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1. Introduction 
 

 Recently, microporous polymer film has been 

widely used in many applications such as electronic 

techniques [1], biotechnologies [2] and more due to its 

pore dimensions, high specific surface area, and high 

oxidation resistance. However, using large quantities 

of traditional polymer in daily life exacerbates the 

global waste crisis the world now faces Biodegradable 

polymeric materials are one of the best alternative 

solutions. 

 The Breath Figure (BF) method is a convenient and 

simple technique that requires only the evaporation of a 

solvent and condensation of water vapor in a controlled 

atmosphere. The evaporation of the solvent surface 

generates a thermal gradient between the atmospheric 

temperature and the solvent surface temperature due 

to endothermic reaction. The water vapor is condensed 

into water droplets, overspreading the surface of the 

polymer solution. When the solvent and the water droplets 

evaporate completely, a honeycombed patterned or 

spherical-shaped array of pores is formed in the solid 

polymer surface [3-5]. In using this technique, various 

factors play important roles in controlling the porous 

polymer structure, including polymer concentration, 

type of organic solvent used, and humidity [6-8]. 

Several applications of synthetic porous polymer thin 

films fabricated from BF technique have been applied 

in separation or filtration [9], sensing technology [10], 

and drug delivery [11], as well as in cell scaffolding in 

tissue engineering [12]. 

 Nowadays, the self-template technique for producing 

microporous polymer film has become more popular 

due to cost reductions achieved on both the template 

and by removing steps. The Breath figures (BF) 

method, known as an alternative approach that offers 

a fast-growing, self-template technique to effortlessly 

prepare micro-sized honeycomb highly-ordered porous 

films, is quite remarkable [13,14]. Interesting bioplastics 

especially poly (lactic acid) or PLA, synthesized from 

lactic acid can be produced from renewable natural 

resources such as corn, sugarcane, cassava, and other 

agricultural wastes. Owing to its specific properties, 

PLA can replace conventional synthetic plastics, 

providing benefits due to its biodegradability, bio-

compatibility, and high thermo-mechanical property. 

At present, PLA is mainly used in packaging products 

and biomedical applications [15-17]. Previous research 

has attempted to fabricate ordered porous PLA films 

by using a solvent casting, along with a phase-separation 

technique [18,19]. Nevertheless, only the method of 

PLA, blended with the process of combining two or 

more self-assembly molecules, can be used to successfully 

produce a honeycomb microporous structure [20]. Thus, 

the process of porous PLA films using by BF technique, 

which is a simple, rapid and environmental friendly 

technique for preparation of highly-ordered porous 

film, offers a very promising research opportunity. 

The effect of important parameters on film production, 

including PLA concentration, organic solvent, and 

relative humidity, is investigated in this study. 

 

2. Experimental 
 

2.1 Materials  
 

 Poly (lactic acid) 4043D (Mw = 1.5X105 g·mol-1, 

and molar-mass dispersity, D=1.81) Nature Works, 
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US was used for PLA microporous film preparation. 

Dichloromethane and Chloroform, Aldrich, Germany 

were used as the solvents. Other chemicals used in this 

work were reagent grade. 

 

2.2 A microporous film preparation  

 
 The solution of PLA in dichloromethane or 

chloroform at various concentrations of 1.5%, 3%, 

5%, and 10%, respectively, were prepared, and then 

each polymer solution was further cast onto a petri 

dish under controlled humidity inside of a closed 

chamber. The relative humidity [RH] was controlled 

in two ranges of 58-65% and of 80-85%RH using an 

aqueous solution of sodium chloride, and measured by 

means of hygrothermograph. In order to investigate 

the effects of 3 factors; (1) PLA concentration, (2) 

organic solvent (dichloromethane and chloroform) and 

(3) relative humidity, were studied in this research. 

After the solvent had been completely evaporated, 

PLA porous films were successfully formed. The 

obtained film surface morphologies were analyzed 

using Scanning Electron Microscopy (JEOL, Model 

JSM-6400, Japan), the pore size was measured by 

Axio Vision Rel. 4.8 software, and BET measurement 

was carried out using a Quantachrome Autosorb iQ 

Station 1 at 77.35 K. The sample was degassed under 

vacuum at 30°C for 16 h prior to measurement. 

 

3. Results and discussion 
 
 A series of microporous PLA films ranging in 

thickness from 50 to 80 microns was prepared and all 

the effects of the experimental parameters were 

investigated. 

