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Abstract: The pharmaceutical industry is undergoing a shift in processing methods for small-scale production 

(250 - 1000 kg a-1), leading to an increased focus on continuous production research. Various concepts were 

developed to overcome challenges in small-scale crystallization for the production of high-quality products. 

However, further optimization is needed to enhance the industrial applicability of these concepts. This study 

aims to demonstrate the practical applicability of the Slug Flow Crystallizer (SFC) in the pharmaceutical industry 

by extending its use to a wider range of substance systems for small-scale API production. Employing an 

experimental strategy, the research seeks to rapidly assess the SFC's potential for achieving uniform, high-purity 

product yields, emphasizing the importance of factors such as slug flow stability, residence time distribution, 

and substance-specific crystallization criteria. This, coupled with our previously published model-based 

strategy, forms a comprehensive methodology to explore crystallization behavior and modeling for a variety of 

substance systems within the SFC. The ultimate goal of this study is to showcase the practicality of the SFC in 

the pharmaceutical industry, enabling the way for its reliable use in long-term, small-scale continuous 

crystallization and the production of high-quality pharmaceutical products. 

Keywords: Continuous crystallization; slug flow crystallizer; high-quality products; pharmaceuticals; 

crystallization modeling; efficient strategies 

 

1. Introduction 

The exploration of crystallization assumes a crucial role in the purification of active 

pharmaceutical ingredients (APIs) within the pharmaceutical industry. At present, over 90% of APIs 

exist in crystalline form. Although the pharmaceutical sector is progressively adopting continuous 

manufacturing processes, batch crystallization remains the prevailing industry standard, thereby 

imposing constraints on downstream operations [1,2]. 

Continuous crystallization offers numerous advantages when compared to traditional batch 

processes and is regarded as a promising avenue for process intensification. It addresses issues 

related to batch-to-batch variability, ensuring consistent product quality [3,4]. Furthermore, it enables 

higher space-time yield (STY), thereby increasing capacity while reducing equipment costs and 

spatial requirements. Spatially separating the nucleation and growth zones can enhance product 

quality control [5–7]. Consequently, continuous crystallization exhibits potential as a feasible option 

for small-scale API production (250 – 1000 kg a-1) [8]. Achieving the desired product properties 

necessitates the proper design and operation of a continuous crystallizer. This includes controlling 

crystal morphology, shape, mean size, and size distribution. A crucial aspect lies in maintaining a 

narrow residence time distribution (RTD) within the continuous crystallizer. The RTD should ensure 

similar residence times for all particles in the apparatus, providing equivalent time for desired crystal 

growth [4,9].  

The sophisticated design of the slug flow crystallizer (SFC) presents a concept capable of meeting 

these requirements. It is a tubular crystallizer characterized by segmented three-phase flow. In its 

design, a second fluid segment the mother liquor containing crystals into slugs transported through 
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a tubing. The segmentation induces interfaces that evoke internal Taylor vortices through interaction 

with wall friction during transport, effectively mixing the liquid phase and ensuring particle 

suspension. This eliminates the necessity for agitators or baffles, thereby minimizing the risk of 

attrition and primary heterogeneous or secondary nucleation [10–14]. 

The SFC has been extensively investigated in our prior studies, using the substance system L-

alanine/water (Ala/H2O) [12–17]. Additionally, the crystal growth and agglomeration behavior of L-

alanine in the SFC has been modeled to extrapolate experimental insights [17]. With the aim of 

extending the applicability of the SFC to small-scale API production, its scope needs to encompass a 

wider range of substance systems. It is imperative to establish that the apparatus is equally suitable 

for handling various substance systems, characterized by different particle shapes and structures, as 

well as variations in suspension and agglomeration behavior. 

The development of an efficient strategy has enabled the initial steps in assessing the SFC 

suitability for a given substance system. This strategy allows for a rapid determination of the SFC's 

viability for achieving uniform and reproducible product yields with the desired particle size, a 

narrow particle size distribution, and high purity. The evaluation takes into account factors such as 

slug flow stability, residence time distribution, and substance-specific crystallization criteria such as 

the solubility of the solute in the solvent and the temperature dependence. Static contact angle 

measurements and the dimensionless Capillary number 𝐶𝑎 are used to simplify solvent selection for 

various solid components. By combining static contact angle 𝜃𝑠𝑡𝑎𝑡  and capillary number 𝐶𝑎 , the 

study defines areas for dry patterns, transition, and wet patterns, thereby extending the range of SFC 

applications. Additionally, monitoring solute solubility and dynamic contact angle behavior is 

emphasized, with temperature-dependent solubility modeling supporting successful crystallization. 

This strategy, demonstrated for both binary and ternary systems, offers a general approach for 

assessing different substance systems within the SFC used. [18] 

The aim of the study is to transfer previously gained knowledge of continuous slug flow 

crystallization to new substance systems. Therefore, alongside the guideline for crystallizing and 

modeling different substance systems, previously provided [17], we intend to combine both 

approaches to one systematic strategy. This integration will enable us to explore crystallization 

behavior and modeling for a variety of substance systems within the SFC regardless of the different 

challenges that each new substance system, for example the solubility or particle morphology, could 

entail. As a result, this study represents a crucial step toward demonstrating the practicability of the 

SFC in the pharmaceutical industry. The ultimate objective is to establish the potential for long-term, 

small-scale continuous crystallization, ensuring the production of high-quality pharmaceutical 

products, which is necessary to simplify further downstream processes such as formulation. 

2. Materials and Analytics 

In this section, the investigated substance systems as well as the analytics are presented. 

2.1. Substance Systems Used 

Different solid compounds were selected for the crystallization inside the crystallizer. Starting 

from the preselection made in the experimental strategy before [18], L-arginine (Arg, purity ≥ 99.0 %, 

Merck KGaA, Darmstadt, Germany) and paracetamol (APAP, acetaminophen according to USP, > 

99.0 %, Merck KGaA, Darmstadt, Germany) are used. In addition, metformin hydrochlorid (Met, 

Merck Santé s.a.s., Lyon, France) is utilized as another application example for API production. 

