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Abstract

:

This article describes a new technique for the preparation of hollow fiber (HF) membrane samples using an automatic manipulator unit. The manipulator uses a syringe needle to form a HF of a given geometry. The needle in automatic mode is sequentially immersed, first into the polymer solution and then into the coagulation bath. The possibility of using a manipulator to obtain HF samples was studied on the known polysulfone (PSf)/N-methylpyrrolidone (NMP)/pore-forming additive system. A series of HF membrane samples were made within 29 h from twelve 1 mL PSf casting solutions. This was 15 times faster than obtaining samples of HF membranes at the multifunctional research laboratory facility. From the point of view of the consumption of the components of the casting solution, the use of the manipulator was 30 times more economical, and the consumption of water for precipitation and washing was 8000 times less. The developed method made it possible to study samples of HF by scanning electron microscopy (SEM), ultrafiltration, and evaluate its mechanical properties without spinning the membranes. Using the new technique, the optimal composition of the casting solution for the wet spinning of HF PSf membranes was selected during two weeks. Thus, the manipulator makes it possible to significantly reduce the time of the new membrane preparation, reduce the volume of used polymer, and thus makes it promising to study expensive or new membrane materials.
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1. Introduction


The successful implementation of membrane separation mainly depends on the membrane itself. In general, the structure and material of the membrane must correspond to the separation process for which the membrane was created. In membrane separation, both flat and hollow fiber (HF) membranes are used. HF polymer membranes are most often prepared from natural and synthetic polymers by the solution method using the phase inversion process [1]. The main advantage of HF membranes is the higher packing density of the membrane in the module (from 3000 to 20,000 m2/m3) compared to flat or tubular membranes [2,3,4], which significantly reduces the size of the separation devices. Phase inversion is a phase separation process where a polymer is transferred from a solution or melted state to a solid state in a controlled manner. There are several different approaches to the implementation of the phase inversion method [4,5]: the manufacture of HF membranes is carried out using the dry (evaporation induced phase inversion) or wet casting method (diffusion induced phase inversion) or a combination of them (dry-wet method) [6].



The initial solution, consisting of only one phase, breaks down into two: a solid polymer, which forms the matrix of the membrane, and a liquid, which forms pores in it. Due to contact with the non-solvent (coagulant), the upper surface quickly precipitates, forming a dense, selective layer. This layer slows down the penetration of the non-solvent agent into the polymer sublayer, which is deposited much more slowly and forms a more porous structure. The thermodynamic properties of the system and the kinetics of solvent and coagulant exchange have a strong influence on the morphology of the membrane, which in turn determines its transport and separation properties. Thus, for the manufacture of HF membranes with different transport and separation properties, it is important to select a polymer, a solvent, and a coagulant (non-solvent agent) for this [5,6]. However, the creation of polymer HF membranes depends not only on the choice of polymer, solvent, and non-solvent. The precipitation temperature, the time before precipitation, and the duration of the precipitation itself are all key parameters in the formation of HF membranes by phase inversion [7,8].



There are a large number of scientific papers on the influence of the conditions of HF formation on their membrane properties. The results of more than 160 scientific publications including studies on 23 industrial polymers were collected in the review by Feng et al. [9]. The 2019 review contains studies on the influence of the nature and composition of the internal coagulant, its temperature, and the contact time of the casting polymer solution with it [10]. The latest review of 2020 contains research on the development of casting methods of HF membranes that are safe for humans and the environment [11]



Polysulfone (PSf) is one of the most common polymers for the manufacture of HF membranes for micro-, ultrafiltration, gas separation, and membrane contactors [12,13,14]. In scientific works on the formation of HF membranes from this polymer, the influence of the molecular weight and concentration of the matrix polymer, the solvent used, the type of pore-forming agent, its molecular weight and concentration, the nature and composition of the coagulant on their transport and separation properties has been studied in detail [15,16,17,18].



All of the above works describe the production of HF polymer membranes on laboratory installations of dry-wet casting, which is associated with the production of a large amount of fiber, 200 m or more. The main problem is that to study the effect of casting conditions on the membrane properties of HF membranes, such a large amount is not necessary. In addition, the production of large volumes for research purposes entails large losses of reagents (polymer, pore-forming agent, solvent, and coagulant), and the time from the beginning of solution preparation to the formation of the membrane can take up to three days.



Another key factor in the preparation of polymer membranes using non-solvent induced phase separation is the determination of the membrane formation time, which is limited by the precipitation rate of the polymer solution. Usually, this is done by determining the diffusion coefficients of the coagulant in the “unlimited layer” of the polymer solution [19,20]. This approach enables us to determine the mechanism of transport of the insoluble agent into the polymer solution thickness for further phase decomposition and to qualitatively assess the effects of the polymer, its concentration, the selected solvent, and coagulant on the rate of solution precipitation. At the same time, it does not give an understanding of the real time of the formation of a polymer membrane of a given thickness and its final morphology.



Therefore, a method for determining the precipitation rate in a “limited layer” of a polymer solution was developed, which enables us to determine not only the precipitation time of a membrane with a given thickness, but also to predict the porous structure of the future membrane [21].



Thus, the purpose of this work was to select the composition of the casting solution and the conditions for HF membranes formation with external precipitation using new express methods for studying the properties of the polymer solution and polymer membranes.




2. Materials and Methods


2.1. Materials


In this work, polymer casting solutions and membranes were prepared from a commercial polymer-polysulfone (PSf) in BASF Ultrason® S 6010 granules (Mw = 4.5–5.5 × 104 g/mol, BASF, Ludwigshafen am Rhein, Germany). N-methylpyrrolidone (NMP) (Across Organics, Waltham, MA, USA) 99% extra pure was used as solvents. Pore-forming agents were introduced into the solution:




	-

	
polyvinylpyrrolidone (PVP) K 30 with a molecular weight of 40,000 g/mol produced by Sigma Aldrich Co. LLC, St. Louis, MO, USA, presented as a white powder; and




	-

	
polyethylene glycol (PEG400) in the form of a yellowish liquid with a molecular weight of 400 g/mol and a dynamic viscosity of 120 MPa s produced by Acros Organics, Waltham, MA, USA.









A model dye Blue Dextran with a molecular weight of 69,000 g/mol produced by Sigma Aldrich Co. LLC, St. Louis, MO, USA was used to evaluate the separation properties of the produced samples of HF membranes.




2.2. Preparation of Casting Solutions


Twelve casting polymer solutions of various compositions with a volume of 10 mL were prepared (Table 1). Solutions can be divided into three groups:




	
Group I: PSf-NMP;



	
Group II: PSf-NMP—5 wt% PVP; and



	
Group III: PSf-NMP—5 wt% PEG400.








In each group, PSf concentration varied from 15 to 24 wt%.



