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Abstract  12 

The crystal morphology influences the properties of organic compounds, especially in 13 

pharmaceutics such as the dissolution and absorption of drugs in the human cells. In antisolvent 14 

crystallization, the crystal size and shape are tied to the degree of mixing and dosage of antisolvent, 15 

which could be controlled using membranes with specific morphology/surface properties. Little is 16 

known though on the relationship between membrane characteristics, antisolvent mass transfer and 17 

crystal properties. Flat sheet polyvinylidene fluoride (PVDF) membranes were prepared using non-18 

solvent induced phase separation, to illustrate the impact of membrane characteristics on the resulting 19 

crystal size distribution (CSD) obtained using membrane-assisted antisolvent crystallization (MAAC). 20 

The crystallization of glycine was taken as case study. We showed the antisolvent transmembrane flux 21 

increased when the membrane thickness decreased, or when the hydrophobicity or the porosity 22 

increased. After MAAC operation, membranes had no significant change in surface functional groups, 23 

hydrophobicity nor structure. The best-performing membrane was found to have 119° hydrophobicity, 24 

89.4% porosity and 140 µm thickness, reaching high reproducibility of CSD corresponding to stable 25 

transmembrane fluxes throughout 180 minutes of operation. The capacity of MAAC to consistently 26 

produce a narrow CSD at optimum membrane characteristics makes this technology very competitive 27 

with conventional crystallization processes. 28 

Keywords: antisolvent membrane-assisted crystallization; organic compounds; transmembrane mass 29 

transfer; crystal size distribution  30 
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1. Introduction 43 

The chemical and pharmaceutical industries are facing significant challenges regarding energy 44 

consumption and process intensification [1,2]. Membranes flourished as a technology that meets the 45 

sustainability goals, touching many areas like water purification [3–7], development of artificial organs 46 

[8,9], gas separation [10,11], carbon capture and conversion [12,13], distillation-crystallization [14–47 

17], etc. This technology is at the verge of transforming the traditional antisolvent crystallization into a 48 

more compact and efficient process [18,20].  49 

Antisolvent crystallization is frequently applied for the production of fine chemicals, 50 
pharmaceuticals, agrochemicals, and cosmetics [21], as these compounds are frequently sensitive to 51 
temperature variation, requiring the use of an antisolvent to reduce solubility [22]. Conventionally, 52 
antisolvent crystallization has been performed in stirred vessels which produces a wide crystal size 53 
distribution (CSD) [23]. The control of crystal size or CSD has been attributed to the control of mixing 54 
and dosage of the antisolvent [24], or the number entry points of the antisolvent in the system [25]. 55 

One approach adopted to obtain a uniform crystal size is to incorporate an impinging jet mixer in a 56 

crystallizing reactor, consisting of two jet nozzles arranged diametrically opposite where the antisolvent 57 

and crystallizing solution meet [26]. This impingement point is of high supersaturation causing a non-58 

uniform nucleation [27]. Irregular mixing of the antisolvent and crystallizing solutions, and jet 59 

alignment are both limiting factors of this technique [28]. Another approach is the use of microchannels, 60 

which consist of the flow of liquids in devices of a few millimeters to micrometers [29]. This approach 61 

necessitates microchannels of meticulous dimensions that is costly and time-consuming. Empirically, 62 

the correlation between the operating conditions, the geometries of the microchannels and the particle 63 

size distribution has been difficult to obtain; on top, this technique faces scale-up difficulties [30]. The 64 

lack of uniform distribution of supersaturation points in a crystallizer jeopardizes the formation of a 65 

uniform crystal size and habit [31–33]. This can be mitigated with membrane-based technologies 66 

offering intense mixing and a controlled mass transfer of antisolvent.  67 

In a membrane crystallizer, the membrane is not a mere selective barrier, it plays the role of a 68 

contactor between two liquid streams: the crystallizing solution and the antisolvent [34]. The activity 69 

gradient between the crystallizing solution side and the antisolvent’s drives the permeation of the 70 

antisolvent through the membrane pores, increasing gradually the crystallization system’s 71 

supersaturation with time (Fig. 1). The large contact between the solution and membrane surface results 72 

in a mixing adequate to produce crystals with uniform shape and size. This membrane-based technique, 73 

also known as membrane-assisted antisolvent crystallization (MAAC) is indeed able to generate a 74 

supersaturated environment in which crystals nucleate and grow with equivalent kinetics and 75 
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thermodynamics [35]. The polymeric surface also promotes heterogeneous nucleation, reducing the 76 

energy barrier necessary for nucleation and the induction time of the crystallization process [34]. 77 

The mass transfer of the antisolvent can be controlled either with the variation of the operating 78 

conditions or the membrane properties. Chen et al., studied the mixing pattern at the shell side of 79 

hollow-fiber membranes using Computational Fluid Dynamics (CFD), predicting the optimum flow 80 

conditions [36]. Other empirical-based studies demonstrated that having the antisolvent flowing slightly 81 

faster than the crystallizing solution is necessary to avoid a reverse transmembrane flux [37–41], or 82 

insuring a temperature difference [42]. Chergaoui et al., further investigated the impact of gravity, the 83 

antisolvent composition, flow rate and temperature on MAAC performance, using polypropylene flat 84 

sheet membranes. The optimized conditions gave a consistent crystal size distribution (CSD) with low 85 

coefficients of variation and different induction times [43]. As for membrane properties, depending on 86 

the crystallization system, previous studies (Table A1) either used a hydrophilic membrane when water 87 

was the antisolvent [40], or a poorly hydrophilic to hydrophobic membranes with WCA in the range of 88 

