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Abstract

:

Integrated continuous manufacturing processes of active pharmaceutical ingredients (API) provide key benefits concerning product quality control, scale-up capability, and a reduced time-to-market. Thereby, the crystallization step, which is used in approximately 90% of API productions, mainly defines the final API properties. This study focuses on the design and operation of an integrated small-scale process combining a continuous slug flow crystallizer (SFC) with continuous particle isolation using the modular continuous vacuum screw filter (CVSF). By selective adjustment of supersaturation and undersaturation, the otherwise usual blocking could be successfully avoided in both apparatuses. It was shown that, during crystallization in an SFC, a significant crystal growth of particles (Δd50,3  ≈  220 µm) is achieved, and that, during product isolation in the CVSF, the overall particle size distribution (PSD) is maintained. The residual moistures for the integrated process ranged around 2% during all experiments performed, ensuring free-flowing particles at the CVSF outlet. In summary, the integrated setup offers unique features, such as its enhanced product quality control and fast start-up behavior, providing a promising concept for integrated continuous primary manufacturing processes of APIs.
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1. Introduction


Using crystallization as a separation step during downstream processing of manufacturing of active pharmaceutical ingredients (API) is a common approach to perform product design in the pharmaceutical industry. The preferred formulation of APIs is usually crystalline as solid dosage form, and water solubility of APIs is often low, resulting in poor bioavailability [1]. Crystallization processes provide some key benefits compared to other separation techniques, namely high product purity and adjustable particular product properties [2]. Therefore, in more than 90% of API production pathways, one or even more crystallization steps are involved [3]. Having formed the key compound in a chemical or biotechnological reaction, crystallization is used to create a solid phase containing preferentially pure API in the crystal form desired. Crystallization directly influences the final product purity and should therefore be optimized to ensure both consistent purity and particle size distribution (PSD) [4,5]. Upcoming challenges are the solid–liquid separation as well as washing and drying steps to meet specific product specifications regarding residual moisture and preservation of PSD [6]. Although pharmaceutical manufacturing has been traditionally employed in batch mode, continuous processes possess some crucial benefits, such as eliminating batch-to-batch-variability or reducing time-to-market due to an easier scale-up [7,8]. The overall goal is to create an end-to-end small-scale continuous manufacturing process for the typical API production scale of 250–1000 kg per year, starting from raw material treatment to final dosage form [9]. Thus, new challenges establish including the development of robust continuous synthesis, crystallization as well as product isolation and formulation in the pharmaceutical industry under defined product quality restrictions [5]. A number of recent review papers illustrate the fundamentals and challenges of individual unit operations (e.g., crystallization) [9,10] and also of combined and integrated processes [4,5,8].



To realize the advantages of continuous manufacturing, various approaches for small-scale continuous crystallization concepts have been made. Two main classes of continuous crystallization devices relating to mixed-suspension mixed-product removal crystallizers (MSMPR) and tubular plug-flow crystallizers (PFC) can be distinguished [4,5,8,9]. During this work, a special type of PFC, the slug flow crystallizer (SFC), was used, which is a promising apparatus with regard to the generation of desired product crystals and high yield in a reproducible manner. The SFC is characterized by its segmented flow of two immiscible fluids, ensuring no back-mixing despite laminar flow conditions compared to the operation of tubular crystallizers having only one fluid. Consequently, a narrow residence time distribution (RTD) was obtained [11], which is a precondition for the maintenance of a narrow PSD. Internal vortices were induced, caused by the wall’s no-slip condition, ensuring particles’ suspension in the slugs without the use of an external device. This resulted in a gentle treatment of the particles as attrition and secondary nucleation are reduced. To enable the kinetically limited crystal growth to the desired product size, the residence time can be adjusted flexible via the volume flow rate, as well as the tubing length. In order to simplify the following product isolation, it is advisable to use gas-liquid segmented flow to avoid liquid–liquid separation in further downstream and thus ensure high product purity. Hence, in this study a gaseous phase was used as segmentation medium to delineate the liquid slugs. For more information about the research on the SFC, the reader is referred to the literature. [9,10,12,13,14]



Afterwards, preserving the produced critical quality attributes (CQAs) was a crucial requirement for all subsequent isolation steps, namely filtration, washing, and drying. To fulfill this separation task continuously, different approaches were used and discussed in detail in our previous publications [6,15]. The approach of automated batch filtration with cycle times using the continuous filter carousel (CFC) was developed by Alconbury Weston Ltd. The characterization of the CFC was first performed by Acevedo et al. with regard to final residual moisture reduction [16]. In further studies carried out by Domokos et al., nagy et al., and liu et al., emphasis was put on a systematic analysis of the relations between operational parameters and CQAs [17,18,19]. The second approach of creating a full-continuous apparatus for solid–liquid separation was introduced by mascia et al. [20]. With the overall goal to develop end-to-end continuous manufacturing of APIs, they invented the continuous rotary plate filter (CRPF) for solid–liquid separation and washing. In the recent studies of testa et al. and hu et al., the CRPF was used for isolation after reactive crystallization of acetaminophen from ethanol and acetylic salicylic acid from an alcoholic mixture, respectively [7,21]. Here, emphasis was put on the integrated design of creating an end-to-end manufacturing process. The crystals leaving the CRPF were either resuspended or reduced in size by a high-shear mixer [7,21].



