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Abstract   14 

Crystallization faces great challenges from the point of view of technology readiness, process 15 

economics, and energy consumption. Membranes are capable of controlling both energy and mass 16 

transfer and they can lead to major improvements if integrated into antisolvent crystallization processes. 17 

For example, limiting unfavorable kinetics and thermodynamics that are responsible for undesired 18 

crystal size and shape. In this work, membrane-assisted antisolvent crystallization (MAAC) was used to 19 

crystallize the amino acid L-serine. Two commercial membranes made of polyvinylidene fluoride 20 

(PVDF) and polypropylene (PP) with water contact angles of 130° and 150° respectively, allowed a 21 

controlled antisolvent crystallization. These membranes controlled the transmembrane mass transfer of 22 

antisolvent (ethanol) under different feed and antisolvent velocities at ambient conditions. In all cases, 23 

a narrow crystal size distribution (CSD) of L-serine was obtained reflected in a coefficient of variation 24 

(CV) of 31-37%, compared with batch antisolvent crystallization or drop-by-drop crystallization where 25 

the CV was 63 and 54% respectively. Thanks to the measurement of L-serine and ethanol concentration 26 

along the operating time, the mass transfer coefficient of MAAC was evaluated. Increasing the 27 

antisolvent or the crystallizing solution velocity showed that a too high value of one or the other could 28 

result in wetting or system blockage (inside the membrane contactor, module, or tubing). This study 29 

explains the transmembrane mass transfer in MAAC and the resulting crystal properties. 30 

Keywords: Antisolvent crystallization; membrane contactor; hydrophobic membranes; L-serine; 31 

process intensification. 32 

 33 

Synopsis 34 

Membrane-assisted antisolvent crystallization (MAAC) is investigated through the evaluation of the 35 

transmembrane mass transfer, the evolution of supersaturation and its impact on crystal size and size 36 

distribution. L-serine in water was chosen as the crystallization system with ethanol as antisolvent. Some 37 

potential challenges in MAAC operation were also addressed and their mitigation pathways. 38 

 39 

 40 

 41 

 42 
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Graphical abstract 43 

 44 

1. Introduction 45 

Tremendous progress in control of solution crystallization processes was made since the 1990s thanks 46 

to: (a) in situ real-time sensor technologies such as attenuated total reflection-Fourier transform infrared 47 

(ATR-FTIR) spectrometry and laser backscattering probes that could provide much richer data sets 48 

suitable for crystallization modeling; (b) faster computers and control hardware, which enabled the 49 

application of population balance modeling and the implementation of advanced techniques for systems 50 

control; and (c) increased interest in manufacturing drug crystals of higher consistency and quality.1–3 51 

The control of solution crystallization process implies supersaturation control and ideally monitoring of 52 

the crystal size distribution.4  53 

The median crystal size obtained in a crystallization process depends on the nucleation rate and the 54 

crystal growth kinetics, both of which increase strongly with supersaturation.5 Local levels of 55 

supersaturation depend on mixing, and the risk to spontaneously nucleate around the antisolvent addition 56 

point in the crystallizer is inevitable. This is even more pronounced with large stream inlets (10 - 20 mm 57 

in diameter), for which a significant amount of time may be needed to get sufficient solution mixing. 58 

Local high supersaturations may lead to precipitation of non-uniform material. To remediate this issue,  59 

antisolvent can be added at a lower temperature after an initial seeded cooling process (Figure 1).6,7 This 60 

allows less solute remaining in the solvent and a much higher surface area of crystals available to 61 

consume the generated supersaturation.8 Another alternative is the use of a pipe crystallizer with a 62 

mixing unit, such as the impinging jet mixer, T or a Y mixer.9 Both of these solutions do not, however, 63 

provide an intensified process, they remain batch-based, as opposed to membrane-assisted 64 

crystallization, which has emerged recently as a technology to control different crystallization 65 

processes.10  66 

Membrane-assisted antisolvent crystallization is a novel approach that combines effective mixing and 67 
accurate control of antisolvent mass transfer, avoiding unfavorable local supersaturations. Advantages 68 
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of utilizing MAAC are: (i) It controls the mass transfer of the antisolvent into the crystallizing solution, 69 
via tuning operating conditions and appropriate membrane properties;11 (ii) It provides homogeneous 70 
mixing given first the numerous entry points of the antisolvent through the membrane pores; second, 71 
the variation of the crystallizing solution hydrodynamics according to flow rates and membrane 72 
module;12 (iii) MAAC can be fine-tuned to different applications in agro- and pharma- industries.13 73 
Membrane material can differ to match environments of different pH, temperature, with a wide pore 74 
range and thicknesses; and (iv) It is a promising solution to process intensification integrating other 75 
process functions besides crystallization such as reaction purification.14 MAAC nonetheless, is yet to 76 
overcome some limitations to its efficient application: (i) membrane pore clogging can occur depending 77 
on the interactions between the solute and membrane surface;15 (ii) different membrane modules exist 78 
on the market, but only flat-sheet and hollow-fiber ones have been explored so far, so spiral-wound or 79 
tubular membrane modules are yet to be explored to facilitate their application; (iii) the transmembrane 80 
mass transfer is not yet understood nor its correlation with resulting crystal properties. 81 
 82 

MAAC uses the concentration or the activity difference between the two sides of the membrane as the 83 

driving force of the mass transfer (Figure 2).11,13 The membrane acts as a physical barrier between the 84 

crystallizing solution and the antisolvent.16 The mass transfer of the antisolvent through the membrane 85 

is a crucial factor that distinguishes MAAC from conventional processes. MAAC is a relatively new 86 

membrane-based technology, and few studies have been reported so far. Each study expresses the impact 87 

of MAAC on crystal properties by evaluating the antisolvent transmembrane mass transfer and/or the 88 

crystal shape, size and distribution (CSD). Di Profio et al., described the antisolvent transmembrane 89 

mass transfer in function of temperature and concentration.17 Tuo et al., attributed the transport of the 90 