Deionized, ultrapure and bacteria-free water (Milli-Q®, purified by a Milli-Q® Advantage A10 

apparatus of Merck KGaA, total organic carbon content ≤ 3 ppb,) was used as solvent. The binary 

temperature-dependent solubility equations of Arg/H2O (Equation 1) and APAP/H2O (Equation 2) 

are given in literature [18] and the solubility curve for Met/H2O (Equation 3) was regressed from 

gravimetric solubility measurements conducted in this work. The gravimetrically determined 

concentrations for the substance system Met/H2O were only carried out up to 40 °C, as a step change 

in solubility was observed at higher temperatures. Accordingly, only the range that ensures a stable 

form of the solute in the aqueous medium was selected. The solubility curves of the three substance 

systems in comparison to the solubility of Ala/H2O used in our previous publications are presented 

in Figure 1 as well as the seed crystals used (𝑑𝑠𝑖𝑒𝑣𝑒 < 200 µ𝑚) of the new tested substance systems. 

Thus, different particle shapes are examined for crystallization experiments inside the SFC. For the 
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segmentation of the process medium, synthetic air (Grade 5.0, Messer Griesheim) was employed as 

the immiscible fluid phase to induce slug flow within the tubing. 

 

𝑐∗(𝑔𝐴𝑟𝑔𝑔𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
−1 ) = 0.089 ∙ 𝑒𝑥𝑝(2.57 ∙ 10−2 ∙ 𝜗∗(°𝐶)) (1) 

𝑐∗(𝑔𝐴𝑃𝐴𝑃𝑔𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
−1 ) = 0.0067 ∙ 𝑒𝑥𝑝(3.18 ∙ 10−2 ∙ 𝜗∗(°𝐶)) (2) 

𝑐∗(𝑔𝑀𝑒𝑡𝑔𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
−1 ) = 0.1997 ∙ 𝑒𝑥𝑝(1.43 ∙ 10−2 ∙ 𝜗∗(°𝐶)) (3) 

 

Figure 1. Solubility curves of L-arginine (red), paracetamol (blue), metformin hydrochloride (orange) compared 

to L-alanine (black) in water. The lines represent the regression curves, whereas the symbols display the 

measured concentrations. The seed crystals used are shown on the right for L-arginine (top), paracetamol 

(middle) and metformin hydrochloride (bottom). 

2.2. Analytics 

In this section, the utilized analytical methods are described. 

2.2.1. Concentration Analysis 

In order to evaluate the concentration reduction during the crystallization processes and to 

analyze the resulting solid loading, samples are taken (5 - 7 g). The solution or suspension is drawn 

up directly or through a glass capillary into the syringe and is then filtered through a syringe filter 

(CHROMAFIL® Xtra PTFE-45/25, 0.45 μm, Macherey-Nagel) into a prepared sample vial. The 

collected samples were then pre-dried in a drying oven (Thermo Heratherm, Thermo Scientific) at 50 

°C for 24 h. Afterwards the pre-dried samples are placed in a vacuum drying oven (VACUtherm, 

Thermo Scientific) at 50 °C for additional 48 h. The sample vials were weighted empty (𝑚𝑒𝑚𝑝𝑡𝑦), full 

with solution (𝑚𝑓𝑢𝑙𝑙), and after drying (𝑚𝑑𝑟𝑦) using a precision scale (Kern ABP 300-4M, KERN & 

SOHN GmbH). The ratio of the differences of the masses gives the concentration 𝑐 of the sample 

according to Equation 4.  

𝑐 =
𝑚𝑑𝑟𝑦 − 𝑚𝑒𝑚𝑝𝑡𝑦

𝑚𝑓𝑢𝑙𝑙 − 𝑚𝑒𝑚𝑝𝑡𝑦

=
𝑚𝑠𝑜𝑙𝑖𝑑

𝑚𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

 (4) 

2.2.2. Video Analysis of Slug Length and Particle Suspension 

To ensure consistent growth conditions and minimize variation in particle size, it is important 

to produce uniform slugs with a narrow slug length distribution (SLD). To determine the length and 

distribution of slugs, and to evaluate the suspension behavior of particles within these slugs, image 

analysis is conducted using videos recorded with a camera (NX300, 18-55mm lens, Samsung) at the 

end of the tubing. For this purpose, the camera was positioned in front of a photo box through which 
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the end of the tube is passed. A light source is positioned on the other side of the photo box. The 

camera is manually focused precisely on the FEP tube. Afterward, the in-house analysis tool, 

developed by Termühlen et al. [12] calculates the SLD represented by the median slug length 𝐿𝑠𝑙𝑢𝑔,50 

and the distribution width 𝐿𝑠𝑙𝑢𝑔,90−10.  

Furthermore, the binary images generated from the videos can also be used to assess the 

goodness of suspension (GoS) within the slug. By calculating the centroid of the white area in both 

horizontal and vertical directions and normalizing over the slug length or inner diameter of the 

tubing, the dimensionless parameters 𝜒50,𝐻  and 𝜒50,𝑣  characterize the horizontal and the vertical 

suspension behavior of particles within the slug, respectively. A value of 𝜒50 > 0.4 in both directions 

indicates a sufficiently homogeneous suspension of particles. For more details the reader is referred 

to the literature [12,14,16]. 

2.2.3. Offline PSD Analysis 

Dynamic image analysis was performed using the QICPIC (Sympatec GmbH) to assess the 

particle size, PSD, and shape. The M6 module with a 2 mm gap was used to detect particles within a 

specific size range of 5 μm to 1705 μm. The LIXELL wet dispersion module passed a suspension 

through a flow cell between a laser and a detector, capturing the projection areas of particles over 

time at a specific frame rate. This technique was applied offline for determining the PSD in suspension 

experiments, batch crystallization experiments, and continuous crystallization experiments in the 

SFC. 

