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Abstract: In the article, based on literature data, an attempt was made to systematize polymer porous 
materials in terms of pore size and technological aspects.
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Terminologia dotycząca nano-, mikro- i makroporowatych materiałów 
polimerowych – przegląd literatury
Streszczenie: W artykule, w oparciu o dane literaturowe podjęto próbę usystematyzowania polimero-
wych materiałów porowatych pod względem wielkości porów i aspektów technologicznych.
Słowa kluczowe: porowate materiały polimerowe, terminologia, zagadnienia technologiczne.

Porous materials have been known to humanity for 
years. The human body and many organisms created 
by nature are made of many materials and tissues that 
reveal a porous structure. It is known that the amaz-
ing properties of these natural products are often due 
to their porosity. Bones, which can also be considered 
a composite material, provide one of the best examples 
with a hard outer cover made of several layers, while the 
inside creates a light core. The presence of porous struc-
tures allows for reduced bone mass while maintaining 
the strength. From ancient times, civilizations used for 
medicine and water purification porous natural mate-
rials like charcoal [1]. Likewise, various porous materials 
like kaolinite, clay minerals, or mortars have been applied 
for years [2]. The development of different manufactur-
ing techniques has led to creation of artificial porous 
materials, often without conscious intent, like ceramics 

and cement. While people have made porous materials 
since ancient times, intentionally designed, and utilized 
porous materials represent a novel category of engineer-
ing materials. The valuable properties of these materials, 
such as lightweight and stiffness, found applications in 
different fields like membrane technology and filtration, 
catalysis, batteries and fuel cells, adsorption, and gas sep-
aration, among others [3]. Difficulties arise when trying 
to classify porous materials and establish unified defini-
tions across different branches. Different criteria are used 
to classify porous materials, such as pore size, building 
frameworks or origin. The last-mentioned criteria com-
prise both natural and artificial materials, with porous 
metals, ceramics, and polymers being the main artificial 
classes [4]. Therefore, the aim of this paper is to propose 
the modification of the classification of porous polymeric 
materials, particularly considering pore size ranges. 
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DIFFERENCES BETWEEN PORES, VOIDS, 
CELLULAR STRUCTURES, AND FOAMS

Porous materials are composed of two phases, with 
tiny spaces or cavities known as pores in the continuous 
matrix phase, where the term “tiny” is crucial for classifi-
cation, where the pores may be open and/or closed. Open 
pores enable valuable applications such as filtering, while 
closed pores minimize material mass and can be used 
for sound and thermal isolation. The word “pore” is fre-
quently used interchangeably with “cell” or “void” even 
though it can have different meanings depending on the 
materials and specifications. Moreover, the literature 
may contain terms like “porosity of foams” [5] or “porous 
cellular foams” [6], adding to the potential confusion. In 
polymeric materials, the term “foam” is commonly asso-
ciated with polyurethanes and is typically seen as a rigid 
or elastic porous material, although the concepts of “cell” 
and “pore” can have different meanings [7]. Polyurethane 
foam’s cellular structure is shown in Figure 1a), where the 
cell is designated by a white circle. As it may be seen, 
within one cell opened and closed pores may exist simul-
taneously [8]. Several authors used the term “pores” to 
describe “cell windows” within a foamed aluminum 
structure [9]. Figure 1b) highlights a porous polyamide 
66 (PA66) that has been reinforced with glass fibers and 
produced using the MuCell® process. A “microcellular” 
structure description is used to depict pores when they 
have regular, circular shapes [10]. Hence, a pore within 
this structure can also be termed a cell. Authors recom-
mend treating cells and pores as synonyms in polymeric 
materials to avoid confusion, meaning that microcellular 
can also refer to a microporous material.

Unlike pores, voids are unintentional cavities that are 
typically irregular in shape and much larger than regu-
lar pores. However, Figure 1b) illustrates the voids cre-
ated when the glass fibers were extracted, resulting in 
a smaller-than-pore-size unintentional holes (void 1), as 

well as an irregular-shaped void within a pore, caused by 
a surface crack after the sample broke (void 2).