Figure 1: Cooling and the use of mixers prior to antisolvent are some approaches attempted to avoid high local 

supersaturation when adding the antisolvent to the crystallizing solution.  
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antisolvent to the pressure difference between the tube and shell side of the hollow-fiber membrane 91 

module and showed this transport could be controlled by modifying the solutions velocity. It was 92 

explained that the speed at tube and shell sides can maintain a stable driving force.18 Sheng et al., showed 93 

how the antisolvent permeation forms a layer at the shell side due to the concentration difference 94 

between the liquid layer at the membrane surface and crystallizing solution. No compound was 95 

crystallized for this demonstration, as the focus was on the transfer of the antisolvent.11  96 

 97 

Fern et al., used computational fluid dynamics (CFD) to illustrate the mixing effect under different 98 

membrane pore sizes, and crystallizing solution flow rates. The antisolvent flow rate in all experiments 99 

was kept constant and at values higher than that of the crystallizing solution. The study  showed that 100 

membrane pores allowed for the formation of numerous mixing interfaces that promoted macromixing, 101 

forming narrow CSD.19 Zarkadas et al., showed that crystallization occurring at the shell side of the 102 

membrane module was more successful than that of the tube side, where arguably some pore or tube 103 

blockage took place. The longer residence time at lower crystallizing solution speed resulted in better 104 

mixing and crystal properties.12 Chen et al., showed the possibility of developing coated drug particles 105 

using MAAC and they tackled variations of tube and shell side velocities, which resulted in different 106 

particle sizes. The study demonstrated that higher antisolvent speed is better for a higher supersaturation 107 

and mixing at the membrane surface, producing drug particles of smaller size than the initial (as-108 

received) drug. The resulting drug particles had the same molecular structure and  coating thicknesses.20 109 

Finally, Li et al., showed that under a certain antisolvent addition rate prolonged crystal growth region 110 

could be used for constructing an ideal and uniform crystal morphology.16  111 

 112 

Even though the success of MAAC in tailoring the crystal properties of different organic compounds is 113 

highlighted by the above examples, the relation between the antisolvent mass transfer through the 114 

membrane and the crystal properties has not yet been studied. The abovementioned studies, limit to 115 

either the mass transfer evaluation or to the study of crystal properties.11,17,20,21 Furthermore, they do not 116 

agree on the mass transfer evaluation either linking it to the concentration,16 or the pressure difference.18 117 

In this study, we take a systematic approach to the evaluation of the antisolvent mass transfer using the 118 

Figure 2: Demonstration of the concentration profile of the antisolvent through the porous polymeric membrane 

during MAAC operation. Depending on membrane and antisolvent properties, the latter can either permeate in 

the vapour phase in the absence of wetting, or the liquid phase otherwise. 
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transmembrane flux and most importantly the mass transfer coefficient. Furthermore, we evaluate the 119 

crystal properties and supersaturation evolution in a quest of correlating between the transmembrane 120 

antisolvent mass transfer to the resulting crystal properties. 121 

 122 

2. Materials and methods 123 

 124 

2.1. Material  125 

Polypropylene (PP) flat sheet membranes were purchased from 3M GmbH (Germany), while 126 

Polyvinylidene fluoride (PVDF) membranes were purchased from Merck Chemicals (Belgium). Both 127 

PP and PVDF membranes are hydrophobic with water contact angle of 150° and 130° respectively, 128 

possess a sponge-like cross-sectional structure and have a pore size of c.a. 0.2 µm. L-Serine was 129 

purchased from Sigma-Aldrich (Belgium) and used as received. The rest of chemicals used in this study 130 

are listed in Table 1. 131 

Table 1: The list of chemicals used in the course of this study. 132 

Chemical Characteristics Supplier (Belgium) 

Ultrapure Water 18.2 MᲲcm Lab 

L-serine Purity: ≥99 % Sigma-Aldrich 

Absolute Ethanol  Purity: ≥99.5% VWR Chemicals 

Acetonitrile  Purity: ≥99.95 % VWR Chemicals 

Methanol Purity: ≥99.8 % VWR Chemicals 

Norvaline Purity: ≥99.0 % Sigma-Aldrich 

3-Mercaptopropionic acid Purity: ≥99.0 % Sigma-Aldrich 

Orthophosphoric acid 85% Purity: 85.6 % VWR Chemicals 

FMOC Chloride Purity: ≥99.0 % Sigma-Aldrich 

Phthaldialdehyde Purity: ≥99.0 % Sigma-Aldrich 

 133 

2.2. Membrane performance in MAAC  134 

The experimental set-up (Figure 3 and Figure S1) was built to evaluate the performance of membranes 135 

in conducting antisolvent crystallization. The crystallizing solution containing L-serine (solute) and 136 

ultrapure water (solvent) is directed by a gear pump (Cole Parmer, Belgium) at a specific flow rate, to 137 

the bottom cell of the membrane module. The antisolvent was circulated at the upper cell of the 138 

membrane module using a gear pump (Verder, Belgium) as well. The core of the setup is the membrane 139 

module that was purchased from DeltaE Srl  (Italy) and had a membrane effective surface of 12×10 cm. 140 