An in-house MATLAB script using artificial neural network [19,20] is used to evaluate the 

projection areas measured with respect to PSD and agglomeration degree, taking the particle shape 

into account. The neural network is able to distinguish between single particles and 

agglomerates/aggregates for particle sizes larger than 80.6 μm due to image resolution. For 

characterizing anisotropic particles, two-dimensional characterization parameters such as the minor 

axis length (MIL) and major axis length (MAL) of an ellipse were utilized. An axis length distribution 

(ALD) was calculated based on these parameters, which showed a strong correlation to the PSD. A 

density plot was created to illustrate the probability distribution for particles with a specific MIL and 

MAL, identifying the most probable values, the characteristic MIL and MAL as the center of mass 

(𝑀𝐼𝐿𝑐ℎ and 𝑀𝐴𝐿𝑐ℎ). The aspect ratio (AR) can be determined by calculating the quotient of 𝑀𝐴𝐿𝑐ℎ 

to 𝑀𝐼𝐿𝑐ℎ. [21] 

Furthermore, microscopic images were taken using a Leica DM2700 M light microscope 

equipped with a Leica Flexacam C1 camera to evaluate the particle size and shape qualitatively. 

3. Strategy and Experimental Procedures 

Currently the development of a continuous crystallization process of a new substance system 

inside the SFC consumes a lot of material, energy, and time. Therefore, a strategy was developed to 

minimize the experimental effort while still creating valid results. First, the strategy is presented, 

followed by the setups and procedures of the respective experiments. 

3.1. Strategy for Transferring the Experimental and Model-Based Approach to Crystallization of Different 

Substance Systems Inside the Slug Flow Crystallizer 

Figure 2 shows the actions (squares) and evaluation criteria (rhombuses) per step (1-4) to 

continuously crystallize a new substance system and to transfer the model to these substance system 

with a minimal number of experiments necessary. The experimental and model-based approaches 

presented in section 1, are merged into one strategy. The strategy to continuously crystallize a new 

substance system in the SFC begins with a suitability check (step 1) by measuring and/or modeling 

the solubility curve for the new substance system and ensuring the feasibility of a stable slug flow for 

the tested substance system inside the SFC. Subsequent investigations are conducted to determine 

the growth rate (step 2) and the optimal particle suspension (step 3). These examinations are 

necessary to determine suitable operating parameters for the continuous crystallization experiments 

and modeling (step 4). To transfer the existing model derived for the SFC [17] to a novel substance 

system, material data is sourced from literature, estimated, or experimentally determined for the use 

as input into the model. Growth rates are then regressed to experimental batch data, and the validity 

of the suspension correlation [16] implemented for accurate agglomeration correlation are verified 

for a new substance system. If necessary, the continuous crystallization experiments conducted for 
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the experimental approach can be used to modify the agglomeration correlation of the model for 

precise modeling for each substance system.  

 

 

Figure 2. Strategy based on the experimental [18] and model-based [17] approaches to enable slug flow 

crystallization for a new substance system with minimal number of experiments. 

3.2. Setups and Procedures 

3.2.1. Batch Crystallization Experiments 

The batch experiments were conducted in a stirred and tempered vessel (𝑉 = 500 mL, 𝑛𝑠𝑡𝑖𝑟𝑟𝑒𝑟  = 

400 rpm). The temperature was controlled using thermostat (CC-505, Huber) and a PT100 sensor 

placed inside the vessel. First, the aqueous saturated solution was prepared for 𝜗∗ = 50 °C for the 

substance systems Arg/H2O and APAP/H2O, and for 𝜗∗  = 40 °C for Met/H2O according to the 

regressed solubility curve for the respective substance systems (Equations 1-3). The mixture of solute 

and solvent was preheated and stirred for one hour at 55 °C to ensure complete dissolution of the 

solute. Afterwards, a linear cooling rate is applied. In order to evaluate the supersaturation 

degradation during the crystallization process, two different cooling rates (𝜅 = 0.45 K min-1 and κ = 

1.8 K min-1) are examined in duplicate each for the respective substance system. Seed crystals (𝑤𝑠𝑜𝑙𝑖𝑑 

= 0.01 gsolid gsolution-1) were added at saturation temperature each and concentration samples were taken 

in 5 K steps until the final temperature of 20 °C (≈ ambient temperature) was reached. At the final 

temperature, a sample is taken to analyze the PSD via dynamic image analysis using the QICPIC (see 

section 2.2.3).  

3.2.2. Continuous Slug Flow Experiments 

The setup used is shown in Figure 3 and analogous to the setup described in our previous 

publications [14,16]. Suspension experiments as well as continuous crystallization experiments were 

carried out in this setup. First, the feed suspension for the respective experiment is prepared. As a 

feed, a saturated solution is prepared by adding the solute (Arg, APAP, or Met) in excess in ultrapure 

water at the respective starting temperature 𝜗𝑆𝐹𝐶,𝑠𝑡𝑎𝑟𝑡 and stirring for 48 hours. The solution is then 

filtrated. 450 mL of the saturated solution is added to the feed vessel (𝑛𝑠𝑡𝑖𝑟𝑟𝑒𝑟  = 400 rpm). Then the 

seed crystals of the respective solute (𝑤𝑠𝑜𝑙𝑖𝑑 = 0.01 gsolid gsolution-1, 𝑑𝑒𝑞  < 200 μm) are added. To start the 

experiment, the three-way glass valve is turned from the ultrapure water to the feed suspension. The 

feed suspension is then transported to the T-junction (polypropylene, 𝑑𝑖 = 3 mm) by a peristaltic 

pump (Reglo Digital, 4 channels, 12 rolls, ISMATEC). Here it meets the synthetic air (Type 5.0, Messer 

Griesheim GmbH). The airflow is regulated with a high-resolution needle valve (NV-001-HR, 

Bronkhorst) and a flow meter (El-Flow-Select, Bronkhorst). The occurring slug flow is led through a 

glass box containing gas-free water to be recorded with a video camera (NX300, 18-55mm lens, 

Samsung) at the end of the tubing 𝐿𝑡𝑢𝑏𝑖𝑛𝑔 so that the slug length, SLD and suspension state can be 

analyzed (see section 2.2.2). A degressive temperature profile along the tubing can be achieved due 
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to the implemented co-current tube-in-tube construction [13]. The suspension is collected with its 

respective temperature 𝜗𝑆𝐹𝐶,𝑒𝑛𝑑. at the tubing outlet and analyzed via dynamic image analysis with 

the QICPIC (see section 2.2.3). Based on the experimental strategy, a hydrophobic tubing material 

(fluorinated ethylene propylene (FEP), 𝑑𝑖  = 3.18 mm) was selected for the SFC setup used, as aqueous 

solution were selected, in order to obtain the highest possible static three-phase contact angle 𝜃𝑠𝑡𝑎𝑡. 

