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ABSTRACT 

In this work, we present the fabrication of a two-step thermoresponsive ultrafiltration (UF) 

membrane through polymerization of a lyotropic liquid crystal (LLC). A mixture of commercially 

available Pluronic F127 block copolymer, water (containing ammonium persulfate as the initiator), 

and polymerizable oil (n-butyl acrylate/ethylene glycol dimethacrylate) is used to create an LLC 

with lamellar structure, as characterized by cross-polarized light microscopy and atomic force 

microscopy. Differential scanning calorimetry is employed to evaluate the thermoresponsive 

behavior of the polymerized LLC (polyLLC). Two-step thermoresponsiveness (~35 °C and ~50 

°C) of the polyLLC is observed due to the lower critical solution temperature (LCST) of F127 and 

melting of the crystalline structure of the polyethylene oxide (PEO) chains of the F127 surfactant. 

In the next step, the obtained mesophase is cast on a nonwoven polyester support sheet followed 

by thermal polymerization. The hydration capacity, water flux, water flux recovery after fouling, 

and molecular weight cut-off (MWCO) of the obtained membrane are evaluated at different 
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temperatures to examine its thermoresponsiveness. The experimental results reveal that the UF 

membrane has a reversible thermoresponsive behavior at the LCST and PEO melting of polyLLC. 

Additionally, cleaning efficiency of the fouled membrane can be enhanced by using its 

thermoresponsive behavior, resulting in an extended lifetime of the product. Furthermore, the 

MWCO of the membrane can be altered with temperature due to the pore size change with 

temperature stimulus.   

 

Keywords: Thermoresponsive membranes, Lyotropic liquid crystals, Mesophases, Thermal polymerization, 

Self-assembly  
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1. INTRODUCTION  

Demand for clean water is continuously increasing with the growth of human population. 

Membrane technology is the most efficient and versatile approach to purify different water 

resources (e.g., brackish water, seawater, and wastewater) for fulfilling this demand 1,2. 

Microfiltration, ultrafiltration (UF), nanofiltration (NF), and reverse osmosis are the main steps to 

purify water from different contaminants 3. UF membranes have a key role in this process as they 

are used for the removal of suspended particles, viruses, bacteria, etc. 4. In addition to water 

filtration, UF membranes are vastly used in protein purification, pharmaceutical industries, and 

food processing 5,6. However, there is a need for improving the membranes selectivity and 

permeability simultaneously. For instance, the feed of UF membranes usually contains 

solutes/particles with different sizes. Therefore, the separation of different components with one 

UF membrane will be limited. Having a UF membrane with a tunable pore size will address this 

challenge to a large extent 7. Moreover, another crucial issue that must be tackled is the fouling of 

UF membranes, which can decrease the membrane efficiency over time 8,9.   

Stimuli-responsive membranes can address the aforementioned challenges and improve the 

performance of UF membranes 9. The surface properties and pore structure of these membranes 

can be altered via an external stimulus, such as temperature 10, pH 11, light 12, electrolyte13, and 

magnetic field 14. This behavior not only results in a tunable pore size and thus dynamic selectivity, 

but also improves the cleaning efficiency of the membrane after contamination with foulants 15.  

Thermoresponsive membranes are of interest because not only implementation of thermal response 

has less complications in the synthesis, but also temperature changes has usually negligible effect 

on the chemistry of the feed stream 9. Additionally, there are a variety of thermoresponsive 

polymers that can be used for the fabrication of membranes 16. Non-solvent induced phase 
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separation (NIPS) has been the main technique to produce thermoresponsive membranes. For 

example, Yu et al. used poly(N-isopropylacrylamide) (PNIPAM)-grafted polyvinylidenefluoride 

(PVDF) copolymers and reported a dynamic permeability and selectivity of the membrane in 

response to the temperature changes 17. By using NIPS process, Chen et al. fabricated membranes 

of PNIPAM microgels/PVDF blend, which show a similar dynamic behavior with temperature 

change 18. Recently, Choi and coworkers used a mixture of polyethersulfone (PES) and in-lab 

synthesized poly(2-dimethylaminoethyl methacrylate)-block-poly(N-isopropylacrylamide) to 

form two-step thermoresponsive membranes capable of separating different proteins with 

temperature 15. However, the NIPS method used for preparation of these membranes is 

environmentally questionable as large quantities of organic solvent, as high as 70% (in volume) is 

required 19. Additionally, incorporation of in-lab synthesized thermoresponsive polymers in the 

final membrane makes the final product expensive and impractical for scaleup 15.   

