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ABSTRACT 

Although polymeric reverse osmosis membranes are typically used for water purification 

with high salt rejection rates, they have been also used to separate mixtures of much larger lipid 

molecules using supercritical carbon dioxide (SC-CO2). The coupled membrane-SC-CO2 process 

is influenced by the operating conditions and the interactions between the lipids, SC-CO2 and the 

membrane. To understand these interactions, the wetting phenomena was studied by determining 

the apparent contact angles (CAapp) of oleic acid (OA) and triolein (TO) in air and SC-CO2 on a 

commercial SG membrane over time (0-1 s). The atmospheric conditions for testing in air were 

22°C/0.1 bar, whereas SC-CO2 was tested at 40°C/120 bar. Images of the sessile drops were 

analyzed by the B-spline snake method. The CAapp for OA and TO at atmospheric conditions were 

higher than those under SC-CO2. At atmospheric conditions, the CAapp for OA and TO were 

49.74°±0.64° and 56.80°±1.05° at 0 s and 12.26°±1.07° and 13.10°±0.46° at 1 s, respectively. 

Under SC-CO2 environment, the CAapp for OA and TO were 37.33°±0.27° and 53.92°±0.86° at 0 

s and 11.63°±0.57° and 9.77°±1.32° at 1 s, respectively. The remarkable difference in the CAapp 

at 0 s between OA and TO can be attributed to the stronger affinity of the SG membrane to OA 

than TO. The CAapp at 0 s for both components decreased under SC-CO2 compared to those under 

atmospheric conditions. This decrease was greater for OA, which can be due to the higher 

solubility and the lower interfacial tension of the OA in SC-CO2 than TO. The exposure of the SG 

membrane to SC-CO2 causes plasticization and swelling, which may increase its interactions with 

the lipids. The findings indicate that SC-CO2 enhances the wetting behavior of the SG membrane 

with OA and thus SG membrane coupled with SC-CO2 may have potential to separate OA from 

complex lipid mixtures. 

INTRODUCTION 

Reverse osmosis (RO) polymeric membranes can be used in combination with supercritical 

carbon dioxide (SC-CO2) as a solvent. SC-CO2 reduces the viscosity of the complex liquid mixture, 

allowing the membrane to fractionate mixtures, which would otherwise not be possible at ambient 

pressure.  In addition, the membrane adds a fractionation step to separate mixtures, which would 

not be possible with SC-CO2 alone when the solubilities of their components are similar. This 

approach has been used to fractionate lipids [1-3]. The separations observed were largely due to 

the affinity of the membrane to the components in the mixture and the permeability of the 

membrane under the conditions used. However, although the RO membranes used in SC-CO2 

fractionations have been characterized before and after exposure to SC-CO2 [4], there is a lack of 
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information about the phenomena occurring on the membranes while being exposed to SC-CO2 

during processing. The interactions between the components in the mixture and the membrane 

under SC-CO2 environment can be studied by the determination of the apparent contact angle 

(CAapp) of a drop on the membrane surface and by the spreading coefficient (SL/S) of the liquid (L) 

on the solid (S) surface. When a liquid is in contact with a surface, it forms an angle θ with that 

surface, which is the result of the mechanical equilibrium among the three surface tensions, e.g., 

the liquid surface tension (γLA), the solid surface tension (γSA), and the liquid–solid interfacial 

tension (γSL), as related through the Young’s equation [5]: 

𝛾𝐿𝐴 × 𝑐𝑜𝑠𝜃 =  𝛾𝑆𝐴 − 𝛾𝑆𝐿      (1) 

Contact angle measurements have been performed for different surfaces either for water in 

CO2 atmosphere or for CO2 in water atmosphere [6-8]. The contact angles of water in CO2 

atmosphere were measured both on a glass surface [6] and on polystyrene thin films [7]. In both 

cases, the contact angle increased significantly up until pressures close to the vapor pressure of 

CO2, while pressurizing the system above the vapor pressure resulted only in a moderate increase 

in contact angle [6,7]. Saraji et al. [8] measured the contact angle of a CO2 bubble on a quartz 

surface in water atmosphere, and reported that both advancing and receding contact angles 

increased from the CO2 subcritical to the supercritical region, with a sharp increase near the critical 

point. However, there is a lack of information on the contact angle and spreading coefficient of 

lipids on membranes under SC-CO2 atmosphere. 