The components of the solution were mixed in a glass bottle at a temperature of 80 °C, then degassed and filtered for 24 h. A magnetic stirrer IKA C-MAG HS 10 was used for stirring.




2.3. Study of the Casting Solution


2.3.1. Investigation of the Viscosity of Casting Solutions


A Brookfield DV III-Ultra rotary viscometer produced by Brookfield Engineering, (Middleborough, MA, USA) was used to measure the viscosity of the polymer solutions. Measurements for each of the solutions were carried out at a temperature of 25 °C. Three viscosity measurements were carried out for each polymer solution.




2.3.2. Kinetics of Precipitation of Casting Solutions


To study the kinetics of the precipitation of PSf polymer solutions, the “limited” layer technique was used [21]. This enabled us to simulate the process of forming a polymer membrane of a given thickness and visualize the process of pore formation. By gluing two cover glasses with double-sided tape, a rectangular channel with a depth (d) of 300–400 µm was formed, open to the atmosphere on one side. The channel was then filled with a PSf solution. The sample with a polymer solution was fixed on a slide. Using a Pasteur pipette, a coagulant (water) was added into the polymer solution from the side open to the atmosphere, and the process of phase separation of the PSf solution was observed using a microscope and recorded on a video camera.



The kinetics of polymer precipitation was evaluated using the precipitation rate of a polymer solution in a layer of a given thickness. This was calculated as the ratio of the total thickness of the polymer layer (d, µm) to the time of its precipitation (t, s).


   v l  =  d t   



(1)







The precipitation rate was averaged based on five measurements for each polymer solution.





2.4. Preparation of Short-Samples of Hollow Fiber Membranes


To prepare short-samples of HF membranes, a new original manipulator based on a 3D printer was developed, which enabled us to prepare up to 25 short-samples of HF membranes (Figure 1).



The manipulator (Figure 1) includes a block (1) with a carrier needle (2) moving along the vertical (6) and horizontal (7) bars in the x and z axes. Short-samples of HF membranes were formed by successively lowering the carrier needle into sample bottles (4) with a casting solution, and then into sample bottles (4) with a coagulant. The sample bottles with casting solutions and coagulants are located on a platform (3), which also moves along the bar (5) in y axis. Short-samples of HF membranes were prepared for the study of morphology, mechanical, transport, and separation properties.



For the manipulator, software has been developed that enables one to set the algorithm for the movement of the carrier needle and the platform with sample bottles to prepare 25 short-samples of HF membranes. The developed program of the manipulator enabled us to set the speeds of movement of the carrier needle in axes x (horizontally along the polymer platform with bottles) and z (movement of the carrying needle perpendicular to the polymer platform) and of the polymer platform with bottles in axis y (vertical movement of the platform) as well as the contact time of the carrier needle with the casting solution and the coagulant. To obtain each short-sample of the HF PSf membrane, an algorithm for the movement of the carrier needle and platform with bottles was created, consisting of the following commands:




	
home—placing the unit with the carrier needle and the platform with the weighing bottles in the starting position.



	
move—movement to the bottle with polymer solution. The speed of movement along axes X, Y is 0–50 mm/s.



	
moveZ—lowering the unit with the carrier needle into a weighing bottle with a polymer solution. The speed of movement along the Z axis is 0–20 mm/z.



	
dwell—holding the carrier needle in a bottle with a polymer solution to form a polymer solution on it. The holding time of the carrier needle is 20 s.



	
moveZ—lifting the carrier needle with polymer solution. The speed of movement along the Z axis is 0–20 mm/s.



	
dwell—holding the carrier needle over the bottle. On average, one sample requires 46 s.



	
move—movement of the carrier needle with the polymer solution to the weighing bottle with the precipitant. The speed of movement along the X, Y axes is 0–50 mm/s.



	
moveZ—lowering the carrier needle with the polymer solution into the weighing bottle with the precipitant. The speed of movement along the Z axis is 0–20 mm/s



	
dwell—holding the carrier needle in a weighing bottle with a precipitant. On average, one sample requires 33 s.



	
moveZ—raising the carrier needle to a starting height of 0 mm. The speed of movement along the Z axis is 0–20 mm/s.



	
home—return to the starting position to replace the carrier needle from the membrane with a new one. The speed of movement along the X, Y axes is 0–50 mm/s.








Using a carrier needle, a wet method of forming HF membranes was carried out. The speed of the carrier needle movement along the x, y, z axes was selected relative to the viscosity of the casting solution. Distilled water was used as a coagulant. The contact time of the needle (carrier of the polymer solution) with the coagulant corresponded to the time of precipitation of this solution in the “limited” layer. After precipitation, the samples were washed alternately in two bottles with water. During one cycle of operation of the manipulator, 12 short-samples of HF membranes were formed. The maximum fiber length was 75 mm.




2.5. Investigation of the Properties of Short-Samples of Hollow Fiber Membranes


2.5.1. Study of the Morphology of Short-Samples of HF PSf Membranes


Scanning electron microscopy (SEM) was used to characterize the structure and morphology of the membranes. SEM was carried out on a Thermo Fisher Phenom XL G2 Desktop SEM, Waltham, MA, USA. Cross-sections of the membranes were obtained in liquid nitrogen after preliminary impregnation of the specimens in isopropanol. A thin (5–10 nm) gold layer was deposited on the prepared samples in a vacuum chamber (~0.01 mbar) using a desktop magnetron sputter “Cressington 108 auto Sputter Coater”, (Rassendale, Liverpool, UK). The accelerating voltage during image acquisition was 15 keV. Further image analysis and determination of the selective layer thickness was carried out using the Gwyddion software (ver. 2.53 Brno, Czech Republic).




2.5.2. Investigation of Mechanical Properties of Short-Samples of HF PSF Membranes


Mechanical characteristics were studied using a TT-1100 bursting machine (Cheminstruments, Fairfield, CT, USA) at room temperature (22–24 °C). The traverse travel speed was 3.8 cm/min. The samples possessed a length of 70 mm. The initial distance between the clamps was 50–60 mm. Young modulus was determined by the slope of the initial stress-strain dependence close to the rectilinear section at strain values not exceeding 5%. The stresses were calculated on the initial cross-section of the sample.




2.5.3. Investigation of Transport and Separation Properties of Short-Samples of Hollow Fiber PSF Membranes


The study of the permeability of the prepared short-samples was carried out in an installation as shown in Figure 2. The short-sample was sealed into the module. The measurement was performed in the flow mode with a transmembrane pressure of 1 atm.



The permeability was calculated using the formula:


  P =  V  S · t · Δ p    



(2)




where P is the permeability (L/m2 h bar); V is the volume of the taken sample (l); t is the sampling time (h); S is the surface area of the selective layer of the short-sample of the hollow fiber (m2); and Δp is the overpressure (bar).



