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Abstract

Renewable  polymers  have  attracted  significant  attention  in  recent  years  as  alternatives  to 

fossil-based materials, driven by concerns about the depletion of such resources and the need 

for  sustainable  development.  This  study  reports  on  the  synthesis  of  polyurethanes  from 

renewable biomass-derived diols, and their subsequent application in nanostructured air filters 

produced  via  electrospinning.  Comparison  is  made  of  the  properties  of  bio-based 

polyurethane  samples  that  varied  in  the  molecular  weights  of  the  inherent  poly(1,3-

propanediol) soft segments. Their physical-mechanical properties were analysed, along with 

the  morphology  and  filtration  performance  of  the  nanostructures.  It  was  found  that  the 

arrangement of the hard segments affected both phase temperature transitions (i.e. the glass 

transition and melting point)  of the prepared polyurethanes.  Positive effect  hard segments 

domain arrangements  and the best filtration properties were observed for a bio-polyether-

based  aromatic  polyurethane  prepared  with  a  molar  ratio  of  diisocyanate:polyether 

polyol:chain extender of 4.7:1:3.7 and a molar mass of used renewable polyol 1000 g/mol, a 

nanostructure boasting the largest pore size of those tested. Filter with pressure drop of 49 Pa 

only possessed a quality factor exceeding 0.045 Pa-1.   The work confirms the fact that the 

effects of fiber diameter and pore size on the filtration properties of nanostructured air filters 

fabricated to eliminate ultra-fine particles cannot be judged separately.

Keywords: Biomass,  synthesis  of  polyurethanes,  electrospinning,  nanofiber  membrane,  air 

filtration.
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1. INTRODUCTION

The chemical industry is transitioning to renewable and sustainable plastics in response to 

economic and ecological concerns about the future usage of fossil raw materials  [1]. This 

trend has been reflected in the adoption of polyurethane (PU), a form of plastic which can be 

varied to have wide-ranging properties and applications. Examples of the latter include types 

of glue and sealant, flexible and rigid foam, liquid paint and varnish, solutions employed in 

the  manufacture  of  synthetic  leather  and  thermoplastic  elastomers  (TPU) [2,3].  PU  for 

filtration  application  is  often  chosen  as  a  material  composing  a  nanostructure  due  to  its 

chemical stability good chemical properties (first of all glass transition temperature – Tg), 

excellent nanofiber forming characteristic [4,5]. 

One of the main reasons for using PUs is that the properties of PU can vary in a wide range, 

so it is possible to adjust them for many applications [6]. PU nanostructures have application 

in  high-performance  air  filters,  protective  textiles,  wound dressing  materials,  sensors  and 

biomedical  applications.  PU  can  be  mixed  with  other  polymers  and  fillers  e.g.  carbon 

nanotubes [7,8].

Bio-based  raw  materials  (e.g.  1,3-propanediol  and  1,4-butanediol)  have  only  been  made 

commercially available at low cost with sufficient purity to synthesize PU for a short period 

of time  [9]. Recent advances in bioprocessing  [10–12] have also boosted the production of 

bio-based raw materials for the synthesis of PU, such as 1,4-butanediol (BD), succinic acid 

and adipic acid [10–13]. Great interest has been paid lately to PUs fabricated from bio-based 

materials since environmental resources are becoming ever more scarce  [14–19]. Applying 

bio-based polyols  in  PU chemistry,  therefore,  affords  the  opportunity  for  sustainable  and 

environmentally-friendly  systems  [20,21].  Bio  polyols  synthesized  from  bio-based 

1,3-propanediol  have  been  used,  for  instance,  in  the  production  of  PU  reactive  hot-melt 

adhesive  [22];  the  DuPont  company  also  offers  poly(1,3-propanediol)  (PPD)  as  a  100% 

renewable polyol [23]. Polyols constitute a key raw material in the fabrication of PUs, and are 

primarily  produced from fossil-fuels, namely petroleum, which has held back research on 

alternatives [24], although moves are afoot for a gradual shift from fossil-based to biomass-

based polyols [25]. The latter can be synthesized from lignin [26], agricultural waste [27,28], 

vegetable oil  [29–34] and other renewable resources. Elastomers formulated from bio-based 

