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ABSTRACT: One of the most appealing compounds in biomass products is levulinic acid (LA).  

At the same time, separating LA from biomass products is a significant issue in LA production. 

Supported liquid membrane (SLM) is a revolutionary technique for separating LA from biomass. This 

study studied the effect of different casting thicknesses of hybrid polyethersulfone graphene membrane 

from 300 µm to 450 µm on the membrane characteristic and extraction yield of LA via the SLM 

process. The liquid membrane impregnated into the membrane support was made of 0.3 M 

trioctylamine and 2-ethyl-1-hexanol. The morphology, surface contact angles, porosity, tensile 

strength, and performance of the support membrane were evaluated. The membrane cast at 400 µm 

extracted the most LA (86%) from the 10 g/L LA feed phase. It had an average porosity of 57.77%, 

surface contact angle at the top layer of 81.21°, surface contact angle at the bottom layer of 98.02°, 

and tensile strength of 8.41 N. The membrane casting thickness impacts the character of the 

membrane support and the overall performance of SLM. A suitable membrane structure is required 

to overcome the instability of the liquid membrane and increase the lifetime operation of SLM. 
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INTRODUCTION 

Nowadays, the production of levulinic acid (LA) from 

biomass products is gaining significant attention from 

researchers to meet the world LA demand [1]. However, 

separating LA from other biomass products remains  

a substantial challenge in lowering the overall cost of LA  

 

 

 

production. Various methods were used to separate LA, 

such as adsorption [2], [3], electrodialysis [4], physical 

solvent extraction [5], distillation [6] and reactive 

extraction [7]. Most of these methods are high in cost, 

show inadequate efficiency, and can cause some negative  
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impacts to the environment [8]. SLM is a simple and 

efficient technique to remove and recover the desired 

product in a single step [9]. Hence, it can be an optimistic 

method for extracting and recovering LA from other 

products. A small amount of organic phase was used  

in SLM compare to conventional solvent extraction, thus 

reducing the separation cost [10–12].  

Nevertheless, the loss of the organic liquid membrane 

phase from the membrane support is severe in SLM [13]. 

The support membrane acts as a phase boundary between 

the feed and removal phases and retains the organic liquid 

phase. The thickness of the membrane support has a significant 

impact on the liquid membrane's stability [14, 15]. SLM 

with a thick support membrane is more stable because  

it contains a more organic liquid phase. The thick organic 

phase restricted the formation of the water bridging 

between the feed and strip phases through the membrane 

pores [14]. Therefore, the organic phase is not easily 

ruptured or pushed out of the membrane pores. In contrast, 

a thin support membrane has the advantage of having  

a short solution diffusion pathway, which enhances  

the solute flux [15]. However, a thin membrane can 

quickly form a water bridge and wash out all the organic 

phases from the support membrane [14]. Furthermore,  

a thin membrane possesses low mechanical stability [16]. 

Thus it is easily ruptured at high pressure. Hence, there 

will be an optimum membrane thickness for the support 

membrane in the SLM.  

Limited studies had been conducted on the effect of 

support membrane’s properties on the SLM performance. 

Most of the SLM studies have used commercial membrane 

support. Thus, it is difficult to find suitable membrane 

support at various thicknesses to be tested in the SLM 

process. Commercial polypropylene membranes with 

different thicknesses of 25 µm, 100 µm, and 170 µm were 

used to extract model drugs in SLM by Rysava et al. [17]. 

The most efficient drugs transfers were obtained for the 

thinnest membrane of 25 µm. Although a relatively thin 

membrane may induce high SLM flux, it may easily lead 

to the organic liquid phase leakage from the membrane 

support [14]. For acetic acid removal, the Polyethersulfone (PES) 

membranes support was prepared at four different thicknesses 

between 300 µm to 400 µm by Harruddin et al. [18] 

for acetic acid removal. Based on their finding, the best 

acetic acid extraction was found at an optimum membrane 

thickness of 380 µm. SLM operated with the thinnest 

membrane support (300 µm) was not efficiently removes 

the acetic acid. Meanwhile, a thick support membrane  

can cause considerable solute accumulation in the organic 

phase and slow down the transport mechanism of the acetic 

acid in the SLM system [18].  

