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Abstract 31 

The electro-physical properties of raw and chemically modified jute fabrics were studied as 32 

complex phenomena of the interaction between the fabrics’ chemical composition, crystallinity, 33 
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moisture sorption, COOH group content, structural characteristics, and frequency of the electric 34 

field. At 80% relative air humidity, all chemically modified jute fabrics have 38-179% and 1.7-5.4 35 

times higher dielectric loss tangent and effective relative dielectric permeability compared to 36 

unmodified, respectively. To further improve these properties, fabrics were treated with CuSO4 37 

and Cu-based nanoparticles were in situ synthesized on their surface by reduction. A few single 38 

Cu-based nanoparticles were observed across the alkali modified fabric’s surface, while single and 39 

agglomerated nanoparticles were distributed over the oxidatively modified fabric’s surface. No 40 

matter whether metallic Cu or copper oxide (Cu2O or CuO) nanostructures (or their mixtures) are 41 

synthesized (proven by XRD), excellent fabrics’ effective relative dielectric permeability is 42 

guaranteed. In other words, during the exploitation in specific conditions contributing to copper 43 

reduction, the jute fabrics will be able to store 21-163 times more energy from an external electric 44 

field than before the exploitation, which further extended their lifetime. On the other hand, with 45 

increasing the total content of Cu after the reduction and formation of single and agglomerated Cu-46 

based nanoparticles, the movement of jute structural components’ molecules becomes difficult 47 

resulting in lower energy dissipation within the chemically modified than within unmodified 48 

fabric. Applied chemical modification and coating with Cu-based nanoparticles enables designing 49 

fabrics with predictable electro-physical properties, which is very important from the application 50 

point of view. 51 

Keywords: jute, electro-physical properties, dielectric loss tangent, effective 52 

relative dielectric permeability, high humidity, Cu-based nanoparticles   53 

 54 

 55 
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Graphical abstract 57 

 58 

1. Introduction 59 

From many years ago, due to the increased demand for cheap, biodegradable, renewable, and 60 
recyclable fibers with good electrical and mechanical properties and superior insulation against 61 
noise, jute dominate the world market for natural fibers behind cotton. The total production of jute 62 
approximately adds up to those of all other plant natural fibers together (excluding cotton) and 63 
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accounted for 3.37 million t in 2019 (FAO, 2019). Depending on their quality, jute fibers are mainly 64 
used for packaging (sackings, hessian cloth, etc.), and other diverse textiles (carpet backings, cords, 65 
home textiles) and non-textile applications including technical textiles (Samanta et al. 2020). 66 
Additionally, they are preferred for reinforcing both thermosetting and thermoplastic resins thanks 67 
to the stiffness and low micro-fibril angle (Ammayappan et al. 2020). Jute-based composites found 68 
a wide range of applications in numerous sectors such as construction, automotive, etc.  69 

Nowadays, studies focus on obtaining jute fibers with unique properties and exceptional 70 
functionalities are of great interest from the academic and industrial point of view. The most 71 
promising strategies for achieving above mentioned are fibers’ modification and/or 72 
functionalization. Among many others, alkali (Ammayappan et al. 2020; Gupta 2020; Wanget al. 73 
2019) and oxidative (Ibrahim et al. 2010; Khan et al. 2015) modifications still represent the most 74 
common routes for jute fibers’ chemical modification. They provide selective hemicellulose or 75 
lignin removal, and therefore, obtaining cellulose-rich fibers with improved mechanical, thermal, 76 
electrokinetic, and sorption properties. The latter is closely related to fibers’ electro-physical 77 
properties. Therefore, during the determination of fibers’ electro-physical properties, especially in a 78 
condition of high humidity, their ability for moisture sorption should be considered since water has 79 
a much higher and more stable dielectric constant than fibers (Loss et al. 2020). Moreover, 80 
previously published data (Ivanovska et al. 2019b, 2020) revealed that jute fibers’ moisture sorption 81 
ability is directly conditioned by their fine structure, i.e. crystallinity indicating that this parameter 82 
plays an essential role in understanding the fabrics’ electro-physical properties.  83 

Furthermore, it has to be noted that some of the biggest benefits of the jute fibers’ alkali and 84 
oxidative chemical modifications are increased availability of cellulose OH groups and the 85 
formation of new COOH groups, which is especially prominent in the case of oxidative 86 
modifications. Interactions between available OH groups (through ion-dipole interactions) and 87 
COOH groups (through ion interactions) with copper ions have been thoroughly studied over the 88 
years. In the last decade, copper ions and Cu-based nanoparticles (NPs) have been widely used for 89 
cellulose fibers’ functionalization to develop fibers for various purposes, particularly for obtaining 90 
antimicrobial fibers (Emam et al. 2014; Marković et al. 2019, 2020; Loran et al. 2019) and impart 91 
self-cleaning (Montazer et al. 2015; Rezaie et al. 2017; Yang et al. 2017).  92 

However, as per the authors’ current knowledge, the parallel influence of complex phenomena (such 93 
as fabrics’ chemical composition, crystallinity, moisture sorption, COOH group content, structural 94 
characteristics, and frequency of the electric field) on the electro-physical properties of chemically 95 
modified jute fabrics and jute fabrics decorated with Cu2+ ions or Cu-based nanoparticles has not 96 
been yet reported. The determination of dielectric loss tangent and effective relative dielectric 97 
permeability in a condition of high humidity (i.e., 80% RH) is expected to attract a lot of attention 98 
due to fabric novel application possibilities and large potential for the replacement of expensive 99 
silver and gold-based NPs in the production of conductive materials. 100 