Each experiment was run at least twice. The analytical balance (VWR, Belgium) allowed for the 141 

continuous tracking of the mass variation of the antisolvent as it permeated through the membrane pores 142 

to the crystallizing bulk solution. 143 

 144 

 145 

 146 
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 147 

 148 

As for the batch and drop-by-drop experiments, they were conducted under identical operating 149 

conditions as with MAAC, i.e., same stirring rate of the bulk solution of 380 rpm, same temperature (20 150 

°C), same initial crystallizing solution concentration (26 wt.% L-serine) and same final ethanol 151 

concentration in the liquid solution (20 wt.%). Crystals from batch crystallization appeared immediately, 152 

while it took around 90 seconds with drop-by-drop and at least 30-40 minutes with MAAC. 153 

Antisolvent transmembrane flux 154 

The antisolvent mass transfer flux was calculated using the weight difference of the antisolvent with 155 

time in the crystallizing solution, considering the weight fraction of ethanol detected by GC, and the 156 

total mass of the crystallizing solution at time ti:   157 

𝐽 =
1

𝐴

𝑤𝑎𝑠(𝑡𝑖)− 𝑤𝑎𝑠(𝑡𝑖+1)

𝑡𝑖−𝑡𝑖+1
        (Eq. 1) 158 

With J being the antisolvent transmembrane flux in kg/ m2.s, A the active membrane area (0.012 m2), 159 

was the weight of the antisolvent in kg and ti the operation time in s. 160 

The overall mass transfer coefficient K (kg/m2.s) was then calculated using the equation: 161 

𝐽 = 𝐾.
(𝑎𝑓(𝑡𝑖)− 𝑎𝑎𝑠(𝑡𝑖))− (𝑎𝑓(𝑡𝑖+1)− 𝑎𝑎𝑠(𝑡𝑖+1))

ln (
(𝑎𝑓(𝑡𝑖)− 𝑎𝑎𝑠(𝑡𝑖) )

(𝑎𝑓(𝑡𝑖+1)− 𝑎𝑎𝑠(𝑡𝑖+1))
)   

   (Eq. 2) 162 

With af and aas are the ethanol activity coefficients (a=x.ϒ) in the feed and antisolvent solutions, 163 

respectively, which were obtained from the UNIFAC thermodynamic model for water/ethanol at 164 

incremental mass fractions of ethanol from 0 to 1. Aspen Plus was used to perform the calculations of 165 

activities (Figure S2). To ensure no water permeates through the membrane pores, water is kept at 166 

atmospheric pressure, which is lower than the liquid entry pressure (LEP). The latter is the pressure at 167 

which the liquid permeates through the membrane pore and is measured according to Equation 3:22 168 

Figure 3: Experimental setup. The crystallizing solution is directed by a gear pump at the selected flow rate, to the bottom cell 

of the membrane module. Likewise, the anti-solvent is circulated using a gear pump at the chosen flow rate at the upper cell of 

the membrane module. As the anti-solvent permeates through the membrane contactor, the mass decreases which is tracked by 

the balance that is connected to the computer for data collection.  



7 
 

𝐿𝐸𝑃 = −
2 𝛾𝐿

𝑟𝑝
 𝑐𝑜𝑠𝛼  (Eq. 3) 169 

With γL the liquid surface tension in N/m, α the contact angle in degree and rp the pore radius in m. For 170 

water, LEP values were 12.4 and 7.2 bars through PP and PVDF membranes respectively. 171 

High Pressure Liquid Chromatography (HPLC) 172 

L-serine was quantitatively measured in both the crystallizing bulk solution and the antisolvent solution 173 

at 5, 10, 20, 40 and 75 min of the experimental operation time, using the HPLC equipped with a Shim-174 

pack GIST C18 column (Shimadzu, Belgium). 0.5 g of bulk solution samples were first diluted with 800 175 

g of water. Then, 1 g of the diluted solution was added to 1g of 4 mM Norvaline standard solution. A 176 

similar approach was followed for the sampled retrieved from the antisolvent solutions, but with the 177 

addition of 200 g of water only as traces or no L-serine is expected in these samples. The calibration 178 

curve employed for HPLC chromatogram interpretation is given in Figure S3. 179 

 180 

Gas Chromatography (GC) 181 

The ethanol content was quantified for samples at 5, 10, 20, 40 and 75 min of the experimental operation 182 

time using a Thermo Scientific™ - TRACE 1300 Gas Chromatograph equipped with a flame ionization 183 

detector (FID). Samples were retrieved from both the crystallizing solution side and the antisolvent side. 184 

The former allows to determine the ethanol content in the solution, and hence estimate the 185 

supersaturation creation, while the latter allows detecting potential wetting. 0.5 g of the retrieved sample 186 

is then mixed with 0.5 g of 0.01 wt.% Acetonitrile solution. The GC analysis was run at least twice for 187 

each sample. The calibration curve employed for GC analysis interpretation is shown in Figure S4. 188 

 189 

 190 

Supersaturation 191 

In antisolvent crystallization, the driving force for the process is created by mixing a solution with an 192 

antisolvent, and can be expressed as Δμ = kT ln S. The supersaturation ratio is defined as S = c/c* 193 

(unitless), with c being the actual concentration in solution and c* being the equilibrium concentration 194 

in solution.23  195 

 196 

2.3. Membrane characterization 197 

Membrane morphology  198 

Scanning Electron Microscope (SEM) (Zeiss, ULTRA with Bruker EDS chemical analyzer) was 199 

employed to portray the morphology of the membranes. Membranes were beforehand immersed into 200 

liquid nitrogen for a clean cross-sectional cut. Next, a thin layer of gold was deposited under vacuum 201 

with a sputter coater (Quorum Q150 RS) to make the samples conductive. 202 

 203 

Membrane hydrophobicity 204 

The hydrophobicity of the membranes was measured using the Optical Contact Angle (OCA) 205 