NANO-, MICRO- AND MACRO- SCALE

In the context of this article, a “macro” is an object that 
can be observed and operated without special tools. By 
observing and referencing objects, it is evident to rec-
ognize a size of 1 mm (1000 µm). To compare, it may 
be stated that ants are typically just a few millimeters 
in size, while credit cards have a standard thickness of 
1.5 mm and pencil graphite measures 0.5 mm in diam-
eter. Not to mention that this is also the smallest unit 
on a standard ruler [11]. Similarly, as a reference point, 
helping in imaging sizes in micrometers (10-3 mm) can 
be the thickness of a printing paper of 80 g/m2 which is 
100 µm (0.1mm), or the thickness of a human hair, which 
is 50–100 µm (0.05–0.1 mm). Objects as small as 100 µm 
can be seen with the naked eye. Glass fibers, depending 
on its type, have a diameter in the range of 5–25 µm, but 
the most popular glass fibers of type E have a diameter 
between 6–9 µm (Figure 1b) [12]. Organelles like human 
cell nucleus, mitochondrion, or red blood cells are below 
10 µm in size [13]. The size of bacteria can be assumed 
as 1-5 µm, but it is in a very wide range from 0.3 to even 
750µm [14]. For example, Escherichia coli bacteria is about 
1-2 µm in length and 1 µm in diameter. Although viruses 
are smaller than bacteria, giant viruses like Mimivirus or 
Pithovirus can still grow up to 1.5 µm. Bacteriophages, 
such as t4 that target Escherichia coli, have a size of 200 nm 
(0.2 µm). The smallest objects that an optical microscope 
can detect are of this size. HIV and SARS-CoV-2 both have 
a size of about 100 nm (0.1 µm) [15–19]. Standard transis-
tors are 20 nm (0.02 µm) in size, and 5 nm size is the small-
est value [20, 21]. 1 nm (0.001 µm), which is a single piece 
after dividing 1 mm into 1 million pieces, is the diameter 
of a single wall carbon nanotube [22]. Covalent diame-
ter of the largest atom of the periodic table cesium is half 

500 µm 500 µm

CELL

CELL
WINDOW

VOID 2

VOID 1

PORE

Fig. 1. SEM microphotographs: a) cellular structure of polyurethane foam, b) microcellular structure of polyamide 66 reinforced 
with glass fiber
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a nanometer (500 pm) while the water molecule is 0.27 nm 
measuring the distance between hydrogens [23, 24]. 
Theoretically in the diameter of a carbon nanotube, one 
can place two Cesium atoms or three water molecules. 
Graphene thickness is 0.3 – 0.4 nm [25]. Finally, the small-
est objects we can observe with electron microscopes are 
single atoms, at the level of 0.1 nm (1 Å) or even smaller 
[26, 27]. In Figure 2 the relative dimensions of objects with 
a size of 1 mm, 1 µm, and 1 nm are presented.

POROUS MATERIALS CLASSIFICATION

The International Union of Pure and Applied Chemistry 
(IUPAC) classifies porous materials into three groups 
(Table 1), depending on pore size. Microporous materials 
have pores smaller than 2 nm, while mesoporous mate-
rials have pores between 2 and 50 nm, and macroporous 
materials have pores larger than 50 nm [28]. This classifi-
cation is valuable in nanotechnology, membrane technol-
ogy, and similar disciplines dealing with nanoscale mate-
rials. The classification system groups all materials and 
products with pores larger than 50 nm as macro-porous. 
Both 100 nm and 100 µm pores belong to the same class, 
despite being three orders of magnitude apart, which 
does not have a critical meaning in nanotechnology. Such 
classification does not consider macroscale polymeric pro-
ducts used in polymer processing technologies. 

T.J Mays introduced another classification of porous 
materials in 2007, categorizing them into nano-, micro-, 
and milliporous. This classification considers techni-
cal aspects and divides each group into sub-groups [29]. 
Thus, the author suggests using the classification bound-
aries outlined in Table 1. According to the author, a draw-
back of the IUPAC system is the absence of SI units and 
prefixes in the definitions of micro-, meso-, and macro-
porous materials. 