To efficiently perform all necessary product isolation steps after a preceding continuous crystallization, the continuous vacuum screw filter (CVSF) was developed and used in this work [22]. The CVSF was designed for feed suspension volume flow rates of 10–100 mL min−1 [6]. This novel apparatus can be used in flexible modular connections of filtration, washing, and drying modules [6,15,23]. The tubular glass body of the CVSF was directly fed with suspension leaving the crystallizer so that solid–liquid separation is realized by an applied vacuum, with the help of a glass filter frit in the first module. A rotating screw axially transports the remaining solid particles to the following modules in a series connection. Having performed the subsequent washing and additional drying tasks, the overall goal is to discharge free-flowing crystals with no significant change in the PSD. The first characterization was performed with a well-filterable model suspension consisting of l-alanine particles resuspended in saturated aqueous solution [6,15]. For this system and suspension volume flow rates of up to 84 mL min−1 and corresponding solid contents ws of 6 wt.%, suitable residual moistures of 1% with a preserved PSD were obtained using filtration and a two-stage washing [15]. Moreover, a narrow residence time distribution of the solid phase (RTDs) was defined as a fundamental requirement and thus, systematically proved in our previous works [6,15].



The detailed characterization of continuous downstream apparatuses (crystallization, product isolation) is a crucial requirement to meet high product quality specifications reliably. These specifications are only achievable by having a detailed understanding of the relations between input and output parameters [4]. Thus, the characterization of apparatuses is often performed separately. However, in combining two or more apparatuses in an integrated process, even more complex relationships arise [4,8]. Especially for crystallization and filtration, the influencing parameters are highly interconnected, and the combined effects are complex [6]. Therefore, the definition of CQAs and the systematic manipulation by varied operating parameters is the main part of the quality-by-design (QbD) approach [8]. Regarding filtration performance, filter clogging is reported in several cases as a challenge of connecting a continuous crystallization with a solid–liquid separation step [4,16,17,18,19]. This phenomenon was not quantified towards potential influence factors (fine fraction, supersaturation) affecting the clogging of the apparatuses used. In the case of a MSMPR-CFC connection, filter clogging, was overcome by a cleaning-in-place (CIP) or dissolution of the clogging particles [19]. This strategy results in a loss of product and a cleaning time where no suspension is fed to CFC. Thus, a reliable concept to prevent filter clogging caused by the preceding crystallization would be favorable and is an explicit demand from industry [5].



This study aims at the design and operation of a full continuous process combining SFC with subsequent product isolation using CVSF. The following requirements are addressed and fulfilled:




	
Enabling an integrated process and ensuring continuous operability



	
Designing CQAs during crystallization and preserving them during particle isolation








We hypothesize the following:




	
The connection of the two apparatuses is only possible in a stable manner if supersaturation is specifically reduced before entering the CVSF



	
Clogging of the two apparatuses can be prevented by specific process control, so that long-term operation is possible









2. Plant Design and Integrated Setup from Solution to Solid Product


A main difference between batch and continuous crystallization processes is that at the end of a continuous crystallizer the thermodynamic equilibrium is not achieved, and the remaining supersaturation in the filtration can quickly lead to clogging of the filter media. To the best of our knowledge, no systematic study has been conducted so far on controlled supersaturation degradation after small-scale continuous crystallization processes. An exemplary c,T-diagram is shown in Figure 1. During the cooling crystallization process (Point 1→Point 2) a supersaturation level is always present to ensure a certain process yield. In order to reduce this residual supersaturation, three methods are suitable: The first option (a) is the implementation of an isothermal holding section in the continuous crystallizer (comparable to holding time in batch). In this case, however, it is never possible to cross the solubility curve into the undersaturated state, which could improve the long-term operability of the filter. Furthermore, this would increase the residence time, reduce the space-time-yield and increase the investment costs. The second option (b) is dilution with pure solvent. However, this does not increase the yield, since only the mass of solvent is increased. In addition, there is a risk of impurities being introduced into the system. The third option (c) is rapid heating. For this purpose, an additional heater is required, which enables a precise adjustment of the saturation state, or respectively the level of undersaturation. This is the most promising variant, since operation of the particle isolation apparatus is possible regardless of the final temperature of the crystallizer and, in addition, only low investment and operating costs are incurred.



Due to the concept of rapid heating after the crystallizer in order to eliminate the residual supersaturation present, the realization of a continuous small-scale manufacturing process consisting of crystallization and subsequent product isolation is possible. Therefore, the experimental setup shown in Figure 2 was used. The applied process can be divided into three sections: In section I, continuous cooling crystallization took place in order to adjust the product particle properties. The product particles obtained and grown in the crystallizer were continuously conveyed through a heater in section II, which reduces the residual supersaturation still present in the solution. Afterwards, the product suspension was continuously filtered, washed and dried. The various sections are briefly presented below.



