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Abstract 

In this study, Polystyrene based materials, PS, with tailored morphologies are prepared by 
solution blow spinning, SBS. It is demonstrated that this tailored morphology of PS can be 
designed through the choice of particular SBS processing conditions. Several SBS processing 
conditions, including solution concentration, gas pressure and solution feeding rate are changed 
to consider their individual and combined effects on the final polymer morphology. The 
morphology of the PS samples is inspected by scanning electron microscopy, SEM. This 
morphology is analyzed in terms of fiber diameter and relative amount of fibers respect to other 
morphological features such as lumps or fibers aggregates. Coupling the experimental analysis 
with the use of Box-Behnken method and the desirability function, particular values of 
parameters controlling the SBS processing conditions are able to be obtained in order to achieve 
certain morphologies of PS, in particular, maximum amount of fibers with the minimum 
diameter. Influence of PS morphology on hydrophobicity and the ability of oil absorption is 
studied by contact angle measurements. The use of Box-Behnken design together with the 
desirability function is revealed as a reliable and accurate method for designing polystyrene 
materials through the optimal election of SBS processing conditions for the production of the 
polymer with particular morphologies and therefore, with especial performance regarding 
adsorption and absorption of liquid wastes. SBS PS constituted by the maximum amount of 
fibers with the shortest diameters lead to superhydrophobic materials with the highest ability of 
oil absorption for the PS. 

Keywords: Polystyrene; solution blow spinning; morphology, superhydrophobicity; oil 
absorption. 
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1. Introduction

Among others, a possible solution to oil-spills problem is the use of efficient absorbent materials 
respect to extraction of oils [1]. Thus, design and preparation of fibrous non-woven polymer 
based materials are receiving especial attention. In fact, this type of complex morphology is 
demonstrated to play a very important role in the adsorption and absorption processes 
respectively [2]. To smartly tune the absorption behavior of these materials, researchers have 
realized the importance of controlling the final morphology, for example, minimizing fiber sizes 
[3]. When these materials are constituted by thin fibers, high surface area and porosity are 
expected, which might enhance adsorption and absorption phenomena. Besides, these especial 
morphological characteristics together with the particular properties arisen from the polymer 
chosen may make these materials ideal for other applications such as, membranes, scaffolds for 
tissue engineering, wound dressings, controlled release of active agents, etc [4]. Therefore, 
designing polymer based systems with tailored fibrous morphology should be prerequisite to 
prepare materials with improved performance respect to any of those applications mentioned. 

The final morphology of these materials depends on the nature of the polymer and is usually 
controlled by the experimental or processing conditions chosen. Therefore, these two issues 
should be the first ones to be taken into account when designing this kind of materials. 

In the particular case of extraction in liquid mixtures, materials with high surface area are usually 
pointed out as good candidates. Oil separation from water is an issue of high significance in 
order to overcome oil-spills problem, for example, in the case of oily wastewater generated from 
industries such as oil refineries, petrochemical plants, chemical plants among others [5,6]. One 
of the upcoming and intensely investigated approaches for oil-water separation involves the use 
of materials with extreme hydrophobic and oleophilic behavior [5,7]. Those materials can 
selectively remove or absorb oil from an oil-water mixture with higher efficiencies and lower 
energy consumption than the use of conventional techniques.  

In spite of the fact that several sorption materials such as, inorganic mineral materials [8], 
synthetic materials [9], and natural materials [10], have been extensively considered for the 
elimination of spilled oil, still there are some limitations such as low oil sorption capacity, 
inadequate buoyancy, and high cost. In particular, most of the materials investigated have poor 
hydrophobicity, which leads to low oil-water separation selectivity and efficiency [11,12]. 
Therefore, the production of new oil sorption materials, with high sorption capacity, low cost, 
and great environmental benefit, is one of the priorities in the field of oil pollution treatment. 
Among the potential materials to be used for this purpose polystyrene-based materials are being 
currently explored for the preparation of superhydrophobic coatings and substrates due to the 
promising results obtained [13]. 

However, as it was mentioned, apart from the nature of the material, other factors can 
significantly influence the ability of liquid adsorption, such as physico-chemical interactions, 
roughness, and morphology. In fact, many studies have indicated that wettability is related not 
only to the physico-chemical properties of a polymer surface but also on its morphology 
characteristics [14,15]. 
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Polystyrene is a hydrophobic low-cost polymer with mechanical consistency enough as to be 
easily handled when processed in the form of films. On the other hand, it can be successfully 
processed by spinning methods obtaining non-woven mats constituted by submicrometric fibers 
[14,16–19]. Recently, electrospun PS has been investigated for its potential use in oil absorption. 
Mats composed of highly porous PS showed good absorption ability for oils, making them good 
candidates for oil spill cleanup [20]. However, although their morphology can be well studied, 
systematic methods to choose the best processing conditions to get a particular morphology 
(fiber size, relative amount of fibers, preferential orientation and distribution of fibers) have not 
been deeply explored yet. 