The calculation of the rejection rate was conducted with the formula:


  R =   1 −  C p     C f    · 100  



(3)




where R is the rejection (%); Cp is the concentration of the solute in the permeate (mg/L); and Cf is the concentration of the solute in the feed stream (mg/L).



To measure the rejection, an aqueous solution of Blue Dextran (MM = 69 kg/mol) with a concentration of 100 mg/kg was prepared and used.






3. Results and Discussion


3.1. Viscosity and Precipitation Rate of Polymer Casting Solutions


In order to predict the properties of future hollow fiber PSf membranes and to select the casting conditions, the first stage of the work was carried out to study the properties of all prepared casting solutions. Their dynamic viscosity was measured (Figure 3).



As PSf concentration increased from 15 wt% to 24 wt%, dynamic viscosity increased monotonically (Figure 3). For PSf solutions in NMP without pore-forming agents (group I), the viscosity increased from 740 to 9630 MPa s; for solutions with 5 wt% PVP (group II) from 1870 to 26,420 MPa s; and for solutions with 5 wt% PEG400 (group III) from 1110 to 15,250 MPa s. At the same time, it can be seen from Figure 3 that solutions containing pore-forming agents had a higher dynamic viscosity than solutions without them, which corresponds to the literature data [15,22,23]. For each PSf concentration, the viscosity of solutions with 5 wt% PEG400 was about 1.5 times higher, and with 5 wt% PVP, it was 2.5–3 times higher than the viscosity of PSf solutions without pore-forming agents. The greatest effect of the introduction of the pore-forming agent on the viscosity was observed at a high concentration of PSf (24 wt%). The viscosity of solutions with the addition of pore-forming agents, which were also polymers, increased due to an increase in the total polymer content [22]. In group II solutions, this effect was enhanced as the introduction of PVP into PSf-NMP solution led to thermodynamic instability [24].



In addition to the dynamic viscosity, the precipitation rates for all prepared casting solutions were investigated. The precipitation rate was studied using the “limited” layer method, which most accurately simulates the process of forming the wall of a HF when it is prepared [21].



The precipitation rate of the solutions as well as the viscosity depends on the concentration of PSf (Table 2). Comparing Figure 3 and Figure 4, the correlation of these two parameters of the casting solution was observed. In this case, the precipitation rate of the casting solution was inversely proportional to the viscosity [20], since it decreased as PSf concentration increased. For group I solutions with an increase in PSf concentration from 15 to 24 wt%, the precipitation rate decreased from 24.5 to 6 µm/s; for group II from 14.8 to 4.2 µm/s; and for group III from 21.0 to 7.2 µm/s. Note that this decrease cannot be regarded as monotonically decreasing. In addition to dividing the solutions into groups from the point of view of the introduced pore-forming additive, they can be divided into low-concentration (CPSf = 15–18 wt%) and high-concentration (CPSf = 20–24 wt%). Analyzing the obtained values of the deposition rates for all solutions, it can be concluded that for PSf-NMP solutions on going from 15 to 18 wt% and from 20 to 24 wt%, the deposition rate decreased by 28%, for PSf-NMP-PVP solutions by 25%, and for PSf-NMP-PEG400 solutions by 15%. However, when going from low-concentration to high-concentration solutions, there was a sharp decrease in the deposition rate by about 60% in all groups. This effect is possibly associated with an increase in the viscosity of solutions during PSf concentration, which exhibits an exponential character (Figure 3).



The precipitation rates in groups I, II, and III of the polymer solutions were compared. Table 2 shows that the precipitation rates of PSf solutions in NMP without pore-forming agents and with the addition of 5 wt% PEG400 were comparable, despite the fact that the viscosities of group I solutions were about 1.5 times higher than for group III solutions. This may be due to the fact that PEG400 is not only a pore-forming agent, but is also a non-solvent in relation to the PSf-NMP polymer solution. The introduction of a non-solvent into the polymer solution in small amounts increases the precipitation rate [19]. The hydrophilicity of PEG400 also increases the inflow rate of water diffusion in the polymer solution [25]. Thus, the combination of properties of PEG400 and its low content compensates for the effect of viscosity on the precipitation rate of polymer solutions, so they are comparable for groups I and III.



The precipitation rate of group II of PSf solutions with 5 wt% of the pore-forming agent PVP was 1.5–1.7 times lower than for solutions of groups I and III. The greatest difference between the precipitation rates of solutions of groups I and II was observed at low concentrations of PSf, up to 15 wt%, and the difference in precipitation rate decreased at higher concentrations. This was also due to thermodynamic instability, which decreased as the ratio between PSf and the PVP additive decreased from 25 to 17 wt% [23].




3.2. The Porous Structure of Short-Samples of Hollow Fiber Membranes Formed on the Needle Carrier of the Manipulator


Next, short-samples of HF PSf membranes were prepared on a carrier needle from each casting solution using our unique manipulator created for this work. Using a carrier needle, a wet method of forming HF membranes was carried out.



First, in this work, a “wet” method of forming membranes was performed using a manipulator. Basically, the “wet” method of implementing the process of phase decomposition of a polymer solution in contact with a non-solvent is carried out to obtain flat asymmetric membranes [26]. However, there are known works in which the “wet” method has been used to obtain membranes in the form of a hollow fiber [22,27,28]. During molding, the HF from the die immediately dropped into the sedimentation bath. Water was used as a precipitator to induce instantaneous phase decay from the outside of the fiber [28]. Bore fluid is present in the manufacturing process of the HF membrane. It is necessary for the formation of an internal channel, and not for the implementation of the phase decomposition of the polymer solution from the inside of the fiber. SEM photos of HF membranes indicate the movement of the precipitator front from the outer surface of the HF to the inner, and not vice versa, according to [27,28]. To achieve this effect, a composition of body fluid was selected to exclude the possibility of phase decomposition of the polymer solution from the inside, and the deposition front was from the outside. Thus, the polymer solvents were NMP and DMF with a small addition of water from 1 wt% [28] to 10 wt% [27] was used as bore fluid.



The created manipulator enabled the simulation of the process of the phase decomposition of a polymer solution from the outside, and the carrier needle played the role of bore fluid for the formation of an internal channel.



Different values of the speed of movement of the carrier needle and the residence time in the precipitator were set in the manipulator program due to the difference in the physicochemical properties of the molding solutions (Table 3). For all membrane samples, the speed of lowering the carrier needle along the z axis into the weighing bottle with a polymer solution and a precipitant was 20 mm/s. The speed of movement of the carrier needle and the polymer platform along the X, Y axes was 50 mm/s.



The holding time of the carrier needle in the bottle with the polymer solution was increased due to the increase in the viscosity of the solutions, while the lifting rate of the carrier needle, in contrast, decreased (Table 3).