In section I the continuous cooling crystallization is performed in an SFC. Therefore, inside the nucleation zone (section I.1), seed crystals were added into a saturated solution (V = 450 mL). In order to guarantee a homogeneous crystal suspension, a stirrer was used and the vessel’s bottom was designed conical according to the design procedure of Lührmann et al. [24]. Afterwards, the feed suspension was transported vertically via a peristaltic pump (Ismatec Reglo Digital MS-4/12, di = 2.29 mm Pharmed) to a T-junction (polypropylene, PP). At the T-junction (di = 3 mm), hydrodynamic slug formation was carried out by a squeezing mechanism, forming alternating liquid and gas segments of equal size. The gas volume flow rate was supplied via pipeline pressure from a gas cylinder and manually controlled by a high-resolution needle valve (NV-001-HR, Bronkhorst) and a flow meter (El-Flow-Select, Bronkhorst). [25]



The liquid segments contain the seed crystals, which were intended to grow inside the growth zone of the apparatus (section I.2). The growth zone consisted of a fluorinated-ethylene-propylene (FEP) tubing of a length of Ltubing = 26 m and an inner diameter of di = 3.18 mm (dout = 4.76 mm). By choosing a hydrophobic wall material for the application of an aqueous substance system, the absence of a wall film was realized, caused by the high contact angle  θ FEP,H2O,air of the tubing’s material [26]. As a result, convex slugs were formed and a narrow RTD of the solid and liquid phases could be ensured [11,26]. The driving force is adjusted by cooling the suspension with the aid of a tube-in-tube design operated in co-current mode using a thermostat (Huber CC-K6). Therefore, deionized water as tempering medium up to 50 °C was utilized in an outer polyvinyl chloride (PVC) cooling jacket (di = 15 mm) covering the SFC process tubing. This temperature cooling concept enabled a smooth temperature profile along the process tubing, avoiding supersaturation peaks. Further details on the cooling concept and SFC design were already published in our previous studies [11,25].



In section II, a vertical installed tube-in-tube heater between SFC and continuous product isolation was implemented to realize degradation of supersaturation by simultaneously ensuring particle suspension. The idea of this concept is an elimination of the supersaturation to prevent filter clogging, with the help of rapidly heating the suspension to avoid the dissolution of the particles caused by the heater and thus inhibit changes in PSD. Therefore, a small heating area (≈30 cm²) was chosen to reduce the residence time (τheater) of the suspension in the heating section, which was realized by a counter-current tube-in-tube heater made of FEP (inner tube for process medium) and PVC (outer tube for tempering medium). Relatively high tempering medium (deionized water) temperatures of up to 75 °C were needed to control the temperature by the thermostat (Huber CC-K6). By virtue of the low τheater (<10 s) for the desired experimental suspension flow rates, changes in PSD were not expected, which was validated in preliminary experiments (Section 4.1.1). The main challenge in the connection of the SFC and the heater, was the design of a suitable connecting element. Here, a supersaturated suspension is entering from the SFC and even further cooled as a consequence of the untempered tubing before the heater port. Thus, the risk of wall-crystallization is present, and a preferably short connecting tubing is favorable. A flexible silicone tube with the same diameter (di = 3.18 mm) as the SFC tubing was used during this work. For the connection of the heater and product isolation, the FEP tubing of the heater was extended and connected to the CVSF with a laboratory screw joint.



The CVSF, shown in section III, consisted of two basic elements: tubular, double-walled cylindrical modules (A, B1, and B2) and a rotating polytetrafluoroethylene (PTFE) screw for axial transport of the particles. To allow visibility inside the apparatus, the modules were made of borosilicate glass with an inner diameter of 25.4 mm (DN25) and are connected via DN25 flanges with corresponding PTFE seals. The CVSF is continuously filled with suspension entering through the feed inlet in module A. The solid–liquid separation process took place on a porous glass frit (porosity 2, 40–100 µm, ROBU GmbH). The mother liquor left filtration module A by applying vacuum through a vacuum pump (Vacuubrand PC3002 Vario select) to the collection vessel. Simultaneously, the axial transport of the particles to the washing modules B1 and B2 occurred using the PTFE screw. These modules were equipped with the same filter medium as Module A. Flat-fan nozzles (Lechler, 610.145) were used for a homogeneous wash liquid distribution in both modules. The wash liquids are pumped with a peristaltic pump (Ismatec Reglo Digital MS-4/12) to the nozzles mounted to the washing modules B1 and B2, respectively, with laboratory screw joints. The corresponding outer jackets and thus the filtrates of module B1 and B2 were separated to prevent back-mixing of the drawn liquid. The washed particles were (pre-) dried in the last module by the drawn air of the vacuum pump and, finally, left the CVSF continuously at the end of module B2 in a beaker. The detailed description of the CVSF dimensions has been described elsewhere [6,15].




3. Materials and Methods


3.1. Substances Used


As a substance system for the continuous small-scale manufacturing process experiments, the model system l-alanine/water, which has similar particulate properties as high-priced APIs was chosen. l-alanine is a non-toxic and non-essential amino acid biosynthesized in the human primary metabolism. l-alanine was provided by Evonik Industries AG with a purity of 99.7%. As solvent ultrapure, deionized and bacteria-free filtered water (Milli-Q®) with a total organic carbon-content of maximal 3 ppb was used, purified by a Milli-Q® Advantage A10 apparatus of Merck KGaA. The solubility curve of l-alanine in water was measured and modeled by Wohlgemuth et al. [27] (Equation (1)).


   c *   (   g  ala    g  solution      − 1    )  = 0.11238 · exp  (  9.0849 ·   10   − 3   ·  ϑ *   (  ° C  )   )  ,  



(1)







The density of a saturated l-alanine/water solution at ambient conditions (23 °C) is 1042 kg m−3 and the corresponding crystal density of pure l-alanine amounts to 1420 kg m−3. As native seed crystals recrystallized, l-alanine particles within a sieve range of 160–200 µm (d50 = 251.3 µm, d90-10 = 109.2 µm) were resuspended in the saturated aqueous solution according to the procedure of Ostermann et al [28]. The segmentation of the suspension in order to generate the slug flow inside the T-junction was performed by the utilization of synthetic air. For the washing of particles as part of the isolation processing in section III (compare Figure 2), a volumetric mixture of 4:1 of ethanol absolute (99.9 %, VWR) and water (washing module B1) and pure ethanol absolute (washing module B2) was provided at ambient conditions in order to minimize the agglomeration of product particles and improve washing efficiency, as known from batch experiments [15,29].