 101 

2. Experimental 102 

2.1. Material 103 

A raw jute fabric purchased from a commercial supplier was chemically modified with 17.5% NaOH 104 
(at room temperature, RT) or 0.7% NaClO2 (at boiling temperature, BT) during different times 105 
(detailed information regarding the modification procedure is given in the literature Ivanovska et al 106 
(2019a)), as given in Fig. 1.  107 
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 108 

Fig. 1 Raw jute fabric chemical modification conditions, fabrics’ abbreviations, and chemical 109 

compositions (H - hemicelluloses, L - lignin, C - cellulose) 110 

 111 

2.2. Characterization of jute fabrics 112 

The jute fabrics’ chemical composition was determined according to the procedure described in the 113 
literature (Ivanovska et al. 2019a).  114 

The X-ray measurements were performed on a Rigaku Ultima IV diffractometer in a Bragg-115 
Brentano configuration using CuKα radiation. The diffraction data were acquired over the 2θ 116 
scattering angle (from 10° to 60°) with a step of 0.05° and an acquisition time of 0.5 °/min. The 117 
obtained X-ray diffraction patterns were resolved into portions of cellulose Iβ, cellulose II lattice 118 
(French 2014), and amorphous region using Gaussian and Lorentzian distribution function. The 119 
conventional peak deconvolution involved curve fitting (by using a commercial software Peakfit 120 
v4.12) to the observed pattern with the individual visible peaks plus a very broad peak for the 121 
amorphous material (French 2020). The fabrics’ crystallinity was calculated from the ratio of the 122 
area of all crystalline peaks to the total area.  123 

The fabrics’ moisture sorption was determined using Infrared Moisture Analyzer (Sartorius MA35). 124 
Before measurements, the fabrics were conditioned at 80% relative humidity to find the connection 125 
between the fabrics’ moisture sorption and their electro-physical properties measured at the same 126 
relative humidity. 127 

The jute fabric structural characteristics were characterized by the fabric thickness (measured on an 128 
AMES 414-10 thickness tester under a pressure of 10 kPa), fabric weight (determined using ISO 129 
3801 (1977) standard), and fabric porosity (Ivanovska et al. 2020).  130 

The COOH group content was determined by the calcium-acetate method described by Praskalo et 131 
al. (2009). 132 

Field emission scanning electron microscopy (FESEM, Tescan MIRA 3 XMU) was used to 133 
investigate the surface morphology of studied jute fibers. Before the analysis, the fibers were sputter-134 
coated with Au/Pd alloy using a Polaron SC502 Sputter Coater (Fison Instruments, United 135 
Kingdom). 136 

 137 

2.3. Jute fabrics’ electro-physical properties 138 

The electro-physical properties of jute fabrics were measured on the Precise LCR Hameg 8118 139 
instrument coupled to an LD-3 Rigid Dielectric Cell. The fabric was placed in a cell (effective 140 
electrodes’ diameter was 63.4 mm), whereby the space between the electrodes l (m) was equal to 141 
the sample’s thickness. Therefore, twelve measurements were performed over a frequency range 142 
from 30 Hz to 140 kHz, at 22 °C. Before the measurements, the fabrics were exposed 24 h to 80% 143 
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relative air humidity. Based on the obtained values of the conductance (G) and susceptance (B), the 144 
dielectric loss tangent (tan δ) and effective relative dielectric permeability (𝜀𝑚′ ) were determined 145 
according to the Eqs. 1 and 2, respectively:   146 

𝑡𝑎𝑛𝛿 = 𝐵∙𝑙2∙𝜋∙𝑓∙𝜀0∙𝑆  (1) 147 

𝜀𝑚′ = 𝐺𝐵   (2) 148 

where: ɛ0 is vacuum permittivity (8.854·10-12  F/m), S (m2) is fabric surface, f (Hz) is frequency. 149 

 150 

2.4. Treatment with CuSO4 and in situ synthesis of Cu-based NPs on 151 

the jute fabrics 152 

Selected jute fabrics (C, A30, and C90) were treated with CuSO4 according to the following 153 
procedure: 0.50 g of fabrics was immersed in 25 mL of 10 mM CuSO4 solution (pH = 4.780) for 2 154 
h. Thereafter, the fabrics were rinsed three times with deionized water to eliminate the excessive 155 
copper ions and the obtained fabrics were denoted as CCu, A30Cu, C90Cu.  156 

The in situ synthesis of Cu-based NPs on jute fabrics was performed according to the method given 157 
by Marković et al. (2018a). First, the fabrics were treated with CuSO4, following the previously 158 
described procedure. After that, they were immediately dipped into the solution consisting of 0.050 159 
g of sodium borohydride (NaBH4) dissolved in 25 mL of 0.1 mM NaOH solution and the reduction 160 
process took place in the following 30 min at room temperature. The fabrics were thoroughly rinsed 161 
with deionized water and dried at room temperature. Jute fabrics coated with Cu-based NPs were 162 
marked as CCuNPs, A30CuNPs, and C90CuNPs. 163 
 164 