Polymerization of lyotropic liquid crystals (LLCs) is an alternative approach to produce 

nanoporous membranes without using huge volumes of organic solvents 1,20–24. In this technique, 

self-assembly of a surfactant in water/oil mixture results in mesomorphic phases (mesophases) 

having high extension in one or two dimensions with length scales on the order of 2–50 nm 25. A 

nonporous structure of the desired final product can be achieved via polymerization of aqueous 

phase, oil phase, or the surfactant of LLCs 26. There are some reports in the literature, in which 

surfactant or oil phase of LLCs is polymerized to fabricate porous membranes (mainly UF and 

NF) 4,20,27–29. Polymerization of aqueous phase of LLCs is also used to produce thermoresponsive 

hydrogels 30,31. However, there is no report in the literature on LLC templating process for 

fabrication of thermoresponsive membranes.  
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In this work, we present the first successful approach to create two-step thermoresponsive UF 

membranes from the polymerization of LLCs directed by commercially available F127 block 

copolymer surfactant, i.e., poly[(ethylene oxide)-block-(propylene oxide)-block-(ethylene oxide)] 

or PEO-PPO-PEO. F127 is commonly used in drug delivery systems thanks to its 

thermoresponsive behavior 32. In combination with water and other components (e.g., acids), this 

commercially available copolymer, which possess FDA approval 33, can form gels having LCST 

at about 25-37 °C 34. Moreover, Holmqvist et al. showed that a mixture of F127, water, and p-

xylene can create different LLC structures (e.g., lamellar and hexagonal) 35. Furthermore, Qavi et 

al. have recently shown the possibility of fabricating UF membranes though the polymerization of 

LLCs created by Pluronic copolymers. Their work has proved that the chains of Pluronic 

copolymer remain in the structure of the obtained polyLLC 4. Inspired by the aforementioned 

studies, we prepared a polyLLC with lamellar structure from F127 for producing UF membranes 

with thermoresponsive behavior. The obtained polyLLC exhibited thermoresponsiveness at ~35 

and ~50 °C thanks to the lower critical solution temperature (LCST) of F127 and melting of the 

crystalline structure of poly(ethylene oxide), PEO, chains of the surfactant, respectively. The 

membrane obtained from the polyLLC showed dynamic permeability in response to the 

temperature with an excellent reversibility. Furthermore, taking the advantage of this thermal 

response, it was possible to increase the cleaning efficiency of the fouled membrane. The most 

important strengths of this work are the use of commercially available raw materials and 

employing a straightforward processing technique to create two-step thermoresponsive UF 

membranes.     

 

2. EXPERIMENTAL  
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2.1. Materials 

Pluronic F127 copolymer, PEO106−PPO70−PEO106, with Mw of ~12,500 g/mol was kindly provided 

by BASF. n-Butyl acrylate (nBA), ethylene glycol dimethacrylate (EGDMA), ammonium 

persulfate (APS), and azobisisobutyronitrile (AIBN) were purchased from Sigma-Aldrich and 

used as received. Deionized (DI) water with a conductivity of 0.055 μs/cm (obtained from EMD 

Millipore Direct-Q3) was used in all experiments. Bovine serum albumin (BSA) was purchased 

from Sigma-Aldrich and used as a membrane foulant.  For molecular weight cut-off (MWCO) 

measurements, we used PEO with different molecular weights (100, 200, 300, 400, 600 and 900 

kDa) from Sigma-Aldrich. Nonwoven polyester sheets with 2 μm porosity (CraneMat® CU463) 

were kindly provided by Neenah Filtration and employed as a support layer for membrane 

fabrication. Moreover, a commercially available polyacrylonitrile (PAN) UF membrane with a 

rejection size of 400 kDa was purchased from Sterlitech Corporation (YMPX3001, Synder Flat 

Sheet Membrane) and used for comparison in this study.   

 

2.2. Preparation of LLC 

To prepare the lamellar mesophase, F127, water (containing APS) and oil (nBA and EGDMA) 

were mixed with weight ratio of F127/water/oil 50/20/30. EGDMA and APS concentration was 

20 and 7 wt% with respect to nBA content, respectively. Briefly, all the components were mixed 

in a 50 ml centrifugal tube by hand mixing and centrifugation at 10,000 rpm for 30 min. Until 

obtaining a transparent gel, the hand mixing and centrifugation were repeated.  