This is a prerequisite to generate convex slugs in the flow and accordingly to ensure a narrow 

residence time distribution of the particles.  

 

Figure 3. Experimental setup for the suspension and continuous crystallization experiments using the SFC. 

In case of suspension experiments the tubing length inside the slug flow zone is 𝐿𝑡𝑢𝑏𝑖𝑛𝑔 = 7.5 m. 

The 𝜗𝑆𝐹𝐶,𝑠𝑡𝑎𝑟𝑡 and 𝜗𝑆𝐹𝐶,𝑒𝑛𝑑 temperatures were chosen according to the ambient temperature. Since 

𝑄𝑡𝑜𝑡 influences the particle suspension inside slugs the most [14], only 𝑄𝑡𝑜𝑡 was varied between 20 

and 60 mL min-1. The liquid hold-up and the seed loading were held constant at 𝜀𝐿,0 = 0.5 and 𝑤𝑠𝑜𝑙𝑖𝑑  

= 0.01 gsolid gsolution-1. For each operating point the experiments were performed twice for the respective 

substance system. 

The continuous cooling crystallization experiments are conducted inside a 26.5 m tubing from 

𝜗𝑆𝐹𝐶,𝑠𝑡𝑎𝑟𝑡 = 50 °C to ambient temperature (𝜗𝑆𝐹𝐶,𝑒𝑛𝑑). The process parameters were set according to the 

results from the batch and suspension experiments. Therefore, the total volume flow rates and the 

cooling rates are variable, leading to different RTs and potential yields for the crystallization process. 

The process parameters after evaluating the batch and suspension experiments are shown in Table 

S2. 

4. Results and Discussion 

4.1. Results of Step 1 – Suitability Check 

To be capable of applying the strategy shown in Figure 3, it is necessary to carry out the 

suitability check for the respective substance system in order to conduct the crystallization in the SFC. 

Therefore, after checking the availability of the solubility of the solute in the respective solvent (in 

this case water), the three-phase contact angle 𝜃𝑠𝑡𝑎𝑡 , the capillary number 𝐶𝑎  for the targeted 

operating range, and the dynamic slug flow behavior in the apparatus have to be checked according 

to the procedures described in [18]. For Arg/H2O and APAP/H2O this was already done in our 

previous publication [18]. For the Met/H2O substance system, this was performed as part of this work. 

The results are displayed in Table 1. 

Table 1. Results of the static contact angle 𝜃𝑠𝑡𝑎𝑡 measurements and the calculation of the capillary number 𝐶𝑎. 

Furthermore, the slug shape resulting from the dynmaic contact angle review are given. The results for the 

substance systems Arg/H2O and APAP/H2O were taken from the literature [18], whereas the results of Met/H2O 

were obtained in this work. 

 Static contact angle 

𝜽𝒔𝒕𝒂𝒕 / ° 

Capillary number 

Ca / - 

Slug shape 

Arg/H2O 93.26 ± 1.22 ° [18] 8.7·10−4 [18] Convex 

APAP/H2O 90.61 ± 1.62 ° [18] 6.3·10−4 [18] Convex 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 December 2023                   doi:10.20944/preprints202312.2336.v1

https://doi.org/10.20944/preprints202312.2336.v1


 7 

 

Met/H2O 101.4 ± 1.99 °  2.76·10−3 Convex 

 

All substance systems considered in this work and displayed in Table 1 fulfill the criteria for the 

dry pattern (𝜃𝑠𝑡𝑎𝑡 > 50° and 𝐶𝑎 < 6.3·10−3) set up in [18]. Therefore, all tested substance system are 

suitable for the cooling crystallization inside the SFC. The images of the slug flow in the apparatus 

for different volume flow rates for checking and maintaining convex slugs are shown in Figure S1 for 

the substance system Met/H2O. 

 

4.2. Results of Step 2 – Determine Growth Behavior 

The resulting concentration profiles during the batch experiments according to the procedure 

described in section 3.2.1 are displayed in Figure 4. For all substance systems tested, the 

supersaturation at ambient temperature (𝜗 = 20 °C) are almost completely degraded for the cooling 

rates considered resulting in high relative yields (Table 2). For Arg/H2O and Met/H2O high solid 

loadings were obtained due to the high temperature dependency of the solubility compared to 

APAP/H2O. Furthermore, the difference in concentrations for a temperature level despite different 

cooling rates is small for Arg/H2O, APAP/H2O and Met/H2O leading to the conclusion, that the 

influence of the cooling rate on the relative yield and the remaining supersaturation is negligible. 

 

Figure 4. Concentration profiles during batch experiments with varying cooling rate for the substance systems 

Arg/H2O (red), Met/H2O (orange), and APAP/H2O (blue). Please note that the solubility for the latter is an order 

of magnitude lower than the others, see also Figure 1. The solid lines represent the solubility curves according 

to equations 1-3. 