2.5. Determination of Cu2+ uptake and total content of Cu after 165 

reduction 166 

The Cu2+ uptake on the CCu, A30Cu, and C90Cu was calculated based on the concentration of 167 
residual copper in the solution, which was measured using inductively coupled plasma optical 168 
emission spectrometry (ICP-OES, iCAP 6500 Duo ICP, Thermo Fisher Scientific, Cambridge, 169 
United Kingdom). The measurements were performed at the Cu I 324.754 nm emission-line. Quality 170 
control was carried out using blank samples, matrix-matched calibration solutions, and triplicate 171 
analyses of each sample. The Cu2+ uptake was calculated as follows Eq. 3: 172 𝐶𝑢2+ 𝑢𝑝𝑡𝑎𝑘𝑒 (𝜇𝑚𝑜𝑙/𝑔) = 𝑐0−𝑐𝑡𝑚 ∙ 𝑉  (3) 173 

where: c0 and ct are the copper concentrations in the initial solution and the solution after 2 h of 174 
adsorption (μmol/l); V is solution volume (l) and m is the weight of a dry jute fabric (g). 175 

 ICP-OS was also used for determining the total content of Cu in the jute fabrics after the 176 
reduction process. In brief, 0.25 g of fabric was mixed in a vessel with a mixture of 10 ml of 65% 177 
HNO3 solution and 1 ml of 30% H2O2 and then heated with microwave energy (Advanced 178 
Microwave Digestion System ETHOS 1, Milestone, Italy) for 30 min. The temperature was raised 179 
to 200 °C in the first 15 min, maintained at this degree in the next 20 min, and then cooled down 180 
rapidly. After cooling, the solution was diluted to a fixed volume (25 ml) and the content of copper 181 
was determined. 182 
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 183 

3. Results and discussion 184 

3.1. Characterization of chemically modified jute fabrics 185 

Well-known alkali and oxidative modifications (Fig. 1) were utilized as essential tools for studying 186 
the relationship between the jute fibers’ structure and their electro-physical properties. By extending 187 
the alkali or oxidative modification duration, the jute fabrics with decreased hemicellulose or lignin 188 
content as well as increased cellulose content were obtained, Fig. 1.  189 

More precisely, after 5, 30, and 45 min of alkali modifications, the hemicellulose content within 190 
fabrics A5, A30, and A45 decreased by approximately 37%, 44%, and 47%, while the cellulose 191 
content increased by about 22%, 24%, and 26% compared to that of unmodified fabric (C). The 192 
changes in the fibers’ molecular structure are accompanied by changes in their fine structure. For 193 
example, with extending the mercerization duration from 5 to 30 min, the swelling and shrinkage of 194 
the ultimate cells increased resulting in cellulose fibrils’ disorientation (i.e., decreased crystallinity 195 
for 11.5%, Table 1) and increased polymorphic conversion from cellulose Iβ to cellulose II, and 196 
consequently increased cellulose II / cellulose I ratio (from 0.84 to 1.37). Furthermore, in the case 197 
of the longest modification time (45 min), the cellulose II / cellulose I ratio within the fabric A45 198 
significantly increased; the entire fibers are converted into a swollen state and newly exposed 199 
cellulose hydroxyl groups can interact with each other to form a different type of hydrogen bonds 200 
(Yue et al. 2015) contributing to cellulose chains’ rearrangement in an ordered structure, i.e., 201 
increased crystallinity, Table 1. The parallel influence of both fine and molecular fiber structure can 202 
be used to explain the enhanced ability of the alkali modified fibers’ for moisture sorption, Table 1. 203 
Namely, it occurs as a consequence of hemicellulose removal from interfibrillar regions, followed 204 
by decreased crystallinity, pronounced elementary fibers’ liberalization, and increased effective 205 
surface area allowing higher availability of cellulose hydroxyl groups as well as storing of water 206 

