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investigated using impedance spectroscopy. The real 
part (Z′) and the imaginary part (Z″) of the complex 
impedance are studied as a function of frequency 
(4Hz ~ 8MHz) and temperature (20 ~ 160  °C) for the 
different compositions. Impedance and modulus stud-
ies reveal a Debye-type relaxation phenomenon. The 
dielectric studies manifest promising dielectric prop-
erties. The bactericidal performance of all nanomem-
branes is evaluated. The nanomembrane with 20% 
BNKT (C20) exhibits bactericidal activity against 
Gram-negative and Gram-positive bacteria, with 6 
log CFU reductions observed after an exposure time 
of 180 min. Treatment with the C20 nanomembrane 
shows the highest amounts of protein efflux. The 
results indicate that the C20 nanomembrane layer 
eradicated all bacterial cells. The findings suggest 
that the C20 nanomembrane is recommended as an 
intelligent and innovative antibacterial nano-system 
for bio-applications.

Keywords  BNKT · Tricarboxy cellulose · Complex 
impedance · Electrical modules · Cole–Cole plot · 
Cytotoxicity · Antimicrobial activities · Food 
packaging

Introduction

Rapid energy storage technology requires afford-
able, flexible, and eco-friendly materials. Electro-
static capacitors have garnered significant attention 

Abstract  The development of eco-friendly materi-
als for advanced applications is highly demanded. 
The current study focuses on the preparation of con-
ductive membranes based on tricarboxylic cellulose 
(TCC) loaded with cubic bismuth sodium titanate 
(BNKT) nanoceramics. FTIR, SEM, and EDX anal-
yses confirm the presence of loaded BNKT on the 
membranes. The electrical response of the cellulose/
xBNKT (x = 5, 10, 15, and 20% wt/wt) membrane is 
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due to their ability to store energy through dielectric 
polarization (Dang et al. 2012; Prateek et al. 2016; 
Goodman et al. 2022). Electrostatic capacitors pos-
sess superior characteristics, including high intrin-
sic power density, efficient charge and discharge, 
exceptional stability, long lifespan, and a wide 
range of applications in electric power systems, 
pulsed electronics, and electric and hybrid vehicles 
(Yang et al. 2018). The development of power elec-
tronics entails increasing the energy density of the 
dielectric capacitors (Goodman et al. 2022).

Metal oxides such as BaTiO3 and SrTiO3 are tra-
ditional dielectrics with Strong polarization capa-
bilities but lack flexibility and have low breakdown 
strength. Polymeric materials offer an alternative 
to metal oxides due to their exceptional flexibil-
ity, superior dielectric strength, and potential for 
manufacturing (Palneedi et al. 2018). However, the 
drawback of polymeric materials is their low dielec-
tric permittivity, which limits their energy density. 
Therefore, the challenge lies in fabricating dielec-
tric hybrid nanocomposite materials that combine 
higher dielectric constants, outstanding flexibility, 
dielectric strength, and energy density by creating 
polymeric-metal oxide composites.

Polymers have been chemically modified to 
develop new biomaterials with unique physico-
chemical properties. Cellulose is an inexhaustible 
and widespread biopolymer with unique proper-
ties. It is naturally abundant, renewable, biodegrad-
able, biocompatible, hydrophilic, dimensionally sta-
ble, easily chemically modified, has a low thermal 
expansion coefficient, and exhibits a high Young’s 
modulus. Moreover, it consists of repeated glucose 
units as the main constituent of the plant cell wall 
(Kamel and Khattab 2021).

Cellulosic composites have recently become the 
subject of extensive research in energy harvesting 
and storage. Flexible dielectric composites have 
been fabricated based on the mixture between cel-
lulose and various inorganic nanofillers such as 
BaTiO3, MoS2, AgBr, and AgCl. Generally, cellu-
lose and its derivatives have been employed for dif-
ferent applications, such as coatings, pharmaceuti-
cal industries, foodstuffs, immobilization of proteins 
and antibodies, sensors, laminates, textiles, optical 
membranes, and catalysis. Furthermore, biocom-
patible hydrogels based on aldehyde-functionalized 
cellulose and chitosan offer the potential control of 

drug release (Lal and Mhaske 2018; Yin et al. 2020; 
Song et al. 2022).