Therefore, the batch crystallization experiments might give an adequate prediction for the 

relative yield and the remaining supersaturation at even higher cooling rates during the continuous 

crystallization process inside the SFC. High cooling rates are targeted, to determine the limit of the 

material system and to achieve high space-time yields for continuous crystallization. Since the 

systems quickly degrades supersaturation, high local supersaturation will most likely not occur at a 

higher cooling rate during the course of the continuous crystallization based on the maximum 

supersaturation level of each substance system at higher cooling rates ( 𝑆𝐴𝑟𝑔/𝐻2𝑂,𝑚𝑎𝑥  = 1.177, 

𝑆𝐴𝑃𝐴𝑃/𝐻2𝑂,𝑚𝑎𝑥  = 1.066, 𝑆𝑀𝑒𝑡/𝐻2𝑂,𝑚𝑎𝑥  = 1.055). Thus, the risk of occurring wall crystallization in the SFC 

is lower and a higher cooling rate can be targeted for the continuous experiments. Nonetheless, for 

the supersaturation degradation of the Met/H2O substance system no clear turning point is detectable 

in the concentration profile. This indicate that high supersaturation might occur at high cooling rates, 

and therefore, this could lead to wall crystallization after all. The supersaturation level 𝑆  for the 

respective temperatures during the experiments of all substance systems tested is shown in Figure 

S2. The maximum values for 𝑆 are listed in Table 2. 

Table 2. Relative yields and the maximum supersaturation levels 𝑆 obtained during the batch crystallization 

experiments for the respective substance systems and cooling rates. 
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Cooling rate 𝜿 

/ K min-1 

 

Maximum 

supersaturation level 
𝑺𝒎𝒂𝒙  

/ - 

Relative yield 𝒀𝒓𝒆𝒍 

/ - 

 

Arg/H2O 
0.45 K min-1 1.112 0.937 ± 0.02 

1.8 K min-1 1.177 0.933 ± 0.05 

APAP/H2O 
0.45 K min-1 1.042 0.987 ± 0.012 

1.8 K min-1 1.066 0.986 ± 0.014 

Met/H2O 
0.45 K min-1 1.055 0.903 ± 0.01 

1.8 K min-1 1.054 0.894 ± 0.04 

 

Subsequently, it is checked whether the temperature-dependent substance data for the 

respective substance system is available and valid. This was successfully carried out for the substance 

systems Arg/H2O and APAP/H2O. For the substance system Met/H2O, however, the data situation for 

the temperature-dependent substance system parameters is too uncertain, so that this substance 

system is not modeled in the framework of this work. 

Following the strategy and the procedure described in 3.1, the growth rates for the substance 

systems Arg/H2O and APAP/H2O were fitted to the concentration profiles obtained by the batch 

experiments with similar cooling rates as the continuous SFC experiments above. The growth rates 

𝐺 were approximated using the model of Burton, Cabrera and Frank (Equation 5) [22] using growth 

rate constants 𝐴𝐵𝐶𝐹  and 𝐵𝐵𝐶𝐹  and the dependence to the relative supersaturation 𝜎. The results are 

shown in Figure 5. 

𝐺𝐵𝐶𝐹 = 𝐴𝐵𝐶𝐹 ∙ 𝜎2 ∙ 𝑡𝑎𝑛ℎ (
𝐵𝐵𝐶𝐹

𝜎
) (5) 

 

Figure 5. Results of the regressed growth constants and the resulting concentration profiles to describe growth 

behavior of Arg/H2O (left, red) and APAP/H2O (right, blue). The used growth model and fitted parameters are 

displayed. 

4.3. Results of Step 3 – Determine Optimal Suspension  

To obtain an operating point with homogeneous suspension for the continuous crystallization 

experiments in the SFC and to be able to check and/or modify the agglomeration correlation for the 

modeling, it is necessary to be able to estimate and adjust the particle suspension state inside the 

slugs.  

First, it is evaluated, whether the suspension correlation developed in our previous publication 

[16] is valid for different substance systems and can accurately describe the suspension state of 

Arg/H2O, APAP/H2O and Met/H2O. Therefore 𝜒50,𝐻  and 𝜒50,𝑣  parameters obtained by the image 

analysis at the end of the tubing (described in section 2.2.2) for the respective suspension experiments 

are connected with the PSD measurements and the 𝑀𝐼𝐿𝑐ℎ and 𝑀𝐴𝐿𝑐ℎ values in order to calculate 

the dimensionless numbers necessary for the suspension correlation. To describe the horizontal 

particle suspension distribution, the length of circulation zone normalized with the median slug 
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length 𝐿𝑐𝐿𝑠𝑙𝑢𝑔,50
−1   is used. For the vertical particle suspension description, the modified Froude 

number 𝐹𝑟∗ is utilized. To evaluate the correctness of the suspension correlation, non-homogeneous 

and homogeneous suspension states has to be set, and therefore, the volume flow rate 𝑄𝑡𝑜𝑡 at which 

a homogeneously suspended state (𝜒50,𝐻,𝑣 ≥  0.4) is to be expected in the slugs considering the 

different particle shapes was calculated. The minimum volume flow rate 𝑄𝑡𝑜𝑡 of 40 mL min-1 was 

calculated on the basis of 𝑀𝐼𝐿𝑐ℎ and 𝑀𝐴𝐿𝑐ℎ values, which correspond to the seed crystals used in 

the experiments (𝑀𝐼𝐿𝑐ℎ = 70 μm, 𝑀𝐴𝐿𝑐ℎ = 105, AR = 1.5). With higher AR, higher volume flow rates 

has to be set for a constant 𝑀𝐼𝐿𝑐ℎ. Both non-homogeneous suspended states and suspended states 

have been set in the suspension experiments based on the correlation. The results are displayed in 

Figure 1. 

 

Figure 6. Plot of the horizontal represented by 𝜒50,𝐻 over the dimensionless length of circulation zone 𝐿𝑐𝐿𝑠𝑙𝑢𝑔,50
−1  

(left) and of the vertical particle distributions represented by 𝜒50,𝑣  over the modified Froude number 𝐹𝑟∗ 

(right). The used data are given in Table 3. 

It can be seen, that the use of the dimensionless numbers for the horizontal and vertical particle 

suspension description, and therefore, the suspension correlation developed [16] is valid for the 

tested substance systems. Therefore, the suspension correlation is valid for different particle shapes 

and various substance systems and serves as the basis for assessing the particle suspension state. The 

specific values of the calculated and experimental GoS parameters (𝜒50,𝐻 and 𝜒50,𝑣) can be seen in 

Table 3. 