Short-samples of HF membranes were prepared to study their morphology, mechanical, transport, and separation properties. During one cycle of the manipulator operation, 12 short-samples of HF PSf membranes were prepared. An example of the resulting short-sample of a HF PSf membrane on a carrier needle is shown in Figure 4.



The effect of the composition of the casting solution on the morphology of the prepared short-samples of HF PSf membranes was studied using a scanning electron microscope (SEM) (Table 4). In group I of the polymer solutions, the number of finger-shaped transport channels and diameter decreased, and the proportion of spongy pores increased with an increase in PSf concentration from 15 to 24 wt%. In group II, with an increase in the concentration of PSf, the formation of finger-shaped transport channels of a smaller diameter was observed, while the number of these channels increased. In group III solutions (with the addition of 5 wt% PEG400), there was a transition from a structure with finger-shaped transport channels at 15 wt% PSf to a dense structure with spongy pores in the case of 24 wt% PSf. At the same time, the presence of spongy pores already began to prevail with a PSf concentration of 18 wt%. Thus, PSf-NMP and PSf-NMP-5 wt% PEG400 solutions formed a denser structure as the polymer concentration increased. For solutions with 5 wt% PVP, in contrast, the most developed structure with transport channels was formed.



As shown in Table 2 and Table 3 for solution groups I and III, the precipitation rate and precipitation time were comparable. In group II, the precipitation time was almost two times longer.



In order to explain the data obtained from the precipitation rate and time, the Hansen solubility parameters were analyzed for the pore-forming agents, NMP solvent, and water coagulant (Table 5).



Table 5 shows that the solubility parameters responsible for the polarity (δp) and for the formation of hydrogen bonds (δh) were comparable for PVP (δp = 11.7 MPa1/2; δh = 8.6 MPa1/2) and NMP (δp = 12.3 MPa1/2; δh = 7.2 MPa1/2). Therefore, the dissolution of PVP in the coagulant (water) took longer than the dissolution of PEG400, which was why the precipitation process itself took longer in the group of polymer solutions with PVP.



The SEM method showed that in the absence of a pore-forming agent, large spongy pores were formed (PSF-20 and PSf-24 membranes). Introduction of 5 wt% PEG400 in solutions with the same concentration led to a decrease in the diameter of the spongy pores. At the same time, at a PSf concentration of 24 wt%, a denser near-surface selective layer with a thickness of about 30 µm was formed in the membrane. Addition of 5 wt% PVP in PSf-NMP solutions led to the preparation of a membrane with the densest support layer.



To date, the use of a carrier needle does not enable one to control the wall thickness of the resulting HF membrane. The lack of alignment in the HFs is presumably related to some deviation of the carrier needle from an angle of 90°. At the same time, this is an advantage from the point of view of studying the evolution of the porous structure of the membrane along its wall thickness. Thus, for example, in PSF-20 and PSf-PVP-24 membranes, when the wall thickness increased from 200 to 350 µm and from 220 to 400 µm, respectively, macrovoids began to form in the support sponge layer. In PSF-PEG-18 and PSf-PEG-20 membranes prepared from group II solutions, finger-shaped pores formed along the entire wall at a thickness of about 50 µm. However, with an increase in the wall thickness in these membranes, the layer with finger-shaped pores was replaced by a dense support layer with spongy pores. In addition, the wall thickness increased with an increase in the viscosity of the solution [18].




3.3. Mechanical Properties of Short-Samples of Hollow Fiber Membranes


The influence of the composition of the casting solution for the preparation of short-samples of hollow fiber PSf membranes using the manipulator was studied from the point of view of the mechanical properties (Figure 5).



Figure 5 shows an increase in the tensile strength of membranes with an increase in the concentration of polymer in the casting solution. For membranes prepared from group I solutions, it increased from 8 to 15.1 MPa; from group II from 1.1 to 15.1 MPa; and from group III from 6.2 to 15.4 MPa. Addition of 5 wt% of pore-forming agents in PSf solutions with concentrations of 15 and 18 wt% led to a decrease in the strength of the membranes, especially when using PVP. For PEG400, in the case of 15 wt%, the strength of the membranes decreased from 8 to 6.2 MPa, and in the case of 18 wt% from 9 to 7.2 MPa. For PVP in the case of 15 wt%, the strength of membranes decreased from 8 to 1.1 MPa, and in the case of 18 wt% from 9 to 2.7 MPa. Such a drop in strength with the addition of PVP may be due to the formation of macrovoids in the support layer of PSf-PVP-15 and PSf-PVP-18 membranes, as shown in the SEM photos (Table 4). The introduction of pore-forming agents into highly concentrated PSf solutions did not lead to a change in the mechanical properties of HF membranes. This may be explained either by the formation of a spongy structure in the walls of PSf HF membranes PSf-20, PSf-24, PSf-PEG400-20, PSf-PEGG400-24, or by the formation of thick walls due to the high viscosity of the casting solutions, as in the case of the PSF-PVP-20 and PSf-PVP-24 membranes.




3.4. Transport and Separation Properties of Short-Samples of Hollow Fiber PSF Membranes


All short-samples of hollow fiber PSf membranes were examined in terms of permeability (Table 6) and the rejection of the model dye Blue Dextran with a molecular weight of 69 kg/mol.



Table 5 shows a decrease in the permeability of membranes with an increase in the concentration of polymer in the casting solution. For membranes prepared from group I solutions, it decreased from 17.4 to 0.5 L/m2 h bar; from group II from 178.7 to 35 L/m2 h bar; and from group III from 475.6 to 0.1 L/m2 h bar. At the same time, introduction of 5 wt% PEG400 significantly increased the permeability of PSF-PEG400-15 and PSf-PEG400-18 membranes compared to the PSF-15 and PSf-18 membranes. The latter were made from similar solutions, but without the addition of a pore-forming agent. When PSf concentration increased to 20 wt%, there was a sharp drop in the water permeability in group III solutions to 28.6 L/m2 h bar in the PSf-PEG400-20 membrane. With a further increase in PSf concentration to 24 wt%, the formation of a near-surface dense layer with a thickness of about 30 µm (Table 4) reduced the permeability of the PSf-PEG400-24 membrane by two orders of magnitude.



Addition of 5 wt% PVP in PSF-NMP casting solutions kept the permeability of the membranes high across the whole studied range of PSf concentrations compared to other membranes prepared from group I and III solutions.



All short-samples of HF PSf membranes, except for PSf-PEG400-15, had a high rejection of 99.9%. The rejection (R, %) of PSf-PEG400-15 was 87.8%. The reduced R and high P for this membrane relative to the others seem to be due to the high ratio between PSf and PEG400, equal to 25%, which led to a less dense structure with finger-shaped pores.