On the other hand, when important amounts of pollutant are expected to be extracted, enough 
absorbing material must be used. In the particular case of producing polymer materials with high 
surface areas; for instance, those constituted by submicrometric fibers, several methods, drawing 
[21], melt blowing [22], electrospinning [23], among others do not seem to be good enough for 
the present purpose since the rates of material production is quite low. However, solution blow 
spinning, SBS, was proposed as a revolutionary low cost method to easily prepare micro and 
nanofibers of different polymers at high rates of production [24–26]. SBS is based on the use of 
concentric nozzle where a polymer solution is introduced through its inner channel, while along 
its outer one a gas at a controlled pressure (air, nitrogen, argon, etc.) is flowed. In principle, the 
nozzle is feed with the polymer solution at a constant rate, leading to the formation of a drop at 
the nozzle exit. On the other hand, the gas going out from the outer nozzle stretches the drop of 
the polymer solution to make a cone which can be converted into a fiber if a critical gas pressure 
is exceeded an enough evaporation of solvent occurs. The fibers can be finally collected at 
different distances (working distance) on different substrates (collectors). 

However, depending on the processing conditions, gas pressure, feeding rate, working distance, 
geometry of the collector, etc., the final morphology can greatly change. For example, it is 
possible to obtain, continuous films, mats constituted exclusively by nanoscopic fibers and other 
different morphologies where the sizes of fibers can be changed or where other microstructural 
constituents like beads formed by lumps of fibers aggregates can appear [27]. Taking into 
account the influence of processing conditions in the final morphology, it is evident that the 
design of the material must consider the proper election of the SBS processing conditions.  

In the present work, experimental data from solution blow spinning processing conditions is 
analyzed to properly design polystyrene-based materials with particular morphologies. This 
research is based on a systematic study based on the use of Box-Behnken method, mainly paying 
attention on the effect of variation of the SBS process conditions that ultimately govern PS fiber 
formation, including feed rate, polymer concentration, and air pressure. Finally, contact angle 
measurements and a novel method of oil absorption monitoring are used to understand the 
influence of PS morphology on wettability and oil absorption phenomena. 

2. Materials and Methods

2.1. Materials 
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Polystyrene, PS (average weight molecular weight, MW: 192,000 Da) was purchased from 
Sigma-Aldrich (Madrid). Solvent of PS was prepared mixing tetrahydrofuran, THF (99.9% 
purity) and acetone, Ac, (99.9 % purity) purchased from Sigma-Aldrich (Madrid) in a ratio 
THF:Ac of 3:7. Ethylene Glycol (99.8 % purity, Sigma-Aldrich - Madrid), Glycerol (Panreac) 
and distilled and deionized water (home laboratory) were used. 

2.2. Samples preparation 

PS solutions at different concentrations were prepared (8, 10, and 12 % w/v) by adding the 
required amount of PS in the THF/Ac mixture at 50 ºC and stirring for 24 h.  

All solutions were blow spun at room temperature by the device schematically depicted in Figure 
1. The main components of the device were: commercial syringe of 10 mL with a needle of 0.60
× 60 mm BL/LB (BǀBRAUN Co., Germany), home-made concentric nozzle and syringe pump
(NE 1000 X, New Era System, Inc., Farmingdale, NY). The pump and syringe were used to
inject the polymer solution at the required feed rate, FR, through the needle introduced in the
nozzle (inner and outer diameters 0.60 and 1.0 mm, respectively). An air-operated precision
regulator was used to control the air pressure, P, to eject the solution and favor the solvent
evaporation. The needle was introduced along the nozzle so that it protruded 2 mm and materials
were collected on a rotating cylinder covered by aluminum foil (200 rpm) at a working distance,
WD, of 20 cm.

Figure 1. Scheme of the solution blowing spinning system. 

In order to obtained different morphologies, different samples were prepared by choosing 
different combinations of SBS conditions, polymer concentration, air pressure (AP) and feed rate 
(FR). In Table 1 sample codes and SBS conditions to prepare a particular sample are gathered. 
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Table 1. Samples codes, solution blow spun conditions to prepare PS based materials, Fiber 
average diameter, <D>, standard deviation, , Fibers/Beads ratio, R, Composite Desirability, D. 