 

2.3. Characterization of LLC and polyLLC 

2.3.1. Cross-polarized light microscopy (CPLM) 
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The birefringence of lamellar LLC structure was examined by a cross-polarized Nikon microscope 

(model LABOPHOT2-POL) equipped with a digital camera before and after polymerization. For 

sample preparation, about 0.2 gr of uncured LLC sample was sandwiched between a glass slide 

and a glass cover slip. In the case of polyLLC, the test was carried out after curing the LLC at 65 C̊ 

for 24 h. 

 

2.3.2. Small angle X-ray scattering (SAXS) 

SAXS 36 was used to confirm the structure of the LLC before and after polymerization. 

Centrifugation was used to load the LLC gel into quartz capillary with a nominal diameter of 1.5 

mm (Charles Supper Company, Natick, MA) followed by sealing the capillary with epoxy glue. 

For SAXS analysis of polyLLC sample, the loaded LLC in the capillary tube was cured at 65 °C 

for 24 h. Two-dimensional (2D) scattering patterns were acquired from a Bruker Nanostar X-ray 

scattering system equipped with a monochromatic Cu Kα radiation source. Azimuthal integration 

of the 2D scattering patterns resulted in one dimensional (1D) scattering profiles.  

 

2.3.3.  Atomic force microscopy (AFM) 

Morphological analysis of polyLLC was performed using AFM. To do so, a piece of polyLLC was 

placed in liquid nitrogen for 20 min. The frozen sample was broken into small flat pieces for the 

cross-section observation. AFM studies were carried out on the broken surfaces using the tapping 

mode of a Bruker Dimension FastScan AFM instrument.  

 

2.3.4. Differential scanning calorimetry (DSC) 
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DSC was used to study the thermal behavior of pure F127, poly(nBA-co-EGDMA), and polyLLC. 

The poly(nBA-co-EGDMA) copolymer was synthesized through the bulk polymerization of the 

corresponding monomers at 65 °C using AIBN as the initiator and the composition used as the oil 

phase of LLC. DSC Q2000 (TA Instruments, New Castle, DE) was employed for this study. 

Around 30 mg of the desired sample was loaded into a Tzero aluminum pan followed by sealing 

with a Tzero hermetic lid. The temperature sweep was performed from 0 to 60 °C (and vice versa 

for F127 and polyLLC) with 1 °C/min ramp. The cycle was repeated twice to erase the thermal 

history of samples. The results of the second cycle are presented in the paper.   

 

2.4. Preparation of the polyLLC membrane 

To polymerize LLC on the support layer (having ~5×5 cm2 surface area), about 0.8 g of the LLC 

was sandwiched between pre-cut Mylar films and smooth glass plates, which was subsequently 

cast under 5 ton pressure for more than 10 min. In the next step, the cast gel on the support was 

polymerized by heating in the oven at 65 °C for 24 h (see Fig. S1 for schematic representation of 

the membrane fabrication process).  

 

2.5. Characterization of the polyLLC membrane 

2.5.1. Hydration capacity 

The hydration capacity, which is the maximum water uptake per unit volume (mg/cm3) of the 

membrane, was measured according to the available procedure in the literature 10,15. Briefly, the 

weight of membrane samples of size 2 cm ×2 cm was determined in dry state as well as in wet 

state at different temperatures. Then, the dry weight was subtracted from the wet weight, and the 

obtained number was divided by the volume of the membrane, resulting in the hydration capacity.   
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2.5.2. Water flux and permeability 

We used Sterlitech HP4750 high pressure stirred cell with the effective area of ~ 14.6 cm2 

operating in dead-end filtration mode to measure the membrane flux (reported as liter/m2/h) under 

stirring at 750 rpm with a magnet stirrer. A nitrogen pressure of 30 psi (~ 2.07×105 Pa) was used 

for the flux measurements. To evaluate the thermoresponsiveness of the membrane, the flux test 

was carried out at different temperatures from 25 to 60 °C. To do so, the filtration setup containing 

the membrane was placed in a water bath maintained at the desired temperature with an accuracy 

of ±0.1 °C. Precise control of the temperature is necessary to have a constant temperature in the 

membrane level and thus avoid any reduction in the boundary layer due to the heat caused by 

shear, which can affect membrane performance (e.g., permeability, selectivity, and fouling 

resistance). The flux at elevated temperatures was measured after ensuring the isothermal 

condition and having a stable flux. It should be noted that all the measurements were repeated 

three times. The membrane permeability was calculated based on the obtained experimental results 

using Darcy's law 4:  

Q

l A P

 
=


            (1) 