Four papers have been found on the Web of Science 
platform regarding milliporous materials. Harini Sri, K. 
et al. reported in their paper that milliporous polylactide 
revealed pores in the range of 100–300 µm which covers 
the above definition [30]. Obviously, there are over 7000 
records when searching for articles on macroporous mate-
rials, which aligns with the IUPAC definition and covers 
a vast range of pore sizes. Conversely, the development of 
technology and polymer processing leads to a reclassifica-
tion of porous materials that do not fit within the IUPAC 
ranges. The Massachusetts Institute of Technology (MIT) 
in the 80s developed a method for injection molding poly-
mers by adding gas in a supercritical state, which enabled 
getting moldings with regular and evenly distributed 
pores [31]. The Trexel, Inc. (USA) company registered the 
technology under the trademark MuCell® and described 
it as a microcellular injection molding process, with the 
pore size within the range of 2–10 µm in ideal cases and 
as regular as possible, which is characteristic of the “cel-
lular” materials [32]. According to the literature, pore 
diameters vary depending on the material and gas used, 

Fig. 2. Comparison between objects sizes: a) 1mm, b) 1 µm, 
c) 1 nm

a)

b)

c)
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T a b l e 1. Classification of porous materials according to T.J. Mays [29]

Nanoporous
0.1–100 nm

Microporous
0.1–100 µm

Milliporous
0.1–100 mm

Sub- 0.1–1 nm Sub- 0.1–1 µm Sub- 0.1–1 mm
Inter- 1–10 nm Inter- 1–10 µm Inter- 1–10 mm
Super- 10–100 nm Super- 10–100 µm Super- 10–100 mm

with 100 µm being a critical size, above which unexpected 
voids may be detected [31]. Thus, it can be accepted, that 
microporous materials should have pores up to 100 µm, 
while macroporous materials should have larger ones. 
The lowest range of microcellular polymeric materials is 
questionable. In addition to microcellular materials, also 
nanocellular polymeric materials are described in the 
literature. According to other researchers, nanocellular 
materials may have cell size below 1 µm [33, 34]. Others 
establish the border to lower values as 300 nm, 200 nm, or 
100 nm [35–37]. In the authors’ opinion, from a polymer 
processing point of view, 500 nm (0.5 µm) is a proper limit 
between nanoporous and microporous polymeric mate-
rials, where this range is quite broad, around ± 400 nm. 
Figure 3 presents schematically the classifications of 
porous materials according to IUPAC, T.J. Mays, and the 
authors of the article. 

IUPAC classification leaves the lowest and the upper 
border for porous materials opened, which is below 
2 nm and above 50 nm, respectively. According to the 
authors, a pore size of 0.1 nm (1 Å) as the lowest for nano-
porous materials is sufficient, if not excessive, given the 
submolecular distances. On the other side, the size of 
pores in macroporous polymeric materials should not 
exceed 10 mm, as they would then be better described 
as undesirable voids than pores. Polymeric macroporous 
foams like polyurethanes, are described and compared 
by their density rather than pore size and classified as 
high foaming (< 0.1 g/cm3), moderate (medium) foaming 
(0.1–0.4 g/cm3) and low foaming (>0.4 g/cm3) [38].

CHARACTERIZATION, MANUFACTURING, 
AND APPLICATIONS

The presented classifications of porous polymeric 
materials cover a range of ten orders of magnitude in 
the pore size diameters. Numerous manufacturing and 
synthesis techniques allow for a wide range of materials, 
which require different methods to determine pore size 
and distribution. The article presents only a few selected 
examples, intending to develop the topic in a separate 
article. 

Nanoporous polymeric materials can be produced by 
employing the technique of self-assembly of block copo-
lymers into symmetrical structures on the nanoscale 
[39]. The synthesis of block-copolymers is a critical step 
that involves ionic polymerization or atom transfer rad-
ical polymerization [40]. Nanoporous materials can be 
obtained by removing one block through chemical etch-
ing or in nanolithography process [41, 42]. The pore sizes 
obtained in this manner fall within the IUPAC definition 
of mesoporous materials (2-50 nm) and can be catego-
rized as nanotechnology-based manufacturing.

However, additive manufacturing technologies enable 
the production of materials with pore sizes within the 
range of nanoporous range, according to the proposed 
classification [43]. 

