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Abstract
The combined crystallisation and diffusion method (CCD) has recently demonstrated its superiority in producing high-performance PVDF membranes over the traditional membrane preparation methods. The CCD method involves a unidirectional cooling step in its membrane preparation. While the role of kinetics behind the CCD method has been thoroughly studied by varying the cooling rate, the cooling temperature itself has never been changed from -30 °C. This study therefore explores the thermodynamic implications of changing the cooling temperature during the CCD process on the morphology and performance of the resultant membranes. Two different molecular weights of PVDF were studied and different batches of membranes were prepared by progressively changing the cooling temperature from -30 °C to 0 °C. The results showed that for both the PVDF types, with an increase in cooling temperature, the separation surface pore sizes and membrane permeances increase but more so for the one prepared using the higher molecular weight PVDF. This showcases the ability to tailor the properties of the CCD membranes by merely changing the cooling temperature. The membranes were then also characterised for their morphology, mechanical strengths and crystallinity to help further understand the role of cooling temperature in affecting these membrane properties.
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Introduction
The recently developed technique of Combined Crystallisation and Diffusion (CCD) is a promising new technique to prepare high performance ultrafiltration (UF) membranes with excellent process controllability and batch reproducibility [1-3]. Polyvinylidene fluoride (PVDF) membranes prepared by the CCD method have found to have much superior permeation and separation characteristics than most commercial membranes that are prepared via the conventional methods of non-solvent induced phase separation (NIPS) or thermally induced phase separation (TIPS) [4-6].
CCD technique involves unidirectional freezing of a polymer cast solution by a precooled solid media to freeze the solvent molecules [1]. The solvent employed in the CCD process needs to have a high freezing point along with good solubility towards the polymer. This is to ensure that during the cooling process, solvent crystallisation precedes polymer precipitation. As a result, the solvent used for the CCD process is dimethyl sulfoxide (DMSO), given its high freezing point (Tm=18.5 °C). The temperature gradient developed in the cast solution as a consequence of unidirectional cooling, results in randomised nucleation of solvent crystals near the precooled solid media, followed by directional growth of these pre-nucleated solvent crystals into warmer regions of the cast film as columnar and dendritic structures [7]. After the freezing process is complete, the solidified frozen film is placed in an icy water bath to leach the solvent molecules out. The result is an asymmetric membrane structure having a tight but porous separation layer and an interconnected microchannels-rich support layer. Due to this unique structure, CCD membranes are characterised with extremely high pure water permeances (PWPs) that are at least an order of magnitude higher than its NIPS counterparts, and superior mechanical strengths to withstand high-pressure environments [1].
The choice of solid media used to cast and cool the cast film can influence the cooling rate. Previous studies have used different casting and cooling plates, made from different materials such as glass, aluminium or steel to alter the cooling rate. The temperature of the cooling plate was always maintained at -30 °C and therefore the influence on cooling rate was solely dependent on the thermal conductivity of the casting and cooling plates. Aluminium-Aluminium plate combination produced PVDF membranes in the UF range with pore sizes around 33 nm and pure water permeance of around 1300 LMH.bar-1 [3], while Glass-Glass plate combination produced PVDF membranes in the MF range with pore sizes around 345 nm and pure water permeance of around 11000 LMH.bar-1 [1]. A similar trend was also found for polyethersulfone (PES) based  CCD membranes [2]. 
So far in all of the studies on CCD, the cooling temperature was always maintained at -30 °C, and only the cooling/casting plate combination was altered. This means that the thermodynamics of the process was kept unchanged and any change in the attained membrane morphology and performance was owed to kinetic factors that are influenced by variation in the cooling rates. 
Moreover, despite the significantly superior permeation performance of CCD membranes over the traditional phase separation membranes, the low temperature of -30 °C, will be challenging to achieve for mass production. In this study we therefore aim to vary the temperature of the cooling plate and study the effect it has on the prepared membranes, while keeping the plates combination unchanged (Aluminium-Aluminium). We also intend to study the effect of molecular weight on the structure of the prepared membranes and therefore two different molecular weights of PVDF were used. 
Experimental
Materials
Low MW PVDF (Kynar®K-761, Mw=440,000 Da, ρ=1.79 g/cm3) was purchased from Elf Atochem, while high MW PVDF (Solef®1015, Mw=573,000 Da, ρ=1.75-1.80 g/cm3) was purchased from SOLVAY. DMSO (HPLC grade), ethanol and n-hexane were purchased from VWR, UK and used as received. DMSO was used as the solvent to dissolve PVDF. Ethanol and n-hexane were used for solvent exchange steps involved in the drying of the prepared membranes 
Membrane preparation
15 wt.% PVDF was dissolved in DMSO by placing the mixture in an oven at 80 °C for three days. This results in complete dissolution and bubble elimination in the dope solution. The flat sheet PVDF membranes were then made by first casting the polymer dope solution (casting thickness of 0.5 mm) onto an aluminium casting plate at room temperature. The casting plate with the cast polymer solution was then placed on top of a precooled aluminium plate, maintained at a set temperature, much below the freezing point of the solvent. Both the cooling and casting plates were 6 mm thick. The aluminium-aluminium plate combination resulted in rapid dissipation of heat and fast freezing of the cast polymer solution. The frozen membrane was then immersed in an icy water bath to leach out the solvent molecules. Different batches of the membranes were prepared by varying the temperature of the cooling plate. The above preparation conditions for each of these batches prepared using two different molecular weights of PVDF are summarised in Table 1.
[bookmark: _Ref59533355]Table 1 
Casting conditions for the preparation of PVDF flat sheet membranes
	Polymer Typea
	Dope solution Configuration and casting thickness
	Cooling plate temperature (°C)