(DataPhysics OCA20). Three measurements were taken for each membrane sample using sessile drop 206 

method with 5 µL droplet of water. 207 

 208 

Membrane surface  209 

The presence of functional groups at the membrane surface was assessed via Fourier-transform infrared 210 

spectroscopy (FTIR) using Thermo Scientific Nicolet iN10. FTIR spectrum is recorded between 4000 211 

and 400 cm−1. 212 

 213 
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2.4. Solubility curve determination and characterization of crystals 214 

Solubility 215 

Water/ ethanol mixtures were prepared with ethanol concentrations of 0, 20, 40, 60 and 100 wt.%, and 216 

were mixed with an excess of L-serine. The solutions were stirred at room temperature (20 °C) for 12 217 

hrs before filtration under vacuum. The filtered solution was dried for 72 hours and the weight of the 218 

samples was measured every 24 hrs, until the weight stopped differing. The resulting weights were used 219 

to determine the solubility of L-serine (Figure S5). 220 

Crystal shape 221 

Crystals were recovered both from the membrane surface and the bulk crystallizing solution at the end 222 

of each experiment. They were dried under the fume hood overnight. A thin layer of gold was deposited 223 

under vacuum with a sputter coater (Quorum Q150 RS) for conductivity before SEM imaging. 224 

 225 

Crystalline form 226 

To evaluate the crystal form of L-serine crystals, powder samples evaluated using X-ray diffraction 227 

(XRD, Bruker D8 Advance, Cu Kα radiation, λ=1.5406 Å) in the range from 2theta = 10 to 100 degree. 228 

 229 

Crystal size distribution 230 

The particle size distribution was analyzed using ImageJ analysis of SEM images of the resulting L-231 

serine crystals from both bulk solution and membrane surface. 232 

 233 

 234 

3. Results and discussion 235 

 236 

3.1. Antisolvent mass transfer 237 

The antisolvent flux through the membrane and, particularly, the mass transfer coefficient, have barely 238 

been reported in literature. It is important though to study the mass transfer of the antisolvent to 239 

understand the kinetics that are necessary to control crystal-related phenomena. Herein, the progress of 240 

the transmembrane flux and the mass transport coefficient throughout MAAC operation is quantified. 241 

Two cases were considered for the study of each membrane: one where the antisolvent solution is fixed 242 

to 1.7 ×10-4 m.s-1 while the crystallizing solution varying from 1.7, 2.5 to finally 3.3 ×10-4 m.s-1; the 243 

second case was the other way around, i.e., the crystallizing solution was kept fixed. This way, the 244 

impact of the solution velocity either from the feed or the antisolvent side of the membrane can be 245 

evaluated. Stability of the transmembrane flux can be hindered either due to the fluid’s density, pore 246 

blockage, possible impregnation of crystals inside the membrane matrix, or blockage in the fittings or 247 

membrane module. By observation, blockage happened mostly inside the tubes, and the membrane cell, 248 

so the accumulation of crystals began at the tubing or inlet walls and ended in complete blockage as the 249 

concentration of crystals increased. 250 

Based on the antisolvent transmembrane flux (Figure 4), one observes: 251 

i) For either PP or PVDF membrane, the flux takes about 20 minutes stabilizes to a value that is 252 

≤5×10-3 Kg.m-2.s-1. The same tendency was observed by Tuo et al.,18 studying the transmembrane flux 253 

of ethanol in polyethersulfone hollow fiber membranes and by K. Sirkar et al.12 studying 2-propanol in 254 

polypropelene hollow fiber membranes. This feature is common in most membrane processes.24 The 255 

flux followed a two-step evolution as illustrated in Figure 4-a: (I) an initial decline phase, and (II) steady 256 

state period. This can be attributed to the appearance of the first nuclei within the first 20 minutes of 257 
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operation, then the solution stabilizes resulting in a steadier permeation of the antisolvent. At optimized 258 

solution flow rates, i.e., in the case where the antisolvent solution was set to 2.5 ×10-4 m.s-1, while the 259 

crystallizing solution was at 1.7 ×10-4 m.s-1, samples were retrieved from the crystallizing solution every 260 

10 minutes from their first appearance (Figure S6). With increase of antisolvent concentration in the 261 

crystallizing solution, the crystal size increased from 26 to 110 µm on average. The crystal morphology 262 

evolved from hexagonal plates at initial appearance in solution to an orthorhombic morphology by the 263 

end of experiment. The metastable zone width increases with increasing antisolvent permeation rate in 264 

accordance with supersaturation generation rate.17 Membranes provide a higher permeation flux at the 265 

beginning of the operation (phase I, Figure 4), then the flux stabilizes (Phase II, Figure 4). This implies 266 

that supersaturation rate increases faster in the first phase than in the second. This variation in 267 

supersaturation rate eventually impacts the evolution of crystal shape observed in Figure S6. 268 

Figure 4: Antisolvent transmembrane flux through (a) PVDF and (b) PP membranes during MAAC operation. The 

antisolvent velocity was from 1.7 to 3.3 ×10-4 m.s-1, while fixing the crystallizing solution at 1.7 ×10-4 m.s-1 (left plots). 