The main methods of investigation of nanoporous 
materials include transmission electron microscopy 
(TEM), scanning electron microscopy (SEM), atomic force 
microscopy (AFM), x-ray diffraction (XRD), while x-ray 
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Fig. 3. Classification of porous materials concerning their pore sizes
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Fig. 4. Images of nano-, micro- and macroporous materials: a) TEM of diblock-copolymers with hexagonally distributed pores, b) 
SEM of diblock-copolymers with hexagonally distributed pores, c) SEM of microporous polyamide with glass fiber, d) SEM of 
polylactide with chemical blown agent made pores, e) SEM of 3D printed filament with chemical blown agent made pores, f) SEM 
of polyurethane with closed cells
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T a b l e 2. Examples of characterization methods, manufacturing techniques and applications of polymeric porous materials

Range Characterization techniques Manufacturing processes Applications

Nanoporous
0.1–500 nm

transmission electron microscopy 
(TEM), scanning electron 
microscopy (SEM), atomic 

force microscopy (AFM), X-ray 
diffraction (XRD), X-ray nano-

computed tomography (nano-CT), 
gas porosimetry, mercury 

porosimetry

block-copolymer self-assembly, 
nano-lithography, foaming 

with CO2, 3D printing, injection 
molding

membranes, catalysts, drug 
delivery, thermal isolators

Microporous
0.5–100 µm

scanning electron microscopy 
(SEM), optical microscopy, X-ray 

micro-computed tomography 
(micro-CT), mercury porosimetry

microcellular injection molding, 
extrusion, chemical blowing 

agents, 3D printing

automotive, scaffolds, acoustic 
absorbents, packaging, footwear 

industry

Macroporous
0.1–10 mm

scanning electron microscopy 
(SEM), optical microscopy, X-ray 

micro-computed tomography 
(micro-CT)

polyurethanes,
chemical blowing agents, 3D 

printing

automotive, foams, furniture 
industry, building isolators, 

packaging

computer nanotomography (nano-CT) is getting more 
popular method in resolving 3D structures of nanoporous 
materials [44, 45]. Gas porosimetry and mercury porosim-
etry is applied to characterize porous materials, while gas 
adsorption can be used to pores of size up to 50 nm, and 
mercury porosimetry covers the range of materials from 
4 nm to 950 µm diameter [46]. Materials of this pore size 
range can be applied in separation and membrane tech-
nologies, catalysis, or drug delivery [47, 48]. 

The range of nanoporous materials up to 500 nm pore 
diameter according to the proposed classification, can 
be obtained for example in the foaming process with 
adsorption of carbon dioxide or injection molding with 
gas in the supercritical state [49–51]. Examples of diblock-
copolymers nanoporous material with hexagonally dis-
tributed pores observed using TEM and SEM are pre-
sented in Figure 4a) and 4b), respectively [52].

Microporous polymeric materials can be produced by 
the different techniques of microcellular injection mold-
ing with gas like MuCell®, Ergocell or IQFoam® or in 
extrusion process [53, 54]. Chemical blowing agents are 
applied as well to obtain evenly distributed microcellu-
lar structure; however, it is more difficult to control the 
pores [55, 56]. Microcellular thermoplastic polyurethanes 
can be obtained as well in the process of injection mold-
ing with supercritical gas [10, 57]. Just like nanoporous 
materials, microporous polymers can also be made by 
using 3D printing methods and observed by using both 
SEM and optical microscopy due to the range of pores 
being 0.5-100 µm [58, 59]. 

X-ray microcomputed tomography (micro-CT) is a very 
useful, nondestructive method to reveal the internal 
structure of porous materials, but revealing the structure 
can be a challenge, especially in the case of three phases 
in the system (e.g. polymeric matrix, glass fiber, pores) 
and pores size close to the apparatus resolution limit [10]. 
Microcellular polymeric materials find applications in 
automotive, scaffolds, acoustic absorbents, packaging, 
footwear industry etc. [60–62]. Examples of micropo-
rous structure of polyamide reinforced with glass fibers 

obtained by MuCell® and the structure of porous polylac-
tide with pores resulting from chemical blowing agent 
applications are shown in Figure 4c) and 4d), respectively.

Macroporous polymeric materials are related to poly-
urethane foams, thermoplastic polymeric materials 
produced by adding chemical blowing agents, and 3D 
printed materials. Like microporous polymers, mate-
rials of this kind are used in various industries includ-
ing automotive, furniture, building isolators, packaging, 
and more [28]. Examples of macroporous 3D printing fil-
ament modified with chemical blowing agents and poly-
urethane with closed cells are presented in Figure 4e) 
and 4f), respectively. Discussed methods of characteriza-
tion together with some examples of nano-, micro- and 
macroporous materials applications are summarized in 
Table 2.