83 to 150° when the antisolvent was organic such as ethanol or erythritol [38,43,44]. Meng et al., found 89 

that superhydrophobic membranes resulted in a lower rate of solute deposition, and these solutes could 90 

be removed easier compared with the less hydrophobic membranes. Besides, either membrane gave a 91 

consistent crystal nucleation and growth [15]. Finally, Fern et al., demonstrated that a lower membrane 92 

pore size resulted in a smaller mean crystal size due to the higher micro-mixing induced with a smaller 93 

pore size [39].  94 

There exist several other studies that used either MAAC or a similar configuration, as a tool to meet 95 

specific crystallization objectives such as controlling polymorphism or producing co-crystals. In 96 

controlling polymorphism, Di Profio et al., used polypropylene hollow fiber membranes to control the 97 

dosage of antisolvent from the ethanol/ water mixture to the crystallizing solution of L-Histidine in bi-98 

distilled water. The latter crystallizes in two forms orthorhombic or monoclinic, depending on the 99 

antisolvent fraction in the solution which directly impacts the nucleation and growth rates [42]. The 100 

dosage of antisolvent into the crystallizing solution took place in this case thanks to the temperature 101 

difference to ensure a permeation of the antisolvent in the vapor phase. Likewise, using the temperature 102 

difference as a driving force, Caridi et al., could control the mass transfer of the solvent to operate under 103 

Fig. 1. Concentration profile of antisolvent through the membrane pores. A controlled mass 

transfer allows for a controlled supersaturation in the solution mixture. 
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set conditions for co-crystallization [45,46]. In this work, the antisolvent permeates through the 104 

membrane in a liquid phase and uses the activity gradient as the driving force.  105 

In this study, we explored the influence of key membrane characteristics, namely thickness, 106 

hydrophobicity, and porosity, on antisolvent crystallization. A mere comparison of the previous studies 107 

(see Table A1) falls short of achieving this goal for three reasons: (i) the difference of thermodynamic 108 

and kinetic conditions inherent in each crystallization system, (ii) insufficient information on membrane 109 

properties and (iii) on the resulting mass transfer and crystallization aspects such as CSD and 110 

supersaturation. Our aim is to clarify the exclusive role of the membrane in crystallization control by 111 

manipulating membrane properties through the non-solvent induced phase separation technique while 112 

maintaining the operating conditions such as the flow rate of antisolvent and crystallizing solutions, the 113 

temperature, and pressure in all experimental. Glycine-water-ethanol was used as the model 114 

crystallization system. Any crystallization model could have fit in this study under the condition of 115 

respecting the thermodynamics of the chosen system, as the objective here is to detect the correlation 116 

between the membrane properties and the resulting crystals, not to alter glycine properties. Finally, the 117 

membrane reusability and potential risks in performing MAAC were assessed. The subsequent findings 118 

support the development of MAAC as a technology able to strongly compete with conventional 119 

crystallization processes. 120 

2. Materials and methods 121 

2.1. Materials 122 

The crystallizing solution was prepared by dissolving glycine from Sigma-Aldrich, Belgium, at a 123 

saturation concentration of 23 wt.%. A series of membranes were developed using non-solvent induced 124 

phase inversion. Polyvinylidene fluoride (PVDF) and polyvinyl chloride (PVC) were obtained from 125 

Sigma Aldrich (Belgium), and the solvents dimethylacetamide (DMAc), N-methyl-2-pyrrolidone 126 

(NMP), and dimethylformamide (DMF) were purchased from VWR (Belgium). The complete list of 127 

chemicals used in this work is included in Table 1. All the polymers were dried at 343 K overnight 128 

before use. 129 

Table 1 List of chemicals used in this study. 130 

Chemical Supplier (Belgium) Characteristics Product code 

Ultrapure Water Lab 18.2 MᲲcm - 

Glycine Sigma-Aldrich Purity: ≥99.5% 56-40-6 

FMOC Chloride Sigma-Aldrich Purity: ≥99.0 % 28920-43-6 

Acetonitrile  VWR Chemicals Purity: ≥99.95 % 75-05-8 

Methanol VWR Chemicals Purity: ≥99.8 % 67-56-1 

Norvaline Sigma-Aldrich Purity: ≥99.0 % 760-78-1 

Polyvinylidene fluoride Sigma-Aldrich MW: 180000 24937-79-9 

Polyvinyl chloride Sigma-Aldrich MW: 43000 9002-86-2 

N-dimethylformamide VWR Chemicals Purity:  ≥99.9% 68-12-2 

N-methyl-2-pyrrolidone Acros Organics Purity: 99% 872-50-4 

Tetrahydrofuran VWR Chemicals Purity: ≥99.0 % 109-99-9 

N,N-Dimethylacetamide Alfa Aesar Purity: 99% 127-19-5 

3-Mercaptopropionic acid Sigma-Aldrich Purity: ≥99.0 % 107-96-0 

Ethanol absolute VWR Chemicals Purity: ≥99.5% 64-17-5 

Orthophosphoric acid 85% VWR Chemicals Purity: 85.6 % 7664-38-2 

Phthaldialdehyde Sigma-Aldrich Purity: ≥99.0 % 643-79-8 

 131 

 132 
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2.2. Membrane synthesis and characterization 133 

2.2.1. Membrane synthesis 134 

The aim of this study is to understand the correlation between key membrane properties and the 135 

resulting crystal characteristics, plus shed light on any limitations that face membranes for MAAC 136 

applications. This objective is attained by developing membranes of different characteristics in terms 137 

of thickness, hydrophobicity, and porosity. The variation of membrane thickness consisted of varying 138 

the height of the casting knife while using a dope solution composition of PVDF polymer at 22 wt% 139 

and a mixture of solvents THF and NMP [47]. Membrane hydrophobicity was varied using a polymer 140 

blend of PVDF and PVC with NMP solvent [48]. Finally, the porosity varied according to the solvent 141 

used in dope solution as it results in different dope solution viscosity hence impacting the dissolution 142 

rate. Table 2 summarizes the solution compositions for each set of membranes.  143 

All solutions were stirred overnight under a temperature of 343 K, then kept 24 hours for degassing 144 

before casting. As for membrane casting, the Elcometer 4340 Automatic Film Applicator was used at 145 

room temperature (20 °C) with a casting knife set at various thicknesses from 150 to 250 µm. After 146 

casting, the membrane was directly submerged in a demineralized water bath for phase separation. The 147 

formed membranes were kept in the water bath for 24 hours for a complete phase separation before 148 

evaluation in MAAC.  149 

Table 2 Composition of dope solutions utilized for the development of membranes of various thicknesses, 150 
hydrophobicity and porosities. 151 