PUs, wherein bio polyols constitute a raw material, are an example of a practical application 

that has garnered interest [35–39]. 
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Thermoplastic polyurethane elastomers (TPU) are segmented polyadducts with a two-phase 

domain microstructure consisting of hard and soft segments  [40–42]. The high modulus of 

TPU is attributable to hard block domains made from hard segments,  which act as cross-

linked, physically bonded crystalline centres dispersed in the soft segment of flexible polyol 

chains. The hard block domains, therefore, act as molecular reinforcing fillers. Another reason 

for researching the PPD diols comprised the fact that polyethers tend to be less compatible 

with  4,4´-methylene-diphenyl diisocyanate (MDI) than polyester diols, hence TPU derived 

from them  shows  a  higher  degree  of  phase  separation.  Increasing  the  length  (molecular 

weight) of the soft segment diols would promote domain separation too [24].

Polyether  TPU  is  usually  formulated  from  poly(oxytetramethylene)  diols 

(polytetrahydrofuran). It was synthesized herein from renewable polypropylene diols with an 

identical  content  of  hard  segments  (wHS =  60% by  mass).  The  given  concentration  was 

informed by a prior study, wherein high modulus TPU with a maximum tested volume of hard 

segments (the molar ratio was MDI:polymeric diol:BD and equalled 9:1:8) exerted a positive 

influence on the efficiency of nanofiber formation in an electrostatic  field  [43].  The hard 

segment  domains  consisted of  aligned chains  of  urethane groups interlinked by hydrogen 

bonds  in  three  dimensions.  With  respect  to  PU  samples  prepared  from  bio-based  1,3-

propanediol (PU 500) at a molar ratio of 2.5:1:1.5, almost an entirely alternating arrangement 

of hard and soft segments was expected, resulting in a material with numerous, small, evenly 

dispersed hard segments in the soft segment portions. 

The first commercial PU fiber was developed in Germany in the early 1940s [2]. It was made 

by reacting hexamethylene diisocyanate with a slight excess of 1,4-butanediol. Elastic fibers, 

commonly  referred  to  as  Spandex are  the  most  notable  concerning mass  production,  and 

constitute a generic term approved by the US Federal Trade Commission. 

An area of study that has recently proven popular concerns the development of air filtration 

materials capable of removing pollutants, especially dangerous nano-sized ones (particles up 

to 1 μm in size) [44–46]. Filters based on nanofibers with a low fiber diameters have become 

more effective  at  eliminating  ultra-fine  particles,  retaining  low pressure  drop of  the filter 

[45,47]. The filtration properties of nanostructured materials fabricated by electrospinning are 

generally superior to those of filters prepared from meltblown materials  [48]. Besides PU 

[49–53],  fossil-based  polymers  frequently  applied  in  the  production  of  nanofibers  in  an 
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electrostatic field include polyvinylidene fluoride (PVDF)  [44,54], polyacrylonitrile (PAN) 

[55,56], polysulfone (PSU) [52,57], polyethersulfone (PESU) and polyamide (PA) [58,59].

The primary novelties of this work lie in i) synthesis of PU from renewable resources (bio-

based diols)  with  addressing  environmental  and sustainability  aspects,  ii) finding optimal 

morphology of hard segments in tested PU which provides creation of bulky nanostructure 

with bigger pore sizes guaranteeing better air filtration performance with regard to the capture 

of ultra-fine particles in sizes from 20 nm to 400 nm in consequence of Brownian motion, iii) 

set up very efficient nanostructure via electrospinning for air filtration caused by arrangement 

of hard segments in bio-based PU. All of those novelties extend the desired level of filtration 

efficiency, pressure drop and thence quality factor. 