In this equation, Q, µ, A, ΔP, l, and κ are the flow rate, viscosity, membrane area, pressure 

difference across the membrane, membrane thickness, and Darcy's constant (intrinsic 

permeability), respectively. The intrinsic permeability was normalized to the membrane thickness 

to cancel out the effect of thickness variation in our comparisons. It is worth to point out that the 

following equation 37 was used to calculate the viscosity of water at different temperatures: 

2
3 1.3272(20 ) 0.001053( 20)

(1.002 10 )(10 ) ,
105

B

w

T T
B

T
 − − − −

=  =
+

    (2)  
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where µw is the kinetic viscosity of water and T is temperature in K.  

 

2.5.3. Evaluation of fouling resistance and cleaning efficiency 

The following experimental procedure was followed to determine the fouling resistance of and 

cleaning efficiency for the membrane:  

1) The flux of the membrane was measured by passing DI water through the membrane for 

30 min at 25 °C.  

2) 1000 ppm aqueous solution of BSA (as the model foulant) was used as the feed stream and 

the flux was recorded at 25 °C until reaching steady state conditions.  

3) The membrane was backwashed with DI water for 30 min at different temperatures: 25, 

35, or 50 °C.  

4) The fouling-cleaning cycle (i.e., steps 1-3) was repeated three times.  

It should be mentioned that the backwashing steps were carried at different temperatures to 

examine the effect of membrane thermoresponsiveness on the cleaning efficiency.  

The reversible (also called cleaning efficiency) and irreversible fouling of the membrane were 

calculated using the following equations, respectively:  

    –     
    100

)

(    

(

)

Flux of cleaned membrane Flux of fouled membrane
Reversible fouling

Initial flux of membrane
=    (3) 

   –    
    100

)  

( )

 (

Initial flux of membrane Flux of cleaned membrane
Irreversible fouling

Initial flux of membrane
=    (4)  

 

 

2.5.4. Molecular weight cut-off measurements 
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The permeation of 1 mg/mL aqueous solutions of PEO with different molecular weights (100-900 

kDa) was studied to determine the MWCO of the membrane. The concentration of PEO in the 

permeate stream was determined by the total organic carbon analyzer (TOC), Shimadzu (TOC-L 

series).  The PEO rejection was determined by using following equation: 

(1 ) 100
p

f

C
r

C
= −             (5) 

where r, Cp, and Cf are rejection, PEO concentrations in permeate, and PEO concentrations in feed, 

respectively. MWCO is defined as the molecular weight of the PEO that shows at least 90% 

rejection 38. The TOC test was repeated 5 times and the average value is reported in the paper. 

To examine the effect of thermoresponsiveness of the polyLLC membrane on the MWCO, the 

PEO solutions were passed through the membranes at different temperatures and the TOC 

measurements were performed on the permeates. To cancel out the effect of temperature on the 

hydrodynamic radius of PEO chains and thus have a precise MWCO results, dynamic light 

scattering (DLS) measurements on PEO solutions were done at different temperatures. To do so, 

a Malvern Zetasizer Nano ZS was used with a laser wavelength of 8324 Å and at a scattering angle 

of 90°. Solutions of PEO with different molecular weights at a concentration of about 0.1 wt% 

were used for DLS measurements using the procedure described in the literature 39.  

     

3. RESULTS AND DISCUSSIONS 

3.1. Characterization of LLC and polyLLC 

As the first step, we needed to characterize the Pluronic/water/oil mixture to confirm the LLC and 

polyLLC structures created by F127. Structural analysis of the obtained LLC before and after 

polymerization via CPLM is shown in Fig. 1a, b. The oily-streak texture reveals that the mesophase 

has the lamellar structure 40. The absence of extinction (a dark image) in the CPLM photograph of 
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polyLLC indicates that the structure remains birefringent, meaning that we have structure after 

polymerization. Then we characterized LLC and polyLLC with SAXS. According to the SAXS 

results (see Fig. 1c), Bragg peaks with ratios of 1:2 is observed for LLC before reaction while only 

one peak is seen for polyLLC. Additionally, d-spacing of the structure (𝑑 =
2𝜋

𝑞∗
) increases from 

11.6 to 20.18 nm after polymerization. The CPLM and SAXS observations reveal that even though 

we have a nanostructure with bigger domain sizes after polymerization, the parent lamellar 

structure has partially been retained. To further evaluate the polyLLC structure, AFM studies were 

carried out. The acquired results are shown in Fig. 1d, e, f. As can be seen in the AFM images, the 