When the solid surface where the drop is deposited is not ideal (e.g., has roughness), the 

angle formed is refered to as the apparent contact angle (CAapp) [9]. The CAapp can be easily 

determined by applying the B-spline snake method to captured video frames over the first moments 

of contact of the drop on the surface, while the same method is applied to the pendant drop at the 

tip of the needle before detaching to determine γLA [10]. This method applies parametric spline 

curves (piecewise-polynomial functions consisting of concatenated polynomial segments) to 

moving images to find the contour of the drop and calculate both CAapp and γLA. The drop of the 

liquid under study first contacts the surface but it may or may not adhere to it. The work necessary 

to separate the drop from the surface is referred to as the work of adhesion (WA), which represents 

the affinity between the liquid and the surface [11]. It can be determined from Eq. 2:   

𝑊𝐴 = 𝛾𝐿𝐴 × (cos 𝜃 + 1)     (2) 

However, the behavior of the liquid on the surface is not determined only by the work of 

adhesion, but also by the work of cohesion (WC). WC represents the work required to produce two 

unit areas of interface from an original unbroken column of the liquid, e.g., how likely a droplet is 

to remain intact [11]. It is expressed by: 

𝑊𝐶 = 2 × 𝛾𝐿𝐴        (3) 

Finally, the spreading coefficient is obtained by subtracting the work of cohesion from the 

work of adhesion (Eq. 4). It represents the wettability of the surface by the liquid. If SL/S is larger 

than zero, the liquid spreads spontaneously on the surface to form a thin film [11]. 

 𝑆𝐿/𝑆 = 𝑊𝐴 − 𝑊𝑐       (4) 

The wetting behavior of lipids on RO membranes in SC-CO2 environment is not known. 

Thus, the aim of this study was to determine the CAapp of oleic acid (OA) and triolein (TO) under 

atmospheric (22°C/0.1 bar) and SC-CO2 (40°C/120 bar) environments on a commercial SG 

membrane over time (0-1 s). This parameter was correlated with the spreading coefficient through 

the work of adhesion and cohesion of the system to establish the wetting regime (partial or 

complete wettability) of OA and TO on SG membrane within the SC-CO2 environment. 
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MATERIALS AND METHODS 

Materials 

SG membrane was provided by GE Osmonics Inc. (Minnetonka, MN, USA). OA (purity 

of 100%) and TO (purity ≥75%) were purchased from VWR International (Mississauga, ON, 

Canada). Both OA and TO were stored in amber bottles under nitrogen at 4˚C. Liquid CO2 (purity 

of 99.9%, moisture content < 3 ppm) and nitrogen (purity of 99.998%) were obtained from Praxair 

Canada Inc. (Mississauga, ON, Canada). Water purified by Milli-Q® ultrapure water purification 

system (EMD Millipore, Billerica, MA, USA) was used to validate the system. Food grade 

anhydrous ethanol (EtOH) (Commercial Alcohol, Winnipeg, MB, Canada) was used for cleaning. 

Apparatus to measure apparent contact angle 

The experimental apparatus custom-built in our 

lab, which was previously reported for the determination 

of interfacial tension [12] was modified to measure contact 

angle. The system (Fig. 1) was equipped with a high 

pressure  view cell (200 mL, ID=40 mm, Nova-Swiss, 

Effretikon, Switzerland), which was connected to a heating 

jacket and placed inside a temperature controlled air bath; 

both heating elements were separately monitored by means 

of J-type thermocouples connected to controllers 

(Chromalox, Pittsburgh, PA, USA). The pressure and 

temperature of the fluid inside the view cell were measured 

using a digital gauge (GE Druck, Leicester, UK) and a 

thermocouple (J-type) connected to controller, 

respectively. 