The crystallizing solution velocity was also varied from 1.7 to 3.3 ×10-4 m.s-1, while fixing the antisolvent at 1.7 ×10-4 

m.s-1 (right plots). The lines are used as a guide to the eye. Each experiment was run at least twice. 
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ii) MAAC operations lasted 75 minutes at all conditions with PP membranes before reaching 269 
blockage, which originated mostly in the membrane module or alternatively at the tubing wall due to 270 
the deposition of crystals, resulting in a limited flow of the crystallizing solution. This phenomenon was 271 
more apparent for PVDF membranes where blockage took place at about 40 minutes under two 272 
conditions (Figure 4-a).  273 

iii) Overall, the flux resulting from PVDF membranes was lower than that of PP membranes. This 274 

likely stems from the different affinity the antisolvent (ethanol) has towards the two membrane 275 

polymers. Ethanol has higher affinity towards PVDF than PP given the Flory-Huggins parameter χethanol-276 

PVDF= 1.61 and χethanol-PP= 4.4 for PVDF and PP respectively,25,26 so the latter could exhibit less attractive 277 

forces at the walls of membrane pores during the permeation of the ethanol molecules. 278 

iv) As for the impact of either the crystallizing or the antisolvent solution velocity, the crystallizing 279 

solution resulted in an increase of the antisolvent transmembrane flux at 2.5 ×10-4 m/s with both PVDF 280 

and PP membranes, then a slight decrease at 3.3 ×10-4 m/s, with respect to the first case where both 281 

solutions were set at 1.7 ×10-4 m/s. When the crystallizing solution flows faster, the higher turbulence 282 

delays crystal growth, so the crystals appear later during the experimental operation time, avoiding 283 

possible blockage membrane pores that can reduce the transmembrane flux (Figure 5). On the other 284 

hand, when the crystallizing solution flows even faster, the pressure inside the membrane module at the 285 

feed side increases, so the membrane liquid entry pressure in some pores can be partially surpassed 286 

causing some molecules from the liquid solution to permeate through the membrane to the antisolvent 287 

side (Figure S7). This reverse flux can be responsible for the slight decrease of the antisolvent 288 

Figure 5: Illustration of the impact of crystallizing and antisolvent solution velocities. For a best control of the 

antisolvent transmembrane flux, no pore wetting is to happen from either solution which corresponds to the case 

where antisolvent solution is set at 2.5 ×10-4 m.s-1 and the crystallizing solution is set at 1.7 ×10-4 m.s-1.  
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transmembrane flux. With the increase of antisolvent solution velocity, a slight decrease of the 289 

antisolvent transmembrane flux at 2.5 ×10-4 m.s-1 takes place, in this case the shear forces result in less 290 

antisolvent permeating through the membrane pores, promoting as well crystal growth rather than 291 

nucleation, which produces larger crystals at the membrane surface that cause further resistance to the 292 

mass transfer. When the flow rate increases even further to 3.3 ×10-4 m.s-1, an increase of the 293 

transmembrane flux was observed, which is due to the higher pressure at the membrane module in the 294 

antisolvent side, pushing it through the pores even faster, which also washes off any crystals that could 295 

be attached at the vicinity of the pores.    296 

The evolution of the mass transfer coefficient with time remained stable in optimum cases, slightly more 297 

stable with PP membranes compared to PVDF (Figure 6). The correlation between the solutions’ 298 

velocity from either side of the membrane, and the antisolvent mass transfer is complex involving the 299 

Figure 6: Mass transfer coefficient variation vis-à-vis reverse membrane permeation, i.e., permeation of water to the 

antisolvent side (pie charts). The pie charts represent the weight fraction of antisolvent at the end of each MAAC experiment, 

through PP (left) and PVDF (right) membranes, with the variation of (a) solution or (b) antisolvent velocity. A complete 

profile of the antisolvent composition variation with time is presented in Figure S7.  
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solution hydrodynamics, solution density, membrane surface roughness, etc. As far as membrane 300 

wetting is concerned, it does not necessarily cause blockage at the membrane surface. For example, in 301 

the case where the antisolvent solution velocity was set to 1.7 and 2.5 ×10-4 m.s-1 with PVDF membrane, 302 

there was no wetting detected, but the antisolvent mass transfer rate was high enough that the solution 303 

became concentrated in solid particles in a shorter time, resulting in the system blockage; notably in the 304 

membrane module or the tubing. Nonetheless, less wetting indeed allows for a more stable mass transfer 305 

coefficient with time, which explains why PP outperformed PVDF in this sense, so it is recommended 306 

to use polymers with higher hydrophobicity in this case to avoid wetting.   307 

It is important then to rely on the mass transfer coefficient to predict the crystallization dynamics and to 308 

compare between the performance of different membranes, as it was also highlighted in other 309 

membrane-based crystallization processes.27 The mass transfer coefficient rules out the driving force, so 310 

it reflects the true effect of the membrane itself. A steady mass transfer coefficient reflects that the 311 

membrane, given its intrinsic properties (pore size, surface roughness, tortuosity, etc.) is capable of 312 

controlling the permeation of the antisolvent resulting in uniform crystal size as it will be further 313 

demonstrated in sections 3.2 and 3.3. The comparison of the antisolvent mass transfer results with the 314 

literature is shown in Table 2.  315 

Table 2: State of the art of membrane-assisted antisolvent crystallization. [A] stands for Antisolvent; [CS] Crystallizing 316 
solution.  317 

Membrane 

description 

Crystallization 

system 

Crystal 

properties 

Transmembrane mass transfer Ref. 

CSD, crystal 

size 

Flux/ flow rate/ 

velocity 

 

K 

 

Method 

Hydrophobic PTFE 

membrane, 

developed in lab. 

[A] Ethanol; [CS] A 

solution of NaCl 

and ultrapure water. 

• CV was 

43.5% and 

average 

size: 41.6 

µm. 