Table 3. Results of the suspension experiments validating the suspension correlation using the GoS parameters 
( 𝜒50,𝐻  and 𝜒50,𝑣 ) and the dimensionless parameters 𝐿𝑐𝐿𝑠𝑙𝑢𝑔,50

−1   and 𝐹𝑟∗ . The colored experiments can be 

assigned to the images of the suspension states in Figure 7. 

 𝑸𝒕𝒐𝒕  

/ mL min-1 

𝑳𝒄𝑳𝒔𝒍𝒖𝒈,𝟓𝟎
−𝟏   

/ - 

𝑭𝒓∗ 

/- 

𝝌𝟓𝟎,𝑯,𝒄𝒂𝒍𝒄  

/ - 

𝝌𝟓𝟎,𝒗,𝒄𝒂𝒍𝒄  

/- 

𝝌𝟓𝟎,𝑯,𝒆𝒙𝒑  

/ - 

𝝌𝟓𝟎,𝒗,𝒆𝒙𝒑  

/- 

Arg/H2O 

20 2.90 1.42 0.50 0.19 0.40 0.12 

20 3.41 1.43 0.51 0.19 0.39 0.13 

30 5.41 2.91 0.54 0.25 0.57 0.23 

40 17.64 6.96 0.57 0.41 0.57 0.32 

50 15.66 7.83 0.57 0.48 0.56 0.44 

APAP/H2O 

20 6.57 1.69 0.55 0.20 0.55 0.12 

40 9.03 5.52 0.56 0.36 0.58 0.37 

40 20.06 6.00 0.58 0.37 0.57 0.46 

60 40.71 7.30 0.58 0.43 0.58 0.48 

60 26.30 7.24 0.58 0.42 0.59 0.47 

Met/H2O 

20 4.81 1.13 0.53 0.18 0.53 0.15 

40 23.20 4.39 0.58 0.31 0.58 0.30 

60 17.38 5.57 0.57 0.36 0.56 0.34 
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The particle suspension inside the slugs obtained during the suspension experiments for the 

respective substance systems are shown in Figure 7. The suspension experiments for all suspension 

experiments conducted show, that higher volume flow rates lead to a more homogeneous particle 

suspension inside the slugs and that a non-homogeneous (𝑄𝑡𝑜𝑡 = 20 mL min-1) and homogeneous 

suspension state (𝑄𝑡𝑜𝑡 ≥ 40 mL min-1) can be achieved within the process parameters chosen. 

 

Figure 7. Particle suspension inside the slugs in dependence of total volume flow rate 𝑄𝑡𝑜𝑡  during the 

suspension experiments with Arg/H2O (left, red), APAP/H2O (middle, blue) and Met/H2O (right, orange). The 

seed loading 𝑤𝑠𝑜𝑙𝑖𝑑 = 0.01 gsolid gsolution-1 and liquid hold-up 𝜀𝐿,0 = 0.5 were held constant. 

For the substance system APAP/H2O, it can be seen in Figure 7, that some of the particles adhere 

to the gas/liquid interface on the left and are not suspended inside the slug. This phenomenon is 

expected to cause difficulties in continuous crystallization in the SFC as the particles aggregate and 

likely form solid bridges due to supersaturation present. Agglomeration of the particles results, 

leading to broader PSD and affecting the product quality. A microscopic analysis of the APAP seed 

crystals used showed that the particles aggregate preferably by their small facets and therefore form 

net-like structures, visible in Figure 8. 

 

 

Figure 8. APAP seed crystals in saturated aqueous solution under the light microscope. It is visible that the 

smaller facets of the crystals tend to aggregate while the larger surfaces stay free. 

It is reported in the literature that different crystal facets of APAP form I show a significant 

difference in the free energy of adhesion and are therefore more or less likely to form aggregates and 

ultimately agglomerates [23,24]. The different facets also showed differences in hydrophilicity. The 

more hydrophobic sides are also the sides with the higher free energy of adhesion. These sides tend 

to turn away from the water and aggregate with other particles. This is attributed by the authors to 

differences in the amount and orientation of OH groups at the surfaces. The adhering particles at the 

interface are also observable for a static droplet of suspension for seed crystals used for the 

suspension experiments and particles taken from the bulk (Figure 9). For the following experiments 

and evaluations, the particles adhering to the interfaces are not further regarded. 
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Figure 9. Images of single droplets of APAP/H2O suspension. It is visible, that the particles adhere to the droplet’s 

surface. Picture a) shows a suspension of seed crystals used for the suspension experiments in a saturated 

solution, b) shows milled particles from the bulk originated from the producer suspended in a saturated solution. 

4.3. Results of Step 4 - Conduct Continuous Crystallization Experiments and Modeling  

Since the batch crystallization experiments suggested that a higher cooling rate could be targeted 

without risking wall crystallization due to high local supersaturation, the chosen temperature 

gradient for the continuous crystallization experiments were set to maximum possible at the specific 

ambient temperatures. To grant comparability with previous experiments with the substance system 

Ala/H2O [13,15] and the batch experiments conducted before (section 4.2) the starting temperature 

was set to 50 °C for Arg/H2O and APAP/H2O and to 40 °C for Met/H2O. To evaluate the influence of 

the suspension state on the crystallization, especially on the agglomeration behavior, one operating 

point with a sufficiently homogeneous suspension state is chosen and one without. Considering the 

insights gained through the suspension experiments, total volume flow rates of 𝑄𝑡𝑜𝑡 = 20 mL min-1 

and 𝑄𝑡𝑜𝑡 = 40 mL min-1 are chosen. The liquid hold-up is kept constant at 𝜀𝐿,0 = 0.5 and the amount 

of seed crystals remains at 𝑤𝑠𝑜𝑙𝑖𝑑   = 0.01 gsolid gsolution-1. The process parameters for the respective 

experiments are shown in Table S1. Images of slugs with the obtained solid loadings during the 

crystallization process at the end of tubing are shown in Figure 10.  

 

Figure 10. Images of slugs during the crystallization process for Arg/H2O (red), APAP/H2O (blue) and Met/H2O 

(orange) recorded at a tubing length of 𝐿𝑡𝑢𝑏𝑖𝑛𝑔  = 12 m at 𝑄𝑡𝑜𝑡  = 20 mL min-1. Videos of slugs during the 

crystallization process can be seen in the supporting information. 