3.5. Analysis of Economic and Time Costs


Since a new manipulator was developed, the first work was especially carried out on a well-known and widely studied system: the PSf/NMP/pore-forming additive. This system is used to produce HF membranes by the dry-wet method [15,16,17,31,32,33,34,35]. Traditionally, the selection of the optimal composition of the polymer solution is carried out by the multifunctional research laboratory facility. It consists of a large number of structural elements: a pressure reducing valve over the bore fluid, pressure reducing valve over the dope solution, tank with the bore fluid, tank with the spinning dope, thermostat for heating the bore fluid, spinneret block, first coagulation (spinneret) bath, second coagulation (washing) bath, rinsing and winding bath, system of guide rollers, and take-up drum [36]. The installation must go to a stationary spinning mode to obtain defect-free HF membranes. Therefore, the polymer solution must have a volume of at least 300 mL, the mixing time of which takes 24 h. Then, the solution is degassed and filtered. This process takes at least 24 h depending on the composition and viscosity of the solution [37]. When using the multifunctional research laboratory facility, the membrane fabrication time takes from 30 min. The fibers formed during the first and last five minutes are discarded and not used for research. Thus, 200 m of an experimental sample of a HF PSF membrane is obtained from 300 mL of a polymer solution. However, the study takes a maximum of 0.6 m (50 mm used for the SEM study, 50 mm for the study of mechanical properties, and 75–500 mm for the study of transport and separation characteristics). About 70 g of polymer is needed to prepare 24 wt% PSf solution. The remaining 230 g is a solvent with a pore-forming additive. Furthermore, the laboratory facility includes three sequential baths for precipitation and washing with a volume of 80 L [37]. Thus, the traditional method of obtaining HF PSF membranes includes not only a large consumption of the components of the spinning solution, but also distilled water.



A total of 10 mL of a solution of each composition was prepared for the preparation of short-samples of HF PSF membranes on a manipulator. This amount of solution was necessary to carry out three measurements of viscosity, five measurements of the deposition rate, and obtain nine samples of membranes for studies of the porous structure, mechanical properties, and deposition rate. One short-sample requires less than 1 mL of solution. The volume of the aqueous precipitation bath was 10 mL. The preparation time for each solution, together with degassing and filtration, took 24 h. Due to the small volume, 12 solutions were prepared simultaneously. About 3 min is necessary to obtain one short-sample taking into account the choice of the maximum speed of the carrier needle and the average holding time.



The study of the well-known molding composition (PSF-NMP-pore-forming additive) made it possible to calculate and compare the material and time costs for the manufacture of samples of HF PSf membranes on the manipulator and at the laboratory facility. The calculation of the cost of the components of the mixture for both methods of production is presented in Table 7. Information on the cost of the components of the mixture was searched for on the website of the suppliers. Component consumption was determined based on the volumes of molding solutions: 300 mL ≈ 300 g for the laboratory facility, 10 mL ≈ 10 g for the manipulator.



Analysis of the consumption and cost of the mixture components required for the preparation of 12 molding solutions demonstrate that the use of a manipulator to obtain research samples of HF membranes was 30 times economically more profitable than the laboratory facility. At the same time, the calculation did not take into account the consumption of distilled water and the energy consumption for its production for 12 solutions: the precipitation and washing bath of the laboratory facility of 2880 L vs. precipitation and washing bath manipulator of 360 mL.



Table 8 shows the calculation of the sample preparation time at the laboratory facility and at the manipulator for 12 solutions.



The calculation of the time costs showed that the manipulator reduced the time to obtain research samples of HF membranes from 12 spinning solutions by almost 15 times.





4. Conclusions


In order to analyze the influence of the composition of the casting solution on the morphology, mechanical, transport, and separation properties of the HF membranes, a new unique manipulator based on a 3D printer was designed. The manipulator used a syringe needle to form a HF of a given geometry. The needle in automatic mode was sequentially immersed first into the polymer solution and then into the coagulation bath. Special software was developed for the manipulator, which enabled us to obtain the speed of the carrier needle along the x, y, z axes and the platform with containers for various purposes (casting solutions, coagulants, etc.) as well as the residence time of the carrier needle within the casting solution and the coagulant. During one cycle of operation of the manipulator, 12 short-samples of HF membranes formed from solutions of various compositions.



The possibility of using a manipulator to obtain HF samples was studied on the known PSf/NMP/pore-forming additive system. A series of HF membrane samples were made within 29 h from twelve 1 mL PSf casting solutions. This was 15 times faster than obtaining samples of HF membranes at the multifunctional research laboratory facility. From the point of view of the consumption of the components of the casting solution, the use of the manipulator was 30 times more economical, and the consumption of water for precipitation and washing was 8000 times less



Having analyzed short-samples of HF PSf membranes, it was found that the best transport and separation characteristics were demonstrated by the membranes prepared from solutions with the addition of 5 wt% PVP with a PSf content of 15 to 24 wt%. The permeability of the membranes varied from 178.7 to 35 L/m2 h bar with the rejection of the Blue Dextran model dye (MM = 69 kg/mol) of 99.9% over the entire range of PSf concentrations in the casting solution. Moreover, these membranes demonstrated higher strength (9 and 15 MPa, for 20 and 24 wt% PSf in NMP with 5 wt% PVP, respectively) compared to the other samples. Taking into account the combination of morphology, mechanical, transport, and separation properties of short samples of HF membranes, casting solutions of 20 and 24 wt% PSF in NMP with the addition of 5 wt% PVP pore former are the most suitable compositions.



Thus, the new manipulator makes it possible to significantly reduce the time of the technological process of polymer membrane preparation and the volume of used polymer, which makes it promising to study expensive or previously unknown new membrane materials.







Author Contributions


Conceptualization, V.V. and A.V.; Methodology, T.A. and I.B.; Formal analysis, S.M.; Investigation, T.A. and A.R.; Data curation, T.A. and A.V.; Writing—original draft preparation, T.A.; Visualization, T.A. and A.R.; Supervision, S.M.; Project administration, T.A. and A.R.; Writing—review and editing, I.B., V.V., and A.V. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by the Russian Science Foundation, Russia (Project no. 20-79-00343).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Acknowledgments


This work was funded by the Russian Science Foundation, Russia (Project no. 20-79-00343). Tatyana Anokhina, Alisa Raeva, Sergey Makaev, Ilya Borisov, Vladimir Vasilevsky, Alexey Volkov thank the Russian Science Foundation for its financial support. The authors thank D. Bakhtin for the SEM photos and A. Kastuk for membrane strength measurement.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Baker, R.W. Overview of membrane science and technology. Membr. Technol. Appl. 2004, 3, 1–14. [Google Scholar]

	



Cassano, A.; Basile, A. Membranes for industrial microfiltration and ultrafiltration. In Advanced Membrane Science and Technology for Sustainable Energy and Environmental Applications; Woodhead Publishing: Sawston, UK, 2011; pp. 647–679. [Google Scholar] [CrossRef]