3.2. Experimental Procedure


Two operating points were set for continuous crystallization (section I Figure 2), which were proven to result in different throughputs, supersaturation levels and product qualities at the end of the SFC [11], in order to demonstrate the operability of connecting to CVSF. In both cases, after the start-up procedure using water-air segmented flow, the seed suspension was fed to the SFC, where dominant crystal growth took part during the cooling process (growth zone). Here, 1 % gsolid gsolution−1 recrystallized seed crystals of the sieve fraction 160–200 µm was added to a saturated solution (V = 450 mL) at    ϑ *   = 50 °C and homogeneously suspended at a stirring rate of n = 450 rpm. Once the seed crystals had been added, after 90 s the three-way valve below the vessel was turned from a cleaning solution consisting of heated water ( ϑ  = 50 °C) to sole suspension, so that the suspension arrived at the T-junction. There, the slug formation was performed. The slug length was set by the ratio of the suspension volume flow rate  Q susp and gas volume flow rate  Q gas, combined to the total volume flow rate  Q tot, according to Equation (2), and was referred to the liquid hold up    ε  L , 0     = 0.5.


   ε  L , 0   =    Q  s u s p      Q  s u s p   +  Q  g a s     =    Q  s u s p      Q  t o t        



(2)







Due to the pressure drop across the tubing depending on the tubing length and the compressibility of the gaseous phase,  Q gas had to be controlled. Prior to this, the synthetic air was heated via a tube-in-tube design, which prevented wall crystallization due to the collision of synthetic air and suspension inside the T-junction. Subsequently, the slugs were cooled down from  ϑ SFC,IN = 50 °C to  ϑ SFC,OUT = 30 °C in the growth zone via an applied degressive temperature profile measured by Pt100 temperature sensors (class A; deviation of 0.15 + 0.002 ·  ϑ  [°C]). On purpose, two challenging operating points of SFC were conducted. By adjusting  Q tot at a constant    ε  L , 0    , the residence time  τ SFC, the particles’ suspension and the cooling rate   κ ¯   could be varied. For the case of a low  Q tot = 20 mL min−1,  τ SFC of approximately 10 min,   κ ¯   of 1.8 K min−1 and a low residual supersaturation at the end of SFC was guaranteed [11]. However, this flow velocity was not sufficient to suspend the particles in a homogeneous state. Accordingly, there was a risk of blocking the heater (section II, Figure 2) due to the residual supersaturation and the settled particles. Therefore, higher  Q tot was considered leading to shorter  τ SFC ( ≈ 5 min), higher   κ ¯   (=3.6 K min−1) and consequently higher residual supersaturation at the end of SFC. The operating parameters for the two-fold determination of each operating point for the continuous crystallization inside the SFC are summarized in Table 1.  Q susp were proven gravimetrically during the start-up procedure.



Afterwards, the product suspension was preheated in a vertical-installed tube-in-tube heater (section II, Figure 2) until it entered the undersaturated state and diminished the residual supersaturation. To estimate the process temperature needed after the heater, the relative yield Yrel (Equation (3)) of crystallization step was required. The respective concentrations c was determined gravimetrically, whereas    c *    was calculated according to Equation (1).


   Y  r e l , S F C   =   c  (   ϑ  S F C , I N    )  − c  (   ϑ  S F C , O U T    )    c  (   ϑ  S F C , I N    )  −  c *   (   ϑ  S F C , O U T    )       



(3)







For this purpose, batch experiments were carried out to approximate the final concentration c(   ϑ  S F C , O U T    ) and associated Yrel at comparable operating parameters for continuous process CP-Q1 (see Section 4.1.2). For CP-Q2, the Yrel was approximated by the literature data [11]. This ensured that, after passing the heater, the product suspension was slightly undersaturated and, consequently, the risk of clogging in the filtration, washing, and drying step was minimized. By this procedure, a continuous operation of the further isolation was expected, independent of the existing residual supersaturation from the continuous crystallization.



