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Editing, Funding acquisition. Ana Ares-Pernas: Conceptualization, 
Methodology, Writing - Review & Editing, Supervision. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

The authors would like to thank the financial support from Minis-
terio de Ciencia e Innovacion/FEDER (project ref; PID2020-116976RB- 
I00) and Xunta de Galicia-FEDER (Program of Consolidation and 
structuring competitive research units (ED431C 2019/17). 

Furthermore, the authors thank the financial funding received from 
the Xunta de Galicia and the European Union (Program to support the 
predoctoral stage at SUG 2019 (ED481A-2019/001)). 

Finally, the authors thank the Fundação para a Ciência e Tecnologia 
(FCT) for financial support in the framework of the Strategic Programs 
UID/FIS/04650/2020 and the grant SFRH/BPD/110914/2015 (PC), as 
well as to the Basque Government Industry Departments for support 
under the ELKARTEK program. 

References 

[1] S. Mondal, L. Nayak, M. Rahaman, A. Aldalbahi, T.K. Chaki, D. Khastgir, N.C. Das, 
An effective strategy to enhance mechanical, electrical, and electromagnetic 
shielding effectiveness of chlorinated polyethylene-carbon nanofiber 
nanocomposites, Compos. B Eng. 109 (2017) 155–169, https://doi.org/10.1016/j. 
compositesb.2016.10.049. 

[2] V.P. Anju, M. Manoj, P. Mohanan, S.K. Narayanankutty, A comparative study on 
electromagnetic interference shielding effectiveness of carbon nanofiber and 
nanofibrillated cellulose composites, Synth. Met. 247 (2019) 285–297, https://doi. 
org/10.1016/j.synthmet.2018.12.021. 

[3] P. Verma, P. Saini, R.S. Malik, V. Choudhary, Excellent electromagnetic 
interference shielding and mechanical properties of high loading carbon- 
nanotubes/polymer composites designed using melt recirculation equipped twin- 
screw extruder, Carbon N. Y. 89 (2015) 308–317, https://doi.org/10.1016/j. 
carbon.2015.03.063. 

[4] D.W. Lee, J. Park, B.J. Kim, H. Kim, C. Choi, R.H. Baughman, S.J. Kim, Y.T. Kim, 
Enhancement of electromagnetic interference shielding effectiveness with 
alignment of spinnable multiwalled carbon nanotubes, Carbon N. Y. 142 (2019) 
528–534, https://doi.org/10.1016/j.carbon.2018.10.076. 

[5] M.H. Al-Saleh, W.H. Saadeh, U. Sundararaj, EMI shielding effectiveness of carbon 
based nanostructured polymeric materials: a comparative study, Carbon N. Y. 60 
(2013) 146–156, https://doi.org/10.1016/j.carbon.2013.04.008. 

[6] L. Vovchenko, L. Matzui, V. Oliynyk, V. Launets, Y. Mamunya, O. Maruzhenko, 
Nanocarbon/polyethylene composites with segregated conductive network for 
electromagnetic interference shielding, Mol. Cryst. Liq. Cryst. 672 (2018) 186–198, 
https://doi.org/10.1080/15421406.2018.1555349. 

[7] H.Y. Wu, Y.P. Zhang, L.C. Jia, D.X. Yan, J.F. Gao, Z.M. Li, Injection molded 
segregated carbon nanotube/polypropylene composite for efficient 
electromagnetic interference shielding, Ind. Eng. Chem. Res. 57 (2018) 
12378–12385, https://doi.org/10.1021/acs.iecr.8b02293. 

[8] S. Kim, J.S. Oh, M.G. Kim, W. Jang, M. Wang, Y. Kim, H.W. Seo, Y.C. Kim, J.H. Lee, 
Y. Lee, J. Do Nam, Electromagnetic interference (EMI) transparent shielding of 
reduced graphene oxide (RGO) interleaved structure fabricated by electrophoretic 
deposition, ACS Appl. Mater. Interfaces 6 (2014) 17647–17653, https://doi.org/ 
10.1021/am503893v. 

[9] J. Joseph, A. Sharma, B. Sahoo, J. Paul, A.M. Sidpara, PVA/MLG/MWCNT hybrid 
composites for X band EMI shielding – study of mechanical, electrical, thermal and 
tribological properties, Mater, Today Commun 23 (2020), 100941, https://doi. 
org/10.1016/j.mtcomm.2020.100941. 