2. EXPERIMENTAL

2.1 Materials

4,4´-methylene-diphenyl diisocyanate (MDI), bio-based polyether polyols (PPD 500, 1000, 

and 2000 g/mol), 1,4 butanediol (BD) and N, N-dimethylformamide (DMF) were purchased 

from Sigma-Aldrich (Germany). Sodium tetra-borate decahydrate (Borax) and citric acid were 

bought from PENTA (Czech Republic).

2.2 Preparation of the polymer solutions

PU samples were fabricated via a polyaddition reaction involving the diisocyanate, bio-based 

polyether diols (soft segment) and chain extender, by means of one-shot synthesis in DMF 

solvent;  the content of hard segments (diisocyanates + chain extenders) was maintained at 

60% by mass. Prior to conducting such synthesis, the various PPD diols had been dried in a 

vacuum at 90°C for ca 30 minutes.  The MDI and BD were then added, and the reaction 

proceeded at 90°C for 3 to 4 hours. DMF was supplemented stepwise once the viscosity of the 

PU solution had started to increase. The concentrations (c) were adjusted to 18%, 16% and 

15% by mass, respectively, corresponding to viscosities (η) from 2100 to 2400 mPa s, suitable 

for the electrospinning process. Electrical conductivity χ was increased to a value higher than 

200 μS/cm by the addition of DMF solution (18.6% by mass) of Borax and citric acid at the 

ratio  of  1:3  for  the  electrospinning  process.  The  samples  of  PU  solutions  for  the 

electrospinning  process  were  prepared  in  molar  ratios  detailed  jointly  with  resulting 

concentration, conductivity and viscosity in Table 1.
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Table 1. Properties of the synthesized PU solutions and thermoplastic PU (TPU) dry extracts.

Material
marking*

Molar 
ratio

After synthesis
After adjustment for the electrospinning 

process
Content of 
renewable 
material

(% by mass)
cS

(% by mass)
ηS

(mPa s)
cES

(% by mass)
ηES

(mPa s)
χ

(μS/cm)

PU 2000 9:1:8 20 13200 18 2400 207 54.7

PU 1000
4.7:1:3.

7
20 10640 16 2200 231 53.1

PU 500
2.5:1:1.

5
20 4790 15 2100 242 50.4

* compared samples possessed the same content of hard segments, i.e. 60% by mass

2.3 Fabrication of nanofibers

Nanostructures with a width of 40 cm were produced in an electrostatic field from the PU 

solutions on a SpinLine 40 electrospinning device (SPUR, Czech Republic), equipped with 32 

fiber-forming nozzles arranged in two lines. The experimental conditions under which the PU 

nanofibers  were spun comprised  the  following:  an applied  electric  voltage  of  75 kV; the 

distance between electrodes measured 20 cm; the polymer solution was dosed at 0.5 mL/min; 

the  substrate  movement  rate  was  0.2  m/min;  the  temperature  equalled  23±2°C;  and  the 

relative humidity was 31%. The nanofibers were deposited on polyethylene terephthalate or 

polypropylene  nonwoven  substrate,  which  lent  mechanical  support  to  the  subsequent 

nanostructured filters. All the nanostructures of various thicknesses and surface areas were 

prepared  under  uniform  electrospinning  process  conditions;  thus,  the  parameters  for 

fabrication were not individually optimized for each solution.

2.4 Characterization of the synthesized PU and prepared nanostructures

2.4.1 Fourier-transform infrared spectroscopy

Fourier-transform  infrared  attenuated  total  reflectance  (FTIR-ATR)  was  employed  to 

characterize the chemical composition of the prepared nanofibers (Nicolet iS5, Thermo Fisher 

Scientific,  Waltham, USA);  this  occurred at  the wavenumber range of 4000–400 cm−1,  64 

scans per spectrum and resolution of 4 cm−1,  with analysis  in  OMNIC software (Thermo 

Fisher Scientific, Waltham, USA).

2.4.2 Contact angle

The water contact angles (Θw) of the samples were gauged with adherence to EN 15802. 

Measurement  was  performed  at  laboratory  temperature  on  a  Surface  Energy  Evaluation 
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System (Advex Instruments,  Czech Republic),  with evaluation of the data taking place in 

SeeSystem 7.0 software.