Sample Code Polymer Concentration 
(%) 

AP 
(bar) 

FR 
(mL/min) 

<D> 
(nm) 

 
(nm) R D 

Sample-1 10 1.5 0.5 803 679 12.2 0.85 
Sample-2 8 2 0.5 483 453 4.4 0.67 
Sample-3 10 2 0.75 771 772 15.0 0.99 
Sample-4 12 1.5 0.75 1080 1141 6.0 0.76 
Sample-5 10 2 0.25 738 795 19.8 0.99 
Sample-6 12 1.5 0.25 1199 890 9.0 0.36 
Sample-7 8 1.5 0.75 496 411 4.3 0.47 
Sample-8 8 1 0.5 424 470 3.3 0.10 
Sample-9 10 1 0.75 867 705 11.9 0.58 
Sample-10 12 1 0.5 1619 1675 8.3 0.11 
Sample-11 12 2 0.5 831 742 12.8 0.87 
Sample-12 8 1.5 0.25 434 483 3.3 0.11 
Sample-13 10 1 0.25 833 861 10.8 0.58 
Sample-14 10 1.5 0.5 811 679 12.0 0.61 
Sample-15 10 1.5 0.5 815 679 11.9 0.74 

2.3. Equipments 

Morphology of materials prepared was inspected by scanning electron microscopy, SEM, using a 
Philips XL30 scanning electron microscope. Secondary electrons signal, SE, was used to 
generate the images. The acceleration voltage of the electron beam was 10 kV. To avoid 
electrostatic charge accumulation on the sample surfaces, they were gold coated by sputtering 
using a low vacuum coater Leica EM ACE200. Morphology characteristics such as sizes of 
fibers, beads, holes, etc. were analyzed with the free image analysis software Image j V.1.52a, 
US. 

Wettability behavior of SBS polystyrene materials was studied by contact angle measurements 
using an OCA-15 KRÜSS GmbH tensiometer based on the drop method. Values of contact 
angles were obtained from the average of 15 data obtained from the analysis of 15 drops (5 mL) 
at 5 different locations on three specimens surfaces of the same sample. The Owens-Wendt 
method was used to obtain the surface energy of the materials with its corresponding dispersion 
and polar contributions [25,28,29]. Water, glycerol and ethylene glycol were chosen as test 
liquids for measuring contact angles formed by liquids with different characteristics. Table 2 
indicates the values of some important parameters (density δ, dispersive and polar components of 
the surface tension, γd and γp, and the total surface tension, γl) of the testing liquids used.  

Table 2. Densities, surface tension and polar and dispersive components to the surface tension of 
the liquids used to carry out the contact angle measurements. 
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Liquid γd (mN/m) γp (mN/m) γl (mN/m) δ (g/cm3) Supplier 
Water 21.8b 51b 72.8b 0.998b Home Lab 

Glycerol 37b 26.4b 63.4b 1.259a Panreac 
Ethylene 
Glycol 26.4b 21.3b 47.7b 1.113a Sigma-

Aldrich 
a Data given by the supplier. 
b Data obtained from Ref.[30]. 

2.4. Data analysis 

The solution blow spinning is characterized by several processing variables that may influence 
the final morphology of the material prepared: gas pressure, concentration of the polymer 
solution, solution feeding rate and working distance among others. Therefore, to find the best 
combination of SBS processing conditions to get a particular morphology can be a very hard task 
because of the high number of experiments required. Due to this, analytical shortcuts are very 
welcome. For instance, those based on mathematical and statistical methods used to model and 
analyze problems in which one variable of interest is influenced by others and where the ultimate 
goal is to establish the values of the factors that optimize the value of the response. Among the 
different methods that can be found in the literature, the Box-Behnken design [31] has been 
chosen in the present work to optimize the parameters that govern the SBS processing conditions 
to obtain a particular morphology of polystyrene. In principle, this method is highly 
recommended when non-linearity is expected between the response and the analyzed factors 
[31], as it usually happens between the morphology of a polymer based material and the 
conditions to process it by SBS. 

Here, three factors (X) in three levels were considered (PS concentration, X1 = 8, 10, and 12 % 
w/v; Air Pressure, X2 = 1.0, 1.5, and 2.0 bar; Feed Rate, X3 = 0.25, 0.50, and 0.75 mLmin-1). 
Fifteen runs (three repeated runs at the mid-point value of the working range) were finally 
carried out to obtain the minimum required data of the Box-Behnken design. 

2.5. Oil absorption monitoring 

Oil up-take by neat PS materials with different morphologies was studied by monitoring, as a 
function of time, the contact angle formed by a drop of a particular oil on the PS specimen 
surface. Taking into account the relatively fast oil up-take, a video of the drop was recorded and 
then, frames at different times were extracted to measure the corresponding contact angles. Two 
conventional , very used in common life were tested: a) motor oil (SAE Grade 10W-40 with 
density 0871g/ml at 15°C, Viscosity 13.5 cSt at 100°C provided by Repsol Co.) and b) olive oil 
(Acid Index:  < 2.0 mg KOH/g and Peroxide Index: < 20 meq O2/kg purchased from Plimon Global Co). 