dried polyLLC sample (analysis of a dried sample seemed necessary to acquire proper image 

resolution) has a structure in the form of arranged stacks which confirms the presence of lamellar 

structure. However, the image analysis shows that we have a distribution of layers thicknesses 

with an average thickness of about 30 nm and standard deviation of 5.9 nm (the thickness of at 

least 50 lamellae was measured through image analysis followed by calculation of average and 

standard deviation of the measured thicknesses). Such variation in thickness of the layers confirms 

our observation in SAXS analysis (i.e., partially retaining the parent LLC structure). It should also 

be noted that the anisotropic shape of the two-dimensional lamellar structure can be another reason 

why the structural dimensions obtained from AFM is different than the d-spacing calculated from 

the SAXS measurement.      

After making sure that the polyLLC has the desired nanostructure, we evaluated its 

thermoresponsiveness via DSC. We not only analyzed polyLLC, but also tested poly(nBA-co-

EGDMA) and pure F127 to distinguish which component is responsible for probable thermal 

transitions in the temperature range of 25 to 60 °C. The obtained results are presented in Fig. 2. 

As can be seen, there is not any thermal transition for poly(nBA-co-EGDMA) in this temperature 
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range. However, F127 shows an endothermic peak at around 50-58 °C in the heating cycle, 

attributed to the melting of PEO crystalline regions. In addition, an exothermic peak is observed 

starting from 48 °C and ending at about 43 °C in the cooling cycle of F127. This peak can be 

attributed to the crystallization of PEO chains. In the case of as-synthesized polyLLC (i.e., 

containing water), two endothermic peaks are observed in the heating cycle. The first peak at about 

26-33 °C can be attributed to the LCST of F127, which is consistent with the reported LCST range 

of F127/water mixtures in the literature 34. The second peak, observed at about 50 °C, belongs to 

the melting of PEO crystalline regions in accordance with the DSC of pristine F127. Having an 

exothermic peak in the cooling cycle also proves the presence of crystallinity in the obtained 

polyLLC, which can be melted down at 50 °C. The two thermal transitions provide the possibility 

to induce two-step thermo-responsiveness in the membrane.          
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Fig. 1. CPLM images of LLCs with lamellar structure: (a) before and (b) after thermal polymerization 

(scale bar: 50 μm). (c) 1D SAXS data for LLCs before and after reaction (the plots are vertically shifted 

for clarity). (d and e) AFM micrograph of the cross section of dried polyLLC in a 5 𝜇𝑚 × 5𝜇𝑚 area; 

higher magnification is shown in (f). 
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Fig. 2. DSC measurement results for poly(nBA-co-EGDMA), F127, and polyLLC. 

 

3.2. Characterization of membranes 

As stated in the experimental section, a commercially available non-thermoresponsive PAN 

membrane was used to compare the results with the polyLLC membrane. The selected PAN 

membrane had a MWCO of 400 kDa, which is equal to the pore size of about 40 nm based on 

equation (6) 41.  

3 0.58710.44 10Stokes wa M−=            (6) 

Where aStokes and Mw are Stokes radius in nm and MWCO, respectively. The results of membranes 

performance evaluation will be discussed in the following sections. 
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3.2.1. Hydration capacity 

Measuring the hydration capacity of a membrane at different temperatures is performed to confirm 

the thermoresponsiveness 15. The membrane is called thermoresponsive if its hydration capacity 

changes by temperature. We measured the hydration capacity for PAN and polyLLC membranes 

at 25, 35, and 50 °C as shown in Fig. 3. These temperatures were chosen based on the DSC results. 

While the hydration capacity remains constant for PAN membrane, it has an increasing trend for 

polyLLC sample. This means that the porosity of polyLLC membrane increases with an increase 

in temperature. This behavior happens in two steps, which is consistent with the thermal transitions 

observed in DSC analysis. It is worth noting that higher hydration capacity of PAN membrane 

compared to the polyLLC specie can be due to its higher porosity. 

 

 

Fig. 3. Changes in hydration capacity for PAN and polyLLC membranes based on the temperature 

variation. 
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3.2.2. Water flux and permeability 

The water flux changes for PAN and polyLLC membranes versus temperature are shown in Fig. 

4a. Both of the membranes show an increasing trend in flux, but polyLLC one shows two steps of 

increase at 35 and 50 °C. To cancel out the effect of water viscosity decrease with temperature on 

the results, we also plotted permeability, κ/l, versus temperature (see Fig. 4b). As can be clearly 

seen, the permeability of PAN membrane is almost constant at different temperatures, meaning 

that the reason of ascending water flux trend for PAN was the decrease in the water viscosity. 