2.4.3 Differential Scanning Calorimetry 

The thermal behavior of synthesized PU was determined by differential scanning calorimetry 

(DSC) on a  DSC 1 STAR (Mettler  Toledo,  Switzerland)  instrument.  Measurements  were 

recorded during such thermal analysis in an inert nitrogen atmosphere (50 mL/min) across a 

temperature range of 0 to 250°C. The rate for heating and cooling was set at 10°C/min.

2.4.4 Dynamic Mechanical Analysis

The viscoelastic properties of the PU samples were evaluated by dynamic mechanical analysis 

(DMA; DMA 1; Mettler Toledo) under tension mode. The linear viscoelastic region (LVE) 

was determined initially by performing an amplitude sweep. A temperature sweep followed, 

applying a strain within a range of the LVE region across temperatures of –80 to 40°C, at a 

heating  rate  of  3°C/min  and  frequency  of  1 Hz.  Glass  transition  temperatures  (Tg)  were 

obtained as peaks for viscous moduli (E´´), since this approach corresponds well with the 

other thermal analyses employed to determine Tg.

2.4.5 Tensile tests

Tensile tests were conducted to determine values for tensile strength and Young’s modulus on 

a Testometric universal machine (MT350-5CT); this happened in accordance with EN ISO 

527 at a single-strain rate of 500 mm/min and room temperature. The specimens had been 

conditioned at 25°C and 50% relative humidity for 72 hours before such testing took place. 

Each set of samples consisted of at least 5 specimens.

2.4.6 Scanning electron microscopy (SEM)

A Phenom Pro scanning electron microscope was used to examine the morphology of the 

material.  In  order  to  avoid  an  electrostatic  charge  accumulating  during  morphological 

observations, the surfaces of samples were sputter-coated with Au/Pd prior to the test.  SEM 

was used to image electrospun fibers to observe the surface morphology and any defects, such 

as a bead in the structure, that might be incorporated during electrospinning and to determine 

the desired diameter of nanofibers. The electron beam was operated at an accelerating voltage 

of  10kV. The  mean  diameter  of  fibers  was  measured  via  ImageJ  version  1.52a  software 

(National  Institutes  of  Health  and  the  Laboratory  for  Optical  and  Computational 

Instrumentation (LOCI, University of Wisconsin), Madison, Wisconsin (USA)).
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2.4.7 Determination of porometry

Characteristics relating to the pore sizes of the membranes were assessed on a flow porometer 

(SPUR, Czech Republic)  in  accordance  with  ASTM F316-03 (2011);  Galpor  (Porometer, 

Belgium)  was employed as  a  wetting  liquid.  Dry and wet  tests  were conducted  on three 

circular samples cut out from the given materials and mean values were obtained for them. 

The  resulting  porosity  measurements  encompassed  the  mean  pore  diameters  of  the 

nanostructures and the maximum pore diameters; pore size distributions were counted as well.

2.4.8 Filtration efficiency

The filtration properties of samples were measured on a TSI 3160 fractional efficiency filter 

tester.  The investigation took place at  an aerosol  NaCl flow rate  of 30 L/min and a  face 

velocity of 5.2 cm/s. The quality factor (quality filter, qF) constituted an important parameter 

with regard to filtration performance, and was calculated by the following equation:

qF=
ln ⁡(1/ P )

∆ p
 (1)

where P stands for penetration (P = 1 – E), E is efficiency and ∆ p is the pressure drop.

3. RESULTS AND DISCUSSION

3.1 Synthesis of PU solutions

“One-shot”  way  of  PU  synthesis  was  used  for  the  preparation  of  PU  solutions  for 

the submicron fiber  forming process  in  an electrostatic  field.  The process of  polyaddition 

reaction with both bio polymeric diol and bio low molecular diol was very similar to reactions 

based on fossil diols with strictly difunctional monomers. Their purity from the viewpoint of 

functionality request was very high, content of used difunctional bio diols was higher than 

99%. Properties of prepared PU solutions after synthesis and after adjustment for fabrication 

in electrostatic are summarized in Table 1. Idealized chemical composition of synthesized 

PUs  with  the  highest  and  lowest  content  of  hard  segments  is  represented  in  Figure  1. 