The crystallization experiments were successfully obtained for the substance systems Arg/H2O 

and APAP/H2O, resulting in convex slugs and a narrow SLD. For the substance system Met/H2O no 

steady-state operation could be set up, as wall crystallization occurred very quickly along the entire 

tubing leading to a wall film and concave slugs. As a result, the seed mass, which was previously 

suspended in the slug, is lost through communicating slugs. Accordingly, a narrow RTD of the 

particles is not guaranteed. However, the few particles still present in the slug (more difficult to 

recognize due to the needle shape) are well suspended and grow quickly. Videos of the slugs during 

the crystallization experiment are attached to the supporting information. Furthermore, the 

supersaturation is reduced with a delay, so that the apparatus clogged especially at the end of the 

tubing (Figure S3). Hence, no valid data could be determined regarding the concentrations and PSD 
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for Met/H2O at the end of the tubing. Therefore, the process conditions for this material system should 

be selected differently. 

The results of the concentration samples taken during the continuous crystallization 

experiments with Arg/H2O and APAP/H2O are shown in Figure 11. The start and end concentrations 

for the continuous crystallization experiments are in the same order of magnitude like the batch 

experiments. This indicates that the continuous crystallization in the SFC allows similar 

supersaturation degradation than in the batch cooling crystallization despite shorter RTs and higher 

cooling rates. The relative yields are also in the same range. 

 

Figure 11. Concentration profiles of the continuous experiments compared to the batch results for the substance 

system Arg/H2O (top left, red) and APAP/H2O (bottom left, blue) and the resulting product particles for the 

experiment using 𝑄𝑡𝑜𝑡 = 40 mL min-1. 

For both substance systems, agglomerated/aggregated particles were observed for the non-

homogeneously suspended state, but also for the homogeneously suspended state inside the slugs. 

For Arg/H2O, this can be explained by the high solid content in the slug of up to 0.26 gsolid gsolution-1, 

resulting in a high probability of agglomeration caused to a lot of collisions and high contact times 

between particles despite internal circulation inside the slug. For APAP/H2O, the 

agglomerated/aggregated product particles were expected due to the previously observed 

accumulation of some particle at the gas-liquid interface. The agglomeration degree is higher at a 

lower volume flow rate than at a higher volume flow rate (qualitatively shown in Figure 12).  
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Figure 12. Microscopic images of product particles (substance system: Arg/H2O) after continuous crystallization 

inside the SFC for a total volume flow rate of 𝑄𝑡𝑜𝑡  = 20 mL min-1 (left) and 𝑄𝑡𝑜𝑡  = 40 mL min-1 (right). The 

samples were taken at the end of the SFC (𝐿𝑡𝑢𝑏𝑖𝑛𝑔 = 26.5 m). 

Despite the agglomerated product particles crystallization of different substance systems were 

successfully demonstrated. Therefore, the SFC is able to crystallize all potential chosen solutes 

fulfilling the requirements of the experimental strategy. In order to achieve high-quality products 

with a low agglomeration degree regarding the PSD, the next step is to model the various substance 

systems. 

Since crystal growth can now be calculated as dependent on temperature and supersaturation 

(section 4.2) and the suspension correlation has been validated for the respective substance systems 

(section 4.3), the model results can be compared with the results of the continuous crystallization 

consisting of growth and agglomeration inside the SFC. Therefore, the relative yields 𝑌𝑟𝑒𝑙  and the 

characteristic values of the PSD 𝑑50 and 𝑑90 are compared (Figure 13). The grey circles represent the 

results for the characteristic parameters for the substance system Ala/H2O. The agglomeration 

correlation, which mechanistically links the process conditions and the material properties of the 

substance system, is based on the results of Ala/H2O [17]. For the substance system Arg/H2O, only 

growth calculation was possible. 

 

Figure 13. Parity plots comparing the calculated and measured target parameters of the continuous 

crystallization process relative yields 𝑌𝑟𝑒𝑙 (left) and the characteristic values of the PSD 𝑑50 (middle) and 𝑑90 

(right). The solid lines represent the ideal parity line and the dashed lines is the 20 % deviation mark. 

It can be seen that 𝑌𝑟𝑒𝑙  for the substance systems Arg/H2O and APAP/H2O (Figure 13, left) are 

predicted very well with the SFC model, so that they are close to the parity line. Although only growth 

was calculated for Arg/H2O, the result for 𝑌𝑟𝑒𝑙  confirms that the agglomeration correlation has only 

a minor influence on the relative yield and the supersaturation degradation compared to the changes 

in the characteristic parameters of the PSD. For APAP/H2O, the calculated particle size and its 

distribution are simulated well as the calculated are similar to the experimental values, and therefore 

the growth and the agglomeration behavior of the suspended particles are predicted reliably, 

resulting in data points within the 20 % deviation mark. This is also reflected in the particle size 

distribution 𝑄3  (Figure 14 right, blue). The measured distributions show an increase in the 

characteristic values compared to the seed crystals for both substance systems, with more 

agglomeration taking place at a lower volume flow rate caused by the less suspended particles, which 

can be recognized by the tailing at bigger particle sizes. 

For Arg/H2O, the 𝑑50 lies near the parity line and the 𝑑90 values are underestimated caused by 

the neglected agglomeration calculation (Figure 13). Furthermore, smaller particles occur, which is 

not simulated by the model. This can be indicated in Figure 12, for example, where the edges of the 

particles are rounded and some smaller particles are observed next to the large particles. This 

indicates that abrasion and breakage occur in the course of the experimental setup. However, this 

phenomenon is not calculated by the model, so there may be deviations in the calculation of the PSD. 

Furthermore, a high mass fraction was observed in the slugs leading to many particle interactions, 

causing abrasion or, in case of long contact times, agglomeration. 
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Figure 14. Measured and calculated cumulative distributions 𝑄
3
 for Arg/H2O (left, red) and APAP/H2O (right, 

blue). 