However, the polyLLC membrane still maintains the two-step increase in the permeability. These 

transitions are in well agreement with the results of DSC analysis as well as the hydration capacity 

measurements. One important observation which must be considered here is that the second 

transition has more effect on the permeability (~ 14% increase) compared to the first transition 

(~8.5% increase). Therefore, the pore size increase is higher when the polyLLC loses its 

crystallinity rather than when the LCST transition of F127 takes place. In the following sections, 

we will elaborate the mechanism of two-step thermoresponsive behavior, where we will suggest 

that the crystallinity of the PEO blocks and rearrangement of F127 chains are its root causes. This 

conclusion can be further confirmed via MWCO measurements.   
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Fig. 4. Changes in (a) water flux and (b) permeability for PAN and polyLLC membranes based on the 

temperature variation. 

 

Fig. 5. Reversibility of the water permeability of the polyLLC membrane under several heating-cooling 

cycles. 
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permeability becomes higher at both 25 and 50 °C, which remains unchanged with continuing the 

test for consecutive cycles. Irreversible change of molecular structure (e.g., washing out of F127 

from the membrane) was the first speculation. However, the permeate was tested using TOC 

measurement method and no sign of F127 was observed. Also, the permeability returned to the 

original values after giving 2 h rest to the membrane at 25 °C. Based on this observation, it appears 

that the change in molecular structure (melting and recrystallization of the PEO block) after several 

heating-cooling cycles is reversible yet time-consuming. It is noteworthy that the permeability of 

the polyLLC membrane remained unchanged at 25 and 50 °C after keeping the membrane at 50 

°C for over 72 hrs, confirming the stability of the nanostructure at high temperatures.    

 

3.2.3. Fouling resistance and cleaning efficiency 

As stated in the introduction section, enhancing the reversible fouling over irreversible fouling 

(also called cleaning efficiency) is one of the important advantages of thermoresponsive 

membranes. Hence, we performed fouling-cleaning experiments (see the experimental section) on 

the polyLLC membrane and PAN membrane (as control sample). To evaluate the cleaning 

efficiency for the polyLLC membrane, the cleaning steps were carried out at 25, 35 and 50 °C (all 

the filtrations steps were performed on BSA feed solution at 25 °C). In the case of the PAN 

membrane, we only did the cleaning at 25 and 50 °C. As shown in Fig. 6, the normalized water 

flux, which is obtained through dividing the measured flux at any time by the primary flux of the 

fresh membrane, has also been evaluated in addition to the water flux itself. Based on the obtained 

trends, polyLLC membrane exhibits a higher fouling resistance compared to PAN membrane as 

the irreversible fouling is much lower for the former.   
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Fig. 6. Change of (a) water flux, (b) normalized water flux, (c) irreversible fouling, and (d) reversible 

fouling for polyLLC and PAN membranes throughout fouling-cleaning experiment using different 

cleaning temperatures. The presented temperatures are cleaning temperature and filtrations steps were 

carried out at 25 °C.  

 

According to the results presented in Fig. 6, the reversible fouling for polyLLC membrane 

increases with an increase in the cleaning temperature, whereas there is no improvement for the 

PAN membrane. Such improvement happens due to an increase in the porosity of polyLLC 

membrane with temperature, which can enhance the foulant removal. Another noticeable 
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observation here is the significant difference in the reversible fouling of polyLLC membrane in 

the third cycle in the case of cleaning at 25 °C compared to 35 and 50 °C. This result implies that 

utilizing the thermoresponsiveness of polyLLC membrane can increase the cleaning efficiency and 

decrease the irreversible attachment of foulants, thus, increasing membrane lifetime.  

 

3.2.4. Molecular weight cut-off  

Manipulation of the membrane selectivity through an external stimulus is one of the important 

advantages of stimuli-responsive membranes. Having this feature depends on changing the 

membrane pore size in response to a stimulus. MWCO measurement is the common method used 

for determining the pore size of membranes. Therefore, we used this approach to evaluate the 

extent of pore size change of the polyLLC membrane in response to temperature. PEO solutions 

having different molecular weights were employed to measure the MWCO at 25, 35 and 50 °C. 

The acquired results are shown in Fig. 7. The MWCO of the membrane at room temperature is 

about 250 kDa from a sigmoidal fit on the rejection vs molecular weight data points in this figure. 