CONCLUSIONS

The classification of porous materials into nano-, meso- 
and macroporous materials adopted by the International 
Union of Pure and Applied Chemistry IUPAC does not 
consider the diversity of materials in the macroporous 
regime and as noted by T.J. Mays in his work, it does 
not consider compartments according to the SI system. 
Although Mays proposed a division according to the SI 
system, literature data show that the adopted category 
of milliporous materials is not reflected in practice. The 
authors of this article have made an effort to sort out cer-
tain terminological issues related to porous polymeric 
materials and adopted the names of porous materials to 
their ranges, reflecting the results of scientific research 
and technological conditions.

ACKNOWLEDGMENTS
The authors would like to thank Magdalena Gawlak from 

The Institute of Plant Protection – National Research Institute 
in Poznan for taking scanning electron microscopy pictures 
of porous polyamide samples, Pia Wahlberg from The Danish 
Technological Institute for taking pictures of nanoporous sam-



POLIMERY 2024, 69, nr 1 9

ples and Dawid Marciniak from Bydgoszcz University of 
Science and Technology for manufacturing porous 3D printing 
filament for electron microscopy investigation. 

REFERENCES

[1] Day G.S., Drake H.F., Zhou H.C. et al.: Communications 
Chemistry 2021, 4, 114. 

 https://doi.org/10.1038/s42004-021-00549-4
[2] Sing K.S.W.: Colloids and Surfaces A: Physicochemical 

and Engineering Aspects 2004, 241(1-3), 3. 
 https://doi.org/10.1016/j.colsurfa.2004.04.003
[3] Liu P.S., Chen G.F.: “Porous Materials - Processing 

and Applications”, Elsevier, Oxford, Waltham 2014.
[4] Uthaman A., Thomas S., Li T. et al.: “Advanced 

Functional Porous Materials - From Macro to Nano 
Scale Lengths”, Springer, Cham 2022.

[5] De Carolis S., Putignano C., Soria L. et al.: International 
Journal of Mechanical Sciences 2023, 261, 108661. 

 https://doi.org/10.1016/j.ijmecsci.2023.108661
[6] Kuang T., Chen F., Chang L. et al.: Chemical Engineering 

Journal 2017, 307, 1017. 
 https://doi.org/10.1016/j.cej.2016.09.023
[7] Yang Z., Hu D., Liu T. et al.: Journal of Supercritical 

Fluids 2019, 153, 104601. 
 https://doi.org/10.1016/j.supflu.2019.104601
[8] Bashirzadeh R., Gharehbaghi A.: Journal of Cellular 

Plastics 2010, 46(2), 129. 
 https://doi.org/10.1177/0021955X09350805
[9] Ryan S., Hedman T., Christiansen E.L.: “Honeycomb 

vs. Foam: Evaluating a Potential Upgrade to 
International Space Station Module Shielding for 
Micrometeoroids and Orbital Debris”, National 
Aeronautics and Space Administration, Houston 
2009. p. 6

[10] Szewczykowski P., Sykutera D., Czyżewski P. et al.: 
Materials 2023, 16(12), 7501. 

 https://doi.org/10.3390/ma16237501
[11] Cushman J.H., Lawton J.H., Manly B.F.J.: Oecologia 

1993, 95, 30. 
 https://doi.org/10.1007/BF00649503
[12] Seydibeyoglu M.O., Mohanty A.K., Misra M. “Fiber 

Technology for Fiber-Reinforced Composites”, 
Elsevier, Duxford, Cambridge, Kidlington 2017.

[13] Urry L., Cain M., Wasserman S. et al.: “Campbell 
Biology” 12th Edition, Pearson, New York 2020.