- - J= ∆m /(nπd0L∆t). A balance 

was used to track real time 

mass variation. N is number of 

hollow fibers, d0 is the fiber 

outer diameter and L its 

length. 

11 

Polyethersulfone 

hollow fiber 

membranes. 

[A] Ethanol; [CS] 

Erythritol in water. 

• CV was 

50.9% and 

average size 

50 µm. 

• Flux was 1.2 – 

2.8 Kg.m-2.h-1 

 

- J=∆P.k = -DAB 
𝜕𝐶𝐴

𝜕𝑟
|r=R, with 

DAB the diffusivity and k the 

mass transfer coefficient. The 

study explains that the overall 

mass transfer comprises the 

diffusion of the antisolvent in 

the membrane, then in the 

crystallizing solution. 

 

16 

Hydrophobic 

polypropylene 

hollow fiber 

membranes. 

[A] Water and 

ethanol mixture 

with different 

compositions at 30 

C; [CS] L-serine 

solution in bi-

distilled water at 10 

C. 

- 
• Flux was 1.53 

or 9.1 ×10-4 Lh-1 

 

- Flux was expressed as the 

change of solution volume 

over time. 

17 

Polyethersulfone 

hollow fiber 

membranes with a 

porosity of 0.58, 

assembled in lab. 

[A] Ethanol; [CS] A 

solution of 

erythritol and 

ultrapure water. 

• CV was 

48% and the 

mean crystal 

size was 

<20 µm. 

• The flux ranged 

between 2 and 4 

Kg.m-2.h-1 

 

- J=K∆P with K the membrane 

permeability in [kg s-1 Pa-1] 

and ∆P computed using 

Bernoulli’s equation. 

18 

Hydrophobic 

Polyethylene hollow 

fiber membrane with 

a pore size of 0.1, 

0.25 and 0.45 µm. 

[A] Deionized 

water; [CS] 

Indomethacin in 

ethanol. 

• Particle 

median 

diameter 

was 0.3 to 

0.35 µm. 

• Average 

velocity across 

membrane was 

1.2 – 1.4 m/s 

- - 19 
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Membrane 

description 

Crystallization 

system 

Crystal 

properties 

Transmembrane mass transfer Ref. 

CSD, crystal 

size 

Flux/ flow rate/ 

velocity 

 

K 

 

Method 

 

Porous 

polypropylene 

hollow fibers with 

pore size of 0.03 µm. 

[A] 2-Propanol; 

[CS] L-asparagine 

in de-ionized water. 

• Median 

crystal size 

was c.a. 70 

µm. 

• Cross flow 

velocity was 100 

to 500 µm.s-1 

- JAS= (CAS/1-CAS) (𝑚̇tot/ρAS 

NπD0L). N is number of 

hollow fibers, D0 is the fiber 

outer diameter, ρAS density of 

the antisolvent and CAS its 

concentration measured using 

Gas Chromatography. 

12 

Hydrophilic Nylon-6 

hollow fibers. 

[A] Deionized 

water; [CS] Drug 

particles of 

Griseofulvin in 

acetone. 

• Median 

particle size 

was 1.6 – 

11.7 µm. 

- - - 20 

Polyvinylidene 

fluoride hollow fiber 

membrane. 

[A] Deionized 

water; [CS] 

Griseofulvin in 

acetone. 

• Median 

particle size 

was 93 – 95 

nm. 

- - - 21 

Polypropylene flat 

sheet membranes 

[A] Ethanol; [CS] 

Glycine in water 

• CV was 

50–60% 

• Mean 

particle size 

23–40 µm 

• Flux was 

0.002–0.01 

Kg/m2.s-1 

- Flux was computed based on 

activity difference. 

15 

Polyvinylidene 

fluoride and 

polypropylene flat 

sheet membranes. 

[A] Ethanol; [CS] 

L-serine in water 
• CV was 

31-37 %; 

• Mean 

particle size 

89-102 µm. 

• Flux was 

0.0002 – 0.003 

Kg/m2.s 

 

0.0023-

0.0048 

kg/m2.s 

Flux was computed using 

equation 1 and the mass 

transfer coefficient using 

equation 2 (See section 2.2). 

This 

study 

 318 

3.2. Supersaturation 319 

Starting with a solution concentration not far from supersaturation, drop-by-drop or batch crystallization 320 

turned the feed solution turbid within seconds, while membranes controlled the introduction of 321 

antisolvent resulting in reaching the supersaturation state within the time range of 10-20 minutes (Figure 322 

7). Overall, PP resulted in higher supersaturation values compared to PVDF. This due to the higher 323 

amounts of the antisolvent that permeated. The low surface tension of the polypropylene could prevent 324 

the attractive forces at the membrane pores responsible for slowing down the antisolvent permeance to 325 

the crystallizing solution.  326 

On average, high supersaturations were achieved when the crystallizing solution was set at 3.3 ×10-4 327 

m.s-1 for both PP and PVDF membranes, likely explaining why smaller crystals were observed as in 328 

Figure 8. Strangely enough, large supersaturations were also obtained when the antisolvent solution was 329 

set at 3.3 ×10-4 m.s-1 for both PP and PVDF membranes, but this time crystals appeared slightly larger 330 

than the case were the antisolvent solution was set at 2.5 ×10-4 m.s-1. This can be due to the partial 331 

wetting by the antisolvent when it exceeds the liquid entry pressure of the membrane pores, hence 332 

resulting in a liquid-liquid interface that promotes crystal growth.  333 

The supersaturation rate was the most stable in the case where the antisolvent solution was set to 2.5 334 

×10-4 m.s-1, while the crystallizing solution was at 1.7 ×10-4 m.s-1 for both PP and PVDF membranes. 335 

