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Abstract 

Crystallization is an important separation and purification unit operation accounting for nearly 90% of 

organic molecules in the pharmaceutical and speciality chemical industries. Recently, there is a driver 

for exploration of continuous processing technologies due numerous potential advantages over the 

more conventional batch processing. However, previous literature on continuous processing primarily 

focuses on the crystallization unit operation and as a result, subsequent stages of filtration and drying 

are often overlooked. In the present perspective, key challenges with regards to fundamentals of 

filtration and drying are discussed with the context of continuous processing. A phenomenological 

parallel is drawn with studies concerning drying of porous solids, which are relatively widely reported. 

Such an analysis helped to identify the potential fundamental cause for lump formation in drying and 

how it may be avoided. Based on the postulated physical scenario, two possible prototype designs to 

intensify the continuous operation of the filtration and drying units were discussed. These prototype 

solutions could make it possible to combine the multiple stages of filtration, deliquoring, washing and 

drying into a few steps and thus enable/intensify the continuous processing of solid form 

pharmaceutical and specialty chemical compounds.   
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1. Introduction 

In drying, a system consisting of a stack of closely but randomly packed particles with the solvent filling 

the interstitial void between the particles is considered. During drying, it is expected for the air to 

completely displace the solvent filling the void. However, it is often not the case as some solution is 

still trapped – leading to the lumping. To cause this trapped solvent to evaporate, recently a method 

was tested by Ottoboni et. al. (2020) [1] wherein hot air was used to displace and/or evaporate the 

solvent. A continuous filter dryer (CFD) setup developed by Alconbury Weston Limited (AWL) was used 

by Ottoboni et. al. (2020) [1]. The drying of the cake was achieved a criterion to detect the completion 

of drying, as a sudden rise in the outlet temperature, was developed. However, lumping (aggregation 

of particles to form a random continuous blocks) was still observed to various degrees in the dried 

samples depending upon the operating conditions as shown in Figure 1.  

 
Table 1: Extent of agglomeration of sodium bicarbonate in water under different operating 

conditions. Percentage values denote the extent of agglomeration. (Figure reported by Ottoboni et. 
al., 2020 [1] and reproduced with permission from ACS on 21/07/21. Further permissions regarding 

the reuse of this material should be directed to the ACS)  
 

Lumping or caking is not desirable the lumped portion of the powder is rendered useless for further 

processing, say for instance to make tablets etc. The mechanism of lumping or caking may be typically 

described as follows - the solution contained within the interstitial spaces is not completely displaced 

during the dewatering/drying process and over time becomes saturated with the solute due to 

indefinite contact. On being kept for longer drying times (for instance for 24 hours as was done by 

Ottoboni et. al., 2020 [1]) allows the complete removal of the solution – through evaporation, leaving 

behind the dissolved solids to form lose interconnections between the particles leading to lumping. 



Hence, it was observed in the case of Ottoboni et. al. (2020) [1], that passing the hot dry air did not 

completely solve the problem of lumping, especially during higher cake heights.   

The process of completely removing the liquid from the cake is known as deliquoring. The 

conventional solution to this problem is to do two washes before deliquoring using the dry air. The 

first wash is done by using the crystallisation solvent itself to displace the saturated solvent and then 

the first wash is quickly displaced by adding a second wash solvent – which is both miscible with 

respect to wash solvent A but also has a lower solubility for the solute. This has been reported to lower 

the extent of the solute precipitating out and thus decreasing the lumping [1-3]. However, lumping is 

still observed and especially may be expected to increase on further scale-up [3].  

2. Pore Network Model 

Hence, it is useful to just step back and consider other approaches to the problem. In this regard, the 

pore network model (PNM) is typically used to study the removal of water content from porous solids. 

