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Abstract Polyethersulfone (PES) hollow fiber membranes (HFMs) are widely used in diverse fields such as 

biomedical and numerous water treatment applications as ultrafiltration (UF) and nanofiltraton (NF). Tuning of 

surface morphology and mechanical characteristics is essential for successful performance, which is related to 

the target application. In this paper, microwave (MW) irradiation has been utilized as a post-treatment technique 

for the tuning of the above mentioned characteristics. Investigations are centered on variation of the saline bath 

containing different concentrations of sodium chloride (NaCl) (1-4 wt%) as an external heat transfer medium at 

a specific temperature and duration. The MW irradiated HFMs have been characterized by scanning electron 

microscopy (SEM), atomic force microscopy (AFM) and numerous mechanical testing parameters. 

Investigations in the above mentioned range indicates that at 2% sodium chloride solution concentration unique 

properties prevailed, where it showed a decrease of 16.13% in wall thickness and a minimum surface roughness 

value with 19.22% decrease when compared to the untreated HF membranes. Also, it showed highest break 

stress increase of about 8.8% and highest break strain increase of about 17% as well as highest tensile modulus 

increase of about 25.9%. In general MW post-treatment confirmed the possibility of tuning surface morphology 

and mechanical properties using a specified saline concentration providing the intended degree of modification 

to cope with the targeted application. 

 

Keywords Stress-Strength model, modified exponential distribution, maximum likelihood estimator, minimum 

variance unbruised estimator, Bayes estimator 

1. Introduction 

Recently, membrane separation technology has attracted huge attention due to its outstanding performance, 

economically and environmentally. It tackles a wide spectrum of crucial applications, water desalination, 

wastewater treatment, dairy, pharmaceutical and textile industries, pervaporation and gas separation.  

Hollow fiber membranes (HFMs)are the most efficient configuration due to its large active area to volume ratio, 

its mechanically self-supporting structure and its ease of processing, handling and employment [1]. HF 

Msmorphological structure is the main factor affecting membrane performance, therefore optimizing membrane 

structure, through tuning the processing material and/or their processing parameters, is a vital step to reaching 

the required performance. Processing parameters are needed to develop HFMs to meet the desired 

characteristics and performance [2], while post-treatment is introduced to remove excess solvent as well as 
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tailoring pore size and releasing induced stresses during production. Also, it is a method to modify and repair 

defects on the membrane surface resulting from processing without changing the bulk membrane structure [3].  

With consideration of the limitations of drying techniques as a post-treatment using conventional heating such 

as air oven drying, there is a necessity for exploring the effects of microwave (MW) heating as a clean, rapid, 

efficient and reliable technique for post-treatment. Very limited reported endeavors are available on MW 

heating on membranes in general and HFMs in particular [4-8]. Mansourpanah et al. [9] , concluded that pure 

water permeability (PWP) for PES flat sheet membranes increased by increasing MW radiation (180-900 

Watt).Atomic force microscopy (AFM) results showed that the membranes surface roughness (Ra) was altered 

after MW irradiation. It was observed that roughness decreased at small MW irradiation periods (10 seconds), 

but at higher exposure periods, roughness increased and a dense thick layer was formed. Also contact angle tests 

revealed an increment in hydrophilicity with increasing radiation duration.  

Sze Yean [10], studied the effect of MW post-treatment on PES HF UF membranes morphology and 

performance in comparison to hypochlorite post-treatment. MW post-treated HFMs showed superior properties 

when compared to that of hypochlorite treated membrane which was apparent in the formation of smaller 

macrovoids, finger-like structure, as well as a larger boundary layer between the double finger-like structures. 

Ahmed et al. [11] and Idris et al. [12], compared the results of annealing and MW post-treatment in which the 

latter enhanced HFMs performance, hydrophilicity, reduced pore size and consequently decreased MWCO. 

Further research is required to cover the many gaps in this topic from different aspects, like comparing the MW 

post-treated and untreated membranes performance, investigating the effect of post-treatment media type and 

concentration and studying the mechanical properties of the treated fibers. 

This paper aims at filling the gaps in the previous researches through investigating the effect of MW post-

treatment in different concentrations of saline media on the mechanical and morphological characteristics of 

PES HFMs. 

 

Materials and Methods 

Materials 

HFMs were readily prepared as a part of the “Hollow Fiber” project in the National Research Centre. A dope 

comprising PES polymer, poly vinyl pyrrolidone (PVP) as additive and N-methyl-2-pyrrolidone (NMP) as 

solvent, has been used to prepare HF membranes by dry-wet spinning technique. Prepared fibers were soaked 

and rinsed during and after processing by pure reverse osmosis (RO) water to remove excess solvent and 

additives in the membrane structure. Sodium chloride (NaCl) supplied from Chemika was used for the 

preparation of the post-treatment soaking solutions. 