Objective Polymer Concentration  

wt. % 

Solvent Concentration 

wt. % 

Casting thickness 

µm 

Variation of 

membrane 

thickness 

PVDF 22 
THF 7.8 {M1} 

150 

{M2} 

200 

{M3} 

250 NMP 70.2 

Variation of 

membrane 

hydrophobicity 

PVDF 

 

{M4} {M5} {M6} 

DMF 78 200 
15.4 17.6 19.8 

PVC 6.6 4.4 2.2 

Variation of 

membrane porosity 
PVDF 22 

{M7} 

DMF 

78 200 
{M8} 

NMP 

{M9} 

DMAc 

 152 

2.2.2. Membrane morphology  153 

The morphology of membranes developed in this study was assessed using Scanning Electron 154 

Microscope (SEM) (Zeiss, ULTRA). A clean cross-section was obtained by immersing the membrane 155 

sample in liquid nitrogen. Prior to SEM imaging, samples were made conductive with the deposition of 156 

a thin gold layer using a sputter coater (Balzers Union FL 9460 BALZERS SCD 030). 157 

 158 

2.2.3. Membrane hydrophobicity 159 

Optical Contact Angle (OCA) DataPhysics OCA20 was employed to measure the water contact 160 

angle (WCA) at the membrane surface taking three measurements into account for each membrane 161 

sample. The sessile drop method with a 5 µL droplet of water was followed. 162 

 163 

2.2.4. Membrane porosity and thickness 164 

The membrane thickness was measured using a micrometer at three measurement points of the 165 

membrane sample. As for the membrane porosity, the Archimedes method was employed such that, for 166 
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each membrane sample, three mass values were recorded: 167 

• Immersed sample in the solvent (pure ethanol); 168 

• Wet sample mass: the membrane samples were immersed for 24 hrs in pure ethanol prior to air 169 

measurement; 170 

• Dry sample: membranes were dried for 2 hrs under 100 °C to avoid presence of water. 171 

These values enabled the calculation of sample density, and eventually the porosity value as in: 172 

𝜀 =  
𝑉𝑜𝑙𝑢𝑚𝑒𝑣𝑜𝑖𝑑

𝑉𝑜𝑙𝑢𝑚𝑒𝑠𝑜𝑙𝑖𝑑
 173 

 Ethanol density used was 787.9 Kg/ m3 corresponding to a temperature of 21.5 °C. 174 

 175 
2.2.5. Membrane crystal entrapment 176 

To evaluate the presence of any crystals entrapped in the membrane after MAAC operation, the 177 
thermogravimetric (TGA) analysis was used to quantitively compare between pristine membranes and 178 
the used ones. TGA/SDTA 851e of Mettler Toledo analyzed all membrane samples from 30 to 600°C 179 
at a heating rate of 10K/min under N2 atmosphere (50 ml/min). 180 

 181 
2.2.6. Membrane surface characteristics 182 

Thermo Scientific Nicolet iN10 was used to perform Fourier-transform infrared spectroscopy 183 

(FTIR) in the range 4000 and 400 cm−1. Functional groups at the membrane surface allowed us to verify 184 

any membrane surface modification after MAAC operation. 185 

 186 

2.3. Membrane performance in MAAC and mass transfer 187 

The evaluation of membrane performance in MAAC was conducted using an in-house set-up (Fig. 188 

2 and S1). The membrane module with an effective membrane dimension of 12×10 cm, was purchased 189 

from DeltaE Srl, Italy. Glycine was dissolved in ultrapure water at room temperature (23-25 °C) and a 190 

concentration of 23 wt %. This solution represented the model crystallizing solution which was 191 

circulated by a gear pump through the lower membrane cell at 3.3 ×10-4 m.s-1 (ColeParmer, Belgium). 192 

Pure ethanol was used as antisolvent solution and was circulated through the membrane module upper 193 

cell using the gear pump Verder, Belgium, at 5 ×10-4 m.s-1. The turbidity meter was used to accurately 194 

detect the induction times, while the balance recorded the mass of the antisolvent solution as it 195 

permeated over time through the membrane. 196 

  197 

Fig. 2. A schematic representation of the setup developed to assess membrane performance. 
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2.3.1. Antisolvent transmembrane flux: 198 

The mass of the antisolvent compartment was recorded over time to verify the mass transfer through 199 

the membrane in terms of net flux (Equation1) and mass transfer coefficient (Equation 2). The product 200 

of the mass in the crystallizing solution compartment and the weight fraction of ethanol given by gas 201 

chromatography constituted the net mass of ethanol in the solution over time: 202 

𝐽 =
1

𝐴

𝑤𝑎𝑠(𝑡𝑖+1)− 𝑤𝑎𝑠(𝑡𝑖)

𝑡𝑖+1−𝑡𝑖
  (Eq. 1) 203 

With J the net transmembrane flux of ethanol (antisolvent) in kg/m2.s, A the effective area of the 204 

membrane (0.012 m2), ti the operation time i in s, and was the weight of the antisolvent in kg. 205 

The mass transfer coefficient was deduced from the relationship between the transmembrane flux and 206 

the activity of ethanol in solution: 207 

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

ln (
(𝑎𝑓(𝑡𝑖+1)− 𝑎𝑎𝑠(𝑡𝑖+1) )

(𝑎𝑓(𝑡𝑖)− 𝑎𝑎𝑠(𝑡𝑖))
)   

  (Eq. 2) 208 

With K, the overall mass transfer coefficient in kg/m2.s; af  and aas are the ethanol activities at the feed 209 

and the antisolvent sides respectively. The activity accounts for the non-ideality of the solution such 210 

that a=x.ϒ, x being the ethanol weight fraction in the solution mixture and ϒ the activity coefficient. 211 