5. Conclusions 

A shift in processing methods is experienced in the pharmaceutical industry for small-scale 

production (250 - 1000 kg a-1). Therefore, an increasing emphasis on continuous production research 

is targeted. While various concepts have been developed for small-scale crystallization for high-

quality product manufacturing, further optimization is essential to improve the industrial 

applicability of these approaches.  

This study aims to showcase the practical application of the Slug Flow Crystallizer (SFC) in the 

pharmaceutical sector by expanding its utilization to a broader range of substance systems to 

demonstrate the suitability for small-scale API production. Since the crystallization of a new 

substance system in the SFC and the prediction of the crystallization behavior are very material-, 

energy- and time-consuming, a structured strategy is presented so that only few experiments are 

needed for optimal crystallization conditions in the SFC. Therefore, batch experiments were carried 

out to observe the crystallization behavior of the respective material system or the supersaturation 

degradation and to regress the growth rate parameters for modeling. Furthermore, the suspension 

correlation [16] was used to estimate the minimum required total volume flow rate 𝑄𝑡𝑜𝑡  and 

validated for the new substance systems. Based on this, successful continuous crystallization 

experiments were carried out for Arg/H2O and APAP/H2O. The transfer of the model to the new 

substance systems was carried out, in which the relative yield in the crystallization process can be 

predicted very reliably for all modeled substance systems. The modeling of the PSD was also 

successfully predicted for the APAP/H2O substance system. For Arg/H2O, however, due to the 

phenomena of abrasion and breakage occurring in the experiments but not implemented in the 

model, the PSD could not be predicted reliably. Therefore, the model should be extended in the future 

in order to be able to use all substance systems, especially the substance systems with high solids 

content that are attractive for cooling crystallization. For the substance system Met/H2O, however, 

the data situation for the temperature-dependent substance system parameters was too uncertain, so 

that this substance system was not modeled in the framework of this work. Furthermore, wall 

crystallization and clogging of the apparatus was observed during the experiments. This is due to the 

fact that the operating parameters were not selected appropriately and stable slug flow should be 

validated according to the strategy but with the static contact measurements at the temperature that 

is intended for the crystallization experiment. The batch results showed that the supersaturation is 

degraded more slowly than for the Arg/H2O and APAP/H2O substance systems, which was confirmed 

in the continuous experiments. Accordingly, experiments with other operating parameters must first 

be carried out before the model can be adapted to Met/H2O. 

By employing the approach delineated in this publication, novel substance systems were 

efficiently integrated and simulated within the SFC. This method facilitated a swift and resource-

effective implementation, allowing for the rapid acquisition of insights into the crystallization 

behavior of diverse substance systems. Consequently, the continuous crystallizer can be optimized 

for long-term operation with a minimal number of experiments, ensuring the production of high-

quality products promptly. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 December 2023                   doi:10.20944/preprints202312.2336.v1

https://doi.org/10.20944/preprints202312.2336.v1


 15 

 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org. 

Author Contributions: Conceptualization, A.C.K. and K.W.; methodology, A.C.K.; investigation, A.C.K. and 

S.Z.; writing—original draft preparation, A.C.K.; writing—review and editing, K.W.; visualization, A.C.K. and 

S.Z.; supervision, K.W.; All authors have read and agreed to the published version of the manuscript. 

Funding: Our research receives funding by the German Research Foundation (Deutsche 

Forschungsgemeinschaft—DFG) in the framework of the Priority Programme SPP 2364—Project No. 504676854. 

Data Availability Statement: Data is contained within the article or supplementary material. 

Acknowledgments: We acknowledge financial support by Deutsche Forschungsgemeinschaft and Technische 

Universität Dortmund/TU Dortmund University within the funding programme Open Access Costs. 

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the 

study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to 

publish the results. 

Abbreviations 

Ala L-Alanine 

ALD Axis length distribution 

APAP Acetaminophen/paracetamol 

API Active pharmaceutical ingredient 

Arg L-Arginine 

FEP Fluorinated-ethylene-propylene 

H2O Water 

MAL Major axis length 

MALch Characteristic major axis length 

Met Metformin hydrochloride 

MIL Minor axis length 

MILch Characteristic minor axis length 

PSD Particle size distribution 

RTD Residence time distribution 

SFC Slug flow crystallizer 

SLD Slug length distribution 

STY Space-time yield 

 

Latin Symbols 

A Factor in growth rate equation/m s-1 

B Factor in growth rate eqaution/- 

𝑐 Concentration/g g−1 

𝑐∗ Saturation concentration/g g−1 

Ca Capillary number/- 

d Diameter/m 

𝐹𝑟∗  Modified Froude number 

G Growth rate/m s-1 

L Characteristic length/m 

𝐿𝑐𝐿𝑠𝑙𝑢𝑔,50
−1   Normalized length of circulation zone/- 

m Mass/kg 

n Stirrer speed/rpm 

Q Volume flow rate/mL min−1 

Q3 Cumulative distribution function/- 

S Supersaturation level/- 

V Volume/m-3 

w Mass fraction/- 

Y Yield/% 

 

Greek Symbols 

ε Liquid hold-up/- 

𝜃  Three-phase contact angle/° 
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𝜗 Temperature/°C 

𝜅  Cooling rate/K min-1 

𝜏  Residence time/s 

𝜎  Relative supersaturation/- 

χ Goodness of suspension/- 

 

Indices 

0 Initial state 

10 10 % of the distribution 

50 Median 

90 90 % of the distribution 

90-10 Width of distribution 

∗ Saturation 

Ala L-alanine 

amb Ambient temperature 

Arg L-arginine 

BCF Burton, Cabrera and Frank 

BCF,mod Modified Burton, Cabrera and Frank 

dry Dry solid 

empty Empty vessel 

eq Equivalent 

H Horizontal 

𝑖  Inner 

L Liquid 

Met Metformin hydrochloride 

rel relative 

SFC,end Outlet of the SFC 

SFC,start Inlet of the SFC 

slug Slug 

solid Solid phase 

solution Solution (liquid phase) 

stat static 

tot total 

tubing Tubing 

v vertical 
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