molecules inside fibers’ free volume (Ivanovska et al. 2019b).  207 

Table 1 Jute fabrics’ characterization 208 

Sample abbreviation Crystallinity, % Cellulose II/ Cellulose 

I ratio 

Moisture sorption at 

80% RH, % 

C 72.8 / 14.8 

A5 59.1 0.84 16.56 

A30 52.3 1.37 16.38 

A45 67.3 2.22 15.86 

C15 78.0 / 15.54 

C60 81.3 / 15.48 

C90 84.9 / 15.05 

 209 

Depending on oxidative modifications’ duration, the jute fabrics with gradually decreased lignin 210 
content and increased cellulose content were obtained; fabrics C15, C60, and C90 have about 38%, 211 
63%, and 79% lower lignin content and about 16%, 17%, and 19% higher cellulose content 212 
compared to the unmodified fabric, Fig. 1. Having in mind that the lignin is a relative hydrophobic 213 
heteropolymer composed of phenyl propane units connected through carbon-carbon bonds or ether 214 
bonds (Yang et al. 2018), the increased moisture sorption of oxidatively modified jute fabrics (i.e., 215 
fabrics with decreased lignin content) was expected. However, a clear correlation between the 216 
degree of delignification and fabrics’ moisture sorption was not established since fabrics C15 and 217 
C60 have different lignin content (Fig. 1) but very similar moisture sorption values, Table 1. On the 218 
other hand, progressive lignin removal (fabric C90) from middle lamellae contributed to its 219 
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homogenization and makes the penetration of water molecules within fibers difficult resulting in 220 
lower moisture sorption ability compared to fabrics C15 and C60, Table 1. In parallel, the cellulose 221 
hydroxyl groups present at the crystallite surfaces become more exposed and ready to form hydrogen 222 
bonds with surrounding amorphous regions. Agarwal et al. (2017) reported that these hydrogen 223 
bonds caused a higher number of cellulosic molecules in the amorphous regions to move closer to 224 
the crystalline regions and become aligned causing increased crystallinity. This statement is in 225 
agreement with the results presented in Table 1; fabrics C15, C60 and C90 have 7.1%, 11.7%, and 226 
16.6% higher crystallinity compared to the unmodified fabric, respectively.  227 

 228 

3.2. Jute fabrics’ electro-physical properties in a condition of high 229 

humidity 230 

The effect of five variables, four internal (jute fabrics’ chemical composition and structural 231 
characteristics, fibers’ fine structure and moisture sorption) and one external (frequency of electric 232 
field) on the fabrics’ electro-physical properties in a condition of high humidity was studied. The 233 
dielectric loss tangent (i.e., material dissipation factor) corresponds to the energy losses occurring 234 
due to the motion or rotation of atoms or molecules within the fabric positioned in a periodic electric 235 
field (Asanovic et al. 2020). The fabric effective relative dielectric permeability (i.e., a real part of 236 
the permittivity) is a measure of how much energy from an external electric field is stored in it and 237 
describes its ability to polarize (Fares et al. 2019; Loss et al. 2020). 238 

 239 

3.2.1. Dielectric loss tangent 240 

The dielectric loss tangent (tan δ) of jute fabrics having different molecular and fine structures, 241 
moisture sorption, and fabric structural parameters (Fig. 1 and Table 1) was measured in the 242 
frequency range from 30 Hz to 140 kHz at 80% RH, Fig. 2. The obtained results revealed that the 243 
tan δ values of unmodified fabric (C) and fabrics with the lowest hemicellulose and lignin content 244 
(A45, and C90) gradually decrease with increasing frequency. According to Norimoto and Yamada 245 
(1970), higher tan δ values in the frequency range between 30 Hz and 100 Hz can be ascribed by 246 
the orientation polarization, i.e., by the movement of cellulose, hemicellulose, and lignin molecules. 247 
Taking into consideration above mentioned together with the performed chemical modifications, it 248 
is clear that due to the progressive hemicellulose or lignin removal (A45, and C90), the free spaces 249 
within/between the fibrils become larger enabling easy movement of structural components’ 250 
molecules, and thus resulting in higher energy losses, i.e., higher energy dissipation within the 251 
fabrics A45 and C90 than within unmodified fabric (C), Fig. 2. However, at frequencies above 100 252 
Hz, the molecular vibrations become intensive, the orientation polarization of the jute components’ 253 
molecules does not take place completely, and hence, the tan δ values decrease with increasing the 254 
frequency (Li et al. 2014). The obtained results are in line with the previously published data 255 
(Asanovic et al. 2020; Fares et al. 2019; Rajini et al. 2013).  256 
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 257 

Fig. 2 Dielectric loss tangent (tan δ) of unmodified and: a) alkali and b) oxidatively modified jute 258 

fabrics 259 

The frequency dependencies of tan δ of other chemically modified jute fabrics (A5, A30, C15, and 260 
C60) are not the same as those of fabrics C, A45, and C90. From Figure 2, it is evident that the tan 261 
δ values of A5 and A30 increase with increasing the frequency and reach a maximum at 300 Hz. In 262 
the case of the oxidatively modified fabrics C15 and C60, maximal tan δ values were observed at 263 
30 Hz and 65 Hz, respectively. The βwet relaxations noticed in the frequency range between 30 Hz 264 
and 300 Hz (for A5, A30, C15, and C60) can be associated with the orientation motion of the polar 265 
groups present in fibers (primarily hydroxyl and carboxyl groups), water, and structures formed by 266 
introducing water (Asanovic et al. 2020; Saukkonen et al. 2015). This type of relaxation was also 267 
observed for damp cotton (at 68-95% RH, Morton and Hearle (2008)), paper having different 268 
hemicellulose content (at 65% RH, Saukkonen et al. (2015)), and viscose/polypropylene fabrics (at 269 
80% RH, Asanovic et al. (2020)). Similarly, Einfeldt et al. (2001) reported that the dielectric 270 
relaxation in cellulose-containing materials strongly depends on the interaction between cellulose 271 
and aqueous complexes formed at the polymer-water interface, so it is reasonable to assume that the 272 
hemicellulose or lignin removal (i.e., increased availability of cellulose hydroxyl groups) changes 273 
the interaction between water molecules and cellulose. High coefficients of linear correlation 274 
between the fabric moisture sorption and tan δ values (at 30 Hz) for alkali (r = 0.889) and oxidatively 275 
(r = 0.962) modified jute fabrics additionally prove that statement. However, the jute fabrics’ 276 
molecular structure and moisture sorption are not sufficient to explain their tan δ values; the 277 
influence of fabrics’ crystallinity should be studied since according to Rajini et al. (2013), increased 278 
crystallinity results in a decreased tan δ values. This was proven only in the case of alkali modified 279 
jute fabrics, whereby a very high coefficient of negative linear correlation (r = -0.996) between their 280 
crystallinity and tan δ values (at 30 Hz) was observed. In other words, the lower crystallinity and 281 
increased number of available cellulose hydroxyl groups that can sorb/retain moisture due to their 282 
interactions with water molecules (from the air) contributed to higher tan δ values of alkali modified 283 
jute fabrics compared to the unmodified fabric. Lastly, since the fabrics’ structural characteristics 284 
changed due to the applied chemical modifications (Table 2), their impact on tan δ should be also 285 
considered. In the case of alkali modified jute fabrics, with increasing the fabric thickness and 286 
decreasing the porosity, the tan δ increases. Among oxidatively modified jute fabrics, C90 has the 287 
lowest tan δ as well as the lowest fabric thickness and fabric weight but the highest porosity.  288 