The activity coefficient values were obtained using the UNIFAC estimation of water/ethanol binary 212 

interactions at incremental mass fraction of ethanol from 0 to 1, modelled in ASPEN Plus V11 (Fig. 213 

S2). 214 

  215 

2.3.2. Supersaturation: 216 

The ratio between the solute concentration (ci) in the crystallization solution and its concentration 217 

at equilibrium under same temperature (c*) was used to express the supersaturation of glycine [49]. 218 

The index i stands for the time the measurement was taken: 219 

S= ci/c* 220 

2.3.3. High Pressure Liquid Chromatography (HPLC): 221 

Glycine concentration was quantified both in the antisolvent and the crystallizing solution. Glycine 222 

content in the antisolvent verifies for any counter transfer of crystallizing solution through membrane, 223 

while the concentration of glycine in the crystallizing solution was used to compute supersaturation. A 224 

Shim-pack GIST C18 column from Shimadzu, Belgium, was used to enable glycine distinction from 225 

the sample mixture. Samples were composed of 1:1 solution of the sample retrieved from experimental 226 

after dilution, plus the standard 4mM Norvaline solution. Samples retrieved from crystallizing solution 227 

were diluted by a factor of 1600 with ultrapure water and a factor of 400 for solutions retrieved from 228 

the antisolvent solution. Small traces to no glycine is expected to have dissipated to the antisolvent 229 

compartment. The calibration curve is described in Fig. S3. 230 

2.3.4. Gas Chromatography (GC): 231 

The concentration of the antisolvent, ethanol, was measured thanks to the gas chromatograph 232 

Thermo Scientific™ - TRACE 1300 equipped with a flame ionization detector (FID). On one hand, the 233 

concentration was tracked in the antisolvent solution side to verify for any drop of concentration that 234 

could have been induced with the reverse flux by the crystallizing solution. On the other hand, the 235 

concentration of antisolvent in the crystallizing solution was used to deduce the supersaturation level. 236 
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Sample preparation for analysis comprised a 1:1 mixture of the mother solution and a 0.01 wt.% 237 

acetonitrile solution. The calibration curve used for final data is given in Fig. S4. 238 

 239 

2.4. Crystal properties 240 

2.4.1. Solubility 241 

Water and ethanol mixtures were prepared using ethanol concentrations of 0, 20, 40, 60, 80, and 242 

100 wt. % along with an excess of glycine. These mixtures were stirred at a temperature of 20°C for a 243 

duration of 12 hours before being filtered using a vacuum. The filtrate was then dried for a total of 72 244 

hours, during which its weight was recorded at 24-hour intervals. The recorded weight changes were 245 

indicative of the quantity of glycine that had dissolved in the solution. This data was utilized to construct 246 

the solubility curve as illustrated in Fig. S5. 247 

 248 

2.4.2. Crystal shape 249 

Crystals were retrieved from both the surface of the membrane and the overall crystallizing 250 

solution after each experiment. Subsequently, they were allowed to dry in a fume hood overnight. For 251 

conductivity, a thin layer of gold was applied using a sputter coater (BALZERS UNION FL 9460 252 

BALZERS SCD 030) under a vacuum onto the samples. 253 

 254 

 255 

2.4.3. Crystalline form 256 

To analyze the crystalline structure of glycine crystals, powdered samples were examined using 257 

X-ray diffraction (XRD) within the range of 10 to 100 degrees (2theta). The XRD analysis was 258 

performed using a Bruker D8 Advance instrument with Cu Kα radiation at a wavelength of 1.5406 Å. 259 

 260 

2.4.4. Crystal size distribution 261 

Particle size distribution analysis was conducted using the SYNC particle analyzer, that analyses 262 

materials across a broad size spectrum ranging from 0.01 to 4000 micrometers. This analysis was based 263 

on static light scattering principles. For glycine, a refractive index of 1.4264 was established. The 264 

outcome presented by the SYNC 5000 instrument represent the average derived from three separate 265 

measurements carried out for data acquisition in this study. 266 

 267 

2.4.5. In-line turbidity measurement 268 

An InPro 8200 turbidity meter from Mettler Toledo in Belgium was utilized to monitor the 269 

fluctuation in solution turbidity throughout the experimental runtime. The implementation of in-line 270 

measurement enabled the recording of turbidity evolution at one-second intervals, giving precise 271 

determination of the induction time. 272 

3. Results and discussion 273 

3.1. Membrane characteristics 274 

PVDF is a polymer that is widely used in membrane crystallization (MCr) applications, available 275 

both commercially and custom-made in different module forms [50–53]. Porous membranes of 276 

incremental thicknesses of 70 (M1), 100 (M2) and 140 µm (M3) were developped, while maintaining 277 

the same hydrophobicity with a water contact angle (WCA) of 106° (Fig. 3) and similar porosity of ca. 278 

87% (Table 3). Differences in the membrane thickness were solely related to the casting thickness, 279 

which was varied between 150 and 250 µm. The remaining casting conditions such as the dope solution 280 
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composition, the non-solvent composition (deionized water), the exposure time before submerging in 281 

coagulation bath and drying time, were kept the same.  282 

To investigate the impact of membrane hydrophobicity, three membranes were synthesized (M4 to 283 

M6) using PVDF/ PVC polymer blend resulting in variation of membrane water contact angle of 99, 284 

108 and 119° while maintaining same thickness of 60 µm and a porosity of ca. 87 %. Membrane 285 

hydrophobicity was altered by varying the composition of PVC and PVDF polymer blend; the higher 286 

the concentration of PVC, the less hydrophobic the developed membrane is, given that PVC polymer 287 

is intrinsically less hydrophobic than PVDF [54]. 288 

 289 

Table 3 Characteristics of membranes developed using NIPS varying casting thickness and dope solution composition to study 290 
the impact of membrane thickness (M1-M3), hydrophobicity (M4-M6), and porosity (M7-M9). 291 

Membrane M1 M2 M3 M4 M5 M6 M7 M8 M9 

Thickness [µm] 
70  

± 0.83 

100 

 ± 0.55 

140 

 ± 0.32 

60  

± 0.31 

60  

± 0.84 

60  

± 0.63 

100  

± 0.64 

101 

 ± 0.54 

100 

± 0.32 

Porosity [%] 
89.3 

± 0.3 

87.9 

± 0.1 

88.5 

± 0.2 

89.8 

± 0.2 

88.6 

± 0.05 

87.8 

± 0.3  

83.9 

± 0.1 

86.4 

± 0.08 

89.4 

± 0.1 

Fig. 3. Hydrophobicity of the 9 membranes developed using NIPS with variation of: (a) casting thickness, (b) PVDF/ PVC 

composition, and (c) solvent used to prepare dope solution. 