Various forms of antimicrobial active packaging 
include immediate embedding of bioactive mol-
ecules into a biopolymer matrix, utilization of poly-
mers’ intrinsic antimicrobial properties, deposition 
onto packaging surfaces, or immobilization in bags 
and patches through ionic or covalent couplings 
(Vilela et al. 2018; Sharma et al. 2020).

Effective antimicrobial molecules derived from 
natural resources (e.g., chitosan, nisin, lysozyme, 
plant essential oils, tea polyphenols, and others), 
synthetic organic antimicrobial agents (such as 
chloramphenicol and nalidixic acid), and inorganic 
antibacterial agents (some of the oxidized nanopar-
ticles), are employed in bio-sensors (Ju et al. 2019). 
Many inorganic and metal nanoparticles are utilized 
in energy storage systems and food packaging prod-
ucts. However, achieving biocompatibility between 
nanostructures and polymeric composites remains a 
significant challenge in nanocomposite development 
(El Nahrawy et al. 2022).

Cellulose, with its multiple OH groups per 
monomer unit, can be functionalized by oxida-
tion using various oxidizing agents, such as perio-
dates, TEMPO/sodium bromide, hydrogen peroxide, 
chlorine dioxide, and peracetic acid. Recently, the 
TEMPO/sodium bromide system has been widely 
used for converting primary hydroxyl groups (C6) 
to carboxylic groups (–COOH), thereby modifying 
the surface of cellulose. Periodate oxidation of cel-
lulose cleaves the C2–C3 bonds of the glucopyra-
nose ring, resulting in the formation of 2,3-dialde-
hyde cellulose (Hasanin et al. 2021).

Water-soluble carboxyl cellulose was prepared 
by Sergiu et al. using a combination of two nitroxyl-
mediated reactions and periodate oxidation in a 
one-shot response (Coseri et  al. 2015). Tricarbox-
ylic cellulose was synthesized in three steps involv-
ing the reaction of cellulose with N2O4, NaIO4, and 
HClO2. It is important to note that these reactions 
using N2O4, NaIO4, and chloroform are conducted 
with toxic and explosive reagents (Takaichi et  al. 
2014).

Therefore, the main objective of this research is 
to develop intelligent conductive nanomembranes 
suitable for various applications by loading BNKT 
nanoceramics onto tricarboxylic cellulose (TCC). 
Advanced BNKT nanoceramics, prepared using 
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conventional powder processing, are loaded into 
TCC, forming noncovalent bonds within the TCC 
matrix.

Various characterizations were performed to pro-
vide better investigations of the nanomembranes 
BNKT/TCC, which clarify their advantageous 
structural, thermal, and dielectric properties for var-
ious applications. Additionally, antimicrobial activ-
ity and its statistical analysis were investigated to 
confirm their suitability and bioactivity. These char-
acterizations aimed to enhance our understanding of 
the advanced organic–inorganic nanocomposites.

Materials and methods

Materials

Bleached Bagasse pulp was provided by Quena-
Company of Paper Industry, Egypt. Titanium 
Oxide TiO2, Potassium oxide K2O, Bismuth nitrate 
Bi(NO3)2, and Sodium carbonate NaCO3 were pur-
chased from Aldrich, U.S.A. Sodium meta perio-
date (NaIO4), 2,2,6,6-tetramethylpiperidine-1-oxyl 
(TEMPO), and sodium bromide (NaBr) were pur-
chased from Sigma-Aldrich. A crosslinker poly-
amide-amine-epichlorohydrin (PAE) with approxi-
mately 33% solid content (w/w) was bought from 
Solines, Wilmington, DE, USA, and diluted to 1 
wt% with distilled water before addition.

Sample preparation

Metal oxide preparation

The conventional powder processing unit was 
used to prepare the bulk ceramic material 
Bi0.5Na0.25K0.25TiO3 (BNKT). The powders were 
thoroughly mixed in an ethanol medium with the 
zirconia’s balls by stirring them in a high-speed tur-
bine at 5000 rpm for 24 h. The slurry was then dried 
at 120 °C. The mixtures were ground into pow-
der, lightly crushed in the agate mortar, and finely 
sieved using a 100-µm mesh screen. The resulting 
nanopowder was fired at 1150 °C for 6 h.