Table 2 Jute fabrics’ structural parameters (* The results for fabric thickness and weight were 289 

previously published in Ivanovska et al. 2020) 290 

Sample abbreviation Fabric thickness, mm Fabric weight, g/m2 Porosity, % 

C* 0.762 266 61.0 

A5* 1.773 495 29.4 

A30* 1.868 529 25.6 

A45 1.751 523 33.6 
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C15* 1.118 317 55.2 

C60* 1.221 270 57.8 

C90* 1.133 262 60.4 

 291 

3.2.2. Effective relative dielectric permeability 292 

The frequency dependence of effective relative dielectric permeability (𝜀𝑚′ ) of unmodified and 293 
chemically modified jute fabrics is given in Fig. 3. For all fabrics, the highest 𝜀𝑚′  was observed at 294 
the lowest frequency (30 Hz) which can be explained by the fact that when the fabrics are subjected 295 
to an external electric field, their dipoles interact with it and tend to align in the same direction as in 296 
the case when they are not subjected to electric filed (i.e., randomly alignment) resulting in higher 297 𝜀𝑚′  (Fares et al. 2019). However, as the frequency increases (from 30 Hz up to 140 kHz), the dipoles’ 298 
direction randomness also increases, the molecules lagged behind the alteration of the applied 299 
electric field contributing to lower 𝜀𝑚′ , Fig. 3. 300 

 301 

Fig. 3 Effective relative dielectric permeability (𝜀𝑚′ ) of unmodified and: a) alkali and b) 302 

oxidatively modified jute fabrics 303 

Observing in parallel the tan δ (Fig. 2) and 𝜀𝑚′  (Fig. 3) of unmodified fabric, it can be concluded that 304 
the interaction of dipole structures with the participation of hemicelluloses and lignin is strong 305 
supporting the assumption that the untreated fabric’s lowest 𝜀𝑚′  is at least partly caused by the 306 
strengthening of the dipole interaction. Additionally, the untreated fabric’s lowest 𝜀𝑚′  can be 307 
attributed to its lowest content of cellulose (60.1%, Table 1) and carboxyl groups (207 μmol/g, Fig. 308 
4) as well as the highest content of surface impurities (Fig. 5) responsible for lower accessibility of 309 
functional groups. After the chemical modifications, these surface impurities were to some extend 310 
removed, which together with the hemicellulose or lignin removal and increased cellulose content 311 
lead to better accessibility of functional groups (including newly exposed cellulose hydroxyl groups 312 
and newly formed carboxyl groups, Fig. 4). In the presence of moisture (80% RH), cellulose 313 
hydroxyl groups, as well as newly formed carboxyl groups, contributed to an increased anionic 314 
charge of modified fabrics thus increased their 𝜀𝑚′ , Fig. 3. Besides all the above mentioned, it is 315 
known that the 𝜀𝑚′  as tan δ is also sensitive to fabric’s moisture content.  316 

As it was listed in Tables 1 and 2, the alkali modified jute fabrics are characterized by a higher 317 
amount of amorphous regions as well as lower porosity (i.e., lower spaces between the yarns within 318 
the fabric) indicating that the absorbed water is most probably located as bound water. Namely, the 319 
water molecules penetrate inside the fiber, break the secondary interactions between the cellulose 320 
macromolecules, and after that, they are absorbed into the fibers by hydrogen bonds causing fibers’ 321 
swelling. All mentioned will contribute to the creation of favorable conditions for better mobility of 322 
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the fibers’ cellulose chains, dipoles’ displacement, and rotation enhancing the electric polarization 323 
process (Cerovic et al. 2013), i.e., increasing 𝜀𝑚′ . This behavior is prominent for fabric A30 having 324 
the highest moisture sorption value which is closely related to its chemical composition and 325 
amorphous regions’ expansion (i.e., decreased crystallinity). Because fabrics’ electro-physical 326 
properties refer to a “fiber-moisture-air” system, besides moisture sorption and crystallinity, the 327 
fabrics’ structural characteristics also affect their 𝜀𝑚′ . For example, a slightly higher 𝜀𝑚′  value was 328 
noticed for the fabric A30 having slightly lower porosity as well as higher fabric thickness compared 329 
to the other alkali modified jute fabrics. -0.854 and 0.985 are the linear correlations between alkali 330 
modified fabrics’ 𝜀𝑚′  values (at 30 Hz), porosity, and thickness, respectively.  331 