This also corresponds to the case where the transmembrane flux was slightly lower than the other cases, 336 

and the most stable. There is indeed a direct correlation between the mass transport rate through the 337 

membrane pores, and the resulting supersaturation behavior, eventually the crystal properties. Di Profio 338 
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et al., observed as well that an increase in antisolvent addition rate, increased the supersaturation rate. 339 

This was attributed to the fact that the metastable zone width enlarges when the supersaturation rate 340 

increases.17 This also agrees with the findings of Zarkadas et al., who observed that an increase in 341 

supersaturation rate resulting in a decrease of mean crystal size.12 342 

It can be deduced from the supersaturation data that the induction times ranged between 20 and 40 343 

minutes. In a previous study, we investigated the variation of induction time under different operating 344 

conditions. Induction time did not follow a clear trend with the increase or decrease of solution flow 345 

rates from either side of the membranes, but correlated directly with the transmembrane mass transfer 346 

rate such that a faster mass transfer resulted in a shorter induction time.15 347 

Figure 7: Supersaturation corresponding to the variation of (a) solution velocity, (b) antisolvent velocity, using PP (left) 

and PVDF membranes (right). The bars indicate the supersaturation, while the dots indicate weight fraction of the 

antisolvent ethanol as it permeates to the crystallizing solution through the membrane pores. Increase of antisolvent 

concentration in solution increases the supersaturation which is well controlled using membranes.  
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3.3. Crystal shape, crystal size distribution and crystalline system 348 

The crystal size in all cases was around 100 µm (Figure 8), which is similar to the size of L- crystal 349 

reported by J. Luc et al.28  The crystal size was the smallest in the case in which the crystallizing solution 350 

was set at 3.3×10-4 m/s for  both PP and PVDF membranes. This is also where most partial membrane 351 

wetting took place by the crystallizing solution inducing a higher transmembrane antisolvent mass 352 

transfer and promoting more nucleation than crystal growth.  On the other hand, the largest crystals were 353 

obtained in the case where the crystallizing solution was set at 2.5 ×10-4 m/s for both PP and PVDF 354 

membranes. This is also where the increase in turbulence at the crystallizing solution side promoted 355 

more mixing, a stable mass transfer and little to no apparent membrane wetting. These factors promoted 356 

more crystal growth than nucleation. These correlations between the solution velocities and crystal size 357 

was less evident from the crystals recovered from the membrane surface (Figure S8). However, the CSD 358 

was narrow at all conditions and the crystal sizes overall were larger than those recovered from the bulk 359 

solutions which is attributed to the difference in turbulence between the bulk solution and at the vicinity 360 

of the membrane.  361 

 362 

Figure 8: Crystal size distribution and crystal shape recovered from bulk solution via PP (left) and PVDF (right) membranes, 

with the variation of (a) crystallizing solution and (b) antisolvent velocity. SEM images of crystals recovered from the bulk 

demonstrated that MAAC successfully maintained the hexagonal shape of L-serine. 
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The crystal shape in all cases consisted of hexagonal plates which corresponds to monohydrate crystals 363 

as proven previously by J. Luc et al.28 It was also verified by the XRD patterns (Figure S9) that the 364 

crystalline system of the resulting crystals was orthorhombic. As far as the crystal size distribution 365 

(CSD) is concerned, MAAC successfully produced narrow size distribution (CSD) under all 366 

circumstances. This endorses the membrane’s capacity to provide a one-step solution to particle 367 

formation with a narrow CSD thanks to the control of antisolvent addition.  368 

Crystals obtained with MAAC are subject to a slow nucleation rate at the initial stage of crystallization, 369 

followed with the uniform production of fine nano-sized particles as the final product. Membranes 370 

outperformed both batch and drop-by-drop crystallization, providing a narrower CSD (Figure 9). When 371 

batch crystallization takes place, there is a burst of local nucleation that takes place before the whole 372 

solution volume gets to mix up. Similarly, with drop-by-drop crystallization, large crystals were 373 

observed to form initially with every drop before the full solution turns into a suspension of small 374 

particles. The simple mixing using the magnetic stirrer was not enough to obtain a narrow CSD; plus, 375 

the crystals were larger and did not form sharp edges, with the appearance of more agglomerates.  376 

Control of crystal size and distribution is critical in the pharmaceutical industries to ensure rigorous 377 

quality requirements in the manufacturing of APIs.29 The manufacturing of APIs involves a variety of 378 

unit operations including crystallization followed with filtration, drying and, in many cases, size 379 

reduction operations such as milling, which has a direct impact on downstream operations and end-use 380 

properties of the product.30 The control of crystal size most importantly, helps in regulating 381 

bioavailability and absorption of poorly soluble drugs in the gastrointestinal tract.31 382 

 383 

3.4. Membrane characterization before and after operation 384 

The membrane reusability is important for future industrial applicability. To this extent, membranes 385 

were analyzed at the end of the processes. It appears from PP and PVDF cross sections (Figure 10) that 386 

traces of amino acid crystals remained at the membrane surface which resulted in the formation of small 387 

crystals of size ±20µm length. This is confirmed by the FTIR analysis (Figure 11). Furthermore, the 388 

Figure 9: Comparison of CSD resulting from MAAC with drop-by-drop and batch crystallization. Samples from PVDF 

and PP MAAC bulk solutions at antisolvent velocity of 2.5 ×10-4 and feed solution velocity 1.7 ×10-4 m/s. 
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effect seems stronger for the PP compared to the PVDF membrane. The small peak appeared at 1580 389 

cm-1 corresponds to N-H bending associated with the amine compound. As for PP, three peaks appeared 390 

at 694 and 1577 cm-1 correspond to C=C and N-H bending associated with alkane and amine compounds 391 

respectively. Finally, no apparent hydrophobicity change happened with PVDF maintaining a water 392 

contact angle of 130°, and a slight increase happened with PP, from 149 to 151°.  393 