The sessile drops of OA and TO with and without 

SC-CO2 were measured on a flat sheet of un-washed 

membrane (SG), placed on a stainless steel support inside the view cell. The position of the support 

was adjusted at the center of the view cell window (diameter of 5 mm) by means of a screw at the 

bottom. To verify that the membrane was mounted properly, the difference in θ between the right 

and left edges of the drop was measured (ImageJ software), and when this difference was less than 

2° it was considered to be placed correctly. The drop was generated using two valves (one ball 

valve and one micrometering valve), which were installed on the tubing (loop) between the top 

reservoir vessel and the bottom view cell. The temperature of the tube was kept constant through 

a heating rope, which was connected to a controller and monitored by a thermocouple. A stainless 

steel capillary (OD=0.4572 mm, wall thickness=0.1 mm) (Type 304 SS dispensing needle 26 

Gauge, McMaster-Carr, Atlanta, GA, USA) was connected to the end of the tubing using a fitting 

and a luer lok connector to create the drop. The capillary position was adjusted at the center of the 

view cell. Specifically, for the measurements under supercritical conditions, the OA or TO was 

saturated with SC-CO2 (drop phase) in the top reservoir vessel (30 mL). To ensure the equilibration 

and homogenization of the saturated drop phase (solute and SC-CO2) a recirculation pump 

(LEWA, EK-1-05MM, Leonberg, Germany) was used. The top reservoir, the tubes in the 

recirculation loop and the pump head were heated with heating ropes and separately monitored by 

means of thermocouples connected to temperature controllers. The pressure in the top reservoir 

was measured with a gauge (Swagelok, Solon, Ohio, USA). The system was pressurized with CO2 

Figure 1. Schematic diagram of the 

apparatus used for contact angle 

measurements. A, B, C, D, E are 

needle valves. 
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using a syringe pump (Teledyne ISCO Inc., Model 260D, Lincoln, NE, USA).    

The images of the drops were recorded by a CMOS camera (A602f, Basler Vision 

Technologies, Ahrensburg, Germany) equipped with a telecentric microscope lens with a zoom 

factor of up to 4.5 (VZM 450, Edmund Optics, Barrington, NJ). A fiberoptic light source (Intralux 

4000, Volpi, Schlieren, Switzerland) and an opal diffuser (NT46-165, Edmund Optics, Barrington, 

NJ) were used to illuminate the drops. The videos were captured during 2 min using Virtual VCR 

free software (avi file format) and converted to frames using a free software (Free video). The 

frames were analyzed by ImageJ free software using the B-Spline plugin to determine the contact 

angle (minimum 10 knots were selected for each drop profile).  

Before each contact angle measurement, the system was cleaned multiple times by 

recirculating first EtOH, then CO2 + EtOH at 280 bar and 40˚C and in the end flushed with pure 

SC-CO2 at 280 bar and 40˚C to remove residual solutes, EtOH, and air. The membrane support 

was washed and soaked with EtOH and then dried with compressed air. Contact angle 

measurements were performed in triplicate. 

CA measurement at atmospheric conditions 

First, OA or TO (20 mL) was injected into the loop using a disposable plastic syringe, 

through a port connected to the tube. After filling the loop, the capillary was flushed with OA or 

TO by fully opening the micrometering valve. Thereby, the tubing connecting to capillary and 

valve were rinsed and filled with the solute, while removing the air. The micrometering valve was 

closed after ~ 5 mL of solute passed through the capillary tip. Then, the light source was turned on 

and the membrane was placed properly on the support inside the view cell. Video recording was 

started prior to drop formation. To generate a drop suspended at the capillary tip and the sessile 

drop, the micrometering valve was opened slowly. All the measurements of contact angle in air 

were performed at 22°C/0.1 bar. 

CA measurement at supercritical conditions 

Prior to loading the solute (25 mL) in the top reservoir, the temperature controllers for the 

different parts of the whole system were set at 40˚C. Then, needle valves A and B (Fig. 1) were 

opened to pressurize the top part with pure SC-CO2 at 120 bar, after which they were closed. The 

recirculation pump was turned on at 40 Hz for 2 h to reach equilibrium. Simultaneously, the light 

source was turned on, the membrane was placed on the support inside the view cell, and the 

micrometering valve was opened. The view cell was then pressurized with SC-CO2 at 120 bar by 

opening the needle valves A and C (Fig. 1), until reaching the target pressure, after which they 

were closed. After reaching equilibrium (~ 2 h) in the top reservoir (saturated drop phase) and 

view cell (surrounding phase) the recirculation pump was turned off.  Prior to drop formation, the 

micrometering valve was closed and the ball valve was opened to fill the loop with the CO2-

saturated lipid phase, then the camera was started to record the video. The micrometering valve 

was opened slowly to generate a drop suspended at the capillary tip followed by the sessile drop. 