As presented in equation (7), Boltzmann sigmoidal equation has been used for the fitting MWCO 

behavior, where A1, A2, x0, and m are initial value, final value, center, and slope, respectively: 

0

1 2
2 ( )

( )

1

−

−
= +

+

x x

m

A A
y A

e

          (7) 

By using equation (6), a pore size of ~30.8 nm can be calculated for the membrane at room 

temperature. The MWCO of the membrane increases to around 336 and 570 kDa with an increase 

in the temperature to 35 and 50 °C, respectively. These MWCOs are equal to pore sizes of ~36.6 

and ~50 nm, respectively. The results prove the possibility of the pore size manipulation for 

polyLLC membrane, and thus, its selectivity. It is also noteworthy to point out that melting of 
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crystalline structure at 50 °C has stronger effect on the porosity compared to LCST transition at 

35 °C, which is in good agreement with the results of hydration capacity, permeability, and 

fouling-cleaning experiments.  

 

 

Fig. 7. Temperature-dependent MWCO of polyLLC membrane. 

 

The effect of temperature on the size of PEO chains has not been considered in the pore size 

calculations mentioned in the above paragraph. Therefore, we measured the hydrodynamic radius 

of PEO chains with different molecular weights at 25, 35 and 50 °C using DLS analysis. Fig. 8 

represents the obtained results (PEO chains size distribution can be found in Fig. S2). As can be 

seen, the size of PEO chains with different molecular weights slightly increases with an increase 

in the temperature, which shows that the solubility of the polymer enhances in water at high 

temperatures. The same results have been reported by Hammouda et al. for PEO chains with 
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molecular weight of 36,500 g/mol using appropriate aqueous solution concentrations 42. It should 

also be noted that PEO has an LCST in water in 100-180°C range (depending on molecular weight) 

43, which is much higher than the temperature range used in our experiments. By interpolation of 

the obtained data, the pore size of the membrane can be calculated as 34.6 nm at room temperature 

which is in good agreement with the theoretical calculations. After correcting the pore size 

calculation with considering temperature effect, it appears that the pore size of polyLLC membrane 

increases to 45.7 and 59.6 nm at 35 and 50 °C, respectively.  

 

 

Fig. 8. Temperature-dependent chain size for PEO having different molecular weights. 
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According to the presented results, the studied polyLLC exhibits a two-step response with 

temperature changes. While elaboration of the response at 50 °C is relatively simple, explanation 

of the response at about 35 °C, which happens due to the LCST behavior of F127, is rather 

complicated. This observation can be attributed to the fact that the mechanism of LCST for PEO-

PPO-PEO block copolymers is not fully understood in the molecular level 44. Before starting the 

discussion regarding this behavior in LLC nanostructure, it is required to have an understanding 

about the LCST behavior of F127, which is observed as sol-gel transition in aqueous media 45. 

When the temperature rises to 25-37 °C, hydrophobicity of PPO block increases, which results in 

aggregation of PPO chains and thus formation of the core of the micelles. In addition, PEO chains 

form a packed interconnected micelles corona, resulting in the formation of a gel. This transition 

can be reversed by cooling down the formed gel 45. Therefore, PPO block is mainly responsible 

for the LCST behavior of F127 around 25-37 °C. In the reported works on LLCs and polyLLCs 

created by Pluronic surfactants, PPO block is suggested to be oriented towards the apolar domain 

4,46–48. It means that when the polymerization happens, PPO chains can be trapped inside the cross-

linked polymer network near the interface. If the PPO block is responsible for the LCST behavior 

of the polyLLC studied in our work, having a dense cross-linked network can eliminate the first 

thermal transition observed in DSC diagrams by limiting the mobility of PPO chains. Additionally, 

as the LCST behavior takes place in the presence of water, the first thermal transition should not 

be detected via DSC when a dried polyLLC is examined. Based on these speculations, we carried 

out DSC on polyLLC samples containing 20, 50, 100, and 150 wt% EGDMA with respect to nBA 

content. Furthermore, we performed DSC on a dried polyLLC containing 20 wt% EGDMA with 

respect to nBA content. The obtained results are shown in Fig. 9. As can be seen, the first thermal 

transition becomes weaker and then almost disappears as the cross-linker content is increased (area 
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under the peak decreases from ~ 2.4 to ~ 0.5 J/g), while the second transition (PEO melting) 

remains intact (with an area under the peak of ~ 2.9 J/g). Moreover, there is no thermal transition 

around 30 °C for the dried polyLLC, whereas the transition at about 50 °C is stronger (area under 

the peak of ~ 42 J/g) for this sample compared to the wet one (area under the peak of ~ 2.9 J/g). 