	Solef-573kDa
	15 wt.% PVDF/DMSO
0.5mm
	-30

	
	
	-20

	
	
	-10

	
	
	0

	Kynar-440kDa
	15 wt.% PVDF/DMSO
0.5mm
	-30

	
	
	-20

	
	
	-10

	
	
	0


a Named following the PVDF product name and its Mw.
Membrane characterisation
Scanning electron microscope
Scanning electron microscope (SEM) was used to observe the membrane microscopic structure. The SEM used in this study is LEO Gemini 1525 FEGSEM, Tokyo, Japan. Membrane cross-sections were prepared by fracturing dried membranes in liquid nitrogen. Prior to SEM, a layer of 15 nm Chromium was coated on the surface of samples to increase the electron conductivity. During SEM operation, the acceleration voltage was set at 5 kV, and the working distance was set between 6 and 7 mm.
Gas-liquid displacement porometry
Gas-liquid porometer POROLUX 1000 porometer (POROMETER nv, Belgium) was used to determine the pore size of membranes. Dry samples were soaked into wetting liquid POREFILL (POROMETER nv, Belgium) prior to measurements, and the mean flow pore size was used to represent the average effective pore size of each sample.  
Pure Water Permeance (PWP)
Wet samples were used to measure the PWP of the membranes. A homemade stainless steel dead-end filtration cell of 1000 ml was used to carry out the permeance test at an applied filtration pressure of 1 bar. The permeate is collected over a mass balance which continuously logs the data for 30 mins. The PWP (in LMH bar-1) was calculated following equation (1):

where  is the permeated water volume,  is the effective membrane area,  is the time difference between each measurement,  is the applied pressure (1 bar in this experiment). The final reported value for PWP is an average of at least 5 sample measurements carried out for each membrane type.
Crystallinity
Differential scanning calorimetry (Pyris-1, PerkinElmer, Beaconsfield, UK) was used to determine the crystallinity of the samples. Dry samples were carefully weighed before each measurement. The samples were heated at a constant rate of 10 °C min-1 in the DSC cell from 20 °C to 220°C. The degree of crystallinity was calculated by the relationship as shown below: 