The depressurization of the view cell was started by closing the ball valve and opening the 

micrometering and needle valve E (Fig. 1). Meanwhile, the top reservoir vessel was depressurized 

by opening the needle valve D (Fig. 1).  

RESULTS  

The methodology was validated by measuring the CAapp of milli-Q water on washed SG 

membrane (the membrane was washed according to Akin and Temelli [4]) at atmospheric 

conditions. The CAapp of water on washed SG membrane was 66°±0.98°, which was in agreement 
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with 69.3°±2° reported by Akin and Temelli [4]. The CAapp was also measured on un-washed SG 

membranes at atmospheric conditions; however, it was lower (57°±1.45°) compared to that on 

washed membrane. The increased hydrophilicity of the membrane surface may be due to the 

presence of contaminants. According to Tang et al. [13] and Akin and Temelli [4], traces of 

sulfonic groups were detected using FTIR at 1040 cm-1, which were removed after the membrane 

was washed.   

The maximum value of CAapp on SG membrane at atmospheric and supercritical conditions 

(40°C/120 bar) for OA (Fig. 2A) and TO (Fig. 2B) was  obtained at 0 s when the drop touched the 

SG membrane. The CAapp values decreased sharply until 0.7 s for OA and 0.3 s for TO, followed 

by reaching a plateau. 

 

 

The CAapp for OA and TO at atmospheric conditions were 49.74°±0.64° and 56.80°±1.05° 

at 0 s and 12.26°±1.07° and 13.10°±0.46° at 1 s, respectively. The higher wettability of OA than 

TO at atmospheric conditions on SG membrane is due to the higher affinity of the selective layer 

of SG towards more oleophilic components. Akin and Temelli [4] have reported the presence of 

hydrophilic groups -OH and -NH on the surface of SG membrane. Furthermore, the CAapp results 

using milli-Q water suggested that the un-washed SG membrane surface is relatively hydrophilic, 

thereby, it could explain the higher CAapp obtained for TO compared to OA. Under SC-CO2 

environment, similar trends were observed where the CAapp for OA was also lower than that for 

TO. Specifically, the CAapp for OA and TO were 37.33°±0.27° and 53.92°±0.86° at 0 s and 

11.63°±0.57° and 9.77°±1.32° at 1 s, respectively. Thereby, the higher wetabillity of OA compared 

to TO on un-washed SG membrane under SC-CO2 environment confirmed the findings of Araus 

and Temelli [3], who reported that OA permeated preferentially through the un-washed SG 

membrane rather than TO at 120 bar and at 40°C.  

As shown in Figure 2, the CAapp for both lipids decreased in presence of SC-CO2 when 

compared to atmospheric conditions. At 0 s, the CAapp for OA and TO  dropped 12.41° and 2.88°, 

respectively. These results suggest that the exposure of SG membrane to SC-CO2 increased the 

wettability of both lipids on the SG membrane. This increase may be attributed to the ability of 

SC-CO2 to penetrate the polymeric membrane and change its structure due to swelling and 

plasticization effects. Such phenomena can reduce the interactions between the polymer chains on 

the membrane or increase the interactions between CO2 and the membrane [14], thereby, causing 

a reduction in the contact angle value. Also, the higher affinity and wettability or lower CAapp for 

OA than that for TO on the SG membrane under SC-CO2 environment can be explained by the 

preferential interactions between the polar functional groups (-NH and -OH) on the polymeric 

membrane, the fatty acid, and quadrupolar CO2. Moreover, the effect of SC-CO2 on the CAapp of 