(a) Membranes to study the 

impact of membrane thickness
(b) Membranes to study the impact 

of membrane hydrophobicity

(c) Membranes to study the 

impact of membrane porosity

106° 106° 106°

M1 M2 M3

W
C

A
 [

°]

99°
108°

119°

M4 M5 M6

W
C

A
 [

°]

109°
103°

91°

M7 M8 M9
W

C
A

 [
°]
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 292 

Finally, the effect of membrane porosity was investigated at porosity values of 83.9, 86.4 and 89.4%, 293 

having a common thickness of 100 µm, and a WCA varying between 91 and 109°. The porosity of the 294 

membrane was mainly attributed to the density of voids that increased with intrusion rate of water into 295 

the casting film, which is a function of water miscibility in either NMP, DMAc or DMF solvents [55].  296 

PVDF is a semi-crystalline polymer which undergoes precipitation when immersed, resulting from 297 

either liquid-liquid interactions or crystallization [56]. The cross section of these nine membranes 298 

comprised a mixture of finger-like and sponge-like structure (Fig. 4). This structure is closely tied to 299 

the kinetics and thermodynamics taking place between the solvent, polymer and non-solvent during the 300 

phase separation process [53,57]. The dope solution of membranes M1-M3 contained a ratio of 1:9 THF 301 

to NMP solvent mixture. Given that THF is more volatile and has weaker affinity with water, a first 302 

sponge-like layer is formed when the polymer film is immersed in water, which was responsible for 303 

delaying the completion of phase separation [58]. DMF on the other hand has stronger affinity to water, 304 

and led to a faster solvent/ non-solvent exchange rate, so the membranes M4-M6 had a thicker finger-305 

Fig. 4. Cross-sectional structure of membranes with incremental (a) thickness (b) hydrophobicity and (c) porosity. 

Membranes with highest to lowest value for either thickness, hydrophobicity of thickness are presented from top 

to bottom respectively. 

(a) Increase of membrane thickness

20 µm20 µm

20 µm20 µm20 µm

20 µm20 µm20 µm

(b) Increase of membrane hydrophobicity

(c) Increase of membrane porosity

20 µm

M1 M2 M3

M4 M5 M6

M7 M8 M9
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like sublayer. Besides, the presence of PVC polymer is responsible for the circular macro-voids formed 306 

more in M4 and M5 representing the voids between the PVDF and PVC crystals [54]. Finally, depending 307 

on the solvent power where DMAc>NMP>DMF [59], the membrane showed larger macrovoids from 308 

M7 to M9. 309 

The hydrophobicity of the developed membranes was necessary to prevent the reverse flux by the 310 

crystallizing solution. It is also expected that membrane hydrophobicity will affect the transmembrane 311 

flux, responsible for induction time and final CSD. The range of membrane hydrophobicity (99 to 119°), 312 

thickness (70 to 140 µm), and porosity (83.9 to 89.4%) is consistent with the properties of reported in 313 

literature [50,52,60]. The porosity of the membrane was mainly attributed to the density of voids that 314 

increased with intrusion rate of water into the casting film, according to water miscibility in either NMP, 315 

DMAc or DMF solvents [55].  316 

3.2. Effect of membrane properties on the mass transfer 317 

Membrane thickness and porosity altered the transmembrane flux of the antisolvent as expected: 318 
the antisolvent transmembrane flux is higher with thinner membranes (Fig. 5a), and with higher porosity 319 
(Fig. 5c). The antisolvent faces less membrane resistance with the decrease of thickness or with the 320 
increase of the void volume in the membrane. Interestingly, an initial drop of transmembrane flux was 321 
not observed, compared to our previous study with the commercial polypropylene and polyvinylidene 322 
difluoride membranes [35], and observed as well by Tuo et al., [35]. The main difference in this study 323 
is the asymmetry of pores dimensions, which may be the reason of higher flux stability over time. The 324 
pore shape was proven to play a role in promoting nucleation of Aspirin for example where Diao et al., 325 
demonstrated that spherical nanopores hindered nucleation of Aspirin crystals, whereas angular 326 
nanopores of the same size promoted it. They propose that pore shape affects nucleation kinetics 327 
through the alteration of the orientational order of the crystallizing molecule near the angles of the pores 328 
[61]. 329 

Membranes M4 and M5 are more hydrophilic compared to M6, which means they could be wetted 330 
easier with the crystallizing solution and according to the Classical Nucleation Theory (CNT), these 331 
surfaces promote more nucleation [62]. The mass transfer of ethanol was higher in M4 and M5 (Fig. 5b). 332 
This is attributed to first, the macro-voids between PVC and PVDF crystal interface that were observed 333 
previously in M4 and M5, offered slightly higher porosity to these membranes, reducing membrane 334 
resistance. Second, the affinity of ethanol towards the membrane matrix increases with lower 335 
hydrophobicity, leading to a faster transmembrane transfer of ethanol [63,64]. 336 

Overtime, the flux declines for all membranes, but this effect is more prominent for the 70 µm-thick 337 
membrane, followed by 100 and 140 µm-thick membranes. This can be explained by a higher 338 
antisolvent flux for these membranes, and a more rapid crystal formation. As these crystals in part have 339 
longer residence time at the vicinity of the membrane surface (not in the membrane pores), the resistance 340 
to the antisolvent mass transfer increases. The faster appearance of crystals is also expected to be 341 
promoted with the reduction of activation energy required for nucleation to occur over time. 342 

 343 

    344 
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 The transmembrane flux was evaluated considering the exact concentration of the antisolvent 345 

(ethanol) in both sides of the membrane with time. This allows for accurate representation of the 346 

transmembrane flux; besides, to allow for a sound comparison between membranes using other driving 347 

forces such as the temperature of pressure gradient, the mass transfer coefficient is deemed crucial to 348 

identify the impact of the membrane properties solely regardless of the driving force [65]. The mass 349 

Fig. 5. Antisolvent transmembrane flux through membranes with incremental (a) thickness, 

(b) hydrophobicity and (c) porosity.  