Synthesized polyurethanes differed in hard segment morphology and length of soft segments. 
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Fig. 1. Idealized chemical composition of synthesized PUs with the highest – PU 2000 (A) 
and lowest - PU 500 (B) content of hard segments

3.2 Electrospinning process

Three various nanostructures were created from synthesized PU solutions despite the fact that 

all of them were fabricated under uniform electrospinning process conditions. Those differ 

first of all in nanofiber diameters and pore sizes. We suppose that nanofibers with lower fiber 

diameter  will  be  more  flexible  and  create  a  formation  with  smaller  pore  sizes,  whereas 

nanofibers with higher fiber diameter will be tougher, more flexible and a more reinforced 

structure with larger pore sizes will arise. Brownian motion dominantly effects the filtration 

efficiency in the area of ultrafine particle capture; consequently higher nanostructure with 

larger  pore  sizes  (bringing  about  lower  pressure  drop)  can  positively  affect  filtration 

performance [60–62]. Figure 2 presents the idealised morphological arrangement of the hard 

segments in the tested PU structures.

Fig. 2. Arrangement of hard segments in idealized structures of the synthesized PUs: (a) PU 
2000, (b) PU 1000 and (c) PU 500.

3.3 Fourier transform infrared spectroscopy

The chemical structures of the bio-based PU nanofibers were analysed from FTIR spectra. As 

detailed in Figure 3, all the spectra show peaks typical for an aromatic PU derived from a 

polyether diol.  The vibration bands at  3312 and 1528 cm–1 correspond to -NH stretching, 

while  the  peaks  in  the  region  spanning  3000  to  2770  cm–1 relate  to  -CH  responses  to 

asymmetric and symmetric stretching vibrations. The wavenumbers at 1528 and 1222 cm–1 

are attributed to frequencies of the -CN group, whereas the band at 1076 cm–1 pertains to 
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symmetric  -C-O-C-  stretching.  Confirmation  that  the  monomers  had  reacted  fully  and 

appropriate polymerization conditions had transpired is provided by a peak absent from the 

curves at ca 2270 cm−1 that would otherwise represent free –NCO groups [60–62].

Fig. 3. FTIR spectra obtained in ATR mode for the tested PU materials.
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3.4 Differential scanning calorimetry 

Determining  changes  in  the  melting  and  crystallization  temperatures  permitted  DCS 

investigation of the morphology of hard segment domains and variation in the lengths of the 

soft  segments  in  the  PPD-derived,  bio-based PU. Incorporating  soft  segment  polyols  that 

varied in molecular weight in the specimens, while maintaining a constant, uniform weight 

fraction of hard segments, yielded synthesized PU materials with melting temperatures (Tm) of 

between 141°C and 214°C,  these outer  values  being  recorded for  PU 500 and PU 2000, 

respectively;  PU  1000  had  an  intermediate  melting  temperature  of  approximately  178°C 

(Table 2). As illustrated in Figure 4a, this parameter rose in parallel with an increase in the 

molecular weight of the PPD applied, a phenomenon attributed to the arrangement of the hard 

segments  (see  Fig.  3).  The  broad  endothermic  peak  observed  for  the  PU 500  and  1000 

samples could be explained by the limited extent of structural order within the hard segment 

domains. In contrast, the PU 2000 sample exhibited a more pronounced and intense double 

peak, indicating a greater degree of arrangement [63]. This heightened regularity in structure 

is also evidenced in Figure 4b, where a crystallization peak appears at 116°C for the PU 2000 

specimen. The PU 1000 sample presents a double peak at 128°C, indicating a reduction in 

such regularity in comparison with PU 2000. The absence of an exothermic peak in the PU 

500 sample, however, suggests the existence of a highly disordered structure which would 

inhibit crystallization.

Fig. 4. DSC curves for the PU materials: (a) heating and (b) cooling.