3. Results and discussion

In Figure 2 representative blow spun PS morphologies obtained at different processing 
conditions are shown. As can be seen, regardless the processing conditions, the general 
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morphology obtained is characterized by the presence of submicrometric fibers and regions with 
higher accumulation of material that usually appear in the form of beads. However, some 
differences can be clearly observed when some SBS conditions are changed. For example, 
comparing Figures 2a and 2d, where solution concentration changes but feeding rate and air 
pressure remain constant, it is possible to see changes in the size of fibers and beads as well as in 
the relative amount of fibers represented by the fibers to beads ratio. On the other hand, when 
comparing Figures 2b and 2e, where air pressure changes but feeding rate and solution 
concentration remain constant, a significant change in the morphology was observed. The 
number of fibers accumulated on the collector increased when enough amount of air pressure is 
attained. Finally, if Figures 2c and 2f are compared, when PS concentration and air pressure were 
kept constant, it is possible to see minor changes in fibers diameter and fibers/beads ratio by 
changing the feed rate. 
 

 
 
Figure 2. Representative blow spun PS morphologies obtained at different processing 
conditions: a) sample 7; b) sample 10; c) sample 5; d) sample 4; e) sample 11 and f) sample 3. 
 
 
In Figure 3 SEM images at high magnification are presented showing the effect of concentration 
of PS solution. Besides, results of quantitative image analysis are shown in the form of 
distributions of fibers sizes (fiber diameter) and preferential orientations of fibers. As can be 
seen, when concentration of the polymer solution to be blow spun increases the average diameter 
of the fibers, <D>, increases (496 nm when concentration is 8% and 1080 nm when the 
concentration is 12%, Table 1) and the distribution of fiber diameters broadens (Figures 3b and 
3e). On the other hand, looking at Figures 3c and 3f, it seems there is a narrower distribution of 
fibers in terms of their preferential orientation when the concentration of the polymer solution is 
higher. 
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Figure 3. SEM images at higher magnification: a) sample 7 and d) sample 4; distributions of 
fibers diameters for b) sample 7 and e) sample 4 and preferential orientation of fibers for c) 
sample 7 and f) sample 4. 

In Figure 4 SEM images at high magnification are presented showing the effect of air pressure 
while polymer concentration and feeding rate are constant. Besides, Figure 4 also shows results 
from quantitative image analysis. When the air pressure increases the average diameter of the 
fibers, <D>, slightly increases (from 424 nm when the air pressure is 1 bar to 483 nm when the 
air pressure is 2 bar, Table 1) and the distribution of diameters values broadens (Figures 4b and 
e). On the other hand, Figures 4c and 4f show there is a narrower distribution of fibers in terms 
of their preferential orientation when the air pressure is higher. Moreover, more fibers seem to 
reach the collector at higher AP as Figure 4d suggests showing higher amount of fibers per 
surface unit. 
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Figure 4. SEM images at higher magnification of a) sample 8 and d) sample 2; distributions of 
fibers diameters for b) sample 8 and e) sample 2 and preferential orientation of fibers for c) 
sample 8 and f) sample 2. 

In Figure 5 SEM images at high magnification are presented showing the effect of solution feed 
rate while the other parameters considered were kept constant. Besides, Figure 5 also shows 
results from quantitative image analysis. When the solution feed rate increases the average 
diameter of the fibers, <D>, slightly increases (from 833 nm when the feed rate is 0.25 mL/min 
to 867 nm when the feed rate is 0.75 mL/min, Table 1) and the distribution of diameters values 
broadens (Figures 5b and 5e). On the other hand, Figures 5c and 5f show little change in 
morphology by increasing solution feed rate. 

Figure 4. SEM images at higher magnification of a) sample 13 and b) sample 9; distributions of 
fibers diameters for b) sample 13 and e) sample 9 and preferential orientation of fibers for c) 
sample 13 and f) sample 9. 

When low concentration (8% w/v) is used unstable jets of fibers seem to occur, leading to the 
formation of droplets on the collector with the consequence of beads-on-string microstructures 
formation. Higher PS concentration of 10% w/v resulted in smooth fibers with larger diameters. 
In fact, the average diameter of fibers increased as the concentration of PS solutions raised from 
8% to 12% w/v (Table 1). These results can be explained from the fluid dynamics behavior of 
the solution itself. It is reasonable to think there is an increase of the stretching resistance of the 
liquid during the solution blow spinning process because the viscosity of the solution increases 
when polymer concentration increases [29]. Furthermore, beads became fewer and more 
elongated as the concentration increased. 