(b) Antisolvent transmembrane flux at various membrane hydrophobicity

(a) Antisolvent transmembrane flux at various membrane thickness

(c) Antisolvent transmembrane flux at various membrane porosity
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transfer coefficient followed the same trend as the transmembrane flux: the thiner, the less hydrophobic 350 

or the more porous the membrane, the higher the transmembrane mass transfer coefficient (Fig. 6). 351 

Small onset fluctuations of ±0.05×10-4 Kg.m-2.s-1 of the mass transfer coefficient can be explained by 352 

the time required for the system to stabilize at the beginning. As for variation of the mass transfer over 353 

operation time, it is due to the variation of crystal growth and the membrane characteristics over time.   354 

Porous membranes of various thickness, hydrophobicity or porosity have performed well in the sense 355 

that the mass transfer coefficient was stable throughout the operational time, while the flux varied 356 

according to the change in the driving force and the mixing conditions at the membrane surface. The 357 

reverse flux by the crystallizing solution to the antisolvent side is a limiting factor to the performance 358 

of MAAC, though. Thus, it was verified via the quantification of ethanol and glycine in the antisolvent 359 

solution. A slight decrease in the ethanol concentration was observed (Fig. S6) consistent with our 360 

previous study [35], but no traces of glycine were detected, indicating only water permeance. In this 361 

study, we understood that the reverse permeation of the crystallizing solution to the antisolvent side can 362 

be avoided either by keeping the flow rate of the antisolvent solution higher than the crystallizing one, 363 

and/ or having an asymmetric membrane structure with smaller pore sizes preferably at the crystallizing 364 

solution side given an adequate membrane hydrophobicity and thickness. 365 

 366 

 367 

3.3. Effect of membrane properties on crystal size and morphology 368 

3.3.1. Supersaturation 369 

The increase of antisolvent in the crystallizing solution decreases the solubility of the solute and 370 

induced supersaturation (Fig. 7). The time required for the appearance of the first crystals in the 371 

crystallization solution, i.e., the induction time, was 58.4, 62.1 and 68.8 min for the membranes with 372 

thickness 70, 100 and 140 µm respectively. This induction time was 71.3, 78.2 and 91.7 min for 373 

membranes with water contact angles of 99, 107 and 119° respectively, and was 85.4, 66.4 and 51.1 374 

min for membranes of 83.9, 86.4 and 89.4% porosity respectively (Fig. S8). This agrees with the 375 

supersaturation evolution, which exceeds S=1 during the time interval 50-100 min.  376 

The antisolvent concentration in the crystallizing solution gives information on the crystallization 377 

yield. The final ethanol concentration ranged from 20 to 26 wt.%, while the maximum crystallization 378 

Fig. 6. Antisolvent mass transfer coefficient through membranes with incremental (a) thickness, (b) hydrophobicity 

and (c) porosity.  

(a) Mass transfer coefficient at different 

membrane thickness

(b) Mass transfer coefficient at different 

membrane hydrophobicity

(c) Mass transfer coefficient at different 

membrane porosity
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yield can be achieved at ethanol concentration of ca. 60 wt. % from the solubility data (Fig. S5). 379 

Nonetheless, it is possible to further increase the crystallization yield with optimum membrane 380 

characteristics as will be discussed in Section 3.5. 381 

Antisolvent addition rate plays a crucial role in dictating the nucleation point [66]. Supersaturation 382 

ratio varied the least under the membrane porosity factor. This agrees with the previous antisolvent 383 

transmembrane flux, which was least impacted by membrane porosity, so it is expected that the CSD 384 

would not vary significantly under variation of membrane porosity. In fact, a higher porosity correlated 385 

with a decrease in hydrophobicity, so the combination of hydrophobicity and surface porosity was 386 

responsible for the similarity in antisolvent transmembrane mass transfer.  Most importantly, under all 387 

membrane conditions, it was observed that the supersaturation incremented smoothly solely due to the 388 

activity difference, without the need to exert additional heating or a pressure gradient as a driving force 389 

to the transmembrane mass transfer.  390 

    391 

3.3.2. Crystal shape and size distribution 392 

Glycine crystals had a prism-like shape with sizes in the range of 20-30 µm (Fig. 8). Depending on 393 

the membrane thickness, the mean crystal size slightly varied from 23, 24 and 26 µm for membrane 394 

thicknesses of 70, 100 and 140 µm respectively (Table S2). A higher antisolvent transmembrane flux 395 

increases the level of supersaturation, and favors nucleation, leading to smaller crystal size [67,68]. 396 

Crystals produced using membranes with water contact angle of 99, 108 and 119° showed average size 397 

of 31, 26 and 23 µm respectively. The antisolvent transmembrane flux is indeed highest for the most 398 

hydrophobic membrane (WCA of 119°), leading to higher supersaturation ratios (Fig. 7b) and an 399 

associated higher nucleation rate. This explains the narrower CSD and reduced crystal size (Fig. 8b). 400 

As for the impact of porosity (Fig. 8c), the resulting mean crystal size was 27, 24 and 24 µm using 401 

membrane porosities of 83.9, 86.4 and 89.4%, respectively. A higher porosity led to a higher mass 402 

transfer coefficient (Fig.6), but insignificant crystal size variation was observed. This is attributed to 403 

the direct correlation between the membrane porosity and hydrophobicity (Fig.3), as lower 404 

hydrophobicity facilitates nucleation as well, according to the classical nucleation theory [69], leading 405 

to smaller crystals.  406 

Fig. 7. Evolution of the supersaturation of the crystallization system with increase of ethanol concentration under the 

variation of membrane (a) thickness, (b) hydrophobicity and (c) porosity. 
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Crystals recovered from the membrane surface had a broader CSD and a crystal size of c.a. 30 µm 407 