Based on the operating parameters of the SFC and calculated CVSF-inputs, the operating parameters of the CVSF were set to maximize the CVSF-performance by means of internal parameters summarized in Table 1 (detailed explanation was shown in our previous studies [6,15] and in the supporting information, Table S1). In the first module of CVSF, the filtration took place. Here, regarding the filling degree α as a crucial internal parameter for CVSF-performance, the CVSF was recommended to operate above 50% to minimize slip between screw and corpus [6,15]. To adjust α at defined inputs ( Q susp, ws) set by the crystallization process, the rotational screw speed nscrew was adapted [6]. However, with the current design of the CVSF built with a constant screw geometry, the ideal residence time  τ CVSF,id was proportionally coupled to α. This means a decrease in nscrew leads to an increase in α and, simultaneously, to an increase in residence time  τ CVSF, resulting in a longer time for reaching steady-state filtration. For the connection of continuous crystallization and product isolation, a tradeoff between an acceptable α and  τ CVSF was made, caused by the low  Q susp and ws. Therefore, nscrew was set to its actual lowest limit of 2 rpm, resulting in an  τ CVSF,id = 15 min. The subsequent washing zone consists of two modules in which the filter cake was washed at  Q wash = 35 mL min−1 and the remaining mother liquor was displaced. Due to the air streams drawn into the washing module B2 by the vacuum pump, an additional drying module was not required. The product particles leaving the CVSF were collected and analyzed, described in the following.




3.3. Analytics


To verify the modification of particle characteristics originating from seed crystals by means of continuous crystallization and subsequent obtaining constant product qualities within the product isolation, both the liquid and solid phases were examined at the feed suspension vessel, after the SFC and after the CVSF. This includes the determination of Yrel by means of gravimetric concentration measurements of the liquid phase before and after crystal growth, the PSDs of seed crystals and product particles, and the determination of residual moisture of product particles after the CVSF.



The liquid solute’s concentration is monitored and evaluated gravimetrically with the loss-on-drying method. Therefore, three samples of approximately 6 g suspension were collected at the feed vessel and after the SFC, filtered by a syringe filter (Chromafil Xtra PTFE, pore size 0.45 µm, Macherey-Nagel GmbHCo.KG) to ensure particle-free solution, and weighted. After the drying process comprising a first pre-drying in a drying oven for 24 h at  ϑ  = 50 °C and further drying in a vacuum drying oven (Thermo Heraeus, type Vacutherm VT 6060M) at    ϑ   = 50 ° for 48 h, the sample concentration was calculated as described in our previous study [6].



For the particle size analysis, the dynamic image analysis sensor QICPIC, equipped with the liquid dispersion system LIXELL, of Sympatec GmbH was used. Therefore, at the respective sampling locations, dry particles (seed crystals & product particles after CVSF) or suspension (after SFC) were collected (>1000 particles) in excess of tempered saturated aqueous solution to sufficiently dilute potential local supersaturation and thus prevent a potential change after sample drawing. Afterwards, the sample was transferred to a stirred vessel (n = 280 rpm) directly connected to the QICPIC measuring cell. By the application of a peristaltic pump (Watson Marlow, di = 6 mm, Pharmed) installed behind the flow cell to avoid solid attrition or breakage before measuring, the suspension was pumped through the cell (gap: 2 mm; 1024 × 1024 pixel resolution; module M6) and analyzed by the laser sensor. The image acquisition and quantification of PSD were executed by artificial neural networks implemented in MATLAB [30,31]. Furthermore, the distinction of single and non-single (aggregated & agglomerated) crystals as subpopulations of the overall PSD via particle classifier was made [30,31]. In this case, collectives of primary particles arranged and connected via crystal bridges starting from a supersaturated suspension was named agglomerate, while, in the case of aggregates, weak interactions at the edges of the particles could be cemented together to form an agglomerate or could be disrupted again [32]. For the evaluation of the agglomeration behavior during crystallization and subsequent filtration, the individual subpopulations of single and non-single crystals, as well as the number-based fraction of aggregates/agglomerates related to the overall number of particles denoted as agglomeration degree Ag0, were considered [31]. The volume-based PSDs were evaluated by means of changes in characteristic size Δd50,3 = d50,3,OUT − d50,3,IN and width of distribution Δd90-10,3 = d90-10,3,OUT − d90-10,3,IN.



The residual moisture determination was performed analogously to the concentration measurements via the loss-on-drying method, except we used a 1 g filter cake sample size extracted after the CVSF, as described in detail in our previous studies [6,15].





4. Results and Discussion


The first section (Section 4.1) showed the results on the fundamental operability of the integrated process, while the second section (Section 4.2) focused on product quality regarding PSD and residual moisture.



4.1. Focussing Operability of Integrated Process


4.1.1. Preservation of PSD in Heating Section


In order to prove obtained consistent particle properties defined in the continuous crystallization process step, preliminary investigations in the heater and the CVSF were conducted. Therefore, a suspension was first prepared in the feed vessel (V = 450 mL) in a saturated state at room temperature ( ϑ heater,PM,IN ≈ 23 °C) and directly connected to the heating zone II (compare Figure 2). In the heater, the suspension was then rapidly undersaturated within τheater ≈ 2 s by 7 K ( ϑ heater,PM,OUT = 30 °C) and samples were taken before (HeaterIN) and after the heater (HeaterOUT), and at the CVSFs outlet (CVSFOUT). To evaluate potential changes in the PSD, four experiments at the same conditions were performed using particles with the desired product particle size (sieve fraction 355–560 µm) [6,11]. The averaged volume-based PSDs and corresponding characteristic values of the experiments are shown in Figure 3.



No significant change of the PSD was obtained by rapid heating. Furthermore, the PSDs were analyzed regarding a characteristic size (d50,3) and the characteristic width (d90,3-10,3), validating the full preservation of PSD. Thus, the entering PSD was preserved throughout the whole process (HeaterIN ↔ HeaterOUT ↔ CVSFOUT). Here, it was additionally shown that neither dissolution nor breakage occurs in the CVSF, which is caused by the short solid–liquid separation time [6,15].