[10] N.C. Das, T.K. Chaki, D. Khastgir, A. Chakraborty, Electromagnetic interference 
shielding effectiveness of conductive carbon black and carbon fiber-filled 
composites based on rubber and rubber blends, Adv. Polym. Technol. 20 (2000) 
226–236, https://doi.org/10.1002/adv.1018. 

[11] M. Rahaman, T.K. Chaki, D. Khastgir, Development of high performance EMI 
shielding material from EVA, NBR, and their blends: effect of carbon black 
structure, J. Mater. Sci. 46 (2011) 3989–3999, https://doi.org/10.1007/s10853- 
011-5326-x. 

[12] Y. Kato, M. Horibe, S. Ata, T. Yamada, K. Hata, Stretchable electromagnetic- 
interference shielding materials made of a long single-walled carbon-nanotube- 

elastomer composite, RSC Adv. 7 (2017) 10841–10847, https://doi.org/10.1039/ 
c6ra25350d. 

[13] Z. Liu, G. Bai, Y. Huang, Y. Ma, F. Du, F. Li, T. Guo, Y. Chen, Reflection and 
absorption contributions to the electromagnetic interference shielding of single- 
walled carbon nanotube/polyurethane composites, Carbon N. Y. 45 (2007) 
821–827, https://doi.org/10.1016/j.carbon.2006.11.020. 

[14] S. Mondal, P. Das, S. Ganguly, R. Ravindren, S. Remanan, P. Bhawal, T.K. Das, N. 
C. Das, Thermal-air ageing treatment on mechanical, electrical, and 
electromagnetic interference shielding properties of lightweight carbon nanotube 
based polymer nanocomposites, Compos. Part A Appl. Sci. Manuf. 107 (2018) 
447–460, https://doi.org/10.1016/j.compositesa.2018.01.025. 

[15] Z. Zeng, M. Chen, H. Jin, W. Li, X. Xue, L. Zhou, Y. Pei, H. Zhang, Z. Zhang, Thin 
and flexible multi-walled carbon nanotube/waterborne polyurethane composites 
with high-performance electromagnetic interference shielding, Carbon N. Y. 96 
(2016) 768–777, https://doi.org/10.1016/j.carbon.2015.10.004. 

[16] N. Chikyu, T. Nakano, G. Kletetschka, Y. Inoue, Excellent electromagnetic 
interference shielding characteristics of a unidirectionally oriented thin 
multiwalled carbon nanotube/polyethylene film, Mater. Des. 195 (2020), 108918, 
https://doi.org/10.1016/j.matdes.2020.108918. 

[17] L.C. Jia, D.X. Yan, C.H. Cui, X. Jiang, X. Ji, Z.M. Li, Electrically conductive and 
electromagnetic interference shielding of polyethylene composites with devisable 
carbon nanotube networks, J. Mater. Chem. C. 3 (2015) 9369–9378, https://doi. 
org/10.1039/c5tc01822f. 

[18] M.H. Al-Saleh, Electrical, EMI shielding and tensile properties of PP/PE blends 
filled with GNP:CNT hybrid nanofiller, Synth. Met. 217 (2016) 322–330, https:// 
doi.org/10.1016/j.synthmet.2016.04.023. 

[19] S.G. Pardo, L. Arboleda, A. Ares, X. García, S. Dopico, M.J. Abad, Toughening 
strategies of carbon nanotube/polycarbonate composites with electromagnetic 
interference shielding properties, Polym. Compos. 34 (2013) 1938–1949, https:// 
doi.org/10.1002/pc.22601. 

[20] H. Pang, L. Xu, D.X. Yan, Z.M. Li, Conductive polymer composites with segregated 
structures, Prog. Polym. Sci. 39 (2014) 1908–1933, https://doi.org/10.1016/j. 
progpolymsci.2014.07.007. 

[21] L. Arboleda-Clemente, A. Ares-Pernas, X. García, S. Dopico, M.J. Abad, Segregated 
conductive network of MWCNT in PA12/PA6 composites: electrical and 
rheological behavior, Polym. Compos. 38 (2017) 2679–2686, https://doi.org/ 
10.1002/pc.23865. 