Apart from the above description, looking at all figures presented it is clear that combined effects 
exist. In other words, certain combinations of SBS processing conditions can lead to important 
morphology changes. Since the consideration of all possible combinations of processing 
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conditions would require carrying out many experiments, very difficult to handle, a Box-
Behnken design was proposed to make the complete analysis of the present system. 

After making a general analysis by the study of the relative amount of fibers, fiber diameters, 
fibers to beads ratio and preferential orientation of fibers, a statistics focused on the analysis of 
variance, ANOVA, was performed using the factors considered. It is well known that 
parameters such as solution concentration, gas pressure and solution feed rate have dramatic 
effect on the solution blow spinning process [32]. However, since all factors in the regression 
equation are not equally important Pareto analysis was used to recognize the processing 
condition that has maximum influence. In principle, this analysis gives more significant 
information to interpret results better [32]. For instance, Pareto chart takes into account 
importance of all factors in SBS technique for standardized effect evaluation (Figure 6). It is well 
established that, for a certain term, the length of the corresponding bar in the Pareto graph 
reflects the standard effect of the independent (A, B and C), quadratic (AA, BB and CC) 
variables and the interaction between variables over the response value (AB, AC and BC). As 
can be seen in Figure 6 the most significant parameters (factors) affecting the fiber diameter and 
fibers to beads ratio are the concentration of the polymer solution, the air pressure and both 
factors combined (Figure 6). 

Figure 6. Standard effect estimation for a) fiber average diameter <D> and b) fibers/beads ratio 
(R) from the use of Pareto chart (α is significance level).

The statistical analysis, ANOVA, allows plotting the effect of a particular factor on the fiber 
diameter and fiber/beads ratio from a prediction of their values. A change in polymer 
concentration of the solution to be blow spun has an important effect on morphology of the 
prepared materials mainly associated to changes of fibers diameters. It can be clearly observed 
an increase of fibers diameter by increasing the polymer concentration (Table 1). It seems that 
solution viscosity has an important role, pointing out that fiber size depends on the ability to 
overcome the forces associated to the surface tension. In fact, higher concentration implies 
higher viscosity or higher resistance offered by the liquid to be deformed under shear forces to 
finally lead to thicker fibers (Figure 7a left). On the other hand, higher pressure means to have 
more shear force available to deform the liquid, leading to thinner fibers (Figure 7a middle) [29]. 
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Figure 7. Effect of polymer concentration, air pressure and feed rate on: a) diameter of fibers 
and b) fibers/beads ratio. 

On the other hand, a parabolic profile is obtained when the fibers/beads ratio is analyzed 
considering the variable X1 (polymer concentration, Figure 7b left). The highest proportion of 
fibers will be produced when the polymer concentration of the solution is about 10.5 %. It is 
usually considered that at low concentrations unstable jets of fibers and droplets are formed to be 
addressed to the collector and consequently beads-on-string structures can be formed [23].  

Other parameter appearing in the Pareto chart, the feed rate, does not have important effect on 
the morphology of the SBS PS materials prepared (Figures 7a and 7b right sides). Perhaps, more 
aligned fibers can be fabricated by controlling air pressure, affecting therefore the morphology 
from the proper formation of fibers and the amount of them.  

Besides, when the polymer concentration is high enough, thicker fibers can be formed with 
higher probability of coalescence during the time of fly before reaching the collector. In that 
case, the formation of more tightly packed bundles of fibers in the final material is also more 
probable (Figure 8).  

Figure 8. SEM images showing the effect of PS solution concentration: a) sample 12 (with 8% 
polymer concentration) and b) sample 6 (with 12% polymer concentration). Gas pressure 1.5 bar, 
and feed rate 0.25mL/min were constant for both samples. 
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Figures 9 and 10 clearly illustrate that minor changes in morphology occur when changing the 
feed rate. However, it is worthy to mention here that a proper feed rate level must be chosen in 
order to avoid jet interruptions by nozzle blocks. On the other hand, according to the Pareto 
graph a correlation between the polymer concentration (X1) and the air pressure (X2) was 
observed. There must be a balance between these two variables in order to obtain the required 
average fiber diameter and fiber/beads ratio (in general, the highest proportion of fibers as thin as 
possible are wanted). 

Figure 9. Best-fitted surfaces of average fiber diameter as a function of polymer concentration 
and air pressure at: a) 0.25 mL/min; b) 0.5 mL/min and c) 0.75 mL/min solution feeding rate. 

Figure 10. Best-fitted surfaces of R (fibers/beads ratio) as a function of polymer concentration 
and air pressure at: a) 0.25 mL/min; b) 0.5 mL/min, c) 0.75 mL/min solution feeding rate. 