Ideally, the membrane support in SLM should be 

porous and hydrophobic with proper tortuosity [19] to 

retain the organic liquid membrane inside the membrane 

support by capillary force [20]. Furthermore, the 

membrane support should have optimum pore length 

to achieve high SLM flux [15]. All these properties  

of the membrane support can be manipulated by adjusting 

the membrane casting thickness during the membrane 

fabrication step. The current study investigated the effect 

of different casting thicknesses from 300 µm to 450 µm on 

the structure and properties of hybrid PES/graphene 

membrane support. The membranes were characterized 

according to their hydrophobicity, porosity, and 

mechanical stability at different membrane thicknesses. 

LA extraction from aqueous solution through the SLM 

process was tested using different membrane support 

thicknesses. To the best of our knowledge, the properties 

of membrane support at different casting thickness and its 

performance in SLM process for LA separation has never 

been investigated so far. 

 

EXPERIMENTAL SECTION 

Materials 

PES (Radel® A, Solvay, USA), graphene nanopowder 

(Low Dimensional Materials Research Centre, University 

of Malaya, Malaysia), polyethylene glycol, PEG 200 

(Sigma Aldrich), and dimethylacetamide, DMaC (Sigma 

Aldrich) were mixed to form a dope solution for support 

membrane fabrication. The cast film was solidified in the 

tap water. The liquid membrane in the organic phase was 

formulated using 2-ethyl-1-hexanol (Sigma Aldrich), and 

trioctylamine, TOA (Sigma Aldrich). LA (Sigma Aldrich) 

and Sodium hydroxide, NaOH are the chemicals pumped 

at feed and stripping phases, respectively. Olive oil from 

Delima Oil Products Sdn. Bhd. was used to conduct the 

membrane porosity test. 

 

Graphene/PES support membrane fabrication 

The homogenous dope solution was prepared from 

42.5 wt% PEG 200, 42.5 wt% DMaC 15 wt% PES, and an 

additional 0.1 wt% graphene nanopowder (%w/w of PES). 
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The membrane support was fabricated through the Vapor 

Induce Phase Separation (VIPS) technique, as previously 

reported [21]. The membranes were fabricated with 

different casting thicknesses of 300 µm, 350 µm, 400 µm, 

and 450 µm. The cast gel film was exposed to a humid 

environment at 86 % relative humidity for 30 seconds 

before being coagulated in a water bath at 40 °C for half 

an hour. After that, the solidified membrane was shifted  

to a room-temperature water bath for a one-day incubation 

to remove all excess solvents and chemicals on the 

membrane. The support membrane was allowed to dry  

at room temperature for two days to ensure the water  

is completely evaporated from the membranes. 

 

Characterization of graphene/PES support membrane 

Membrane Morphology 

The membranes were frozen in nitrogen liquid and 

fractured by using forceps. The prepared samples were 

coated with platinum. The cross-sectional morphology of 

the membranes was observed by scanning electron 

microscope (SEM) ZEISS EVO 50. 

 

Contact angle measurement 

The contact angle of the membranes was determined to 

evaluate the hydrophobicity of the membranes. A 

microsyringe was used for dripping 5 µl of water on the 

membrane's surface. The contact angle between the 

membrane surface and the water droplet was measured 

using the optical contact angle measurement device  

(CAM 101 optical Contact Angle Meter, KSV Instruments).  

The average contact angle was obtained from three 

different membrane regions for each membrane sample. 

 

Porosity measurement 

In porosity measurement, the membranes prepared 

from different casting thicknesses were cut into a 

rectangular size of 10.5 cm × 4 cm and dried in a vacuum 

oven at 80℃ for 24 hours to remove the water from the 

support membranes altogether. The dried membranes were 

then weighted as W1.  