 

3.1 PLA concentration 

 
 Figure 1 shows the surface morphologies of porous 

films which were analyzed by SEM. It can be clearly 

seen that all films which were prepared by the BF 

method with dichloromethane at 80-85%RH and 

variations of the concentration between 1.5-10%wt. 

exhibit honeycombed ordered single porous structure 

on the top of each film. When the polymer solution 

was cast on the substrate in the closed system, the 

solvent evaporation resulted in a droplet, and the 

surface temperature of the solution was below the Dew 

point temperature. The decrease in temperature led to 

the condensation of water droplets on the top of 

solution, and, thus, the droplets sank into the surface 

solution, whereas the viscosity of the solution gradually 

increased owing to the vaporization. This finally led to 

creation of pores on the surface. Furthermore, during 

the process of increasing viscosity, the condensation 

of water droplets on the solution stabilized, and their 

flow ability decreased and prevented them from 

coalescing or aggregating [21]. To elaborate, as shown 

in Figure 1g and 1h, the average size of core pores was 

getting smaller, from 23.97±4.14 µm to 19.98±2.82 

µm, as the concentration increased from 5% to 10%wt. 

Simultaneously, the average size of small pores 

between the cell wall of core pores was also getting 

smaller (in the pore size range from 12.44-34.67 µm 

to 11.05-29.11 µm) and creating more ordered patterns 

with narrow pore size distribution (Table 1). This can 

be explained by the fact that increasing viscosity over 

the process time decreased the flow ability and 

inhibited the coalescence of small pores; thus, a 

number of smaller average sized core pores appeared. 

Another factor is that, at the higher degree of 

concentration, initial vapor pressure of solvent 

decreased compared to that of the lower degree, and, 

as the process time went by, the remaining solvent 

continuously vaporized, condensing into droplets and 

forming pores on the cell wall of the core pores. At the 

higher concentration, there was more remaining 

volume of solvent than at the lower concentration. The 

solvent still evaporated through the core pore to the 

top surface. When there was enough vapor pressure, 

the vapor condensed into water droplets and sank into 

the cell wall of core pores during solidification 

process. More time was needed for the condensation 

to occur, and so the droplets did sink, which resulted 

in more and more small pores on the cell wall of core 

pores [22]. With the higher concentration of PLA 

polymer, films with a more ordered pattern with 

smaller and more uniform pores were obtained. This 

resulted from an increase in the initial viscosity level 

of higher concentrated solution when compared with 

the lower concentration. 

 

Table 1. Average pore size and pore size range of PLA microporous film at different PLA concentrations (%) and 

dried at 80-85%RH. 

 

PLA concentration(%wt.) Average pore size (µm) Pore size range (µm) 

1.5 25.96±7.13 13.03 - 50.66 

3 23.22±4.10 12.58 - 36.60 

5 23.97±4.14 12.44 - 34.67 

10 19.98±2.82 11.05 - 29.11 
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Figure 1. SEM images at 100X and 1,000X magnification of the PLA film preparation by BF method with 

different PLA concentrations: (a), (e) 1.5%PLA, (b), (f) 3%, (c), (g) 5% and (d), (h) 10% of dichloromethane used 

as solvent at >80-85%RH. 

 

3.2 Organic solvents 
 

 The influence of different types of solvent on the 

final surface microstructure of the single honeycomb 

porous layer of film is illustrated in Figure 2. The 

results show that both dichloromethane and chloroform 

can successfully be used to form porous films with 

honeycomb ordered patterns. However, the dichloro-

methane-added films produced a much more ordered 

pattern with smaller pores than did the chloroform-

added films. This resulted from the differences in 

boiling points of the two solvents. From Table 2, 

Dichloromethane (dielectric constant of 4.81 and 61 

B.P.) can be used as a substitute for Chloroform 

(dielectric constant of 8.93 and 40 B.P.). As a solvent, 

Chloroform is more popular and less expensive but 

more toxic than dichloromethane. Dichloromethane 

has a higher dielectric constant, which means it is 

more polar than chloroform and has a lower boiling 

point; therefore, Dichloromethane evaporates faster 

and creates higher vapor pressure on the top surface 

solution than does Chloroform. In other words, the 

porous film prepared with dichloromethane had more 

driving force to nucleate the condensed water droplets 

on the solution surface. The larger number of droplets 

were dispersedly formed on the surface as the solvent 

evaporated. The viscosity of the solution increased 

while the solvent evaporated. Using Chloroform, with 

its associated lower vapor pressure, the condensation 

of water vapor was slower and took more time to 

evaporate. The level of viscosity of the solution with 

chloroform as solvent increased at a slower rate than 

that of the solution using dichloromethane. Thus, this 

allowed the water droplets to flow and coalesce more 

feasibly, and to form bigger pores, which is why the 

obtained film from dichloromethane showed more 

ordered and smaller pore size. 

 

 
 

Figure 2. Revealed effect of Dichloromethane and Chloroform as solvents on the pore size of porous PLA films 

obtained from 1.5%, 3%, 5%, and 10% PLA respectively at >80-85%RH. 
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Table 2. Physical properties of solvents. 