Relevance of factors for stabilizing possible work conditions requirements through optimizing 
responses and process parameters has been investigated. A very explored multi-response 
optimization technique is the use of desirability function which can be obtained during each 
experiment [31]. The desirability range is defined between 0 and 1, and it demonstrates the 
closeness of a response to its ideal value. If a response drops within the unacceptable intervals, 
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the value is 0, and if a response shows ideal intervals or the response reaches its ideal value, the 
desirability is 1. In this work composite desirability (D) was used to evaluate how well the 
settings in general optimize a set of responses (Table 3). In particular, in this study, optimization 
of SBS processing conditions is focused to achieve the highest proportion of fibers with the 
shortest diameters. Results of this analysis pointed out that the optimal conditions to produce the 
highest proportion of fibers with the shortest diameters correspond to the use of a PS 
concentration (X1) of 10.14%, an air pressure (X2) of 2.0 bar and a feed rate 0.25 mL/min (X3) 
with a desirability, d, of 1.0 (Table 3). 

Table 3. Desirability table of for the optimal SBS processing conditions. 

Solution 
Polymer 

Concentration 
(%) 

AP (bar) FR (mL/min) R <D> 
(nm) d 

1 10.14 2.0 0.25 19.0 700 1 
2 10.11 2.0 0.75 18.1 694 0.94 
3 10.95 2.0 0.25 19.2 783 0.92 
4 11.08 2.0 0.75 17.1 750 0.86 
5 11.35 1.9 0.26 17.8 838 0.86 
6 9.39 1.0 0.75 11.9 758 0.81 
7 10.00 1.2 0.25 12.3 858 0.79 
8 10.05 1.1 0.75 12.5 901 0.78 
9 8.76 1.0 0.25 8.0 540 0.71 

As a summary, in Figure 11 composite desirability is represented as a function of processing 
conditions parameters or main factors affecting the morphology of SBS PS based materials. 
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Figure 11. Representation of composite desirability as a function of processing conditions or 
main factors affecting morphology of blow spun PS. 

In the first row of Figure 11 values of desirability are considered (1.0) in order to be associated 
to individual variables X1 (polymer concentration), X2 (air pressure), X3 (feed rate) or parameters 
of the SBS representing the processing conditions. Rows 2 and 3 show the behavior of the 
responses chosen (fiber/beads ratio, R, and fibers diameter, <D>). Desirability shows a parabolic 
behavior respect to the polymer concentration (X1) according to the experimental results 
previously obtained. On the other hand, there is only a complete opposite behavior in terms of 
fiber diameter when polymer concentration (X1) and air pressure (X2) are compared. It is 
reasonable to think that the use of intermediate polymer concentration and high air pressure 
should produce high proportion of fibers (high fiber/beads ratio) with thin fibers. 

In order to verify the prediction capability of the model, SBS PS was prepared using the optimal 
predicted processing conditions. Figure 12a shows the experimental results obtained using the 
predicted optimal conditions. On the other hand, Table 4 gathers experimental and predicted 
values of fiber diameters and fibers/beads ratio for the optimal experimental conditions estimated 
from the analytical model. As can be seen, there is only a 2% difference between the 
experimental and predicted results (Table 4). 
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Figure 12. SEM images of PS materials prepared with different working distances using the 
predicted optimal PS conditions (concentration = 10.14%, AP = 2.0 bar, and FR = 0.25mL/min): 
a) sample 16, prepared at a working distance of 20 cm; d) sample17, prepared at a working
distance of 15 cm and g) sample18, prepared at a working distance of 10 cm.

Table 4. Comparison between predicted and experimental values of average diameter of fibers, 
<D> and fibers to beads ratio, R.

sample 
Polymer 

Concentration 
(%) 

AP 
(bar) 

FR 
(mL/min) 

<D> (nm) R 

Experimental predicted Experimental predicted 

16 10.14 2.0 0.25 700 689 19.0 18.9 

SBS working distance was also studied as another parameter of the SBS conditions affecting the 
production of SBS PS. Figure 12 shows morphology results of SBS PS as a function of working 
distance. Polymer concentration, air pressure and feed rate were kept constant at 10.14%, 2.0 bar 
and 0.25mL/min respectively. It can be seen that decreasing working distance from 20 to 15 cm 
almost does not affect the morphology in terms of relative amount of fibers, fiber size and 
preferential orientation of fibers. However, when the working distance is shortened to 10 cm 
there is a clear increase of the mean diameter of the fibers and reduction of the fiber proportion 
respect to beads or polymer accumulation in the form of lumps (Figure 12 and Table 5). 

Table 5. Fiber average diameter, <D>, standard deviation, , Fibers/Beads ratio, R. 