[22] A.M. Kunjappan, A. Reghunadhan, A.A. Ramachandran, L. Mathew, 
M. Padmanabhan, D. Laroze, S. Thomas, Thin and efficient EMI shielding materials 
from binary thermoplastic blend nanocomposites, Polym. Adv. Technol. 33 (2022) 
966–979, https://doi.org/10.1002/pat.5571. 

[23] C. Lencar, S. Ramakrishnan, E. Erfanian, U. Sundararaj, The role of phase 
migration of carbon nanotubes in melt-mixed PVDF/PE polymer blends for high 
conductivity and EMI shielding applications, Molecules 27 (2022) 933. 

[24] X. Zhang, C. Fan, Y. Ma, H. Zhao, J. Sui, J. Liu, C. Sun, Elastic composites 
fabricating for electromagnetic interference shielding based on MWCNTs and 
Fe3O4 unique distribution in immiscible NR/NBR blends, Polym. Eng. Sci. (2022) 
1–12, https://doi.org/10.1002/pen.25985. 

[25] H. Zhang, Z. Heng, J. Zhou, Y. Shi, Y. Chen, H. Zou, M. Liang, In-situ co-continuous 
conductive network induced by carbon nanotubes in epoxy composites with 
enhanced electromagnetic interference shielding performance, Chem. Eng. J. 398 
(2020), 125559, https://doi.org/10.1016/j.cej.2020.125559. 

[26] S.M.N. Sultana, S.P. Pawar, M. Kamkar, U. Sundararaj, Tailoring MWCNT 
dispersion, blend morphology and EMI shielding properties by sequential mixing 
strategy in immiscible PS/PVDF blends, J. Electron. Mater. 49 (2020) 1588–1600, 
https://doi.org/10.1007/s11664-019-07371-8. 

[27] M. Wang, X.H. Tang, J.H. Cai, H. Wu, J. Bin Shen, S.Y. Guo, Construction, 
mechanism and prospective of conductive polymer composites with multiple 
interfaces for electromagnetic interference shielding: a review, Carbon N. Y. 177 
(2021) 377–402, https://doi.org/10.1016/j.carbon.2021.02.047. 

[28] Y.F. Liu, L.M. Feng, Y.F. Chen, Y.D. Shi, X.D. Chen, M. Wang, Segregated 
polypropylene/cross-linked poly(ethylene-co-1-octene)/multi-walled carbon 
nanotube nanocomposites with low percolation threshold and dominated negative 
temperature coefficient effect: towards electromagnetic interference shielding and 
thermistors, Compos. Sci. Technol. 159 (2018) 152–161, https://doi.org/10.1016/ 
j.compscitech.2018.02.041. 

[29] T.N. Yue, Y.N. Gao, Y. Wang, Y.D. Shi, J. bin Shen, H. Wu, M. Wang, Processing 
temperature-dependent distribution of multiwall carbon nanotube in poly 
(ethylene-co-1-octene)/high density polyethylene for electrical conductivity and 
microwave shielding enhancement, Polym. Compos. 42 (2021) 1396–1406, 
https://doi.org/10.1002/pc.25910. 

[30] L.S. Montagna, I.C. Oyama, R.C.B.C. Lamparelli, A.P. Silva, T.L.A. Montanheiro, A. 
P. Lemes, Evaluation of biodegradation in aqueous medium of poly 
(Hydroxybutyrate-Co-hydroxyvalerate)/carbon nanotubes films in respirometric 
system, J. Renew. Mater. 7 (2019) 117–128, https://doi.org/10.32604/ 
jrm.2019.00036. 

[31] C.M. Chan, S. Pratt, P. Halley, D. Richardson, A. Werker, B. Laycock, L.J. Vandi, 
Mechanical and physical stability of polyhydroxyalkanoate (PHA)-based wood 
plastic composites (WPCs) under natural weathering, Polym. Test. 73 (2019) 
214–221, https://doi.org/10.1016/j.polymertesting.2018.11.028. 

[32] H. Ebrahimi, F. Sharif, S.A.A. Ramazani, in: J. Polym, English (Eds.), Effects of 
Modified Titanium Dioxide Nanoparticles on the Thermal and Mechanical 
Properties of Poly(l-Lactide)-B-Poly(ε-Caprolactone), 2022, https://doi.org/ 
10.1007/s13726-022-01039-7. Iran. 