 
Figure 1: Schematic diagram of MW oven system equipped with the temperature controller 
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Equipment 

A modified 2.45 GHz frequency with a rated 900 Watts of power MW oven, (DAEWOO Electron KOR-1A 6A, 

Korea), shown in Figure 1, has been utilized for the post-treatment of the produced HF membranes. An on-off 

temperature controller is attached to the MW with a temperature probe in order to control treatment 

temperatures. 

 

MW post-treatment  

A bundle of 30 HF membranes were cut to 30 cm long fibers and washed extensively with RO water prior to 

any post-treatment procedure. Meanwhile, different concentrations of NaCl solutions (1-4%) were prepared by 

adding an appropriate amount in RO water and ensuring complete dissolution of the salt. Subsequently, the 

well-washed HF membranes bundle is soaked in the pre-prepared NaCl solution, in a stress free orientation, in a 

1 liter plate to be post-treated in the MW oven at 55˚C for 10 minutes. 

Table 1) shows the treatment conditions represented in sample codes consisting of three parts, where the first 

part represents the treatment temperature while, the second part is the treatment duration and the last part is the 

NaCl solution concentration. 

Table 1: MW post-treatment conditions 

Sample code Temperature (˚C) Duration(minutes) NaCl (wt%) 

S0 55 10 0 

S1 1 

S2 2 

S3 3 

S4 4 

Characterization of PES HF membranes 

Untreated MW post-treated HF membranes are left to dry in open air for 24 hours before conducting any 

morphological or mechanical testing. 

Scanning electron microscopy (SEM) 

Morphological structures were studied by SEM imaging using JOEL JCM-6000 apparatus. HF samples were cut 

with the means of a sharp razor and then, fixed on the sample stage using carbon double-face tape. 

Morphological structure, inside and outside diameters of HF membranes as well as wall thickness were 

evaluated from the cross-section images.  

Atomic force microscopy (AFM) 

PES HF surface morphology and roughness was analyzed using 1.5 micron resolution TT-AFM workshop, 

equipped with a video optical microscope with up to 400X zoom. A one cm long fiber sample was fixed using a 

double face tape on the magnetic plate of the AFM apparatus. Vibrating scan mode was used for testing a scan 

area of 10µm×10µm. Roughness parameters were calculated using “Gwidyyon” software. Five samples were 

examined for each condition to ensure reproducibility of results. 

Mechanical properties 

Mechanical properties of PES HF membranes were studied using a bench top tensile testing machine, (Tinius 

Olsen H5kS), equipped with a 5N load cell. Testing was undertaken at 50 mm/min speed and gauge length of 

100 mm. Tensile stress, elongation at break and fiber’s Young’s modulus were measured. The average of 5 

samples readings was taken for each condition. 

 

Results and Discussion 

Morphology of PES HF membranes 

SEM images of a representative untreated HFM sample (a, b) and the MW post-treated samples (c,d) in 1% 

NaCl solution concentration are shown in Figure 2 where a and c correspond to SEM cross sectional images 

while, b and d, represent HFM wall thickness images at higher magnification. The cross-sectional 

morphological structure demonstrates an elongated finger-like structure with a decreased sponge like layer.  
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Table 2: Dimensional changes of MW post-treated PES HFMs in different sodium chloride concentrations 

Sample ΔDo(%) ΔDi(%) Δw.th (%) 

S1 13.57 72.80 -34.2 

S2 -7.14 4 -16.13 

S3 11.79 30.40 -3.23 

S4 -4.64 -0.80 -7.74 

 

 

Table 2 and Figure 3, represent the changes in outer diameter (ΔDo), inner diameter (ΔDi) and wall thickness 

(Δw.th) of the MW post-treated samples as compared to the untreated sample. It is observed that all wall 

thicknesses decreased due to MW post-treatment in saline solutions at any tested concentration, with the 

maximum decrease of 34.2% taking place at 1% NaCl saline solution. It is noted that, morphological structure 

was maintained with only slight differences in fiber dimensions after treatment in saline solutions.  

In general, all samples showed a decrease in wall thickness when post-treated at 55 ºC and 10 minutes duration 

in all tested sodium chloride concentrations where the range of change is from -3.2% to -34.2%. It should be 

emphasized that the highest change is observed at 1%NaCl solution concentration while the lowest is observed 

at 3% NaCl solution concentration. 

The work of Rozzi et al. [13] and Anwar et al. [14] on the effect of MW on dilute salt solutions tends to partly 

support our finding. Hence, they concluded that increasing salt concentration reduces thermal heat effect of MW 

due to the restriction of the mobility of water molecules. In fact, MW effect using saline solution as heating 

media is supported by two mechanisms. The first is rotational movement of water dipoles and the second is the 

conducting mechanism of ionic species (ionic conduction mechanism). It seems that ionic conduction 

mechanism is inhibited at larger salt concentrations. 