Oxidation of the cellulose onto tricarboxy cellulose 
(TCC)

The cellulose was oxidized to tricarboxy cellu-
lose using TEMPO/sodium bromide, followed by 
sodium periodate and sodium chlorite (Abou-Zeid 
et  al. 2018). In this process, 50 ml of 10% sodium 
hypochlorite was added to a mixture of TEMPO 
and sodium bromide (0.5 and 8 mmol, respectively), 
along with 5 g of cellulose dispersed in 500 ml of 
water. The pH was adjusted to 10 and stirred over-
night. Subsequently, the solution was neutralized, 
centrifuged at 7000 rpm, and rinsed with water for a 
week. The TEMPO- oxidized cellulose was oxidized 
by adding sodium periodate to the reaction ampule 
and covered with aluminum foil to prevent photo-
induced decomposition. Finally, ethylene glycol was 
added to the solution, resulting in the formation of 
dialdehyde carboxy cellulose. To obtain tricarboxy 
cellulose (TCC), a mixture of sodium chlorite and 
acetic acid (20%) was added to the suspended dialde-
hyde carboxy cellulose and stirred for 48 h at room 
temperature. The resulting mixture was washed with 
deionized water and filtered. The yield of the pre-
pared TCC was determined, and it has been in the 
range of 79%.

The electric conductivity titration was used to 
determine the carboxylate content of TCC (Abou-
Zeid et al. 2018). The TCC was dispersed in 20 ml of 
0.01 M aqueous HCl solution and titrated with 0.01 
M sodium hydroxide solution. The carboxylate con-
tent (mmol/g) was calculated using Eq. (1):

where V1, V0, and CNaOH are the volumes before titra-
tion, after titration, the concentration of NaOH stand-
ard solution, and m is the weight of the dried sample.

Preparation of composite membranes

A mixture of BNKT, water suspended TCC, and 
4% (based on the dry weight of TCC) polyamide-
amine-epichlorohydrin was sonicated for 2 min. The 
mixture was cast on a Petri dish and dried at 60 °C 
to give the composite membranes. Different weights 
of BNKT based on the weight of composite mem-
branes (0, 5, 10, 15, and 20% wt/wt) were used, and 

(1)
Carboxylate content(mmol/g) =

((

V1− V0

)

∗ CNaOH

)

/m
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the corresponding films were indexed as C0, C5, C10, 
C15, and C20, respectively.

Characterization

Fourier transforms infrared spectroscopy (FTIR)

FTIR spectra of the TCC films with/without BNKT 
were carried out using a Mattson 5000 spectrometer 
(Unicam, UK) using the KBr technique in absorp-
tion mode with a 2 cm−1 resolution in the range of 
4000–400 cm−1.

Surface morphology and EXD analysis

The surface morphology and the elemental analy-
sis were examined by scanning electron microscope 
(SEM) on a Quanta FEG-250 coupled with Energy 
Dispersive X-ray Spectroscopy (TEAM-EDX Model). 
The images were obtained using an accelerating volt-
age of 10–15 kV.

Thermogravimetry analysis (TGA)

The thermal stability of the membranes was per-
formed on a heat heavy-difference heat integrated 
analyzer (Perkin Elmer thermal gravimetric analyzer, 
TGA7, USA) from room temperature to 800 °C in a 
nitrogen atmosphere at a heating rate of 20 °C min−1.

Electrical properties

The electrical properties were examined by meas-
uring the real and imaginary parts of the complex 
impedance (Zʹ and Z″) as well as the real and imagi-
nary parts of the complex electrical modulus (Mʹ and 
M″) of the samples. The impedance spectroscopy 
includes the measurement of the real and the imagi-
nary parts of the electrical impedance of the materials 
as a function of frequency (f) at various parameters 
of interest, such as composition and temperature (T), 
etc. The complex impedance is given by Eq. (2);

The real and imaginary parts of the complex 
impedance (Zʹ and Z″) of the composite TCC/
BNKT membranes were evaluated by Eqs. (3 and 4), 
respectively;

(2)
�

Z∗ = Z� − j Z�� j =
√

(−1)
�

where d is the thickness of the sample, A is the 
electrode area, ε0 is the Permittivity of free space 
(8.854*10−12 F m−1), εʹ (f) is the dielectric constant, 
and ε″(f) is the dielectric loss of the samples. The 
measurements were carried out by a Hioki LCR meter 
(IM3536) connected to two parallel conducting elec-
trodes with a surface area of 0.29 cm2. The measure-
ments were recorded over the frequency range from 4 
Hz to 8 MHz.