3.5 Contact angles 

The hydrophilicity of the synthesized nanostructured materials was gauged through recording 

contact angle measurements. The nanostructured PU materials tended to exhibit hydrophilic 
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properties, as indicated by the water contact angles observed below 60° (see Table 2). This 

indicates that the molecular weights of the polyether diols did not influence the hydrophilicity 

of the prepared PU samples.

3.6 Mechanical properties of the synthesized PU

3.6.1 Tensile test

The state of hard segment aggregation is affected by the soft segments present. Polyether diols 

tend to be less compatible with MDI than those in polyester, and TPU derived from them 

shows a higher degree of phase separation, hence hard segment domains are usually larger 

and more complex. Increasing the molecular weight of the given diol also favours domain 

separation. 

A tensile  test  was conducted to  evaluate  the stiffness  of the materials. Every PU sample 

contained the same concentration of hard segments, fixed at 60% by mass. Their elevated 

hardness most likely arose from this uniformity in composition, made up of hard segments in 

large, well-defined domains. The PU 2000 specimen, as anticipated,  exhibited the greatest 

stiffness, approximately 234 MPa. This was attributed to the superior arrangement of rigid 

segments within its polymer matrix. Moreover, it had the highest tensile strength. The PU 

1000 and 500 samples demonstrated similar values to each other for Young’s modulus and 

tensile strength, varying merely within standard deviation (Table 2); this finding was ascribed 

to the inadequate organization of hard segments within their structures. Arrangements of hard 

segments result to bulkier structure with larger pore sizes (PU 1000 – optimum structure from 

the filtration performance point of view) or on the contrary concise, less bulky structures with 

lower pore sizes (PU 2000 – large hard segments domains  and PU 500 with spread hard 

segments, unreinforced, easy deformable structure). The measurement of filtration efficiency 

was done for NaCl particles in sizes 20 through 400 nm where Brownian motion dominantly 

affect the mechanism of particle capture.

Table 2. Data on the physical-mechanical properties of the bio-based PU materials, obtained 

by measurement of contact angles, tensile testing, DSC and DMA.

Material 
designation

Θw (°)
Young’s 
modulus
(MPa)

Tensile 
strength
(MPa)

Temperature 
of melting 

(°C)

Elastic 
modulus
(MPa)

Glass transition 
temperature

(°C)

PU 2000 51.0±4.6 234.0±19.9 28.5±4.7 214 3 520 -12.6

PU 1000 58.9±2.5 135.9±13.1 11.5±2.5 178 3 982 -35.7
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PU 500 57.5±4.1 168.5±8.4 12.8±1.2 141 3 709 -58.2

3.6.2 Dynamic mechanical analysis

DMA confirmed the significant impact of precursor selection on the viscoelastic properties 

of the  PU  samples.  Applying  polyether  soft  segments  that  differed  in  molecular  weight 

and the ratio of MDI:BD (although the mass content of hard segments was the same in each 

sample) resulted in PU systems with values for Tg of -58.2°C, -35.7°C and -12.6°C, pertaining 

to  the PU 500,  1000 and 2000 specimens,  respectively  (see Fig.  4a).  These  observations 

corresponded with  the  transition  of  polyether  soft  segments  in  the  PU chains  [64],  since 

an increase  in molecular  weight  reduced  the  extent  of  free  volume,  thereby  significantly 

raising values for Tg [65].

Every sample was similar in terms of its elastic modulus (E´ get about in the range from 3520 

to 3982 mPa s) when in a glassy state (see Fig. 4b). Since the content of MDI and BD in each 

was  comparable,  the  elastic  modulus  in  this  region  was  primarily  determined  by  strong 

interactions of the isocyanate segments  [63]. In the viscoelastic region, however, it was the 

influence of the polyol soft segments that predominated and directly altered the associated 

behaviour of the PU samples.  Despite the PU 500 specimen  exhibiting the lowest  Tg and 

slowest decrease in E´ values, the values recorded for it at room temperature exceeded those 