4.1.2. Estimation of Supersaturation Level after Crystallization


It is worth mentioning that the figures of Yrel and ws could only be calculated after the experiment (at least 72 h), but nonetheless present essential parameters to choose a sufficient preheating ( ϑ heater,PM,,OUT) and nscrew of CVSF. Yrel and ws could either be empirically approximated from batch experiments conducted in the feed suspension vessel or applied solely from SFC experiments (e.g., the literature data [11]). For experiment CP-Q1, the batch approximation was used. Therefore, a saturated aqueous solution was prepared at    ϑ *    = 50 °C and stirred at n = 450 rpm. After 1 h holding time at  ϑ  = 55 °C, the temperatures were set to  ϑ  = 50 °C and 1 % gsolid gsolution−1 recrystallized seed crystals of the sieve fraction 160–200 µm from the same basic population are added, and the suspension is cooled down to  ϑ SFC,OUT = 30 °C with   κ ¯   = 1.8 K min−1. Concentration samples are taken at regular intervals of approximately 5 K. The results are shown as squared orange points in comparison to the results of the corresponding continuous process in the SFC in the concentration over temperature diagram in Figure 4.



A relative yield Yrel,batch of 70.2 ± 1.0% was achieved. Compared to the literature data of Termühlen et al. [11] (blue stars), under comparable operating conditions but different seed crystal populations, it can be seen that the final concentrations were almost identical (Yrel,SFC = 76.9 ± 1.1%). Accordingly, it was proven that the final concentration of batch experiments could be used in order to approximate the end concentration or supersaturation after SFC crystallization, respectively. The final concentration after the SFC for the CP-Q2 experiment was approximated by literature data [11] (Yrel,CP-Q2,app. = 59.9 ± 3.7%). For the two operating points conducted in this study, the heater settings ( ϑ heater,TM,IN,  ϑ heater,PM,OUT) could be calculated and adjusted in order to reach an undersaturated suspension after the heater (shown in Table 1).




4.1.3. Proof of Operability of Integrated Process


Figure 5 shows the c,T-diagrams for all four experiments conducted. In the upper half, the results, which were estimated directly from the final concentrations from the batch experiments in the previous section (CP-Q1,     κ ¯    = 1.8 K min−1,  Q susp = 10 mL min−1), are shown. It can be seen that the heater slightly undersaturates the process stream in a targeted manner. Slight variations in concentrations can be explained by the stochastic nature of the crystallization process inside the SFC. The corresponding Yrel, CP-Q1 of 68.9 ± 1.5% was achieved, qualitatively matching the values obtained in batch experiments (Section 4.1.2). For the higher volume flow rate (CP-Q2,   κ ¯   = 3.6 K min−1,  Q susp = 20 mL min−1), a slight undersaturation was observable in both experiments. However, it could be seen that the targeted undersaturation of 4 K was not quite achieved, since the final concentration was slightly underestimated, and the Yrel,CP-Q2 (44.6 ± 5.5%) slightly overestimated.



Controlled and defined undersaturation by heating up the process medium leaving the continuous crystallizer could thus be a first step towards fully continuous, integrated processes. Associated therewith, a filtration performance without clogging was expected, and was validated by the measurements of filtrate mass flow rate   m ˙   in the first module, shown in Figure 6. An operation at steady-state conditions for a duration of at least 1 h could easily be ensured without any clogging of the CVSF. The steady-state operation was validated by the constant   m ˙  . Longer operating times would be possible, but were not investigated in detail in the context of this work, since only a limited quantity of seed crystals was available.



Already after approximately 30 s, a constant   m ˙   in module A was observable for both experimental conditions. Slight fluctuations were recognizable for both graphs, which could be explained by fluctuations of the gravimetric recording better than by process variability. Nevertheless, it was clearly visible that   m ˙   for experiment CP-Q2 is almost doubled as for experiment CP-Q1, which fits to the set doubling of  Q susp for crystallization (see Table 1). For the shown experiments, a total mass of approximately 600 g solvent and 24 g product particles (CP-Q1) and 1200 g solvent and 42 g product particles (CP-Q2) was processed.



It is worth noting that, due to the limited size of the suspension vessel (450 mL), multiple refilling of the suspension vessel is needed when half of the total volume is reached. Therefore, a segmented flow of Milli-Q® water and air is pumped through the SFC for a short time to allow for the manual refilling of the vessel. Reaching the CVSF, partial dissolution of the particles possibly attached to the filter frit was caused by the water. From this procedure, a positive effect on the integrated process could be derived. A self-induced gradually CIP was performed by solvent rinsing through the filter frit. Although the refilling gap with cleaning solvent was unique for the SFC, a similar strategy could also be applied to different integrated manufacturing processes to benefit from the effects mentioned above.





4.2. Focusing Product Quality of Integrated Process


Figure 7 shows the results of the averaged overall PSDs (left) of the seed crystals (seeds), after the SFC (SFCOUT) and after the CVSF (CVSFOUT) as well as the corresponding subpopulations (right) of single crystals (sc) and non-single crystals (agg).