Antimicrobial activity tests

Microorganisms used and conditions

The antibacterial activities of the membranes were 
tested against six foodborne pathogenic bacteria 
types, including Escherichia coli O157:H7, Salmo-
nella Typhimurium, Acinetobacter baumannii, Lis-
teria monocytogenes, Staphylococcus aureus, and 
Streptococcus faecalis. The bacteria inoculum was 
prepared by transferring 100 µl of preserved cul-
ture into a tube containing 10 ml Tryptic Soya broth 
(TSB). The inoculated tubes were stored in the incu-
bator for 24 h at 37 °C. After incubation in the ideal 
environment, each tube was centrifuged at 5000 rpm 
for 15 min. The cells-containing pellet was extruded 
and purified by washing three times with phosphate-
buffered saline (PBS) to exclude any undesirable par-
ticles. The density of the intended bacteria was Log 
count 6 CFU/ml (Radwan et al. 2020).

Zone of inhibition (ZOI) measurement

The antibacterial properties of the membranes were 
investigated by estimating the bacterial inhibition 
zone using the Kirby–Bauer disc diffusion assay. 
Aliquots (100 µl) of bacterial suspension were 
appropriately distributed on top of the surface of the 
Mueller–Hinton agar (MHA) medium. All tested 
membranes were cut into small pieces (6 mm) and 
placed onto the surface of the MHA medium. After-
ward, all prepared plates were incubated overnight at 

(3)Z� =
d

2�fA�0
∗

[

�
��(f )

(��(f ))2 + (���(f ))2

]

(4)Z�� =
d

2�fA�0
∗

[

�
�(f )

(��(f ))2 + (���(f ))2

]
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37 °C. The diameters of the zone of inhibition (ZOI) 
were estimated in triplicate, measured in millimeters 
using an electronic caliper (El Nahrawy et al. 2020).

Bacterial growth inhibition test

A fixed-sized sample (5 × 5 cm2) of each tested mem-
brane was placed into a tube containing 10 ml of fresh 
media, which was then inoculated with 100 μl of each 
microbial suspension for the growth inhibition tests. 
All tubes were kept at 37°C for various contact times 
(60, 120, 180, and 240 min) under shaking condi-
tions (250 rpm). An aliquot of the mixture was with-
drawn from each sample and tenfold diluted in sterile 
phosphate-buffered saline PBS. As described above, 
the dilutions were plated onto agar plates and incu-
bated at 37 °C. Control groups were prepared using 
an equal volume of PBS. The bacterial growth inhibi-
tion tests were performed in triplicate duplicates. The 
bacterial reduction was calculated using Eq. (5):

Effect of tested membranes on bacterial growth 
and protein leakage

The growth rate of microorganisms was assessed for 
all the species. After placing all tubes in a shaker, the 
optical density (OD) of the samples was measured at 
600 nm using a spectrophotometer every 3 h for 24 
h at various exposure intervals (0, 3, 6, 9, 12, 15, 18, 
21, and 24 h). The Bradford assay was used to esti-
mate the amount of intracellular protein permeability 
in the targeted bacterial species. After the incubation 
period, 2 ml aliquots from the tubes were centrifuged 
at 5000 rpm for 10 min, and the liquid was carefully 
recovered while discarding the particulates. The efflu-
ent from each sample was thoroughly mingled with 

(5)
Log reduction = LogCFUcontrol − LogCFUmembranes

0.8 ml of Bradford reagent and incubated in a dark 
state for 10 min at 37°C. The optical density (OD) 
was then quantified at 595 nm using bovine serum 
albumin as a standard reagent (El Nahrawy et  al. 
2021).

Statistical analysis

The results were carried out in triplicate, and the find-
ings were presented as the mean ± standard deviation 
(SD).

Results and discussion

The cellulose was oxidized into tricarboxy cellulose 
(TCC) using a TEMPO oxidizing agent followed 
by periodate-chlorite oxidation. This oxidation pro-
cess targeted the primary hydroxyl groups at C6 of 
the glucose unit, which are considered more reac-
tive than the secondary hydroxyl groups at C2 and 
C3. In the presence of NaBr and NaClO, the nitroxyl 
radical acts as a mediator and selectively oxidizes 
the primary hydroxyl groups. Subsequently, the sec-
ondary hydroxyl groups were oxidized using peri-
odate-chlorite (French 2017). This process resulted 
in the production of tricarboxy cellulose with a car-
boxylate content of 2.74 mmol/g and a yield of 79% 
(Scheme 1).