This subject has been extensively studied previously [4] although the application of these models to 

the drying of particles after crystallisation/filtration is to the authors knowledge not present. Debaste 

et. al. (2010) [5] studied the fluidized bed drying of yeast granules by combining the PNM with a 

fluidized bed model. Indeed, a solid cake may be equivalently considered as a porous solid – with a 

pore network representing the vacuous space typically wetted using a solvent. The first caveat here is 

that PNM studies this author has come across usually considers drying under stagnant air. The second 

caveat is that in PNM studies, typically only one surface is kept open to drying so the air does not ‘pass 

through the solid’. However, on the positive side, the considered pore sizes (of the order of 10s of 

microns) overlap very well with the particle sizes, and consequently the void sizes, typically expected 

after crystallization. Hence it is very useful to attempt to extrapolate key learnings from the PNM 

studies and apply them for the case of drying of solids.  

Rather than going into the specifics of the mathematical description of the PNM, it is worthwhile to 

understand the PNM framework which provides very good fundamental insights with regards to the 

physics of the drying problem. A porous solid in a PNM is typically represented as a grid as shown in 

Figure 1. Figure 1 demonstrates a schematic representation of an experiment using a silicone 

micromodel saturated with a salt-water solution and with the top surface kept open for drying. For 

more details on the relevant experiment, the reader is urged to refer Metzger, 2019 [4]. In our case, 

the solid squares which form the grid may be considered as the particles and the channel network 

may be considered as the vacuous network contained within the particles. This experiment is highly 

relevant as it not only gives an intuitive understanding of the progression of drying, but also 

demonstrates the deposition of solids leading to lumping. As the saturated solution slowly evaporates, 



it deposits solids within the voids thus forming interconnecting bridges. The severity of the deposition 

of solids within the voids depends on the solubility of the solute in the trapped liquid.  Although this 

representation is a 2D picture, the principles should equally be valid while considering a 3D case, albeit 

be a bit harder to visualise.  

  

   

Figure 1: Qualitative representation of the progression of an experiment performed to investigate 
the drying of a porous solid using a silicone micromodel saturated with a salt-water solution 

 
Several 3D simulations have also been performed, although the sheer number of pores/particles 

makes a complete solution intractable. Shown in Figure 2 are the results of an experiment performed 

wherein the drying of a fixed bed of mono-sized spherical glass particles was non-invasively tracked 

using X-ray tomography. Initially as shown in case (a), the entire liquid is almost filled to the brim. In 

the case (b), the liquid network at the wall was drained and visually the cake may be considered as dry 

but there is a significant amount of liquid trapped within the interstitial spaces. In this case, the drying 

is limited by the total surface area of the interface, which is very less (boundary of the liquid as shown 

in Figure 1) as compared to the total particle surface area. Finally, after extended drying duration 

liquid clustering is observed as shown in case (c) where the liquid continuum breaks up into 



disconnected clusters. This picture is entirely analogous as for the case of drying solids, with added 

complexities of possible non uniformity in terms of shape and size and the deposition of solids.   

 

Figure 2: Progression of drying in a packed bed consisting of mono sized glass spheres visualized 
using X-ray tomography (Figure reported by Metzger, 2019 [4] reproduced with permission from 

Taylor & Francis License number 5157130520121 obtained on 27/09/21) 
 

3. The Drying Curve 

Apart from presenting a good physical picture regarding the physics of the drying process, PNM studies 

also provide a very useful quantitative insight. Figure 3 shows what is referred to as a drying curve 

which is the rate of drying versus the pore saturation (fraction void filled). The dark area in the images 

denote the filled liquid and the light areas where liquid has evaporated. As can be seen on the right 

the network is complete saturated with the liquid with the highest evaporation rates. The evaporation 

rates remain constant until a point where it drops sharply. This is sharp drop is said to occur when the 

air network – left after the solvent evaporates, closes in on itself. This essentially forms a path of least 

resistance for air or a ‘short circuit path’ thereby limiting further evaporation rates. As can be seen at 

the point where the evaporation rate falls off, the saturation is still very high as shown in Figure 3 

where inflection point coincides with a pore network liquid saturation fraction as high as 50%. 

This above finding is important as it may be connected to results obtained by Ottoboni et. al. (2020)[1]. 