	



De Montigny, D.; Tontiwachwuthikul, P.; Chakma, A. Using polypropylene and polytetrafluoroethylene membranes in a membrane contactor for CO2 absorption. J. Membr. Sci. 2006, 277, 99–107. [Google Scholar] [CrossRef]

	



Bildyukevich, A.V.; Plisko, T.V.; Usosky, V.V. The formation of polysulfone hollow fiber membranes by the free fall spinning method. Pet. Chem. 2016, 56, 379–400. [Google Scholar] [CrossRef]

	



Lalia, B.S.; Kochkodan, V.; Hashaikeh, R.; Hilal, N. A review on membrane fabrication: Structure, properties and performance relationship. Desalination 2013, 326, 77–95. [Google Scholar] [CrossRef]

	



Alsalhy, Q.F.; Salih, H.A.; Simone, S.; Zablouk, M.; Drioli, E.; Figoli, A. Poly(ether sulfone) (PES) hollow-fiber membranes prepared from various spinning parameters. Desalination 2014, 345, 21–35. [Google Scholar] [CrossRef]

	



Guillen, G.R.; Ramon, G.Z.; Kavehpour, H.P.; Kaner, R.B.; Hoek, E.M. Direct microscopic observation of membrane formation by nonsolvent induced phase separation. J. Membr. Sci. 2013, 431, 212–220. [Google Scholar] [CrossRef]

	



Sadrzadeh, M.; Bhattacharjee, S. Rational design of phase inversion membranes by tailoring thermodynamics and kinetics of casting solution using polymer additives. J. Membr. Sci. 2013, 441, 31–44. [Google Scholar] [CrossRef]

	



Feng, C.; Khulbe, K.; Matsuura, T.; Ismail, A. Recent progresses in polymeric hollow fiber membrane preparation, characterization and applications. Sep. Purif. Technol. 2013, 111, 43–71. [Google Scholar] [CrossRef]

	



Ahmad, A.L.; Otitoju, T.A.; Ooi, B.S. Hollow fiber (HF) membrane fabrication: A review on the effects of solution spinning conditions on morphology and performance. J. Ind. Eng. Chem. 2019, 70, 35–50. [Google Scholar] [CrossRef]

	



Huang, Y.; Xiao, C.; Huang, Q.; Liu, H.; Zhao, J. Progress on polymeric hollow fiber membrane preparation technique from the perspective of green and sustainable development. Chem. Eng. J. 2021, 403, 126295. [Google Scholar] [CrossRef]

	



Kheirieh, S.; Asghari, M.; Afsari, M. Application and modification of polysulfone membranes. Rev. Chem. Eng. 2018, 34, 657–693. [Google Scholar] [CrossRef]

	



Kostyanaya, M.; Bazhenov, S.; Borisov, I.; Plisko, T.; Vasilevsky, V. Surface Modified Polysulfone Hollow Fiber Membranes for Ethane/Ethylene Separation Using Gas-Liquid Membrane Contactors with Ionic Liquid-Based Absorbent. Fibers 2019, 7, 4. [Google Scholar] [CrossRef]

	



Roslan, R.A.; Lau, W.J.; Lai, G.S.; Zulhairun, A.K.; Yeong, Y.F.; Ismail, A.F.; Matsuura, T. Impacts of Multilayer Hybrid Coating on PSF Hollow Fiber Membrane for Enhanced Gas Separation. Membranes 2020, 10, 335. [Google Scholar] [CrossRef] [PubMed]

	



Plisko, T.V.; Bildyukevich, A.V.; Usosky, V.V.; Volkov, V.V. Influence of the concentration and molecular weight of polyethylene glycol on the structure and permeability of polysulfone hollow fiber membranes. Pet. Chem. 2016, 56, 321–329. [Google Scholar] [CrossRef]

	



Bil’Dyukevich, A.V.; Plisko, T.V.; Branitskii, G.A.; Semenkevich, N.G.; Zharkevich, I.L. Investigation of the morphology of polymer-inorganic capillary membranes based on polysulfone. Pet. Chem. 2013, 53, 521–528. [Google Scholar] [CrossRef]

	



Machado, P.; Habert, A.; Borges, C. Membrane formation mechanism based on precipitation kinetics and membrane morphology: Flat and hollow fiber polysulfone membranes. J. Membr. Sci. 1999, 155, 171–183. [Google Scholar] [CrossRef]

	



Borisov, I.; Vasilevsky, V.; Matveev, D.; Ovcharova, A.; Volkov, A.; Volkov, V. Effect of Temperature Exposition of Casting Solution on Properties of Polysulfone Hollow Fiber Membranes. Fibers 2019, 7, 110. [Google Scholar] [CrossRef]

	



Li, Y.; Cao, B.; Li, P. Fabrication of PMDA-ODA hollow fibers with regular cross-section morphologies and study on the formation mechanism. J. Membr. Sci. 2017, 544, 1–11. [Google Scholar] [CrossRef]

	



Huang, T.; Song, J.; He, H.; Zhang, Y.-B.; Li, X.-M.; He, T. Impact of SPEEK on PEEK membranes: Demixing, morphology and performance enhancement in lithium membrane extraction. J. Membr. Sci. 2020, 615, 118448. [Google Scholar] [CrossRef]

	



Anokhina, T.; Borisov, I.; Yushkin, A.; Vaganov, G.; Didenko, A.; Volkov, A. Phase Separation within a Thin Layer of Polymer Solution as Prompt Technique to Predict Membrane Morphology and Transport Properties. Polymers 2020, 12, 2785. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, P.; Wang, Y.; Xu, Z.; Yang, H. Preparation of poly (vinyl butyral) hollow fiber ultrafiltration membrane via wet-spinning method using PVP as additive. Desalination 2011, 278, 186–193. [Google Scholar] [CrossRef]

	



Wang, T.; Zhao, C.; Li, P.; Li, Y.; Wang, J. Effect of non-solvent additives on the morphology and separation performance of poly( m -phenylene isophthalamide) (PMIA) hollow fiber nanofiltration membrane. Desalination 2015, 365, 293–307. [Google Scholar] [CrossRef]

	



Han, M.-J. Thermodynamic and rheological variation in polysulfone solution by PVP and its effect in the preparation of phase inversion membrane. J. Membr. Sci. 2002, 202, 55–61. [Google Scholar] [CrossRef]

	



Ma, Y.; Shi, F.; Ma, J.; Wu, M.; Zhang, J.; Gao, C. Effect of PEG additive on the morphology and performance of polysulfone ultrafiltration membranes. Desalination 2011, 272, 51–58. [Google Scholar] [CrossRef]

	



Blanco, J.-F.; Sublet, J.; Nguyen, Q.T.; Schaetzel, P. Formation and morphology studies of different polysulfones-based membranes made by wet phase inversion process. J. Membr. Sci. 2006, 283, 27–37. [Google Scholar] [CrossRef]