[33] Y. Liu, H. He, G. Tian, Y. Wang, J. Gao, C. Wang, L. Xu, H. Zhang, Morphology 
evolution to form double percolation polylactide/polycaprolactone/MWCNTs 

D. Fernández Armada et al.                                                                                                                                                                                                                  

https://doi.org/10.1016/j.compositesb.2016.10.049
https://doi.org/10.1016/j.compositesb.2016.10.049
https://doi.org/10.1016/j.synthmet.2018.12.021
https://doi.org/10.1016/j.synthmet.2018.12.021
https://doi.org/10.1016/j.carbon.2015.03.063
https://doi.org/10.1016/j.carbon.2015.03.063
https://doi.org/10.1016/j.carbon.2018.10.076
https://doi.org/10.1016/j.carbon.2013.04.008
https://doi.org/10.1080/15421406.2018.1555349
https://doi.org/10.1021/acs.iecr.8b02293
https://doi.org/10.1021/am503893v
https://doi.org/10.1021/am503893v
https://doi.org/10.1016/j.mtcomm.2020.100941
https://doi.org/10.1016/j.mtcomm.2020.100941
https://doi.org/10.1002/adv.1018
https://doi.org/10.1007/s10853-011-5326-x
https://doi.org/10.1007/s10853-011-5326-x
https://doi.org/10.1039/c6ra25350d
https://doi.org/10.1039/c6ra25350d
https://doi.org/10.1016/j.carbon.2006.11.020
https://doi.org/10.1016/j.compositesa.2018.01.025
https://doi.org/10.1016/j.carbon.2015.10.004
https://doi.org/10.1016/j.matdes.2020.108918
https://doi.org/10.1039/c5tc01822f
https://doi.org/10.1039/c5tc01822f
https://doi.org/10.1016/j.synthmet.2016.04.023
https://doi.org/10.1016/j.synthmet.2016.04.023
https://doi.org/10.1002/pc.22601
https://doi.org/10.1002/pc.22601
https://doi.org/10.1016/j.progpolymsci.2014.07.007
https://doi.org/10.1016/j.progpolymsci.2014.07.007
https://doi.org/10.1002/pc.23865
https://doi.org/10.1002/pc.23865
https://doi.org/10.1002/pat.5571
http://refhub.elsevier.com/S0142-9418(22)00166-0/sref23
http://refhub.elsevier.com/S0142-9418(22)00166-0/sref23
http://refhub.elsevier.com/S0142-9418(22)00166-0/sref23
https://doi.org/10.1002/pen.25985
https://doi.org/10.1016/j.cej.2020.125559
https://doi.org/10.1007/s11664-019-07371-8
https://doi.org/10.1016/j.carbon.2021.02.047
https://doi.org/10.1016/j.compscitech.2018.02.041
https://doi.org/10.1016/j.compscitech.2018.02.041
https://doi.org/10.1002/pc.25910
https://doi.org/10.32604/jrm.2019.00036
https://doi.org/10.32604/jrm.2019.00036
https://doi.org/10.1016/j.polymertesting.2018.11.028
https://doi.org/10.1007/s13726-022-01039-7
https://doi.org/10.1007/s13726-022-01039-7


Polymer Testing 112 (2022) 107642

10

nanocomposites with ultralow percolation threshold and excellent EMI shielding, 
Compos. Sci. Technol. 214 (2021), https://doi.org/10.1016/j. 
compscitech.2021.108956. 

[34] C.M. Chan, L.J. Vandi, S. Pratt, P. Halley, D. Richardson, A. Werker, B. Laycock, 
Insights into the biodegradation of PHA/wood composites: micro- and macroscopic 
changes, Sustain. Mater. Technol. 21 (2019), e00099, https://doi.org/10.1016/j. 
susmat.2019.e00099. 

[35] B. Rani-Borges, A.U. Faria, A. De Campos, S.P.C. Gonçalves, S.M. Martins- 
Franchetti, Biodegradation of additive PHBV/PP-co-PE films buried in soil, 
Polimeros 26 (2016) 161–167, https://doi.org/10.1590/0104-1428.2127. 