A comparative analysis of differently modified jute fabrics (Fig. 3) showed that the oxidatively 332 
modified fabrics’ 𝜀𝑚′  values are higher than that of alkali modified ones, which is especially 333 
pronounced for fabric C90. About 2.7 times higher 𝜀𝑚′  (at 30 Hz) observed for the fabric C90 334 
compared to that of A30 can be attributed to different factors acting in parallel. Namely, in the case 335 
of high air humidity (80% RH), part of the absorbed water in the fabric is located as bound water 336 
and the other part as bulk-free water. According to Saukkonen et al. (2015), adsorbed water 337 
molecules are neither free to move around nor free to change their orientation, and consequently 338 
their 𝜀𝑚′  are much lower than that of free water (𝜀𝑚′  = 81). For oxidatively modified jute fabrics 339 
having higher crystallinity and fabric porosity (Tables 1 and 2) compared to the alkali modified, it 340 
can be assumed that absorbed water is located as bulk-free water, and, therefore, it has a strong 341 
influence on fabrics’ 𝜀𝑚′ . In other words, the oxidatively modified fabrics’ 𝜀𝑚′   increased as a 342 
consequence of the higher number of water’s polar groups present at the fabric surface as well as 343 
between the yarns within the fabric. On the other hand, oxidatively modified jute fabrics have 344 
considerably higher contents of carboxyl groups as compared to alkali modified, which is one more 345 
factor affecting their higher 𝜀𝑚′ . In the investigation conducted by Simula (1999), the increased 346 
content of carboxyl groups is responsible for higher 𝜀𝑚′  of the birch than that of pine kraft pulp. 347 
According to all the above discussed, it can be postulated that compared to alkali modifications (i.e., 348 
hemicellulose removal), oxidative modifications (i.e., lignin removal) encourage the freedom of 349 
water molecules to take part in polarization processes. 350 

 351 

3.3. Characterization of jute fabrics decorated with Cu2+ ions or Cu-352 

based NPs 353 

Bearing in mind the fact that the carboxyl groups affect the fabrics’ 𝜀𝑚′  and at the same time represent 354 
potential sites for binding metal ions through ion-exchange, unmodified (C) and chemically 355 
modified jute fabrics having the highest 𝜀𝑚′  (A30 and C90) were treated with CuSO4 solution (fabrics 356 
marked as CCu, A30Cu, and C90Cu) to further improve their 𝜀𝑚′ . The Cu2+ uptake was calculated 357 
and presented in Fig. 4. During the exploitation under specific conditions, the reduction of copper 358 
may occur. To evaluate the changes in fabrics’ 𝜀𝑚′  induced by the reduction of copper ions, after the 359 
treatment with CuSO4, the jute fabrics were immediately dipped into a solution of NaBH4 (fabrics 360 
denoted as CCuNPs, A30CuNPs, and C90CuNPs), and the total content of Cu after reduction was 361 
determined (Fig. 4).  362 
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 363 

Fig. 4 Relationship between COOH group content, Cu2+ uptake, and total content of Cu after 364 

reduction in the selected jute fabrics  365 

From Fig. 4, it is clear that a higher content of COOH groups present in the jute fabrics provided 366 
higher Cu2+ uptake and thus higher total content of Cu after the reduction. This behavior was also 367 
observed for cotton fabrics coated with Cu-based NPs (Marković et al. 2018a, 2018b). In the current 368 
investigation, 0.910 and 0.941 are the linear correlations between Cu2+ uptake, the total content of 369 
Cu after reduction, and the COOH group content. It has to be noted that the total Cu contents were 370 
about 34-48% lower than that determined after adsorption due to the releasing of unbounded or 371 
weakly bonded copper ions during the reduction. 372 

Furthermore, the jute fibers’ surface morphology before and after the copper reduction was assessed 373 
by FESEM, Fig. 5. SEM images of untreated fiber (C) reveal a relatively uneven and rough surface 374 
covered with waxes and pectin. Besides the fact that the total content of Cu after the reduction 375 
account for about 48 μmol/g, the presence of single or agglomerated Cu-based NPs is not visible on 376 
CCuNPs surface since NPs are probably formed next to and/or covered fibers’ surface impurities. 377 
The situation is somewhat different in the case of chemically modified jute fibers coated with Cu-378 
based NPs (A30CuNPs and C90CuNPs). Their SEM images are in accordance with the results given 379 
in Fig. 4, i.e., the larger the uptake of Cu2+ on the fibers, the larger the amounts of Cu-based NPs on 380 
their surfaces. A few single Cu-based NPs were observed across the A30CuNPs surface, while single 381 
irregularly shaped and agglomerated Cu-based NPs (along with a low amount of fiber impurities) 382 
were distributed over the C90CuNPs surface.  383 

 384 

Fig. 5 SEM photographs of untreated jute fibers (C), and fibers coated with Cu-based NPs 385 