where  is the heat of fusion of each sample, obtained by integrating the peak of fusion in the DSC thermogram.  is the heat of fusion if the polymer was 100% crystalline. For PVDF,  is 104.7 J g-1.
[bookmark: _Ref59544329]FTIR and XRD analysis
Membrane phase and crystal structure were characterised using both FTIR spectroscopy and XRD analysis. FTIR spectroscopy was carried out using PerkinElmer Spectrum 100 FTIR Spectrometer. All of the spectral data recorded were in the wavenumber range of 4000-600 cm-1. X'Pert PRO Diffractometer, PANalytical was used to carry out the XRD analysis. During the measurements, a voltage of 40 kV and a current of 40 mA was used. All the samples were characterised in the scanning range of 5° < 2θ < 50°.
[bookmark: _Ref59544326]Mechanical test
Mechanical properties of the membranes were tested according to American Society for Testing and Materials (ASTM) D882 using a tensile testing machine, Lloyd EZ 50. The sample preparation and measurement procedure can be found in our previous study [3]. The samples were tested for their tensile strength, load capacity, strain factor and Young’s modulus. 
Results and discussions
Phase diagram
Before presenting the membrane characterisation results, it would be important to explain the CCD mechanism. To understand the role of temperature in influencing the CCD membrane morphology, a more evolved explanation of the CCD mechanism from our previous study [2] is presented here. For phase inversion that is triggered by temperature variation, e.g. a TIPS process, the demixing results in the formation of polymer-lean and rich phases. The two separated phases then continue to exchange the polymer and solvent molecules between them until one of the domains solidifies. It is generally recognised that, if such solidification of either the polymer-lean or the polymer-rich phase is delayed, coalescence of the polymer-lean phase droplets would cause the formation of discrete pores or even dead-volumes in the final membrane [8, 9]. This would result in membranes having a wide pore size distribution and high hydraulic resistance [8, 9]. 
To ensure that the membranes have high permeances and sharp pore size distribution, it is essential to terminate the phase separation at an early stage. This can be achieved by ensuring that the solidification of either the polymer-rich or lean phase occurs sooner than later. The solidification of the polymer-rich phase is a more common approach that is realised either by polymer crystallisation, vitrification [10] or gelation [11, 12]. Among these, the solidification kinetics is fastest for vitrification while it is much slower for the polymer crystallisation process [10]. For PVDF, the possibility of fast solidification via vitrification under ambient conditions is unlikely, given its low glass transition temperature of -34 ℃. The transformation is usually dominated via the relatively slower polymer crystallisation process, even under fast quenching conditions. This is because most PVDF membranes prepared via the TIPS process show presence of spherulitic crystal structures [13, 14]. It is perhaps why, in comparison to the glassy polymer like PES and PMMA, PVDF usually exhibits fewer surface pores on its membranes and hence a lower permeance. The solidification of the polymer-lean phase is the less common approach for early termination of the phase separation as it would be difficult for the polymer to precipitate out given its low concentration [15]. Under such circumstances, the only approach to solidify the polymer-lean phase is by solidifying the solvent itself, that is via freezing the solvent molecules [16].
[image: ]
[bookmark: _Ref67312496]Figure 1. Phase diagram of PVDF/DMSO system
The CCD method employs the rapid solvent crystallisation approach to terminate the further coarsening of the separated phases, thereby maintaining a high porosity and permeability, excellent pore connectivity, and narrow pore size distribution in the resultant membranes. Figure 1 provides a schematic view of the phase diagram of the PVDF/DMSO binary system. A temperature drop in the cast solution, brought by the cold cooling plate, would drive the composition point ‘A’ deep into the spinodal region of this system. The homogeneous PVDF/DMSO solution separates into two continuous phases: a PVDF-rich phase and a PVDF-lean phase. Very soon, because of rapid thermal dissipation of heat, the temperature of the casting solution would enter the solvent freezing curve and start crystallising the DMSO solvent in the polymer lean phase, thereby suppressing further coarsening. Therefore, the separation layer which is in contact with the cooling plate has a bicontinuous morphology with small pores, which grow larger in size beneath the separation layer and ultimately have interconnected frozen solvent columns in the support which serve as microchannels in the final membrane after the leaching of the DMSO solvent crystals in water [2]. The final membrane is characterised by narrow pore size distribution, high porosity and permeability and without any presence of large dead pore volumes. 
The structural feature of membranes
Figure 2 shows SEM pictures on separation surfaces of both Kynar-440kDa and Solef-573kDa membranes cooled at cooling plate temperatures of -30 ℃, -20 ℃, -10 ℃ and 0 ℃ separately. At -30 ℃, as shown in Figure 2 (g) and (h), both Kynar-440kDa and Solef-573kDa exhibited small pore sizes. With an increase in the cooling plate temperature, the pore size increases for both the membrane types. This is because of delay in the termination of the coarsening process as explained earlier in section 3.1. However, Solef-573kDa membranes (Figure 2 (b) (d) (f) (h)) showed a larger pore size increment than its Kynar-440kDa counterpart (Figure 2 (a) (c) (e) (g)). The reason behind this has been discussed later along with the mean flow pore size results. 
[bookmark: _Ref67312540]Figure 2. SEM images of membrane separation surfaces of Kynar-440kDa (left) and Solef-573kDa (right) membranes prepared at cooling temperatures of (a), (b): 0 ℃; (c), (d): -10 ℃; (e), (f): -20 ℃; (g), (h): -30 ℃.