Sample Working distance 
(cm) 

<D> 
(nm) 

 
(nm) R 

16 20 689 490 18.9 
17 15 656 565 21.3 
18 10 1099 1022 11.2 

Finally, once the main factors affecting the morphology were set by the predictions made from 
the use of Box-Behnken design and desirability function, wettability behavior and oil absorption 
ability of SBS PS was studied as a function of the tailored morphologies. 

Contact angles of three liquids on SBS polystyrene with different morphologies were measured. 
In order to consider the widest range of different morphologies, samples 2, 5, 11, 17 and smooth 
polystyrene film (as received hot pressed PS) were chosen. Figure 13 shows representative drops 
of the testing liquids over the chosen samples. 
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Figure 13. Representative liquid drops (water, glycerol and ethylene glycol) on the surfaces of 
the chosen blow spun PS samples: a), f) and k) sample 2; b), g) and l) sample 5; c), h) and m) 
sample 11; d), i) and n) sample 17 and e), j) and o) smooth polystyrene film.  

One way to understand liquid-solid interactions is by the analysis of the surface energy. For both, 
solids and liquids, surface energy depends on the dispersive and polar components. The surface 
energy of the materials under study was calculated using Owens-Wendt approximation using the 
values of the surface tensions of the testing liquids (polar and dispersive contributions, Table 2) 
[34]. Taking into account that chemical composition of the materials under study is the same, 
one would expect to find similar values for the polar and dispersive contributions to the surface 
energy. In other words, physico-chemical specific interactions should be the same. However, 
results showed variations in the surface energy contributions, Sample 2 (p = 4.0 mN/m and d = 
7.0 mN/m); Sample 5 (p = 3.8 mN/m and d = 14.8 mN/m); Sample 11 (p = 4.6 mN/m and d = 
12.0 mN/m); Sample 17 (p = 17.4 mN/m and d = 12.7 mN/m). Traditionally, Young’s equation 
and derived equations such as Owends-Wendt expression explain the solid–liquid interactions in 
wetting, assuming smooth and flat solid surfaces [34]. It is clear here that the samples prepared 
are not characterized by having completely smooth and flat surface; therefore, this must be the 
reason why results of surfaces energy cannot be interpreted with a physical meaning. Due to this, 
from now, only values of contact angle will be considered to discuss wettability behavior. 

The water contact angle (WCA) on PS film, sample 2, sample 5 and sample 11 were 89°, 142.3°, 
145.6°, 139.7° respectively, while that obtained on the sample 17 was much higher, 164.1°. In 
the case of the smooth PS film the WCA obtained is coincident with others given in bibliography 
[35]. Besides, it is observed that hydrophobicity greatly increases when surface morphology 
becomes more heterogeneous. In general, WCA increases when the PS turns to materials 
constituted by high proportion of fibers with small diameters. Although for other topographically 
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heterogeneous materials, with continuous surfaces (without pores), Wenzel’s approach [36] may 
better explain results of WCA; in this work, with materials mainly constituted by fibers, the 
Cassie-Baxter model [37] is used to explain the increase of the WCA when topographic 
heterogeneity increases. This model considers that the liquid contact angle arises from two 
contributions, one due to the contact of the drop with the solid surface and the other due to the 
contact of the drop with the air found by the liquid in between topographical features of a non-
continuous solid surface. Since the contact angle formed between the liquid and the air is 
considered to be the highest one, the higher fraction of air in contact with the liquid the greater 
the contact angle. In this particular work, differences in topography at nanoscale are very small 
(as evidence SEM images) and therefore the main contributions to changes in the total solid 
surface available to the liquid must be the size and amount of fibers respectively.  

As can be observed, the highest value of WCA (Figure 13) was obtained for the sample having 
the highest proportion of fibers with the shortest diameters (sample 17, WCA = 164.1º, Tables 1 
and 5), showing a clear superhydrophic behavior. In principle, it is considered that if the 
diameter of the fibers decreases and the relative amount of fibers increases, the distance between 
the fibers is reduced but more available highly hydrophobic air to the drop of the liquid [37]. If 
the other two testing liquids are considered (glycerol and ethylene glycol) results of contact angle 
are also in accordance with the previous discussion based on the Cassie-Baxter model. 

Therefore, attending the hydrophobic characteristics of the SBS PS materials, they must present 
great potential for the adsorption and subsequent absorption of non polar or highly hydrophobic 
liquids as oils. In the present work, that particular behavior was studied in terms of the oil up-
take process by monitoring, as a function of time, the contact angle formed by drops of olive and 
motor oil on PS based materials. Three PS materials with clearly different morphologies were 
chosen, neat polystyrene film with a smooth surface, Sample 11 (with middle proportion of 
fibers with intermediate diameters) and sample 17 (with the highest proportion of fibers with the 
shortest diameters). 