The membrane was then immersed in olive oil for one 

day to allow the oil to fill the pores and empty spaces  

in the support membrane. The filter paper was used  

to remove excess olive oil on the wet membrane surface. 

Next, the wet membrane was weighted and recorded  

as W2. The three membrane samples average porosity was 

calculated. Eq. (1) was used to compute the membrane 

porosity, , (%). 

 =
W2 − W1

ρV1

 × 100%                                                        (1) 

Where W1 and W2 are the dry and wet membrane 

weights (g), respectively. V1 represents the membrane 

volume (cm3). Moreover, the density of olive oil is 0.8 g/cm3 

and is represented by  in the equation.  

 

Mechanical Strength 

The support membranes were cut into a rectangular 

shape of 50 mm × 20 mm size. The membranes' tensile 

strength (N) was measured using Shimadzu EZ-LX 

Universal Testing Machine with a loading velocity  

of 5 mm/min. Three membrane samples were tested, and 

the average tensile strength was calculated. 

 

Supported liquid membrane system 

As previously illustrated in detail, the prepared SLM 

was placed between two Teflon compartment membrane 

cells and fitted into the SLM system [21]. The membrane 

support was incubated into an organic phase of 0.3 M TOA 

in 2-ethyl-1-hexanol for 24 hours. At a 50 mL/min flow 

rate, 10 g/L of LA aqueous solution and 0.5 M of NaOH 

solution were circulated in counter-current flow directions 

as the feed and strip phases, respectively. For eight hours, 

samples were obtained from the feed phase every two 

hours for examination.  

 

LA extraction yield 

The concentration of LA at the feed phase over time 

was determined using the Agilent high-performance liquid 

chromatography (HPLC) 1200. The column used to detect 

LA was the Synergy Hydro C18 HPLC column 

(Phenomenex, 250 mm × 4.6 mm, 4 μm particle size). In 

HPLC analysis, potassium dihydrogen phosphate with a 

molarity of 0.02 M and a pH of 2.9 was used as the mobile 

phase. The peak response was detected using an 

UltraViolet (UV) detector with a wavelength of 221 nm. 

Eq. 2 was used to calculate the percentage of LA extracts 

from the feed phase: 

LA extraction (%) =  
[LA]fi − [LA]fo

[LA]fi

 × 100%           (2) 

Where [LA]fi and [LA]fo indicate the initial and final LA 

concentrations in the feed phase, respectively. 
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RESULTS AND DISCUSSION 

Membrane characterization 

Morphology of membrane support 

The morphology of the PES/graphene support 

membranes prepared at different casting thicknesses is 

shown in Fig. 1. It was observed that the actual thickness 

of the membranes support was 35 to 43% smaller than the 

membrane casting thickness due to the effect of the surface 

tension acting on the dope solution before the membrane 

solidification and during the membrane drying process [22, 23]. 

The membrane cast at 300 µm, 350 µm, 400 µm, and 450 µm 

showed a final membrane thickness of 170 µm, 200 µm, 

250 µm, and 290 µm, respectively.  

An asymmetrical structure consisted of a thick, dense 

layer at the top, and a finger-like structure at the bottom 

was formed in a membrane cast at 300 µm. This structure 

can be correlated with the short diffusion distance 

experienced by the solvent during the phase inversion 

process. Solvent within the thin film can be diffused easily 

and rapidly from cast solution to form a thick, dense layer 

on top of the membrane [24]. Diffusion of non-solvent 

through the thick layer has created the pores below the 

thick layer, and the continuous diffusion of the non-solvent 

into the pores has caused growth in pores. The remaining 

solvent diffused into the growing pores, resulting in a 

polymer-rich phase around the pores. The pore stopped 

growing when the polymer-rich region's surroundings 

solidified utterly. Furthermore, the fusion of two poor –

polymers at the bottom layer before wall solidification has 

formed larger pores at the bottom part of the membrane. 