Figure 3 and Figure 4 provide the cross-sectional pictures of Kynar-440kDa and Solef-573kDa membranes respectively with the magnified images of both the separation and support layers. The membrane cross section from the separation side shows an increase in the size of pores with increasing cooling temperature, just as was observed for the separation surfaces (Figure 2). Interestingly, a morphology transition is seen for Solef-573kDa membrane at 0 ℃ (Figure 4 (a)), where the connected pores are replaced by spherulitic PVDF crystals. The formation of polymer spherulitic structures are also seen in practice for TIPS and NIPS membranes [8, 17-19] where the quenching rate is relatively slow[19, 20].

[image: ]
[bookmark: _Ref67312533]Figure 3: SEM images showing the entire membrane cross-sections (centre) and the magnified cross-sections of the separation (left) and support (right) layers of Kynar-440kDa samples prepared at different cooling temperatures of  (a): 0 ℃; (b): -10 ℃; (c): -20 ℃; (d): -30 ℃.
[bookmark: _Ref68297512][image: ]
Figure 4: SEM images showing the entire membrane cross-sections (centre) and the magnified cross-sections of the separation (left) and support (right) layers of Solef-573kDa samples prepared at different cooling temperatures of  : (a): 0 ℃; (b): -10 ℃; (c): -20 ℃; (d): -30 ℃.
These PVDF spherules can also found in the magnified supporting layers in Figure 3 and 4 showing Kynar-440kDa (at -10 ℃ and above) and Solef-573kDa membranes (at all cooling temperatures) respectively. Since the support layer is relatively warmer compared to the separation layer, polymer crystallisation also accompanies the typical solvent crystallisation process involved in the CCD method. In fact, with an increase in the cooling plate temperature, a larger portion of the membrane cross section remains warmer, resulting in an interference by polymer crystallisation over a larger area of the membrane cross-section. For Solef-573kDa membrane cooled at 0 ℃, polymer crystal spherules extended all through the membrane cross section (Figure 4 -a). 
From these results, it can be concluded that Solef-573kDa sample favours polymer crystallisation more so than Kynar-440kDa samples. This could be because the former, being a longer chained PVDF molecule than the latter,would result in a polymer solution that has a higher viscosity [21, 22]. This therefore would reduce the molecular diffusional rates for the Solef-573kDa sample. As a result, the diffusion dependent liquid-liquid demixing process would be slowed down and as a consequence the solid-liquid demixing process would start to dominate, resulting in an increase in the spherulitic domain of the final membrane. 
Despite having shown a higher tendency for polymer crystallisation, Solef-573kDa has a much smaller average spherule size compared to Kynar-440kDa sample for the same cooling temperatures. Figure 5 compares the spherule size of the two membrane types prepared at a cooling temperature of 0 ℃. In general, longer chained molecules are capable of nucleating before smaller molecules at a given crystallisation temperature and since a higher proportion of longer chained molecules can nucleate, the average size of these spherulitic structure also decreases with increasing molecular weight [23, 24]. As a result, membranes prepared with Solef-573kDa show smaller spherulitic structures compared to Kynar-440kDa. The overall crystallinity of Solef-573kDa membranes is also generally higher and this will be discussed further in section 3.4.
[image: ]