(CCuNPs, A30CuNPs, C90CuNPs) 386 

The X-ray diffraction analysis is another technique utilized to verify the Cu-based NPs’ structure, 387 
as well as the presence of different cellulose polymorphs, Fig. 6. The shoulder at 2θ of 35.5° 388 
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observed in the CCuNPs, A30CuNPs, and C90CuNPs diffractograms implied the formation of (-389 
111) crystal planes of base centered monoclinic crystal phase of CuO (ICDD 01-089-5899) 390 
(Marković et al. 2019). A broad low-intensity peak at 2θ of 45.8° corresponded to the (111) 391 
crystalline planes of the metallic Cu (JCPDS 99-0034) (Dube et al. 2020). In the A30CuNPs 392 
diffractogram, two more shoulders are visible: one at 2θ of 28.8° assigning to the shifted peak 393 
characteristic for (110) crystal plane of cubic Cu2O (ICDD 01-077-0199), and the other at 2θ of 394 
42.5° corresponding to CuO (200) crystal plane (PDF 278-0428) (Marković et al. 2020). To 395 
summarize, NPs present on CCuNPs and C90CuNPs surfaces consist of metallic Cu and CuO, while 396 
the Cu-based NPs synthesized on the A30CuNPs surface can be considered as a mixture of metallic 397 
Cu and both oxides CuO and Cu2O. A mixture of copper oxides was also detected on the cotton 398 
fabric modified with polycarboxylic acids and Cu-based NPs (Marković et al. 2018b), while the Cu-399 
based NPs synthesized on the TEMPO modified cotton fabric contained a mixture of metallic Cu 400 
and Cu2O (Dhineshbabu and Rajendran 2016; Marković et al. 2018a). 401 

 402 

Fig. 6 X-ray diffraction patterns of jute fabrics before and after in situ synthesis of Cu-based NPs 403 

It has to be emphasized that the X-ray diffraction patterns of the fabrics before and after in situ 404 
synthesis of Cu-based NPs show peaks that are characteristic for cellulose Iβ (corresponding to the 405 
reflections (1-10), (110) and (200), French (2014)), Fig. 6b. On the other hand, both cellulose 406 
polymorphs (Iβ and II) coexist in the X-ray diffraction pattern of A30 and A30CuNPs due to the 407 
incomplete conversion (57.7%, Ivanovska et al. (2020)) from cellulose Iβ to cellulose II (the 408 
reflections for cellulose II (1-10), (110), and (020) are shifted according to French (2014), Fig. 6b, 409 
bold text).  410 

 411 
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3.4. Electro-physical properties of decorated with Cu2+ ions or Cu-412 

based nanoparticles 413 

Jute fabrics containing Cu2+ ions and coated with Cu-based NPs were subjected to dielectric 414 
measurements. By comparing the results presented in Figs. 3 and 7a, it is evident that CCu, A30Cu, 415 
and C90Cu 𝜀𝑚′  values (at 30 Hz) are about 4.9, 6.7, and 4.6 times higher compared to C, A30, and 416 
C90 𝜀𝑚′  values, respectively. Additionally, the CuSO4 treated fabrics’ 𝜀𝑚′  increases as the Cu2+ 417 
uptake increases: CCu < A30Cu < C90Cu, Figs. 4 and 7a. On the other hand, the relation between 418 
the total content of Cu after reduction (Fig. 4) and the fabrics’ CuNPs, A30CuNPs, and C90CuNPs 419 𝜀𝑚′  (Fig. 7b) was not established pointing out that some other factor/s influence/s the 𝜀𝑚′  of fabrics 420 
coated with Cu-based NPs. Observing in parallel the SEM photographs (Fig. 5) and the results 421 
presented in Fig. 7b, it seems that the NPs’ agglomeration is the major reason for C90CuNPs lower 422 𝜀𝑚′  compared to fabric A30CuNPs, which highest 𝜀𝑚′  is attributed to the presence of an evenly 423 
distributed single Cu-based NPs. Surprisingly, the jute fabrics coated with Cu-based NPs have about 424 
21-163 times higher 𝜀𝑚′  (at 30 Hz) than those treated with CuSO4, Fig. 7. This behavior is very 425 
valuable since, during the exploitation in specific conditions contributing to copper reduction, the 426 
jute fabrics will be able to store much more energy from an electric field than before the exploitation, 427 
which further extends their lifetime.  428 

  429 

Fig. 7 Effective relative dielectric permeability (𝜀𝑚′ ) of jute fabrics: a) treated with CuSO4 and b) 430 

coated with Cu-based NPs 431 

The increase in the CuSO4 treated fabrics’ tan δ values is in line with the increase in their 𝜀𝑚′  values. 432 
Namely, jute fabrics treated with CuSO4 (CCu, A30Cu, and C90Cu) have up to 5.7 times enhanced 433 
energy dissipation (at 30 Hz) than before the treatment, Figs. 2a and 8a. However, after the coating 434 
with Cu-based NPs, the fabrics’ tan δ values did not significantly change, while their frequency 435 
dependence is completely different from that after the treatment with CuSO4, Fig. 8. CCuNPs, 436 
A30CCuNPs, and C90CuNPs tan δ values increase with increasing the frequency and reach a 437 
maximum at 650, 140, and 6500 Hz, respectively, and, thereafter, the tan δ values decrease. Taking 438 
into consideration the total content of Cu after the reduction (Fig. 4) and NPs distribution on fibers’ 439 
surfaces (Fig. 5), it can be concluded that with increasing the total content of Cu after the reduction 440 
and formation of single and agglomerated NPs, the movement of structural components’ molecules 441 
(between 300 and 3000 Hz) becomes difficult and thus resulting in lower energy dissipation within 442 
the fabrics A30CuNPs and C90CuNPs than within fabric CCuNPs. Interestingly, fabric C90CuNPs 443 
has almost the same tan δ values at the lowest and the highest frequencies (30 Hz and 140 kHz, 444 
respectively) indicating that the highest total content of Cu after reduction along with the presence 445 
of agglomerated Cu-based NPs did not allow to intensify the molecular vibrations and the electric 446 
field did not affect the orientation polarization of the jute components’ molecules, which is opposite 447 
from the results obtained for C90 and C90Cu, Figs. 2a and 8a. 448 
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 449 