Shown in Figure 4 are the inlet and outlet temperature profiles obtained by Ottoboni et. al. (2020)[1] 

for varying inlet pressures and inlet setpoint temperatures. In the initial stages of drying, the intense 

vaporization of the solvent decreases the cake temperature substantially. As the drying air medium is 

in close contact with the cake, it may be assumed to be in thermal equilibrium with the air and its 

temperature drops too. Hence, the outlet temperature of the drying air medium decreases initially 

due to the transfer of the latent heat due to evaporation. During experiments, Ottoboni et. al. (2020)[1] 

detected an inflection point where the evaporation is no longer high enough to cause a reduction in 

the temperature. Hence, it was proposed as a criterion for dryland detection.  



 

Figure 3: Rate of drying versus pore saturation and corresponding visual representation of pore 
network during the different stages of drying (Figure reported by Metzger, 2019 [4] reproduced with 
permission from reproduced with permission from Taylor & Francis License number 5157130520121 

obtained on 27/09/21 and John Wiley & Sons License number 5114200448381 obtained on 
22/07/21) 

 

 

Figure 4: The inflection points for various operating conditions in the outlet temperature as a 
proposed criterion for dryland detection (Figure reported by Ottoboni et. al., 2020 [1]) (Figure 

reproduced with permission from ACS on 21/07/21. Further permissions regarding the reuse of this 
material should be directed to the ACS)  

 



The inflection points in temperature shown in Figure 5 may immediately be connected to the 

representative drying curve shown in Figure 4 wherein, there is a sudden decrease in the vaporization 

rate in a pore network. As shown in Figure 4, corresponding to this sudden reduction in vaporization 

rate, the saturation in the cake would still be high (possibly as high as 50%). Further, as this solvent is 

trapped for a substantial period, it would get saturated with the solids quickly as the dissolution time 

scale (~1 hr) is significantly lesser than the total drying time scale (~24 hrs). Hence, it is expected that 

when the trapped solvent completely evaporates, it would lead to lump formation which was 

observed by Ottoboni et. al. (2020) [1] as shown in Figure 1 to varying extents. Here it is important to 

keep in mind the caveats mentioned earlier that pore network studies consider stagnant air with only 

the top surface open. However, it may be argued that the fundamental nature of the drying rate curve, 

that a constant early period followed by a sharp drop and finally a long tail region, would be retained 

with different time scales.     

4. Possible Paths Forward 

The preceding analysis points to shortcomings of the conventional drying approaches but also 

identifies possible ways forward. Indeed, the liquid clustering problem may also be observed during 

the wash processes as under a pressure gradient any fluid will seek to find a path of least resistance – 

referred to as the short circuiting of the flow. Additionally, for liquids there are surface tension effects 

which might be important. As seen in Figure 1, the problem was reported to be severe only for higher 

cake heights and to varying extents for smaller heights. However, this inevitably limits the scope for 

process optimisation and scale-up.   

Typically drying of non-cohesive materials can be accomplished without any internals. However, 

powders belonging to Geldart C classifications or cohesive powders, require external vibrations, 

agitation, rotation, and centrifugation (Bait et. al., 2011)[6]. It may also be argued that the drying of 

other types of powders may also be intensified using the abovementioned operations. Based on the 

physical picture discussed in the present study, the solutions to the problem would need to be based 

on periodically breaking the pore network – which remains intact in the case of a settled cake 

throughout the process. In this authors view, this may be accomplished easiest, in terms of mechanical 

operation and continuous processing, by: 

A. Adding an impeller in a vertical column which keeps stirring the solids at a slow speed 

throughout the duration of the drying process.  

B. A vibrational bed under the solids which would keep disturbing the pore network – either in 

a column or as a separate moving bed  



Each option may have its own pros and cons. Option A is easier to implement but puts a limit on the 

shear, while Option B while being difficult to implement, has the added advantage of no shear 

limitation. A concept for a drying unit operation using an impeller (Option A) is shown in Figure 5A and 

for one using a vibrational bed (Option B) is shown in Figure 5B. For Figure 5A, the slurry enters a 

vertical chamber through the slurry port. The drying gas is then switched on after a given slurry volume 

is dispensed and the mother liquor is separated from the solids through pressure driven Nutsche 

filtration. During this time, the solids are stirred using an impeller which keep disrupting the pore 

network. After a suitable drying time, the solids may be removed from the bottom of the chamber by 

removing the movable filter media. The stirring and the drying gas may be kept operational to ensure 

the proper emptying of the chamber. A fluidic oscillator may be used to uniformly dispense the drying 

gas within the chamber [7]. 