[bookmark: _Ref67314104][bookmark: _Ref59570978]Figure 5: Magnification pictures of spherulitic structure in the supporting layer of CCD membranes cooling at 0 ℃ (a): Kynar-440kDa and (b): Solef-573kDa membrane.
The observation of solid-liquid demixing brought the addition of crystallisation curve on the previously constructed phase diagram. As seen in Figure 6, this crystallisation curve is placed above the liquid-liquid demixing miscibility gaps. The miscibility gap of Kynar-440kDa is slightly below that of Solef-573kDa is because the former, given its low molecular weight, would have a lower tendency to undergo phase separation in solution [25, 26]. At extremely low temperatures (-30 ℃), the rapid unidirectional cooling would drive the thermodynamic state of the solution into the miscibility gaps instantaneously, leaving very little time for solid-liquid demixing. With an increase in the cooling plate temperature, the quenching rate becomes slower, and thereby increases the dwell time of the solution inside the crystallisation window B-C. Consequently, one sees an increase in the spherulitic PVDF domains at higher temperatures.
[image: ]
[bookmark: _Ref59534934]Figure 6. Schematically drawing of the phase diagram of PVDF/DMSO system.
Mean flow pore size and pure water permeance (PWP)
The PWP of the membrane samples with their corresponding mean flow pore sizes are tabulated in Table 2. Both Kynar- 440kDa and Solef-573kDa membrane exhibited the smallest pore size of 41 nm and 37 nm respectively at the lowest cooling temperature of -30 ℃. The corresponding PWPs were about 1740 and 1200 LMH.bar-1 respectively. With an increase in the cooling plate temperature, the pore sizes increases for both the membrane types, but the increase has been much more substantial for Solef-573kDa than it has been for Kynar 440kDa as seen in Table 2 and Figure 7. At 0 ℃, the pore size and PWP for Kynar-440kDa membrane increased to 80 nm and 2519 LMH bar-1 respectively, while that for Solef-573kDa these increased to 160 nm and 4903 LMH bar-1. A higher cooling temperature will have a slower rate of cooling, which allows for a longer time for the growth of the separated phases before it is terminated by solvent crystallisation, thereby resulting in larger pores. This general trend of increasing pore sizes with increasing cooling temperature is similar to our previous study where the cooling rate is altered by varying the cooling-casting plate combination but keeping the temperature of the cooling plate unchanged [2]. 
The supplementary information presents the pore size distribution results for various samples as measured by the porometer in Figure S1. The results show a sharp pore size distribution for almost all samples, including the ones prepared at higher cooling temperatures. This suggests that despite having a longer time for the separated domains to coarsen at higher cooling temperatures, the CCD process remains relatively fast enough to prevent the formation of unevenly distributed pores and reduces the presence of dead pore volumes. 
An interesting reversal in trend for pore size and pure water permeance is seen at low cooling temperatures. Solef-573kDa has smaller pore size than Kynar-440kDa at -30 ℃, but this reverses at higher temperatures (-20 ℃ and above). 
[bookmark: _Ref59534967]Table 2
Mean Flow Pore Size and PWP rates of Kynar-440kDa and Solef-573kDa 15% PVDF/DMSO membranes.
	Cold plate temperature (℃)
	Kynar-440kDa 15% PVDF/DMSO
	Solef-573kDa 15% PVDF/DMSO

	
	Mean Flow Pore Size (nm)
	PWP (LMH bar-1)
	Mean Flow Pore Size (nm)
	PWP (LMH bar-1)