  

(a) (b) 
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Figure 2: SEM images of PES HF membrane of untreated sample (a, b) and MW post-treated sample (c,d) at  

55 ºC for 10 minutes in 1% NaCl solution 

 
Figure 3: Dimensions of PES HF membrane of untreated and MW post-treated samples in different 

concentrations (1-4%) of saline solution 

Surface roughness  

Figure 4 shows the effect of MW post-treatment on HFMs surface roughness (Ra) in all tested NaCl 

concentrations at 55˚C and 10 minutes. It is observed that surface roughness increased for all NaCl 

concentrations with an exception at 2% NaCl solution which represents 19.2% decrease in Ra value. On the 

other hand, 3% NaCl solution achieved the highest roughness value of 41 nm when compared to 31.9 nm 

corresponding to the untreated HFM surface roughness. AFM roughness measurements show an increasing 

trend in surface roughness (Ra) in saline solution, which simply explains the interaction of ionic conductance 

and water rotational mechanism. It is important to emphasize that at 2% salt concentration there is a decrease in 

roughness. 

Figure 5 depicts AFM 3D images of the scanned surfaces representing a moderately smooth surface of the 

untreated sample (a), the smoothest surface with lowest Ra at 2% NaCl solution (b) and the highest roughness 

achieved at 3% NaCl solution (c) due to the characteristic increased peaks and valleys. 

From the application point of view, increasing surface roughness favors subsequent coating using interfacial 

polymerization while decreased roughness is favored for biomedical membranes and also MF and UF 

membranes. In the latter’s case, increased roughness favors fouling tendency.  
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Figure 4: Surface roughness of MW post-treatment of PES HF membranes in different NaCl saline 

concentrations 

 

Mechanical Properties 

Break stress and break strain 

Break stress and break strain values are represented in Figure 6. Break stress values decreased upon post-

treatment with an exception at 2% NaCl solution where it increased about 8.8%. On the other hand, the 
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Figure 5: AFM 3D images of untreated sample (a), MW post-treated HFMs in NaCl solutions of (b) 2%  

and  (c) 3% 
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maximum decrease in break stress values was achieved at 3% NaCl solution concentration. Break strain also 

decreased for all treated samples with an exception at 2% NaCl solution which showed maximum increase of 

17%, while maximum decrease was at 1% NaCl solution. 

 
Figure 6: Break stress and break strain values of untreated and MW post-treated PES HF membranes 

Modulus of elasticity 

Figure 7 illustrates Young’s modulus values for untreated and MW post-treated samples. Young’s modulus 

values increased at 2% and 4% NaCl concentrations with the maximum increase of 25.9% at 2% saline solution. 

While Young’s modulus decreased at 1% and 3% with maximum decrease of 23.8% at 3% saline solution. 

 
Figure 7: Young’s modulus values of untreated and MW post-treated PES HF membranes 

It is concluded that MW heating in saline environment show the highest Young’s modulus approaching 243 

MPa at 2% saline concentration, which is about 26% change. It is observed that the increased modulus is shown 

for 2% and 4% saline concentrations while the decrease in Young’s modulus is at 1% and 3% saline 

concentration which basically illustrates the possible tuning of Young’s modulus through selection of the 

appropriate medium salinity. The observed results present the contribution of the ionic conduction mechanism in 

the case of saline medium.  

The changes in mechanical properties of MW post-treated HFMs at each NaCl concentration when compared to 

the untreated sample are shown in  

Table 3 where Δσb, Δϵb and ΔE denote the change in break stress, break strain and young’s modulus, 

respectively. 

 

Table 3: Mechanical properties changes of MW post-treated PES HFMs in NaCl solutions 
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Sample Δσb(%) Δϵb(%) ΔE (%) 

S1 -12.7 -10.9 -11.4 

S2 8.8 17.0 25.9 

S3 -30.8 -10.6 -23.8 

S4 -5.2 -7.0 10.4 

 

Conclusion 

The effect of microwave post-treatment of PES hollow fiber membranes in sodium chloride solutions of variable 

concentrations (1- 4%) on the morphological and mechanical properties are the focus of this work. The results 

indicated variations of the dimensional parameters as compared to the untreated fibers. Thickness of all post-

treated HFMs decreased showing the maximum decrease of 34% at 2% NaCl concentration. AFM testing 

indicated variations in the average surface roughness (Ra) manifesting an increase of 28.4% in 3% NaCl 

concentration and a decrease of 19.22% in 2% NaCl concentration. Moreover, assessment of observed 

mechanical characteristics indicated increase of break stress, break strain and tensile modulus by 8.8%, 17%, 

and 25.9%, respectively at 2% NaCl concentration.  

Results indicated the validity of MW heating as a tuning tool for target fiber properties as intended by the 

subsequent use. Moreover, working in saline media confirmed contribution and interaction of water dipole 

rotational mechanism and ionic conduction mechanism. These results avail a reliable, efficient matrix for 

appropriate MW heating conditions as a possible fast and environmentally clean and reliable heating method. 
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