 394 

 395 

Surface roughness should not have varied during MAAC operation given no significant change was 396 

observed in membrane hydrophobicity, nor in membrane morphology. Nonetheless, the membrane 397 

surface roughness is a key factor in MAAC operation yet to be thoroughly explored. Diao et al., via 398 

cooling-induced crystallization, demonstrated that the pore shape of polymer films altered the nucleation 399 

Pristine 
membrane 

Membrane 

after 
experiment 

PP PVDF 

20 µm 20 µm 

20 

µm 20 µm 20 µm 

Figure 10: Cross sectional imaging of PVDF and PP membrane after MAAC experiment at 

antisolvent velocity of 2.5 ×10-4 and feed solution velocity of 1.7 ×10-4 m/s. 

Figure 11: FTIR patterns for PVDF (left) and PP (right) membranes to evaluate any membrane surface modification after 

MAAC experimental. Membrane samples which were analyzed correspond to the case where antisolvent velocity of 2.5 

×10-4 and feed solution velocity 1.7 ×10-4 m/s. 
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rate of aspirin.32 Likewise, Polino et al., concluded that small surface features promote nucleation due 400 

to the creation of extra nucleation sites by physical entrapment.33 This case consisted of protein 401 

crystallization via solvent migration through the membrane. Though it was not quantified in this study, 402 

the difference in the surface roughness between PP and PVDF membranes must have played a role in 403 

controlling antisolvent crystallization, given that surface morphology in heterogeneous crystallization 404 

impacts solid-liquid phase transformation.34 405 

Removal of crystal residuals from the membrane surface is necessary between MAAC operations 406 

to maintain effective membrane performance. It consists of circulating the solvent through the 407 

membrane module, in this case water for 10 to 15 minutes on both sides in the membrane module to 408 

insure no residual solutes on the membrane. Although scaling did not take place in this study, it risks 409 

decreasing the transmembrane flux using other crystallization systems. To prevent or mitigate the risk 410 

of scaling, some strategies can be adopted such as using omniphobic membranes,35 reducing membrane 411 

surface porosity,36 or developing preferential nucleation cites.37 Ideally, once the nuclei are formed, they 412 

detach from the membrane surface with the help of shear stress induced at the membrane surface by the 413 

flow dynamics. 414 

 415 

4. Conclusion 416 

This study demonstrated the role of membranes in controlling antisolvent crystallization via 417 

investigating the transmembrane mass transfer and its correlation with the crystal characteristics, 418 

notably, the crystal size distribution and shape.  419 

Polyvinylidene fluoride (PVDF) and polypropylene (PP) commercial membranes were evaluated in their 420 

MAAC performance and they both showed superior performance with the crystal size coefficient of 421 

variation (CV) within 31-37% compared with batch antisolvent crystallization and drop-by-drop where 422 

CV equaled 54 and 63% respectively. This is due to the efficient mixing that is provided by the 423 

membranes where the antisolvent permeates through the pores, giving multiple points of diffusion 424 

between the antisolvent and the crystallizing solution, making is smoother for the solid-liquid interface 425 

to take place for crystallization. 426 

A closer look at the antisolvent transmembrane mass transfer through the membrane showed that the 427 

velocity at which the crystallizing or the antisolvent solution is circulating plays a role in the variation 428 

of the antisolvent transmembrane flux and membrane wetting. This correlates directly with the final 429 

crystal size distribution: 430 

(i) The transmembrane flux of the antisolvent through PP membranes continued to flow for 75 431 

minutes, while using PVDF membranes faced system blockage at 40 minutes in two scenarios, in case 432 

where the crystallizing solution was set at 2.5 ×10-4 m/s and where the antisolvent was set at 3.3 ×10-4 433 

m/s. This was explained by the higher crystal growth resulting from a higher mass transfer rate of the 434 

antisolvent. 435 

(ii) Neither membrane have endured any major change after MAAC operation, although slightly 436 

more nano-crystals appeared at the cross section of PP compared to PVDF membranes, as well as more 437 

functional groups appeared on PP surfaces which could have slightly altered the interaction between the 438 

membrane and crystallizing solution.  439 

In all, both membranes are recommended to perform MAAC, under optimum conditions such as solution 440 

velocity. PP membrane gave better control of the antisolvent mass transfer mainly given its lower surface 441 

tension, while the membrane pore size and cross-sectional structure were the same in both PP and PVDF 442 
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membranes. These findings are of pertinent interest to produce crystalline pharmaceutical compounds 443 

avoiding cumbersome downstream processing. 444 

Associated content 445 

Figure S1: Real image of experimental set up; Figure S2: Ethanol activity coefficient variation; Figure 446 

S3: HPLC calibration curve for the quantitative analysis of L-serine content; Figure S4: GC calibration 447 

curve for the quantitative analysis of ethanol content; Figure S5: Solubility curve of L-serine in water-448 

ethanol solution mixture; Figure S6: Evolution of L-serine crystal morphology with increase of 449 

antisolvent concentration in the crystallization solution; Figure S7: Concentration of ethanol in the 450 

antisolvent solution with time of antisolvent through PP and PVDF membranes; Figure S8: Crystal size 451 

distribution and SEM images of crystals recovered from the membrane surface; Figure S9: XRD patterns 452 

illustrating that both PVDF and PP result in L-serine crystals with orthorhombic crystal structure.  453 
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