	0
	80±4
	2519±285
	160±16
	4903±414

	-10
	56±3
	1961±266
	95±23
	2987±771

	-20
	50±8
	1832±179
	69±11
	1696±183

	-30
	41±2
	1740±171
	37±2
	1199±91



This can be attributed to counter opposing thermodynamic and kinetic factors. Thermodynamically, the miscibility gap of higher molecular weight sample (Solef-573kDa) is placed at a relatively higher temperature than the lower molecular weight sample (Kynar-440kDa). However, the freezing curve is barely influenced by the molecular weight variation in polymer [27, 28]. Therefore Solef-573kDa PVDF/DMSO system will have a longer demixing gap to travel during cooling from C1 to D than Kynar-440kDa PVDF/DMSO system which will travel from C2 to D (Figure 6) As a result, the Solef-573kDa system will have a longer time for coarsening than the Kynar-440kDa system before termination by solvent crystallisation, which would therefore favour formation of larger pore sizes in the former than the latter. 
[image: ]
[bookmark: _Ref65747692]Figure 7. Mean Flow Pore Size and PWP rates of Kynar-440kDa and Solef-573kDa 15% PVDF/DMSO membranes.
Kinetically, the higher MW polymer increases the viscosity of the polymer solution as a consequence of higher polymer chain entanglement[29, 30]. This slows down the molecular diffusional rates [31, 32]. Since the coarsening of the separated phase domains is diffusion dependent, a slower diffusion rate in Solef-573kDa system should result in smaller pore sizes in the final membrane. 
Thus, while thermodynamics suggests formation of larger pore sizes in the Solef-573kDa membrane, kinetics suggests the opposite. At lower temperatures, the diffusion rates would be really slowed down [2] and become the limiting factor, thus resulting in smaller pore sizes in the higher molecular weight sample [27]. While at higher temperatures, thermodynamics would be the controlling factor and therefore results in smaller pores in the lower molecular weight sample.
[bookmark: _Hlk67594538]The pure water permeances also increase with an increase in the cooling temperature and generally follows the same trend as that of the pore sizes in the prepared membranes. 
Membrane crystal structure and crystallinity
When cooling temperature was maintained at -30℃, the CCD membranes were composed of mainly beta and gamma phase PVDF and hardly any α phase PVDF [1]. We intended to check via ATR-FTIR and XRD analysis whether the cooling plate temperature had any influence in the formation or elimination of any of the crystalline phases. Solef-573kDa sample was chosen for this analysis. The FTIR spectrum, presented in Figure 8, clearly shows that β (1234 and 1431 cm-1) and γ phases (1234 cm-1) still predominates, with little presence of any α phase PVDF [3]. The XRD diffractogram, presented in Figure 9, also does not show any peaks for α phase PVDF (2θ angles = 18.4°, 19.9° and 26.6°) on the XRD diffractogram. The characteristic XRD peaks for γ and β phase PVDF are reported at 2θ angles of 20.46° and 20.6° respectively but these being so close, are seen as a single peak in the XRD diffractogram, suggesting the coexistence of the two phases, which is in line with the FTIR results. The slight increase in the relative intensity of this peak with increase in cooling temperature suggests an increase in the overall polymer crystallinity. However, to quantitatively determine the change in overall crystallinity with change in cooling plate temperature, DSC was used. 
 [image: ]
[bookmark: _Ref65748327]Figure 8. FTIR spectra of Solef-573kDa membranes prepared by CCD methods cooling at -30 ℃, -20 ℃, -10 ℃ and 0 ℃ separately. 
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[bookmark: _Ref65748338]Figure 9. X-ray diffractogram of Solef-573kDa membranes prepared by CCD method with a variation in cooling plate temperatures.
Table 3 Crystallinity of the membranes prepared
	Sample- Kynar-440kDa