  Fig. 8 Dielectric loss tangent (tan δ) of jute fabrics: a) treated with CuSO4 and b) coated with Cu-450 

based NPs  451 

Proposed jute fabrics with excellent effective relative dielectric permeability and a relatively low 452 
dielectric loss tangent could be efficiently exploited as energy storage devices, in electrical 453 
engineering, electromagnetic protection, flexible electronics, fabric-based electromagnetic shielding 454 
devices, etc. 455 

 456 

4. Conclusion 457 

Alkali and oxidative modifications were utilized as essential tools for investigating the relationship 458 
between the jute fibers’ structure and their electro-physical properties in a condition of high relative 459 
air humidity (i.e., 80% RH). As a result of chemical modifications, i.e., progressive hemicellulose 460 
or lignin removal, the free spaces within/between the fibrils become larger enabling easy movement 461 
of structural components’ molecules contributing to 38-179% higher dielectric loss tangent values. 462 
The dielectric loss tangent of studied fabrics also depends on their moisture sorption, crystallinity, 463 
and structural parameters. The effective relative dielectric permeability was also enhanced after the 464 
chemical modifications due to the removal of non-cellulosic components, increased cellulose 465 
content and moisture sorption, and improved accessibility of functional groups. A comparative 466 
analysis of differently modified jute fabrics showed that the oxidatively modified fabrics’ effective 467 
relative dielectric permeability values are higher than that of alkali modified ones which can be 468 
attributed to the increased carboxyl group content and the presence of bulk-free water.  469 

To further improve these electro-physical properties, jute fabrics were treated with CuSO4 and Cu-470 
based nanoparticles were in situ synthesized by reduction of adsorbed Cu2+ ions. Treatment with 471 
CuSO4 resulted in up to 5.7 and 6.7 times higher dielectric loss tangent and effective relative 472 
dielectric permeability, respectively. Higher content of carboxyl groups present in the jute fabrics 473 
provided higher Cu2+ uptake and thus higher total content of Cu after the reduction. A few single 474 
Cu-based nanoparticles (consist of metallic Cu and CuO) were observed across the alkali modified 475 
fabric’s surface, while single and agglomerated nanoparticles (considered as a mixture of metallic 476 
Cu and both oxides’ CuO and Cu2O) were distributed over the oxidatively modified jute fabric’s 477 
surface. Independently on Cu-based nanoparticles’ structure, moderate to excellent fabric effective 478 
relative dielectric permeability is guaranteed. More precisely, during the exploitation in specific 479 
conditions contributing to copper reduction, the jute fabrics will be able to store 21 to 163 times 480 
more energy from an external electric field than before the exploitation. However, due to the coating 481 
with Cu-based nanoparticles, the movement of jute structural components’ molecules becomes 482 
difficult resulting in lower dielectric loss tangent of chemically modified fabrics than unmodified 483 
fabric. 484 
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 Developed jute fabrics characterized by high effective relative dielectric permeability and a 485 
relatively low dielectric loss tangent could be efficiently utilized in diverse fields including 486 
intelligent and electronic textiles, textile capacitive sensors, energy storage devices, electrical 487 
engineering, electromagnetic protection, flexible electronics, fabric-based electromagnetic shielding 488 
devices, etc. 489 
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Figures

Figure 1

Raw jute fabric chemical modi�cation conditions, fabrics’ abbreviations, and chemical compositions (H -
hemicelluloses, L - lignin, C - cellulose)

Figure 2

Dielectric loss tangent (tan δ) of unmodi�ed and: a) alkali and b) oxidatively modi�ed jute fabrics



Figure 3

Effective relative dielectric permeability (ε'm^') of unmodi�ed and: a) alkali and b) oxidatively modi�ed
jute fabrics



Figure 4

Relationship between COOH group content, Cu2+ uptake, and total content of Cu after reduction in the
selected jute fabrics



Figure 5

SEM photographs of untreated jute �bers (C), and �bers coated with Cu-based NPs (CCuNPs, A30CuNPs,
C90CuNPs)



Figure 6

X-ray diffraction patterns of jute fabrics before and after in situ synthesis of Cu-based NPs



Figure 7

Effective relative dielectric permeability (ε'm^') of jute fabrics: a) treated with CuSO4 and b) coated with
Cu-based NPs

Figure 8

Dielectric loss tangent (tan δ) of jute fabrics: a) treated with CuSO4 and b) coated with Cu-based NPs
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