 

Property Dichloromethane  Chloroform 

Formula  CH2Cl2 CHCl3 

Boiling point (°C) 39.6 61.2 

Density (g·cm-3) 1.33 1.498 

Surface tension (dyn·cm-1) 28.12 27.16 

Vapor pressure 20°C (hPa) 470 210 

Dielectric constant 9.08 4.81 

 

3.3 Relative humidity (%RH)  
 

 As can be seen from the results shown in Figure 3 

and Figure 4, with 3% and 5% PLA polymer film, the 

relative humidity (RH) of 58-65% was insufficient to 

produce an ordered pore morphology. Moreover, the 

small amount of PLA solution (3% and 5%) provided 

viscosity that was too low to stabilize the water 

droplets sinking into the surface as the solvent 

evaporation is very fast, causing the water vapor to 

rapidly condense on the surface [23]. It is this non-

equilibrium state that leads to the so-called vanishing 

of some parts of pore structure on the surface.  

 When the PLA concentration was increased to 

10%, highly ordered spherical shapes on the surface of 

the obtained film were clearly observed. The higher 

concentration of polymer in volatile solvent causes the 

solute to precipitate out of the solution faster, and 

increase the viscosity of the solution as the solvent 

evaporates than is true with the lower concentration 

[24]. The increased viscosity of the 10% solution was 

sufficient to stabilize and improve the ability of 

encapsulation the condensed water droplets. This 

phenomenon can keep the water droplet in the solution 

until the solidification is perfectly completed. Thus, 

using the higher PLA concentration of 10% leads to 

production of the obtained film with a honeycomb 

ordered pattern at 58-65%RH.  

 When of 80-85% RH was used to fabricated the 

polymer films, PLA porous films with highly ordered 

porous structure was able to be formed using all of the 

tested PLA solutions (3%, 5%, and 10%). At higher 

%RH, there is more driving force to condense the 

water droplets than at lower relative humidity. The 

greater the amount of water droplets generated on the 

surface, the greater the possibility of fabrication of 

pores on the surface; thus, ordered porous structure 

films can be produced with a low concentration of 

PLA (3%).  

 

 

Dichloromethane as solvent 

 
Chloroform as solvent 

 
 

Figure 3. Revealed effect of Dichloromethane and Chloroform as solvents on the pore size of porous PLA films 

obtained from 1.5%, 3%, 5%, and 10% PLA respectively at >80-85%RH analyzed by SEM images at 1,000X. 
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Figures 4. SEM images at 100X and 1,000X magnification of the PLA films preparation by BF method with 

different PLA concentrations by using dichloromethane as solvent at >58-65%RH. 

 

 At high relative humidity, many water droplets 

condense onto the surface solution, unavoidably 

affecting the growth and coalescence of some water 

droplets. The results of increasing concentration and 

%RH is that pore size increased. However, at 

10%PLA, both RH values led to exactly the same 

average pore size of 21.07±2.43 and 19.98± 2.82 µm 

for 58-65% RH and 80-85%RH respectively (Table 3). 

The porous film at 10%PLA had already reached 

equilibrium at 58-65%RH, so even an increase in RH 

will not affect the increase in pore size afterwards. 

However, an important parameter to be considered is 

the surface area of the microporous PLA film as shown 

in Table 4. When high relative humidity (80-85%RH) 

was used, the surface area of PLA films tended to 

increase due to the increase in water condensation on 

the surface; pore sizes become larger and higher in 

surface area in this case. The surface area of samples 

decreases when PLA concentration was increased. 

 

 

Table 3. The effect of %RH on an average pore size and pore size range of PLA films. 

 

PLA concentration Average pore size (µm) Pore size range (µm) 

RH 58-65%   

3%PLA 6.35±2.22 2.37 - 14.32 

5%PLA 6.67±1.65 3.02 – 10.91 

10%PLA 21.07±2.43 13.42 - 30.55 

RH 80-85%   

3%PLA 23.22±4.10 12.58 - 36.60 

5%PLA 23.97±4.14 12.44 - 34.67 

10%PLA 19.98±2.82 11.05 - 29.11 

 

Table 4. PLA film surface area at various RH conditions and concentrations. 

 

PLA 

concentration 

(%wt) 

Surface area (m2·g-1) Pore volume (ml·g-1) 

Low RH  

(58-65%) 

High RH 

(80-85%) 

Low RH  

(58-65%) 

High RH  

(80-85%) 

3 92.15 182.40 0.134 0.30 

5 49.46 113.90 0.056 0.12 

10 38.14 99.72 0.052 0.10 
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4. Conclusions 
 

 Highly ordered porous PLA films were successfully 

fabricated in dichloromethane and chloroform by BF 

method. The results show that an increase in polymer 

concentration leads to decrease in the average pore 

size of porous polymer films. Thus understanding 

polymer soluble in organic solvent with different 

boiling points, density, and solubility properties and 

dielectric constants can help explain the mechanism of 

porous formation during the evaporation of solvent 

and water. Also, an increase in relative humidity 

creates more highly ordered porous PLA films with 

the larger pore size. Ultimately, the highest surface 

area in porous structure was obtained with 3%PLA in 

dichloromethane and 80-85% relative humidity.  
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