomeration by acting as a binder between 

particles and result in good flowing, highly wettable particles. Turchiuli et al. and Williams et 

al. reported on agglomeration of maltodextrin due to the sticky nature of amorphous 

maltodextrin and lactose, respectively [56, 66]. However, amorphization during the spray 

drying process is not always desired as it can result in stability issues.  
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