This stronger peak can be attributed to the higher crystallinity of PEO blocks in the absence of 

water as the solvent. These results confirm our hypothesis that PPO block is responsible for the 

LCST behavior of F127 in polyLLC nanostructure, which is in agreement with the suggested 

mechanism of sol-gel transition at LCST for PEO-PPO-PEO block copolymers in the literature 44.  

 

Fig. 9. Results of DSC measurement for (a) polyLLCs containing different cross-linker contents and (b) 

wet and dried polyLLC containing 20 wt% cross-linker with respect to nBA content. 
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Fig. 10. Formation and thermoresponsiveness mechanism of polyLLC membrane. 

Change in the overall structure of the polyLLC (e.g., order-disorder transitions) can be another 

reason of having thermoresponsiveness. To examine this hypothesis, CPLM and SAXS analysis 

were performed on the polyLLC at 25, 35 and 50 °C. The obtained results (shown in Fig. S3) 

reveal that the overall lamellar structure of the polyLLC remains intact when the temperature is 

increased, suggesting that the stimuli-responsiveness is not due to the mesoscale structural 

transitions but is rather because of change in molecular conformations. In other words, while the 

periodicity of lamellar structure remains the same upon increase in temperature, F127 at the 

interface of hydrophobic and water domains undergoes conformational and crystallization 

transitions. Similar observations have also been reported for the polyLLCs swollen by water in 

which the SAXS and CPLM analysis show that the overall structure does not change while the 

molecular conformation does due to the swelling 20.                
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According to the obtained results, the following thermoresponsiveness mechanism of the polyLLC 

membrane can be suggested. A mesophase with lamellar structure is obtained via mixing F127, 

water, and polymerizable oil phase. The PPO blocks arrange themselves towards the apolar domain 

and at apolar/polar domains interface (due to the partial hydrophilicity), while PEO blocks have a 

semi-crystalline structure in the water channels. The polymerization results in a cross-linked 

poly(nBA-co-EGDMA) network which holds PPO blocks at the interface of the polymer phase, 

thus, fixing F127 molecules in their position (negligible chance of their removal by water). With 

an increase in the temperature to 35 °C, PPO blocks start to rearrange themselves in a way to 

minimize their contact with water at the interface, resulting in dragging PEO blocks towards the 

water/polymer interface. Consequently, the membrane pore size increases. Further increasing the 

temperature to 50 °C melts down the crystalline structure of PEO block. The freed PEO chains 

now get a conformation similar to the already free PEO chains, resulting in further increase in the 

pore size of the membrane. All of these transitions are reversible upon cooling the system to the 

room temperature. The explained mechanism is schematically shown in Fig. 10.  

 

4. CONCLUSION 

In this study, we reported a simple approach to fabricate two-step thermoresponsive UF 

membranes by polymerization of LLCs. Commercially available F127 with thermoresponsive 

property was used as an amphiphile to create lamellar structure in combination with water and 

hydrophobic monomers. After the polymerization, the formed cross-linked network fixed F127 

molecules in their positions, preventing their removal by water. Hydration capacity, permeability, 

fouling resistance, cleaning efficiency, and MWCO of the fabricated membrane was evaluated. 

The experimental results revealed that the membrane exhibits two-step thermoresponsiveness at 
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35 °C due to the LCST of F127 and 50 °C thanks to the melting of PEO crystalline structure. 

Moreover, the MWCO measurements showed that the pore size of the membrane can be altered 

from 34.6 nm to 45.7 and 59.6 nm by increasing the temperature to 35 and 50 °C, respectively. 

The cleaning efficiency and thus lifetime of the membrane can be enhanced by cleaning the 

contaminated membrane at high temperatures due to the porosity change in response to the 

temperature. As future work, the fabrication of polyLLC functional materials can be extended to 

produce membranes with lower pore sizes in 1-15 nm range.   
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Fig. S1. Schematic representation of polyLLC membrane preparation. 
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Fig. S2. Temperature-dependent chain size distribution for PEO having different molecular weights. 
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Fig. S3. CPLM images of polyLLC with lamellar structure at (a) 25, (b) 35 and (c) 50 °C (scale bar: 50 

μm). (d) 1D SAXS data for the polyLLC at 25, 35 and 50 °C (the plots are vertically shifted for clarity). 
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