(Fig. S7) as opposed to 18-25 µm obtained from the bulk solution, which agrees with our previous 408 

findings using polypropylene (PP) membranes for MAAC crystallization of glycine [43]. Moreover, the 409 

size of the crystals produced on the surface of the membrane depends less on the membrane thickness 410 

contrary to the size of the crystals produced in the bulk solution, which can potentially be due to reduced 411 

hydrodynamics taking place at the vicinity of the membrane surface. At the membrane surface, less 412 

mixing occurs. The velocity of solution decreases from the bulk to the membrane surface given that the 413 

solution faces resistance from the surface [70]. Crystals at the membrane surface have more residence 414 

time allowing them to grow further. The XRD patterns (Fig. S9) correspond to a monoclinic system 415 

which characterizes α-glycine crystals, and agrees with the findings of Tuo et al. [38]. 416 

 In this study, no change of crystal shape nor crystalline system was observed. Previously, an 417 

increase in operating temperature of both feed and antisolvent solutions partially softened the edges of 418 

the crystals [43], while it appeared in previous studies that MAAC can control as well the polymorphic 419 

nature [41]. It is then still open to investigation whether the membrane properties solely allow for crystal 420 

habit control. Nonetheless, this was previously achieved by varying the operating conditions, or feed 421 

conditions like concentration, using additives like polymer coating [40], or varying the solution pH 422 

[71]. 423 

   424 

3.4. Possible membrane limitations for MAAC 425 

3.4.1. Entrapment of crystals inside the membrane 426 

Fig. 8. Crystal morphology and size distribution recovered from bulk solution after 2-hour MAAC operation using 

membranes of different (a) thickness, (b) hydrophobicity and (c) porosity. 
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(a) Glycine crystals recovered from bulk 
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The cross-section of the three membranes: one with 140 μm thickness, one with WCA of 119° and 427 

one with porosity 89.4% showed no traces of crystals formed along the membrane cross-section (Fig. 428 

9). The presence of some entrapped organic compound was detected using TGA analysis (Fig. 10) with 429 

about 3% mass loss compared to the pristine membrane (darker curves). The absence of crystals at the 430 

membrane surface was also observed by Tuo et al. [38]. 431 

 432 

3.4.2. Membrane surface properties 433 

The hydrophobicity slightly changes after MAAC operation (Fig. 11). Moreover, in FTIR spectra, a 434 

weak peak at 1615 cm-1 appeared when comparing the membranes before and after the experiment (Fig. 435 

12), corresponding to a medium C=O stretching. This can once more be explained by a membrane 436 

contamination with some glycine. The presence of glycine in the membrane module can potentially be 437 

handled be handled by washing the membrane module with water at given intervals. 438 

Fig. 9. Membranes cross sectional image after MAAC operation. 
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Fig. 10. TGA analysis of membranes after MAAC operation (dashed curves) to quantify the presence 

of crystals in the membranes. The dark curves correspond to the pristine membranes. 
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 439 

Fig. 12. FTIR spectra of membrane surfaces before and after MAAC operation. The membranes M3, M4 and M9 

gave both a narrow CSD and a stable mass transfer coefficient, so were chosen to have the optimum thickness, 

hydrophobicity, and porosity.  
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Fig. 11. Membrane hydrophobicity before and after MAAC experiments. 
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3.4.3. Membrane reusability 440 

An optimum membrane was developed combining all characteristics that give the narrowest CSD 441 

and longer induction times (Fig. S10), i.e., a thickness of 140 μm, a WCA of 119° and 89.4% porosity. 442 

The same membrane was evaluated at three repetitions and the antisolvent was stable during the 443 

operation time (Fig. 13). All MAAC experiments were conducted at the same operating conditions, i.e., 444 

at 23°C temperature and 1 atm pressure, and maintaining the same velocities of the antisolvent and 445 

crystallizing solutions of 5 and 3.3 ×10-4 m/s respectively. All crystals possessed a prism-like shape and 446 

formed a narrow CSD (Fig. 14). The mean crystal size shifted with 4 µm in the second repetition, which 447 

could be due to variation in the surface characteristics. 448 

 449 

Fig. 13. Variation of antisolvent transmembrane flux with the repetitions using the same membrane 

of 140 μm thickness, 119° hydrophobicity and 89.4% porosity.  

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 20 40 60 80 100 120 140 160 180

Tr
an

sm
e

m
b

ra
n

e
 f

lu
x×

1
0

3
[K

g.
m

-2
.s

-1
]

Time [min]

Rep#1

Rep#2

Rep#3

0

2

4

6

8

10

12

0 20 40 60

P
e

rc
e

n
t 

vo
lu

m
e

 [
%

]

Particle size [µm]

Rep#1

Rep#2

Rep#3

20 µm

20 µm

20 µm

Rep#1

Rep#2

Rep#3

Fig. 14. Variation of antisolvent transmembrane flux with the repetitions using the same membrane of 140 

μm thickness, 119° hydrophobicity and 89.4% porosity.  