of every other PU sample. Notably, the softening process for the PU 2000 sample began at the 

highest temperature  as it  possessed the highest  Tg,  although the high mobility  of its  long 

polyol  chains  triggered  a  rapid  drop  in  values  for  E´.  It  was  concluded  that  the  overall 

viscoelastic  properties  of  the  samples  were  strongly  influenced  by  two  factors:  i.  the 

arrangement  of  hard  segments,  and ii.  the  combination  of  their  lengths  of  polyether  soft 

segments and MDI: BD ratios.
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Fig. 5. DMA analysis of the prepared PUs: a) dependence of loss modulus on temperature and 
b) semi-log dependence of elastic modulus on temperature.

3.6.3 Scanning electron microscopy

The morphology of the nanostructured layers was characterized by comparing SEM images 

at 5000× magnification  and measuring  the  diameters  of  nanofibers  (see  Fig.  6).  The data 

obtained  on  the  distribution  of  values  for  all  the  tested  nanostructures  were  processed 

graphically.  Despite  the  fact  that  the  conditions  for  electrospinning  and properties  of  the 

treated solutions were almost identical,  differences in nanostructures existed. For example, 

the nanofibers  of  the  PU  1000  sample  were  straight,  thicker  and  more  reinforced  than 

elsewhere and constituted a nanostructure possessing larger pore sizes with low pressure drop. 

Nevertheless,  the  ultrafine  particles  exerting  considerable  Brownian  movement  are 

intercepted very effectively.  
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Fig. 6. Surface morphologies of the electrospun PU filters and their respective nanofibers, in 
addition to the pore diameter distributions of: a) PU 2000, b) PU 1000 and c) PU 500.

3.6.4 Pore sizes

The  most  critical  aspects  for  the  pore  sizes  of  the  nanostructures were thickness 

of nanostructure, basic weight, as well as the diameters and flexibility of the given nanofibers. 

These significantly affected certain parameters of the pores, as follows: i)  average pore size 

diameter,  ii)  maximum  pore  size  diameter;  and  iii)  distribution of  pore  diameters. Each 

material  was  evaluated  for  its  morphology  and  filtration  performance.  While  PU  1000 

possessed the lowest tensile strength and Young’s modulus, its fiber diameter, average and 

maximum pore sizes, and associated distribution exceeded those of PU 2000 and PU 500 (see 

Tab. 3 and Fig. 6). 

Table 3. Characterization of the nanostructures by SEM and porometry.

Material
designation

Fiber diameter (nm) Pore size (μm)

Mean Min.-Max. Mean Maximum

PU 2000 100±28 52 ̶ 167 0.48±0.05 0.62
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PU 1000 218±53 108 ̶ 365 1.14±0.22 1.84

PU 500 145±36 59 ̶ 211 0.40±0.04 0.54

For  confirmation  of  the  effect  exerted  by  the  arrangements  of  hard  segment  domains 

on the pore sizes of the nanostructures and, consequently, filtration performance, values for 

the diameters of the nanofibers should be very similar or even identical.

3.6.5 Filtration properties

Three filters made of PU nanostructures based on bio PPD with variable molar weights are 

compared  from the  filtration  efficiency  and  quality  factors  point  of  view.  With  growing 

pressure drop, the filtration efficiency is increasing, while, in the case of recognition by means 

of quality factors with a growing pressure drop of filters, the qF is partially decreasing.   

To  evaluate  the  filtration  efficiency  of  tested  filtration  materials,  a  comparison  of  filters 

with the same values of pressure drops is necessary (Fig. 7a).  The ones analysed had pressure 

drops of 111 Pa to 118 Pa, with filtration efficiency rising in the sequence of PU 1000  ˃ 

PU 2000 ˃ PU 500.  The PU 2000 nanofibers measured ca 100 nm in diameter (hence were 

more  flexible  in  morphology),  rendering  them  less  than  half  the  size  of  the  PU  1000 

equivalent. Cognate results were found for PU 500. Consequently, the average pore size for 

the PU 1000 nanostructure was much larger than for the PU 2000 and PU 500 nanostructures, 

with subsequent  investigation  evidencing  its  superior  filtration  performance.  Further 

optimization  of  the  properties  of  the  nanostructures  could  be  facilitated  by  changing 

the electrospinning conditions.