	Cooling temperature
	0 ℃
	-10 ℃
	-20 ℃
	-30 ℃

	Heat of fusion J/g
	53.6 ± 0.98
	52.3 ± 1.17
	48.7 ± 0.91
	46.7 ± 1.56

	Crystallinity (%)
	51.2 ± 0.95
	50.0 ± 1.11
	46.5 ± 0.86
	44.6 ± 1.49

	Sample- Solef-573kDa

	Cooling temperature
	0 ℃
	-10 ℃
	-20 ℃
	-30 ℃

	Heat of fusion J/g
	64.1 ± 1.57
	63.2 ± 0.57
	60.1 ± 3.30
	54.7 ± 1.01

	Crystallinity (%)
	63.1 ± 1.50
	60.3 ± 0.54
	57.4 ± 3.16
	52.2 ± 0.97



Both Kynar-440kDa and Solef-573kDa membranes were analysed for its crystallinity and the results are presented in Table 3. With increase in cooling plate temperature, the overall crystallinity of the membrane indeed increased. This result is in line with the SEM image results, which also showed an increase in the formation of the spherulitic PVDF crystals at higher cooling temperatures. Also, on comparing the two membrane types, Solef-573kDa shows a higher crystallinity in its sample when compared to the Kynar-440kDa for all cooling temperatures. This result is in line with our earlier hypothesis which predicted a higher tendency for Solef-573kDa to undergo polymer crystallisation than its Kynar-440kDa counterpart.
Mechanical strength
The mechanical properties of PVDF membrane prepared at different cooling plate temperatures are presented in Table 4. The tensile strength of the membrane shows a decreasing trend. This is because with an increase in the cooling temperature, the cooling rate decreases which results in membranes to have its supporting layer composed of larger pore channels that are more widely spaced apart. Consequently, membranes produced at higher cooling plate temperatures have poorer tensile strengths, despite higher overall crystallinity. This has been extensively studied and discussed in the field of freeze casting materials [33-35]. 
	Table 4

	Tensile test results for Kynar-440kDa and Solef-573kDa 15% PVDF/DMSO membranes.

	
	Thickness
(μm)
	Tensile strength (MPa)
	Percentage elongation at maximum load (%)
	Maximum load (N)
	Young's Modulus (Mpa)

	440kDa -30 ℃
	214±26
	1.69±0.14
	38±7.7
	3.60±0.44
	57±16

	440kDa -20 ℃
	191±4
	1.62±0.15
	32±7.6
	3.09±0.24
	57±19

	440kDa -10 ℃
	204±9
	1.55±0.12
	38±6.7
	3.16±0.12
	52±16

	440kDa 0 ℃
	184±4
	1.07±0.20
	31±12.2
	1.96±0.40
	38±37

	573kDa -30 ℃
	193±6
	1.38±0.01
	24±4.6
	2.66±0.10
	50±24

	573kDa -20 ℃
	182±9
	1.19±0.10
	30±5.4
	2.16±0.15
	62±3

	573kDa -10 ℃
	177±4
	0.61±0.12
	13±4.2
	1.07±0.19
	22±21

	573kDa 0 ℃
	168±3
	0.70±0.15
	26±11.3
	1.18±0.24
	20±3



Additionally, the increased presence of spherulitic structures at higher cooling temperatures, as explained in section 3.2, would also contribute to the reduction of the overall tensile strengths as these structures are relatively more discrete and not as well integrated into the membrane. Solef-573kDa sample has an even higher tendency to form such spherulitic structures than its Kynar-440kDa counterpart, thus resulting in poorer mechanical properties in the former compared to the latter. In fact, the Young’s modulus, which represents the resistance of the material to undergo deformation under stress, suffers substantially for Solef-573kDa samples prepared at higher cooling temperatures (> -10 ℃). Also, it should be noted that the two polymer materials come from two different suppliers which could also influence the mechanical properties of the prepared membranes depending on the polymer manufacturing process and conditions followed. 
Despite a reduction in the tensile strengths of the membrane with an increase in cooling plate temperature, the resistance to compression pressure still remains high [1]. The membranes were subjected to a high compression pressure of 20 bar and then observed for their change in thickness. The results showed very little change in membrane thickness which was in line with our previous work on CCD membranes [1]. Supplementary information (Supplementary Note 2) provides more details. 
Conclusion
This work studies the effect of cooling temperature on the solvent freezing process involved in the CCD method and how it ultimately influences the final membrane morphology and performance. Increasing the cooling temperature resulted in larger pore sizes in the separation layer and an increased presence of spherulitic structures in the support layer, which ultimately resulted in the weakening of the membrane’s mechanical strength. Between the two molecular weights of PVDF investigated, initially at lower cooling temperatures, Solef-573kDa showed smaller pore sizes than Kynar-440kDa, but at higher cooling temperatures this trend reversed, which illustrated an interesting interplay between thermodynamic and kinetic factors as they affect the final membrane morphology. Just like the pore sizes, the pure water permeances of the prepared membranes also generally follow the same trend. While FTIR and XRD results continued to show the dominance of β and γ phases for all cooling temperatures, the overall crystallinity determined by the DSC melting thermographs, increased with an increase in cooling temperature. These results reaffirm the increasing influence of solid-liquid demixing at higher cooling temperatures.
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