19 
 

All membranes, regardless of their thickness, hydrophobicity or porosity successfully produced a 450 

narrow CSD without the need of additives or seeding, reducing the cost of raw material and the energy 451 

consumption. Hydrophobicity and thickness showed the most significant impact: the CSD got narrower 452 

when thickness decreases or hydrophobicity increases. Wu et al., demonstrated that the mean size 453 

decreases and the CSD becomes narrower with increase of the mass ratio of the antisolvent to the solvent 454 

when using a jet crystallizer [24]. At the vicinity of the membrane surface, the antisolvent has its highest 455 

concentration as it permeates through the membrane pores, providing the conditions where the 456 

antisolvent concentration is higher than the solvent’s, promoting a narrow crystal size distribution. 457 

Another phenomenon that is promoted at the same interface and contributes to the crystal size is the 458 

degree of mixing, such that every membrane pore represents an inlet to the antisolvent, preventing dead 459 

mixing zones [72]. 460 

The chemistry and morphology of surfaces often jointly determine the crystallization behavior. The 461 

presence of interfaces can modify the nucleation process either via favorable molecular interactions 462 

with the crystallizing molecule, or a lattice match between the substrate and the compound to be 463 

crystallized [22]. The traces of amino acid that were observed either through the TGA or FTIR analysis 464 

of the membrane could be a result of interactions between the substrate (the membrane) and the solute 465 

(glycine); nonetheless, it was not problematic for the reusability of the membrane as consistent crystal 466 

properties and transmembrane flux were obtained. For future comparative purposes, we recommend the 467 

provision of a detailed membrane description, and a consensual representation of the antisolvent mass 468 

transfer. The mass transfer coefficient is preferable in this case as it reflects solely the impact of the 469 

membrane characteristics on the antisolvent mass transfer [65]. Besides, crystallization kinetics differ 470 

from one system to another, so using a unified model crystallization system would also be key to 471 

constructing a clear assessment of any membrane in performing MAAC. 472 

 473 

4. Conclusion 474 

Membrane-assisted antisolvent crystallization (MAAC) is a new membrane technique to control 475 

crystallization from solution. The correlation between the membrane properties in defining the crystal 476 

characteristics of organic compounds was the subject of this study. PVDF porous membranes were 477 

synthesized of incremental thickness 70 to 140 um, hydrophobicity with WCA ranging from 99 to 119° 478 

and porosity from 83.9 to 89.4%. Glycine in ultrapure water was chosen as the model crystallization 479 

system, and ethanol as an antisolvent. All membranes were hydrophobic and had an asymmetric cross-480 

sectional structure with a morphology based on a mix of finger- and sponge-like structures. The CSD 481 

of crystals had a narrow coefficient of variation (CV) in the range of 15 to 22%. This correlated directly 482 

with the antisolvent transmembrane mass transfer coefficient which was within the range of 0.4 and 1.6 483 

×10-4 kg.m-2.s-1 according to the different membrane characteristics. An optimum membrane was 484 

defined as a membrane which gave a stable antisolvent mass transfer and a narrow CSD while 485 

maintaining the prism shape of the glycine crystals. Accordingly, a final membrane with the thickness 486 

of 140 µm, WCA of 140° and a porosity of 89.4% was synthesized. This membrane gave a reproducible 487 

CSD, transmembrane antisolvent 0.4 to 0.6 ×10-3 kg.m-2.s-1 and an 80-minute longer induction time. 488 

This study contributes to understanding the key membrane characteristics in controlling antisolvent 489 

crystallization.  490 

 491 

 492 

 493 
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Appendices  494 

Table A1 Overview of studies osn membrane-assisted antisolvent crystallization where the concentration/ activity difference 495 
is used as driving force. *[A] and [CS] stand for the antisolvent and the crystallizing solution respectively. 496 

Crystallization 

system* 

Membrane characteristics Antisolvent mass 

transfer 

Crystal properties Ref. 

Hydrophob

icity 

(WCA) 

Thicknes

s  

[µm] 

Porosit

y  

[%] 

Other Flux/ 

flow 

rate 

Mass 

transfer 

coefficient 

Crystal 

size 

Crystal 

size 

distributio

n (CV) 

[A] Ethanol; 

[CS] L-serine in 

water 

120-150 - - • Pore size: 

0.2 µm; 

• Membrane 

material 

PVDF and 

PP. 

0.0002 

– 0.003 

Kg/m2.s 

 

0.0023-

0.0048 

kg/m2.s 

89-102 

µm. 

31-37 % [35] 

[A] 2-Propanol; 

[CS] L-

asparagine in de-

ionized water. 

- - 40 • Tortuosity: 

2.4; 

• Pore size: 

0.03 µm; 

• Membrane 

material: PP. 

 

100 to 

500 

µm.s-1 

- 70 µm - [37] 

[A] Ethanol; 

[CS] A solution 

of erythritol and 

ultrapure water. 

83 319 58 • Tortuosity: 

4.45; 

• Membrane 

material: 

PES. 

2 - 4 

kg.m-

2.h-1 

- <20 µm 48% [38] 

[A] Deionized 

water; [CS] 

Indomethacin in 

ethanol. 

- - - • Pore size: 

0.10, 0.25 

and 0.45 

µm; 

• Membrane 

material: 

Polyethylen

e. 

1.2 – 

1.4 m/s 

- 

 

0.3 to 

0.35 µm 
- 

 

[39] 

[A] Deionized 

water; [CS] Drug 

particles of 

Griseofulvin in 

acetone. 

- 200 75 • Pore size: 

0.2 µm; 

• Membrane 

material: 

hydrophilic 

Nylon-6. 

- - 1.6 – 

11.7 µm 

- [40] 

[A] Water and 

ethanol mixture 

with different 

compositions at 

30 °C; [CS] 

Glycine solution 

in bi-distilled 

water at 10 °C. 

- - - • Pore size: 

0.22 µm; 

• Membrane 

material: 

PP. 

1.53 or 

9.1 × 

10−4 

Lh−1 

- - - [41] 

[A] Ethanol; 

[CS] A solution 

of NaCl and 

ultrapure water 

108 319 53 Membrane 

material: 

PTFE. 

- - 41.6 µm. 43.5% [44] 

[A] Ethanol; 

[CS] Glycine in 

water. 

150 - - • Membrane 

material: PP. 

0.2–1 

×10-2  

kg/m2.s 

- 23–40 

μm 

50–60% 
 

[43] 
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[A] Ethanol; 

[CS] Erythritol 

in water. 

83 320 58 • Pore size: 

0.03 µm; 

• Tortuosity: 

1.45; 

• Membrane 

material: 

PES. 

 

1.2 – 2.8 

kg.m-2.h-

1 

- 50 µm 50.9% [73] 
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