Figure 2. CAapp for (A) OA and (B) TO in atmospheric and SC-CO2 environment as a function of time. Error bars 

represent the standard deviation based on triplicate measurements. 
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lipids on un-washed membrane may be attributed to several effects linked to the mass transfer 

between the drop and surrounding phases, or diffusion of solutes from the CO2-saturated drop 

phase to the surrounding phase, which might affect the interfacial tension, spreading coefficient, 

and contact angle. For example, Seifried and Temelli [12] reported the interfacial tension (γLA) of 

fish oil triglycerides and fatty acid ethyl esters in the presence of CO2 at 40, 50 and 70°C and 

pressures of up to 250 bar, where the interfacial tension of both components decreased as pressure 

increased due to a higher amount of CO2 adsorbed onto the interface at higher densities.  

Figure 3 shows the SL/S for OA and TO under atmospheric conditions and in the presence 

of SC-CO2 based on the difference between WA (Fig. 4) and WC (Eq. 4). To determine the WA and 

WC, information reported in the literature was used for interfacial tension and densities of drop 

and surrounding phases [15-20]. The WC calculated in the presence of CO2 was lower than that in 

air. For example, the WC for OA and TO at higher pressure in SC-CO2 were 7.13 mN/m and 16.36 

mN/m while at atmospheric pressure they were 63.6 mN/m and 64.82 mN/m, respectively.  

 

 

 

 

 

 

 

 

Under atmospheric conditions the SL/S for OA and TO is more negative than in the presence 

of SC-CO2, indicating a partial wetting for both compounds on un-washed SG membrane (Fig. 3). 

However, the SL/S for OA and TO in SC-CO2 environment were enhanced (less negative), 

indicating higher wettability and a decrease in CAapp on the membrane surface  (Fig. 3), thereby 

the liquid can spread more spontaneously over the surface of SG membrane. For example, the SL/S 

for OA at 120 bar and 40°C ranged from -0.71 mN/m (at 0 s) to -0.071 mN/m (at 1 s) while at 

atmospheric conditions it ranged from -11.01 mN/m (at 0 s) to -0.62 mN/m (at 1 s). Thus, the SL/S 

is affected by the presence of SC-CO2, which decreased the interfacial tension (γLA) with increased 

pressure, and it might also modify the value of γSA due to the dissolution of drop phase in the SC-

CO2 phase [6]. The high pressure surrounding phase in contact with the membrane surface could 

change its surface free energy compared to that under atmospheric conditions, modifying the 

preferential interactions between the drop phase with the solid phase (membrane) and the value of 

CAapp. 

 

 

 

 

 

Figure 3. Spreading coefficient for (A) OA and (B) TO in atmospheric and SC-CO2 environment as a function of 

time. Error bars represent the standard deviation based on triplicate measurements 
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CONCLUSION 

The CAapp for OA and TO at atmospheric (22°C/0.1 bar) and supercritical (SC-CO2 at 

40°C/120 bar) conditions was measured by using the B-spline snake method for a sessile drop on 

un-washed SG membrane. The system and methodology were validated by measuring the CAapp 

for milli-Q water on washed SG membrane at atmospheric conditions. The CAapp of milli-Q water 

on un-washed SG membrane was lower that on washed SG membrane. This was attributed to the 

presence of contaminants, which decreased the hydrophobicity of the membrane surface. The 

CAapp for OA and TO in SC-CO2 environment was lower than those at atmospheric conditions. 

Besides, the spreading coefficient under SC-CO2 was less negative compared to that at 

atmospheric conditions. Therefore, the lower CAapp and higher wettability for TO and OA on un-

washed SG membrane were obtained in pure SC-CO2 environment. These results can be attributed 

to the mass transfer occurring between the lipid drop and the surrounding SC-CO2 phase, which 

might modify the contact angle. Moreover, the unsaturated SC-CO2 surrounding phase might 

change the surface free energy of membrane surface, thereby increasing its interaction with the 

drop phase. Also, the effect of swelling on SG membrane by exposure to SC-CO2 may increase 

the interactions between the polymer chains on the membrane or increase the interactions between 

CO2 and the membrane, thus, modifying the contact angle value. The findings address the lack of 

information regarding the contact angle in SC-CO2 environment, which can be applied in the 

optimization of separation processes involving SG membranes.  
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