The superior aim of the experiments conducted was the analysis of the PSD throughout the integrated process. In general, a significant shift towards larger particles was reached for both  Q susp of the SFC (CP-Q1: Δd50,3 = 226.5 ± 7.8 µm; CP-Q2: Δd50,3 = 218.4 ± 24.2 µm). Regarding the overall PSDs (left side of Figure 7), it was visible that the PSD after the SFC (SFCOUT, blue triangles) could be entirely preserved in CVSF (CVSFOUT, red squares) using filtration and two-stage washing. The desired particle design of crystal growth in SFC and preservation of PSD in product isolation was successfully shown for varying throughputs and remaining supersaturation levels at the end of SFC. The two right diagrams show the fractions of single crystals (sc) and non-single crystals (agg) at the respective process sections. Here, it was desirable to obtain exclusively crystal growth and to avoid agglomeration. However, a significant decrease of single crystal fraction, and thus an increase in agglomeration/aggregation, was visible. A high increase in agglomeration degree during crystallization was observed for both conditions, indicating insufficient particle suspension. The agglomeration degree of all samples taken after the SFC is higher than the product particles after CVSF, which was also visible in the exemplary binary images in Figure 8. Possible reasons for this deviation may be found in desaggregation in CVSF, which was already observed in a few experiments of the first study about the sole operation of CVSF [6]. Moreover, the two samples (SFCOUT and CVSFOUT) of each experiment are taken at different times in terms of material traceability. Because of the segmented flow, no back mixing occured in the SFC, whereas a significant back mixing was present in the CVSF for the investigated operating conditions. After the CVSF, several particles coming from slugs of various time points were unified in the product particle sample due to the back mixing behavior. This was caused by the non-optimal, low α (see Table 1), mandatorily chosen decision to operate with a suitable  τ CVSF,id = 15 min. It should be added here that a reduction in the fraction of non-single crystals with no discernible abrasion or breakage (see Figure 8) can be regarded as a major advantage of CVSF for particle isolation.



The residual moisture shows average values of 1.6 ± 1.1% (CP-Q1) and 2.7 ± 2.1% (CP-Q2). These values are in good agreement with data measured in our previous study for the modular CVSF using two-stage washing [15]. Almost dry, completely isolated and free-flowing product particles leave the CVSF at the outlet. A corresponding video of the particles uniformly leaving the CVSF is given in the supporting information (Video S1). The reduction of the residual moisture to approximately 2% can be explained by the corresponding air flow through the product particles with the air drawn into the CVSF by the vacuum pump in module B2. Even if α is not optimal for deliquoring,  τ CVSF sufficient to reduce the corresponding residual moisture. The use of ethanol absolute as wash liquid in the second washing module strongly promotes deliquoring due to the higher vapor pressure and lower evaporation enthalpy compared to water (mother liquor). For varying material systems using other wash liquids, an additional drying module could be used to ensure dry particles [23].





5. Conclusions and Outlook


Enhanced product quality is possible by the process integration of continuous crystallization with subsequent product isolation. Therefore, in this study, a slug-flow crystallizer (SFC) was combined with the continuous vacuum screw filter (CVSF) for particle design throughout the crystal process chain, for finally achieving free-flowing particles with the desired particulate properties. A tube-in-tube heater between SFC and CVSF was implemented and characterized to realize the degradation of remaining supersaturation after crystallization to prevent filter clogging in CVSF. Due to a rapid heating and filtration afterwards, dissolution of particles in the resulting undersaturated suspension and therewith reduced yield and particle sizes were avoided. The supersaturation level at the crystallizer’s outlet was estimated by subsequent batch crystallization experiments with the same   κ ¯  .



A significant shift towards larger particles (Δd50,3  ≈  200–250 µm) was reached for both  Q susp (10 and 20 mL min−1) in SFC. However, the fraction of non-single crystals increased in SFC, caused by insufficient suspension behavior. Despite bad conditions in the crystallizer, the PSD was successfully preserved during product isolation using filtration and two-stage washing in CVSF, showing its robust applicability for a wide range of crystallization conditions. The almost dry, free-flowing product particles leave the CVSF continuously with residual moistures of approx. 2%. As the RTD of both individual apparatuses were known, a combined RTD measurement was omitted in this study.



Seeded continuous crystallization and product isolation using l-alanine/water as a model system could enable a steady-state operation over 1 h for both operating conditions investigated without any filter clogging. Longer operating times are possible for this integrated setup, but were not investigated, in order to save material and resources. A reproducible continuous nucleation unit was planned for the future, so that longer operating times can also be achieved. With the systematic experimental investigations in this study, a remarkable contribution towards intensified and integrated primary manufacturing processes has been made. The salient features of reproducible and enhanced product quality control in SFC, combined with high-quality particle isolation using CVSF, enable a significant advantage towards the industrial applicability of end-to-end continuous manufacturing processes.