Fig. 7. Filtration performance of nanostructures with identical values for pressure drop, as 
fabricated from PU with the inclusion of organic PPD soft segments; evaluation of their a) 

filtration efficiency and b) quality factor.
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The  significant  differences  in  the  pressure  drops  of  the  prepared  filters  complicated 

the comparison of their filtration properties, requiring a contrast of calculated quality factors 

instead (i.e. quality  filters) to obtain such data  [66].  The  tendency for filtration presented 

in Figure 7b was  evidenced  by  evaluating this  quality  filter parameter  at  pressure  drops 

in excess of 100 Pa (Fig. 8b) and below 100 Pa (Fig. 8a). The best findings in this regard were 

for materials with pressure drops of less than 100 Pa. Unfortunately, every filter fabricated 

from PU 500  demonstrated  values  greater  than  that,  as  the  fiber-forming  process  in  the 

electrostatic  field was intense;  thus,  only the specimen with a minimal  drop of 118 Pa is 

included in Figure 8a.

Fig. 8. Quality factors for selected filters with pressure drops lower than 100 Pa (a) and higher 
than 100 Pa (b).

The highest values for the aforementioned quality  factor were obtained for filters  derived 

from PU synthesized with PPD 1000 soft  segments at  the molar ratio of MDI:PPD:BD = 

4.7:1:3.7 (see Figs. 9a and 9b). Nanostructures at this ratio resulted in samples that had a 

nanostructure  morphology  with  a  maximal  pore  size  and  the  ability  to  capture  ultra-fine 

particles efficiently during Brownian motion. Filters showing values for the quality factor (qF) 

within the range of 30–70 kPa–1 demonstrated superior filtration properties. 
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Fig. 9. Filtration efficiencies (a) and corresponding quality factors (b) for the best (PU 1000 
derived) filters.

Nanostructured layer (PU 1000) with high value of pore sizes (1.14  μm, Fig. 6b, Table 3), 

consequently low pressure drop (49 Pa, Fig. 8a) and high filtration efficiency in the area of 

ultrafine particles (Fig. 7a) are suitable with substantial benefit for combination with other 

microstructured  air  filtration  materials  (e.g.  melt  blown)  for  improvement  of  capture 

efficiency of SARS-CoV-2 virus incurring coronavirus disease.  

CONCLUSION

This study focused on synthesizing bio-based PU that contained various arrangements of hard 

segment domains and lengths of soft segments. The resulting materials were evaluated via 

a series  of  physical-mechanical  tests.  Although  varying  the  lengths  of  the  soft  segments 

and the structural  arrangements  of  hard  segments  did  not  affect  the  hydrophilicity 

of the samples. It was discerned that thermal properties exerted a significant influence in this 

regard.  With  the  growing length  of  the PPD soft  segment  in  PU chains,  the PU melting 

temperature is increasing and the glass transition temperature is decreasing. In spite of the fact 

that elastic moduli of synthesized PU were very similar in the range from 3520 to 3982 mPa s 

and  fiber  forming  conditions  in  electrostatic  field  were  the  same,  various  nanostructures 

with distinct  filtration  properties  were  created,  the  effect  of  hard  segment  domains 

morphology and length of used soft segment being the reason. It proved impossible to judge 

separately  the  effects  of  fiber  diameter  and  pore  size  on  the  filtration  properties  of 

nanostructured air filters fabricated to eliminate ultra-fine particles. The best filtration results 

were seen for materials prepared from PU with PPD soft segments at a molar weight of 1000 

g/mol. Prepared, more effective nanostructure has been formed by nanofibers with values of 
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fiber diameter 218±53 nm and mean pore size 1.14±0.22 μm. Filters with pressure drops of 49 

Pa merely possessed a quality factor exceeding 0.045 Pa-1.
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