For Option B as shown in Figure 5B, a sieving tower may be modified by having the slurry enter through 

the top chamber. A drying gas may also be passed in a co-current fashion with a port available at the 

bottom separately to allow the gas to exit the tower. The constant vibration of the tower will ensure 

adequate separation of the particles potentially accomplished good drying conditions. The sieves may 

be selected to obtain particles within a specific range of particle sizes. The mother liquor may be 

collected in the bottom pan of the tower and recovered appropriately, and the solids may be collected 

in the sieve pan just above the bottom pan. An incline may be added in the solid collection sieve to 

leverage the vibrational motion and enable the solids removal in a continuous manner.  

An impeller is typically used for powder blending or for the drying of adhesive/sticky particles. 

Vanarase et. al. (2011) [8] performed experiments to identify the optimum rotation speed, weir angle, 

flow rate and blade configuration of a powder mixer for blending API powders having two different 

sizes. Toson et. al. (2018) [9] performed the discrete element method simulations to characterize 

impact of operating parameters on the mixer performance for various particle sizes. The study 

consisted of a vertical mixer including key particle level properties such as particle velocities and 

particle residence times. Hoffman et. al. (2017) [10] investigated the potential of a wire mesh for 

improving the drying efficiency of sticky particles simulated using ion exchange resins. Bait et. al. 

(2011) [8] investigated various types of agitators and the impact of operating parameters such as inlet 

air velocity, temperature, agitation speed and feed loading on the drying kinetics in a batch mode 

fashion. Ribbon type agitators were found to perform the best while also being better from a scale-up 

point of view.  



 

Figure 5: Schematic of prototypes for continuous drying (A) with impeller in a vertical chamber (B) 
using a retrofitted sieving tower as a vibrational bed 

 
 

 

Figure 6: Cross sectional view of the filtration device reported by the MIT group (1) Feed suspension 
port (2) Compressed air/vacuum port (3) Wash solvent ports (4) 0.2 µm filter mesh (5) 

Thermocouple/Thermistor (6) Inductive heating plate (Figure reported by Capellades et. al., 2020[3] 
and reproduced with permission under Elsevier License number 5113700706913 obtained on 

21/072021 

(A) (B) 



 
It should be noted that Option A was implemented recently for the case of continuous drying by the 

MIT group (Allan S. Myerson) as shown in Figure 6 which allowed them to process high filtration 

volumes (up to 4L at a time) using relatively low shear (~30 RPM) mechanical processing. The caveat 

for this prototype was that the prototype is not truly continuous but rather multiple semi-batch units 

which require manual intervention to switch during continuous operation and subsequent 

emptying/cleaning. One potential advantage of the Continuous Filter Dryer (CFD) used by Ottoboni et. 

al. (2020) is that by design, it processes small volumes – hence breaking the pore networks could be 

more efficient [1]. Further, if either option A or B is implemented, it is possible to do away with the 

washing stages entirely and just have a combined filtering-deliquoring stage. These solutions would 

remove the possible hurdles to process optimization, scale up.  

 

5. Conclusions 

The continuous drying of solids products is a key bottleneck in the continuous manufacturing of API 

products. In the present study, the problem is briefly discussed, and parallels are drawn to the pore 

network models typically used extensively to investigate the drying of porous solids. The proposed 

physical picture seems to answer why a solid cake may be significantly saturated even after the 

inflection point criterion for detecting the completion of drying as reported by Ottoboni et. al. (2020) 

is met. were described which could potentially mitigate the fundamental challenges with drying. Two 

possible setups are described which could potentially mitigate the fundamental challenges with drying 

and were compared an existing prototype reported by. The proposed process modifications may 

potentially alleviate or entirely solve the bottleneck in continuous processing caused due to drying. 
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