6. Patents


The CVSF was patented in 2021 as “Rotating-Screw Drying Reactor” as WO 2021/148108 A1.
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Abbreviations








	API
	Active pharmaceutical ingredient



	CFC
	Continuous filter carousel



	CIP
	Cleaning-in-place



	CQA
	Critical quality attribute



	CRPF
	Continuous rotary plate filter



	CVSF
	Continuous vacuum screw filter



	FEP
	Fluorinated-ethylene-propylene



	MSMPR
	Mixed-suspension mixed-product removal



	PFC
	Plug-flow crystallizer



	PP
	Polypropylene



	PSD
	Particle size distribution



	PTFE
	Polytetrafluoroethylene



	PVC
	Polyvinyl chloride



	QbD
	Quality-by-design



	RTD
	Residence time distribution



	RTDS
	Residence time distribution of the solid phase



	SFC
	Slug flow crystallizer



	Latin Symbols
	



	  c  
	concentration [g g−1]



	    c *    
	saturation concentration [g g−1]



	    d   50 , 3      
	median particle diameter [µm]



	    d   90 , 3       - d     10 , 3      
	width of particle size distribution [µm]



	di
	inner diameter [mm]



	dout
	inner diameter [mm]



	deq
	equivalent diameter [µm]



	Ltubing
	length of tubing [m]



	   m ˙   
	mass flow rate [g min−1]



	    n  s c r e w     
	rotational screw speed [rpm]



	  p  
	pressure [mbar]



	  Q  
	volume flow rate [mL min−1]



	    Q 3    
	cumulative distribution [-]



	t
	time [min, h]



	T
	temperature [K] or [°C]



	V
	volume [mL]



	    w s    
	mass fraction/solid content [wt.-%]



	    Y  r e l     
	relative yield [%]



	Greek Symbols
	



	  α  
	filling degree [-]



	Δ
	difference [-]



	    ε  L , 0     
	liquid hold-up [-]



	    κ ¯        
	cooling rate [K min−1]



	  ϑ  
	temperature [°C]



	    ϑ *    
	saturation temperature [°C]



	  τ  
	residence time [min]



	    τ  i d     
	ideal residence time [min]



	    φ  R M     
	residual moisture [%]
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Figure 1. Concepts to realize degradation of supersaturation in continuous cooling crystallization. Point 1 is the start of the crystallization (nucleation) and Point 2 is the end of the continuous crystallizer. 
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Figure 2. Schematic experimental setup for continuous small-scale manufacturing consisting of a slug flow crystallizer (SFC, (I)), a heater (II) and the continuous vacuum screw filter (CVSF, (III)). A corresponding photograph is given in the supplementary materials in Figure S1. 
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Figure 3. Preliminary experiments (averaged results from four experiments) regarding the heating section using a defined undersaturation: Averaged volume-based PSDs (left) and their characteristic values d50,3 and d90,3-10,3 (right) at the corresponding sections; Experimental conditions:  ϑ heater,PM,IN = 23 °C (saturated suspension),  ϑ heater,PM,OUT = 30 °C (undersaturated),  Q susp = 60 mL min−1, ws = 6 wt.%, nscrew = 3 rpm. 
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Figure 4. Solution concentrations of batch experiments (orange squares) compared to solution concentrations of continuous SFC operation from literature [11] (blue stars) with constant operating parameters:    ϑ *   = 50 °C, 1% gsolid gsolution−1 recrystallized seed crystals,   κ ¯   = 1.8 K min−1. 
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Figure 5. c,T diagrams of the experiments conducted for  Q susp = 10 mL min−1 (upper half, CP-Q1) and  Q susp = 20 mL min−1 (lower half, CP-Q2). The operating parameters are shown in Table 1. The grey stars show the concentrations measured in the experiments whereas the squares represent the estimated concentrations. 
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Figure 6. Mass flow rates during the experiment time of the filtrates of module A (filtration module) within the CVSF for experiments CP-Q1 and CP-Q2. t = 0 min is the time, when the first filtrate is obtained. Operating conditions as shown in Table 1. 
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Figure 7. Overall PSDs (left) and corresponding subpopulations of single crystals (sc) and non-single crystals (agg). The upper diagrams show the PSDs for the experiments CP-Q1 and the lower for the experiments CP-Q2. The grey area shows the analyzation limit for particle classification of 80.6 µm [30]. Operating conditions as shown in Table 1. Results of the individual experiments are is shown in Table S2. 
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Figure 8. Exemplary QICPIC binary images, (upper half) experiment CP-Q1 and (lower half) experiment CP-Q2. (Left) Seeds, (middle) after the SFC, and (right) after the CVSF. 
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Table 1. Operating and resulting parameters for continuous crystallization inside the SFC, for the heater and for the particle isolation inside the CVSF in a two-fold determination of each operating point.






Table 1. Operating and resulting parameters for continuous crystallization inside the SFC, for the heater and for the particle isolation inside the CVSF in a two-fold determination of each operating point.





	

	
Parameters

	
CP-Q1.1 and CP-Q1.2

	
CP-Q2.1 and CP-Q2.2






	
SFC

	
 Q tot [mL min−1]

	
20

	
40




	
 Q susp [mL min−1]

	
10

	
20




	
 ϑ SFC,IN [°C]

	
50

	
50




	
 ϑ SFC,OUT [°C]

	
30

	
30




	
 τ SFC [min]

	
10

	
5




	
  κ ¯   [K min−1]

	
1.8

	
3.6




	
Heat.

	
 ϑ heater,TM,IN [°C]

	
63

	
78




	
 ϑ heater,PM,OUT [°C]

	
39.5

	
43




	
CVSF

	
nscrew [rpm]

	
2

	
2




	
 Δ pset [mbar]

	
400

	
400




	
 Q wash [mL min−1]

	
35

	
35




	
α [%]

	
6.3

	
12.7




	
 τ CVSF,id [min]

	
15

	
15
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