	



Chung, T.-S.; Qin, J.-J.; Gu, J.; Chung, N.T.-S. Effect of shear rate within the spinneret on morphology, separation performance and mechanical properties of ultrafiltration polyethersulfone hollow fiber membranes. Chem. Eng. Sci. 2000, 55, 1077–1091. [Google Scholar] [CrossRef]

	



Albrecht, W.; Weigel, T.; Schossig-Tiedemann, M.; Kneifel, K.; Peinemann, K.-V.; Paul, D. Formation of hollow fiber membranes from poly(ether imide) at wet phase inversion using binary mixtures of solvents for the preparation of the dope. J. Membr. Sci. 2001, 192, 217–230. [Google Scholar] [CrossRef]

	



Liu, B.; Du, Q.; Yang, Y. The phase diagrams of mixtures of EVAL and PEG in relation to membrane formation. J. Membr. Sci. 2000, 180, 81–92. [Google Scholar] [CrossRef]

	



Hansen, C.M. Hansen Solubility Parameters: A User’s Handbook; CRC Press: Boca Raton, FL, USA, 2007; p. 544. [Google Scholar]

	



Ohya, H.; Shiki, S.; Kawakami, H. Fabrication study of polysulfone hollow-fiber microfiltration membranes: Optimal dope viscosity for nucleation and growth. J. Membr. Sci. 2009, 326, 293–302. [Google Scholar] [CrossRef]

	



Yin, J.; Zhu, G.; Deng, B. Multi-walled carbon nanotubes (MWNTs)/polysulfone (PSU) mixed matrix hollow fiber membranes for enhanced water treatment. J. Membr. Sci. 2013, 437, 237–248. [Google Scholar] [CrossRef]

	



Aptel, P.; Abidine, N.; Ivaldi, F.; Lafaille, J. Polysulfone hollow fibers—Effect of spinning conditions on ultrafiltration properties. J. Membr. Sci. 1985, 22, 199–215. [Google Scholar] [CrossRef]

	



Doi, S.; Hamanaka, K. Pore size control technique in the spinning of polysulfone hollow fiber ultrafiltration membranes. Desalination 1991, 80, 167–180. [Google Scholar] [CrossRef]

	



Liu, T.; Zhang, D.; Xu, S.; Sourirajan, S. Solution-Spun Hollow Fiber Polysulfone and Polyethersulfone Ultrafiltration Membranes. Sep. Sci. Technol. 1992, 27, 161–172. [Google Scholar] [CrossRef]

	



Matveev, D.N.; Kutuzov, K.A.; Vasilevsky, V.P. Effect of Draw Ratio on the Morphology of Polysulfone Hollow Fiber Membranes. Membr. Membr. Technol. 2020, 2, 351–356. [Google Scholar] [CrossRef]

	



Matveev, D.N.; Vasilevsky, V.P.; Kutuzov, K.A. Properties of Polysulfone Hollow Fiber Membranes Depending on the Method of the Spinning Solution Preparing. Key Eng. Mater. 2020, 869, 443–448. [Google Scholar] [CrossRef]








[image: Membranes 11 00396 g001 550] 





Figure 1. The manipulator created in the work for the production of short-samples of hollow fiber (HF) polysulfone (PSf) membranes. 
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Figure 2. Diagram of the installation for measuring water permeability and the rejection. 1—the storage tank with the initial solution; 2—the ultrafiltration pump; 3—the ultrafiltration module; 4—the retentate and regenerate storage tanks; 5—the regeneration pump; 6—the storage tank for the filtrate (permeate). 
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Figure 3. Dynamic viscosity of PSf in N-methylpyrrolidone (NMP) casting solutions. I—PSf-NMP; II—PSf-NMP-PVP; III—PSf-NMP-PEG. 
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Figure 4. An example of the resulting short-sample of a HF PSf membrane. 
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Figure 5. Mechanical properties of short-samples of hollow fiber PSf membranes. 
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Table 1. Compositions of the studied casting solutions.
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No.

Groups

	
No. Membrane

	
Polymer

	
Cpol, (%)

	
Solvent

	
Csol, (%)

	
Pore-Forming Agent

	
Cagent, (%)






	
I

	
PSf-15

	
PSf

	
15

	
NMP

	
85

	
-

	
-




	
PSf-18

	
18

	
82




	
PSf-20

	
20

	
80




	
PSf-24

	
24

	
76




	
II

	
PSf-PVP-15

	
15

	
80

	
PVP

	
5




	
PSf-PVP-18

	
18

	
77




	
PSf-PVP-20

	
20

	
75




	
PSf-PVP-24

	
24

	
71




	
III

	
PSf-PEG-15

	
15

	
80

	
PEG400

	
5




	
PSf-PEG-18

	
18

	
77




	
PSf-PEG-20

	
20

	
75




	
PSf-PEG-24

	
24

	
71
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Table 2. The precipitation rate of PSf in NMP casting solutions. I—PSf-NMP; II—PSf-NMP-PVP; III—PSf-NMP-PEG.
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v, (μm/s)




	
Cpol, (%)

	
PSf-NMP

	
PSf-NMP-PVP

	
PSf-NMP-PEG400






	
15

	
24.5 ± 0.6

	
14.8 ± 0.7

	
20.9 ± 0.5




	
18

	
18.7 ± 0.5

	
10.5 ± 0.5

	
18.3 ± 0.5




	
20

	
8.7 ± 0.2

	
5.5 ± 0.3

	
8.7 ± 0.2




	
24

	
6.0 ± 0.1

	
4.2 ± 0.2

	
7.2 ± 0.2
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Table 3. Forming parameters for short-samples of HF PSf membranes.
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	Membrane No.
	H

(mPa s)
	tpr

(s)
	ths

(s)
	vlifting

(mm/s)
	thp

(s)





	PSf-15
	730
	11
	0
	20
	11



	PSf-18
	2040
	15
	30
	15
	15



	PSf-20
	2980
	38
	40
	15
	38



	PSf-24
	9630
	41
	60
	10
	41



	PSf-PVP-15
	1870
	20
	30
	15
	20



	PSf-PVP-18
	4130
	24
	60
	14
	24



	PSf-PVP-20
	8260
	61
	70
	12
	61



	PSf-PVP-24
	26,420
	76
	73
	10
	76



	PSf-PEG-15
	1110
	15
	0
	15
	15



	PSf-PEG-18
	3470
	18
	60
	15
	18



	PSf-PEG-20
	4270
	36
	60
	14
	36



	PSf-PEG-24
	15,260
	40
	70
	12
	40







tpr—time precipitation of the polymer solution; ths—time of holding of the Carrier Needle over a solution bottle; vlifting—velocity of lifting the carrier needle along the axis z; thp—time of holding of the Carrier Needle over a bottle with precipitant.
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Table 4. Scanning electron microscopy (SEM) photographs of hollow fiber membranes made from polymer solutions. I—PSf-NMP; II—PSf-NMP-PVP; III—PSf-NMP-PEG.
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Group

Solution

	
Membrane No.