In Figure 14 the drops and contact angles of olive and motor oils on three different samples, PS 
film, Sample 11 and Sample 17 are shown. It is seen that PS can be considered oleophilic or at 
least near to an oleophilic behavior since the contact angles formed by the two oils on the smooth 
surface of the PS film are relatively low, 68.2º and 84.8º respectively. On the other hand, it is 
also observed that the more complex the topography of the surface the higher the contact angle 
(Figure 14). This last result suggests that complex topographies enhance olephobicity, in 
apparent contradiction to that expected from the results obtained when polar liquids (water for 
instance) were used to measure the contact angles. In particular, it is observed that the initial 
contact angle for the oil drops is higher the shorter the average diameter of the fibers and the 
higher amount of them. Taking into account that the chemical characteristics of the surface are 
the same for all the samples, the variations observed only can be due to the morphology. There 
are some works that support the possibility of our results, considering the phenomenon usually 
called roughness-enhanced hydrophilicity/hydrophobicity. In fact, it has been demonstrated that 
controling the wettability of membranes for organic liquids is feasible due to this characteristic 
[38,39]. Tuteja et al stated that a third factor, re-entrant surface curvature provided by 
submicrometric fibers for instance, in conjunction with chemical composition and roughened 
texture, can influence resistance to wetting from a number of liquids with low surface tension 
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[40]. However, for the SBS PS materials prepared in this work, after the initial olephobic 
behavior observed, there is an evolution of the oil drops towards the decrease of their contact 
angles because of a process of oil absorption takes place. Therefore, in order to describe the real 
behavior of the PS materials respect to the oil-ability and up-take the evolution of the oils drops 
on the PS surfaces was monitored as a function of time. 

Figure 14. Olive oil and motor oil contact angles (measured at 1s after deposition) on PS 
materials: a) and d) sample 11; b) and e) sample 17; c) and f) PS Film. 

Figures 15 and 16 show the evolution of the contact angles of the oil drops (olive oil Figure 15 
and motor oil Figure 16) as a function of time. In every case it is observed a profile for which 
initially there is a sharp decrease of contact angle and then a kind of stabilization with a small 
slope of the curve, probably indicating that material saturation is attained. As can be seen for 
both oils the most heterogeneous PS sample, with higher relative amount of fibers and with the 
shortest diameters, presents initially the highest contact angle but the fastest oil absorption 
(Figures 15 and 16). Therefore, it has been demonstrated that just optimizing the morphology of 
PS materials, for example, from a film with a smooth surface to the Sample 17, it is possible to 
increase the ability of oil absorption, in terms of absorption rate, by higher than 60%. 

a) b) c)

f) g) h)

Olive Oil

Motor Oil

Sample 11 Sample 17 PS Film
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Figure 15. Olive oil up-take curves for: a) sample 11; b) sample 17 and c) PS film. 
 

 
 
Figure 16. Motor oil up-take curves for: a) sample 11; b) sample 17 and c) PS film. 
 
 
4. Conclusions 
 
Solution blow spinning, SBS, was used to prepare polystyrene, PS, materials with controlled 
morphology mainly constituted by submicrometric fibers. In particular, in this study, the effects 
of SBS processing conditions on the PS morphology features (fiber average diameter, fiber/beads 
ratio, distribution of fibers diameter and preferential orientation of fibers) were studied. Especial 
statistical analysis was performed in order to have the information necessary to make decisions 
when designing or obtaining tailored morphologies of blow spun PS. It was found that to obtain 
more fibers with smaller diameter, the main affecting factor is polymer concentration. After 
applying Box-Behnken method to analyze the influence of SBS conditions, optimization of the 
polystyrene solution blow spinning conditions was possible in order to subsequently obtain a 
particular morphology. For example, optimal conditions to produce fibers with the shortest 
diameters and highest fiber/beads ratio were found when the polymer concentration, air pressure 
and feed rate were 10.14% (v/w), 2.0 bar and 0.25 mL/min respectively. Moreover, there was a 
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narrower distribution of fibers in terms of their preferential orientation when the concentration of 
the polymer solution and air pressure was high enough. However, there were hardly any changes 
in morphology by changing solution feeding rate. The use of Box-Behnken design together with 
the desirability function was revealed as a reliable and accurate method for designing 
polystyrene materials through the optimal election of SBS processing conditions for the 
production of the polymer with particular morphologies and therefore with especial performance 
regarding adsorption and absorption of liquid wastes. In this sense, it was concluded that SBS PS 
constituted by the maximum amount of fibers with the shortest diameters lead to 
superhydrophobic materials with the highest ability of oil absorption for the PS. 
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