[14] Chien A.C., Hill N.S., Levin P.A.: Current Biology 
2012, 22(9), R340, 

 https://doi.org/10.1016/j.cub.2012.02.032
[15] Abergel C., Legendre M., Claverie J.M.: FEMS 

Microbiology Reviews 2015, 39(6), 779. 
 https://doi.org/10.1093/femsre/fuv037
[16] Prasad S., Potdar V., Cherian S. et al.: Indian Journal of 

Medical Research 2020, 151(2-3), 241. 
 https://doi.org/10.4103/ijmr.IJMR_577_20
[17] Bar-On Y.M., Flamholz A., Philips R. et al.: eLife 2020, 

9, e57309. 

 https://doi.org/10.7554/eLife.57309
[18] Gürtler L., Aepfelbacher M., Bauerfeind U. et al.: 

Transfusion Medicine and Hemotherapy 2016, 43(3), 203. 
 https://doi.org/10.1159/000445852
[19] Rao V.B., Zhu J. Current Opinion in Virology 2022, 55, 

101255. 
 https://doi.org/10.1016/j.coviro.2022.101255
[20] Su S.K., Chuu C.P., Li M.Y. et al.: Small Structures 2021, 

2(5), 2000103. 
 https://doi.org/10.1002/sstr.202000103
[21] Desai S. B., Madhvapathy S. R., Sachid A. B. et al.: 

Science 2016, 354(6308), 99. 
 https://doi.org/10.1126/science.aah4698
[22] Yang F., Wang X., Zhang D. et al.: Nature 2014, 510, 

522. 
 https://doi.org/10.1038/nature13434
[23] Brown T.L., Lemay H.E., Bursten B.E. et al.: 

“Chemistry: The Central Science15th Edition”, 
Pearson, Harlow 2022.

[24] D’Arrigo J.S.: American Journal of Physiology Cell 
Physiology 1978, 235(3), C109. 

 https://doi.org/10.1152/ajpcell.1978.235.3.c109
[25] Shearer C.J., Slattery A.D., Stapleton A.J. et al.: 

Nanotechnology 2016, 27, 125704. 
 https://doi.org/10.1088/0957-4484/27/12/125704
[26] Susi T.: Chemical Communications 2022, 58, 12274. 
 https://doi.org/10.1039/d2cc04807h
[27] Li C., Chen J.C., Wang X.K. et al.: Science China 

Materials 2023, 66, 2733. 
 https://doi.org/10.1007/s40843-022-2416-2
[28] Inamuddin, Ahamed M.I., Boddula R.: “Porous 

Polymer Science and Applications”, CRC Press, Boca 
Raton, Oxon 2022.

[29] Mays T.J.: Studies in Surface Science and Catalysis 2006, 
160, 57. 

 https://doi.org/10.1016/s0167-2991(07)80009-7
[30] Harini Sri K., Ganapathy D., Nallasamy D. et al.: 

Process Biochemistry 2023, 131, 188. 
 https://doi.org/10.1016/j.procbio.2023.06.001 
[31] Xu J.: “Microcellular Injection Molding”, John Wiley 

& Sons, Hoboken 2010.
[32] Ding Y., Hassan M.H., Bakker O. et al.: Materials 2021, 

14(15), 4109. 
 https://doi.org/10.3390/ma14154209
[33] Yeh S.K., Chen Y.R., Kang T.W. et al.: Journal of Polymer 

Research 2018, 25, 30. 
 https://doi.org/10.1007/s10965-017-1419-9
[34] Notario B., Pinto J., Solorzano E. et al.: Polymer 2015, 

56, 57. 
 https://doi.org/10.1016/j.polymer.2014.10.006
[35] Miller D., Kumar V.: Polymer 2011, 52(13), 2910. 
 https://doi.org/10.1016/j.polymer.2011.04.049
[36] Costeux S., Zhu L.: Polymer 2013, 54(11), 2785. 
 https://doi.org/10.1016/j.polymer.2013.03.052
[37] Notario B., Pinto J., Rodriguez-Perez M.A.: Progress 

in Materials Science 2016, 78–79, 93. 
 https://doi.org/10.1016/j.pmatsci.2016.02.002



10 POLIMERY 2024, 69, nr 1

[38] Jin F.L., Zhao M., Park M. et al.: Polymers 2019, 11(6), 
953. 

 https://doi.org/10.3390/polym11060953
[39] Pietsch T., Müller-Buschbaum P., Mahltig B. et al.: 

ACS Applied Materials and Interfaces 2015, 7(23), 12440. 
 https://doi.org/10.1021/am5076056
[40] Hadjichristidis N., Pispas S., Floudas G.: “Block 

Copolymers - Synthetic Strategies, Physical 
Properties, and Applications” John Wiley & Sons, 
Hoboken 2003. 