	
SEM






	
I

	
PSf-15

	
 [image: Membranes 11 00396 i001]

	
 [image: Membranes 11 00396 i002]




	
PSf-18

	
 [image: Membranes 11 00396 i003]

	
 [image: Membranes 11 00396 i004]




	
PSf-20

	
 [image: Membranes 11 00396 i005]

	
 [image: Membranes 11 00396 i006]




	
PSf-24

	
 [image: Membranes 11 00396 i007]

	
 [image: Membranes 11 00396 i008]




	
II

	
PSf-PVP-15

	
 [image: Membranes 11 00396 i009]

	
 [image: Membranes 11 00396 i010]




	
PSf-PVP-18

	
 [image: Membranes 11 00396 i011]

	
 [image: Membranes 11 00396 i012]




	
PSf-PVP-20

	
 [image: Membranes 11 00396 i013]

	
 [image: Membranes 11 00396 i014]




	
PSf-PVP-24

	
 [image: Membranes 11 00396 i015]

	
 [image: Membranes 11 00396 i016]




	
III

	
PSf-PEG-15

	
 [image: Membranes 11 00396 i017]

	
 [image: Membranes 11 00396 i018]




	
PSf-PEG-18

	
 [image: Membranes 11 00396 i019]

	
 [image: Membranes 11 00396 i020]




	
PSf-PEG-20

	
 [image: Membranes 11 00396 i021]

	
 [image: Membranes 11 00396 i022]




	
PSf-PEG-24

	
 [image: Membranes 11 00396 i023]

	
 [image: Membranes 11 00396 i024]











[image: Table] 





Table 5. Solubility parameters of the pore-forming agents, solvent, and coagulant.






Table 5. Solubility parameters of the pore-forming agents, solvent, and coagulant.





	

	
δd (MPa)1/2

	
δp (MPa)1/2

	
δh (MPa)1/2

	
δt (MPa)1/2

	
Reference






	
PEG400

	
16.6

	
3.7

	
13.3

	
21.6

	
[29]




	
PVP

	
15.5

	
11.7

	
8.6

	
21.2

	
[22]




	
NMP

	
18.0

	
12.3

	
7.2

	
22.9

	
[30]




	
Water

	
15.6

	
16.0

	
42.3

	
47.8








δd—the contribution of the dispersion interaction; δp—the contribution of the polar interaction; δh—the contribution of the interaction of hydrogen bonds; δt—Hansen solubility parameter.
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Table 6. Water permeability (P, L/m2 h bar) of short-samples of hollow fiber PSf membranes.
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P (L/m2 h Bar)




	
Cp, (%)

	
No Additive

	
PVP

	
PEG400






	
15

	
17.1

	
178.7

	
475.6




	
18

	
5.7

	
94.3

	
89.7




	
20

	
2.9

	
82.4

	
28.6




	
24

	
0.5

	
35.0

	
0.1
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Table 7. Calculation of the cost of the components of 12 molding solutions for the manufacture of samples at the laboratory facility and on the manipulator.
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Groups

	
CPSf

(%)

	
Added

	
Cadd

(%)

	
CNMP

(%)

	
Laboratory Facility

	
Manipulator




	
Consumption (PSf/Add/NMP)

(g)

	
Cost

($)

	
Consumption (PSf/Add/NMP)

(g)

	
Cost

($)






	
I

	
15

	
-

	
-

	
85

	
45/-/255

	
81

	
1.5/-/8.5

	
2.7




	
18

	
82

	
54/-/246

	
88

	
1.8/-/8.2

	
2.9




	
20

	
80

	
60/-/240

	
92

	
2.0/-/8.0

	
3.1




	
24

	
76

	
72/-/228

	
111

	
2.4/-/7.6

	
3.4




	
II

	
15

	
PVP

	
5

	
80

	
45/15/240

	
106

	
1.5/0.5/8.0

	
3.5




	
18

	
77

	
54/15/231

	
118

	
1.8/0.5/7.7

	
3.9




	
20

	
75

	
60/15/225

	
126

	
2.0/0.5/7.5

	
4.2




	
24

	
71

	
72/15/213

	
142

	
2.4/0.5/7.1

	
4.7




	
III

	
15

	
PEG400

	
5

	
80

	
45/15/240

	
81

	
1.5/0.5/8.0

	
2.7




	
18

	
77

	
54/15/231

	
89

	
1.8/0.5/7.7

	
3.0




	
20

	
75

	
60/15/225

	
94

	
2.0/0.5/7.5

	
3.1




	
24

	
71

	
72/15/213

	
103

	
2.4/0.5/7.1

	
3.4




	
Amount $:

	
≈1230

	

	
≈41








The price of 1 g PSf was ≈ 0.9 $, of 1 g NMP ≈ 0.16 $, of 1 g PVP K30 ≈ 0.6 $, of 1 g PEG400 ≈ 0.06 $.I—PSf-NMP; II—PSf-NMP-PVP; III—PSf-NMP-PEG.
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Table 8. Calculation of the sample preparation time at the laboratory facility and at the manipulator for 12 solutions.
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Groups

	
CPSf

(%)

	
Added

	
Laboratory Facility

	
Manipulator




	
tmix

(h)

	
tdegas/filtration

(h)

	
tspinning

(h)

	
tmix/degas

(h)

	
tfiltration

(h)

	
tspinning 3 samples

(h)






	
I

	
15

	
-

	
24

	
24

	
0.5

	
24

	
0.25

	
0.15




	
18

	
24

	
0.5

	
0.25

	
0.15




	
20

	
24

	
24

	
0.5

	
0.25

	
0.15




	
24

	
24

	
0.5

	
0.25

	
0.15




	
II

	
15

	
5 wt% PVP

	
24

	
24

	
0.5

	
0.25

	
0.15




	
18

	
24

	
0.5

	
0.25

	
0.15




	
20

	
24

	
24

	
0.5

	
0.25

	
0.15




	
24

	
24

	
0.5

	
0.25

	
0.15




	
III

	
15

	
5 wt% PEG400

	
24

	
24

	
0.5

	
0.25

	
0.15




	
18

	
24

	
0.5

	
0.25

	
0.15




	
20

	
24

	
24

	
0.5

	
0.25

	
0.15




	
24

	
24

	
0.5

	
0.25

	
0.15




	
Time spent on 12 solutions, h

	
144

	
288

	
6

	
24

	
3

	
1.8




	
Total time, h

	
438

	
28.8
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