The membranes from casting thicknesses of 350 µm and 

450 µm consist of thin, dense layers at the top of each 

membrane, as shown in Fig. 1. Moreover, the size of the 

finger-like structure in the membranes also increases from top 

to bottom layer due to the late wall solidification of polymer-

rich that surrounds the pore at the bottom part of the 

membranes. Apart from that, membranes fabricated by a 

casting thickness of 400 µm form cylindrical microvoids from 

top to bottom of the membrane. The large diffusion distance 

has caused slower solvent diffusion from the casting solution 

and fast diffusion of non-solvent into the casting solution, thus 

forming a porous top layer. This porous structure at the top 

layer has only slightly affected the diffusion rate of the 

sublayer, promoting a similar phase transition across the 

membrane [25]. Hence, the formed microvoids are evenly 

distributed across the membrane's cross-section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Top to bottom. cross-section of flat sheet PES/graphene 

hybrid membranes by casting thickness at (a) 300 µm, (b) 350 

µm, (c) 400 µm, and (d) 450 µm. 

 

Even though 450 µm of cast film has a long diffusion 

distance, the lower concentration of the polymer at the top 

surface has resulted in a thin skin layer [26]. Moreover,  

the fast solvent diffusion at the top layer and slow solvent 

diffusion at the sublayer have reduced the precipitation 

rate at the sublayer. As a result, a membrane with a small 

dense layer followed by a porous sublayer was formed. 
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Contact angle 

PES is a hydrophilic polymer with high surface energy. 

Meanwhile, graphene is a highly hydrophobic inorganic 

filler. The introduction of graphene nanopowder into the 

PES solution can modify the function of the hydrophilic 

group in the PES and change the membrane to having  

a highly hydrophobic character [21, 27]. The surface 

contact angles of the hybrid PES/graphene membrane cast 

at various thicknesses are shown in Fig. 2. Based on the 

literature review, the support membrane is classified as 

hydrophobic and superhydrophobic when the membrane 

contact angle is greater than 90° and 150°, respectively [27]. 

The average top surface contact angle for all membranes 

was less than 90° and considered hydrophilic. In contrast, 

the bottom surface of all membranes had contact angle 

values above 90°. This trend could be related to the 

distribution of graphene within the membrane matrix. 

Most of the graphenes were located at the bottom of the 

membrane and contributed to the contact angle 

enhancement in the bottom layer. The porous structure  

of the membrane also influences the contact angle value. 

In general, the surface of the bottom layers is more porous, 

possessing a higher contact angle than that at the top 

surface of the membranes [28]. The value of the contact 

angle varied between the membranes cast at different 

thicknesses due to the different porous structures of the 

membrane. The membrane prepared at 300 µm has a thick, 

dense top layer without any surface pores, showing the 

smallest contact angle of 73.40° for the top surface. 

However, it also had the highest contact angle (104.8°) for 

the bottom surface due to its porous surface. The 

membrane cast at 400 µm was considered the best 

membrane with a contact angle reading of 81.21° and 

98.02° for the top and bottom surfaces, respectively. Even 

though the membrane’s top layer was hydrophilic, the 

organic liquid membrane had remained stable during the 

SLM experiment without any leakage in the organic phase.  

A membrane cast at 400 µm was considered the best 

membrane with contact angle values of 81.21° and 98.02° 

for the top and bottom layers, respectively. 

 
Membrane Porosity 

The porosity of the membranes prepared at different 

casting thicknesses is shown in Fig. 3. The porosity 

decreased as the membrane thicknesses increased due to 

the increase in the total membrane volume. Membrane  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Average contact angle readings for top and bottom 

surface layer of the membranes. 

 

prepared at 300 µm and 450 µm had the highest porosity 

of 93.9% and lowest porosity of 75.4%, respectively.  