[36] M.N.F. Norrrahim, H. Ariffin, M.A. Hassan, N.A. Ibrahim, H. Nishida, Performance 
evaluation and chemical recyclability of a polyethylene/poly(3- hydroxybutyrate- 
co-3-hydroxyvalerate) blend for sustainable packaging, RSC Adv. 3 (2013) 
24378–24388, https://doi.org/10.1039/c3ra43632b. 

[37] T.M. Passos, J.C. Marconato, M.S. Ranchetti Martins, Biodegradation of films of 
low density polyethylene (LDPE), (70/30) blend with Paecilomyces variotii, 
Polímeros. 25 (2015) 29–34, https://doi.org/10.1590/0104-1428.1432. 

[38] S.P.C. Gonçalves, S.M.M. Franchetti, Biodegradation of PP and PE blended with 
PHBV in soil samples, Adv. Polym. Technol. 34 (2014) 1–8, https://doi.org/ 
10.1002/adv.21486. 

[39] A.P. da Silva, T.L. do Amaral Montanheiro, L. Stieven Montagna, P.F. Andrade, 
N. Durán, A.P. Lemes, Effect of carbon nanotubes on the biodegradability of poly 
(3-hydroxybutyrate-co-3-hydroxyvalerate) nanocomposites, J. Appl. Polym. Sci. 
136 (2019) 1–10, https://doi.org/10.1002/app.48020. 

[40] R.A. Qazi, M.S. Khan, L.A. Shah, R. Ullah, A. Kausar, R. Khattak, Eco-friendly 
electronics, based on nanocomposites of biopolyester reinforced with carbon 
nanotubes: a review, Polym. Technol. Mater. 59 (2020) 928–951, https://doi.org/ 
10.1080/25740881.2020.1719137. 

[41] G.F. Shan, X. Gong, W.P. Chen, L. Chen, M.F. Zhu, Effect of multi-walled carbon 
nanotubes on crystallization behavior of poly(3-hydroxybutyrate-co-3- 
hydroxyvalerate), Colloid Polym. Sci. 289 (2011) 1005–1014, https://doi.org/ 
10.1007/s00396-011-2412-1. 

[42] S.H. Lee, Y. Lee, M.G. Jang, C. Han, W.N. Kim, Comparative study of EMI shielding 
effectiveness for carbon fiber pultruded polypropylene/poly(lactic acid)/multiwall 
CNT composites prepared by injection molding versus screw extrusion, J. Appl. 
Polym. Sci. 134 (2017) 1–11, https://doi.org/10.1002/app.45222. 

[43] B.G. Soares, E. Cordeiro, J. Maia, E.C.L. Pereira, A.A. Silva, The effect of the 
noncovalent functionalization of CNT by ionic liquid on electrical conductivity and 
electromagnetic interference shielding effectiveness of semi-biodegradable 
polypropylene/poly(lactic acid) composites, Polym. Compos. 41 (2020) 82–93, 
https://doi.org/10.1002/pc.25347. 

[44] Y.J. Tan, J. Li, X.H. Tang, T.N. Yue, M. Wang, Effect of phase morphology and 
distribution of multi-walled carbon nanotubes on microwave shielding of poly(L- 
lactide)/poly(ε-caprolactone) composites, Compos. Part A Appl. Sci. Manuf. 137 
(2020), 106008, https://doi.org/10.1016/j.compositesa.2020.106008. 

[45] B. Wunderlich, Chapter 2 - the basis OF thermal analysis, in: B. Wunderlich (Ed.), 
Therm. Anal., Academic Press, 1990, pp. 37–78, https://doi.org/10.1016/B978-0- 
12-765605-2.50006-6. 

[46] N.F. Colaneri, L.W. Shacklette, EMI shielding measurements of conductive polymer 
blends, IEEE Trans. Instrum. Meas. 41 (1992) 291–297, https://doi.org/10.1109/ 
19.137363. 

[47] S. Yang, K. Lozano, A. Lomeli, H.D. Foltz, R. Jones, Electromagnetic interference 
shielding effectiveness of carbon nanofiber/LCP composites, Compos. Part A Appl. 
Sci. Manuf. 36 (2005) 691–697, https://doi.org/10.1016/j. 
compositesa.2004.07.009. 
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