[41] Schulte L., Grydgaard A., Jakobsen M.R. et al.: Polymer 
2011, 52(2), 422. 

 https://doi.org/10.1016/j.polymer.2010.11.038
[42] Shvets V., Hentschel T., Schulte L. et al.: Langmuir 

2015, 31(22), 6245. 
 https://doi.org/10.1021/acs.langmuir.5b00482
[43] Dong Z., Cui H., Zhang H. et al.: Nature Communications 

2021, 12, 247. 
 https://doi.org/10.1038/s41467-020-20498-1
[44] Wargo E.A., Kotaka T., Tabuchi Y. et al.: Journal of 

Power Sources 2013, 241, 608. 
 https://doi.org/10.1016/j.jpowsour.2013.04.153
[45] Liu Z., Fujita N., Miyasaka K. et al.: Microscopy 2013, 

62(1), 109. 
 https://doi.org/10.1093/jmicro/dfs098
[46] Wypych G.: “Handbook of Foaming and Blowing 

Agents” Chemtec Publishing, Toronto 2017.
[47] Zhai Y., Li C., Gao L.: Giant 2023, 16, 100183. 
 https://doi.org/10.1016/j.giant.2023.100183
[48] Kianfar E., Sayadi H.: Carbon Letters 2022, 32, 1645. 
 https://doi.org/10.1007/s42823-022-00395-x
[49] Guo H., Nicolae A., Kumar V. Journal of Polymer 

Science Part B - Polymer Physics 2015, 53(14), 975. 
 https://doi.org/10.1002/polb.23719
[50] Shi Z., Ma X., Zhao G. et al.: Materials and Design 2020, 

195, 109002. 
 https://doi.org/10.1016/j.matdes.2020.109002
[51] Wang G., Zhao G., Zhang L. et al.: Chemical Engineering 

Journal 2018, 350, 1. 

 https://doi.org/10.1016/j.cej.2018.05.161
[52] Szewczykowski P.: “Nano-Porous Materials from 

Diblock Copolymers and Its Membrane Application, 
Ph.D. Thesis”, Technical University of Denmark, Kgs. 
Lyngby 2009.

[53] Dias D., Peixoto C., Marques R. et al.: International 
Journal of Lightweight Materials and Manufacture 2022, 
5(2), 137. 

 https://doi.org/10.1016/j.ijlmm.2021.11.005
[54] Gendron R., Daigneault L.E.: Polymer Engineering and 

Science 2003, 43(7), 1361. 
 https://doi.org/10.1002/pen.10116
[55] Nayak N.C., Tripathy D.K.: Journal of Applied Polymer 

Science 2002, 83(2), 357. 
 https://doi.org/10.1002/app.10013
[56] Reglero Ruiz J.A., Vincent M., Agassant J.F.: 

International Polymer Processing 2016, 31, 26. 
 https://doi.org/10.3139/217.3129
[57] Jiang X., Zhao L., Feng L. et al.: Journal of Cellular 

Plastics 2019, 55(6), 615. 
 https://doi.org/10.1177/0021955X19864392
[58] Kalia K., Francoeur B., Amirkhizi A. et al.: ACS 

Applied Materials and Interfaces 2022, 14(19), 22454. 
 https://doi.org/10.1021/acsami.2c03014
[59] Bledzki A.K., Faruk O.: Composites Part A: Applied 

Science and Manufacturing 2006, 37(9), 1358. 
 https://doi.org/10.1016/j.compositesa.2005.08.010
[60] Wong A., Guo H., Kumar V. et al.: “Microcellular 

Plastics, Encyclopedia of Polymer Science and 
Technology”, John Wiley & Sons, Hoboken 2016. 

 https://doi.org/10.1002/0471440264.pst468.pub2
[61] Yu Z., Ma L., Zhu B. et al.: Express Polymer Letters 

2022, 16(12), 1322. 
 https://doi.org/10.3144/expresspolymlett.2022.95
[62] Banerjee R., Ray S.S.: Macromolecular Materials and 

Engineering 2020, 305(10), 2000366. 
 https://doi.org/10.1002/mame.202000366

Received 11 XII 2023.