The number of pores, pore size, and tortuosity [29]  

also significantly affected the membrane porosity. The 

membrane prepared at 400 µm had higher porosity than  

the membrane of 350 µm thickness, although its membrane 

volume is bigger. The void volume of space inside  

the membrane structure can be represented by the volume 

of oil-impregnated in the membrane during the porosity 

measurement. The amount of oil-impregnated by the 

membrane with 400 µm and 350 µm thicknesses were  

0.96 mL and 0.71 mL, respectively. By judging on oil 

volume impregnated, the membrane at 400 µm had  

a massive number of highly interconnected big-sized 

cylindrical micropores that contribute to the large void 

volume. Therefore, the porosity of the 400 µm membrane 

is high, although it had a higher membrane volume than 

the 350 µm membrane. 

 

Mechanical Strength  

The maximum amount of tensile stress that a material 

can endure before breaking is called tensile strength. The 

higher the tensile strength, the higher the resistance of the 

membrane to breaks under tension. Hence, a membrane 

with high tensile strength can remain stable in the SLM 

system without any breakage for an extended period.  

Fig. 4 shows the tensile strength of the membranes 

prepared at different thicknesses. The tensile strength 

increased from 4.64 N to 8.41N, as the casting thickness 

increased from 300 µm to up to 400 µm. However,  

the tensile strength was reduced when the casting thickness 

was further increased to 450 µm. Apart from that,  
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the mechanical strength of a membrane is also highly 

affected by the open support layer [30]. Based on the 

morphology of the membranes fabricated at 400 µm,  

an open support layer was formed, resulting in the 

highest mechanical strength at around 8.41 N. 

 

Extraction of LA 

The pore structure and porosity of the membranes play 

an essential role in SLM [15]. In this study, these 

properties of the membranes were modified by adjusting 

the casting thickness of the membranes. The extraction 

yield of LA by using different thicknesses of the support 

membrane is shown in Fig. 5. The highest LA extraction 

of 86% was achieved using the membrane that was cast  

at 400 µm thickness. This membrane showed the largest 

volume of space among the membrane reported,  

as discussed in the porosity section. It can accommodate  

a more liquid membrane phase within it. Moreover, the 

open support layer structure of the membrane had 

improved the transportation of LA from the feed to the 

stripping phase. Although the membrane at 300 µm had 

the highest porosity, it only had 0.67 ml void volume. Less 

amount of liquid membrane phase is contained in this 

membrane. In addition, it had a very thick top layer that 

can interrupt the interaction between the organic and 

stripping phase. Thus, it resulted in the lowest LA 

extraction of 78%. The membrane prepared at 350 µm had 

a shorter pore length and was thinner than the membrane 

prepared at 450 µm thickness. The shorter pore length 

transferred the solute-carrier complex more easily and 

rapidly to the stripping phase. Therefore, the membrane 

cast with 350 µm thickness showed a higher LA extraction 

than the membrane cast with 450 µm thickness.  

 
CONCLUSIONS 

The casting thickness of the membrane highly impacts 

the membrane’s characteristics and LA extraction in the 

SLM process. An adequate membrane thickness prevents 

the formation of a water bridge that causes instability 

problems in the SLM process. At optimum membrane 

thickness, the loss of liquid membrane can be prevented, 

and the LA's separation from the feed phase can be enhanced. 

The PES/graphene membrane with 400-µm thickness had 

formed an open support layer with a finger-like porous 

structure across the membrane, showing the highest LA 

extraction yield of 86%. Moreover, this membrane had 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Porosity (%) of the membranes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: Average force applies to the membranes to break. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Extraction yield of LA using membranes that fabricated 

from different casting thickness. 

 

the highest tensile strength, surface contact angles for both 

layers, and the highest void space for liquid membrane 

impregnation. Hence, it is suitable to be employed  

in the SLM process as membrane support.  
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