FT‑IR analysis

FT-IR spectroscopy is an effective tool with high 
selectivity and sensitivity for detecting characteristic 
functional groups in a spectral band, making it useful 
for analyzing composition changes. The absorption 
peaks in the FTIR spectrum correspond to the vibra-
tion frequency within atom bonds in nanoparticles, 
as shown in Fig. 1. The FTIR peak intensity directly 

Scheme 1   A plausible mechanism of oxidation of cellulose into tricarboxy cellulose
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indicates the types of components involved, making it 
an ideal technique for qualitative research.

The spectra of the TCC membranes, with and 
without BNKT, dried in the air, exhibited peaks in 
the range 3336–3584 cm−1

, attributed to the stretch-
ing vibration of OH and H2O adsorbed on the surface 
of the membranes. The intensity of these peaks was 
significantly reduced when BNKT was added, con-
firming the excellent formation of TCC polymeric/
BNKT complex nanocomposites. The most signifi-
cant difference in the spectra was observed in the 
bands at ∼2792 cm−1 and 2907 cm−1, which can be 
attributed to the C–H stretching of the COOH and/or 
–CH2 vibrations (Li et  al. 2010). The appearance of 
the weak peak at 1714 cm−1 (C=O) might be due to 
the coordinates between the BNKT nanoparticles and 
the tricarboxy cellulose, indicating effective loading 
of BNKT within the TCC matrix (Gao et  al. 2013). 
Another characteristic peak at 1611 cm−1 corresponds 
to the C=O stretching of the carboxyl groups and the 
bending mode of adsorbed OH in the nanocompos-
ites (Li et al. 2010). These peaks are the characteristic 
peaks of cellulose (Abou-Zeid et  al. 2018). There-
fore, the relative change in the intensity of the peaks 
within the wavenumber range from 691 up to 977 
cm−1 slightly increases with the increasing amount 
of BNKT in the TCC, indicating good compatibility 
between the TCC and the BNKT nanoparticles.

Surface morphology

The morphology of the membrane surface was exam-
ined using a scanning electron microscope (SEM) 

equipped with Energy Dispersive X-ray Spectros-
copy (EDX) for element detection (Fig. 2). The SEM 
images revealed homogeneous structures in the TCC 
membrane, and the BNKT nanoparticles exhibited 
a discrete and uniform distribution within the TCC 
matrix. Increasing the content of BNKT nanopar-
ticles led to a higher percentage of BNKT elements 
such as Na, Bi, K, and Ti. Additionally, no significant 
aggregation of BNKT nanoparticles was observed, 
indicating compatibility between the BNKT nanopar-
ticles and the TCC matrix. Therefore, the casting of 
a blending solution method is suitable for preparing 
a uniform composite membrane consisting of TCC 
with BNKT nanoparticles.

Thermogravimetric analysis (TGA)

TGA is a tool used to evaluate the weight changes of 
a material as it is exposed to controlled temperature 
or time in a closed environment (Mansour 2020). In 
this study, TGA was performed on TCC membranes 
with and without BNKT at a heating rate of 10  °C/
min under an inert N2 atmosphere to analyze their 
weight loss and decomposition (Fig.  3). The mem-
branes exhibited similar weight loss behavior due to 
their similar chemical nature. It can be observed that 
all the membranes initially experienced a three-stage 
weight loss. The initial weight loss occurred between 
54 and117 °C, corresponding to water evaporation. 
During this stage, C0, C5, C10, C15, and C20 lost 
approximately 15, 16, 17, 18, and 19% of their initial 
weight, respectively. The second degradation stage 
took place between 187 and 260 °C, corresponding to 
the decarboxylation and dihydroxylation of cellulose 
(Abid et al. 2021). The total loss of all membranes is 
almost the same at this stage. The final decomposi-
tion stage began at around 300 °C, leading to com-
plete weight loss of the membranes. The decomposi-
tion processes at this stage ended at 339 °C, 337 °C, 
334 °C, 328 °C, and 319 °C corresponding to C0, C5, 
C10, C15, and C20, respectively.

The calculated Broido function (for the 2nd degra-
dation stage or major weight loss process) of the pre-
pared TCC membranes with/without BNKT was cal-
culated and plotted against 1000/T as in Fig. 3b. The 
thermal kinetic parameters, such as the thermal acti-
vation energy (Ea), the Arrhenius constant (A), the 
activation entropy ΔS, the activation enthalpy ΔH, 
and the Gibbs free energy change ΔG, are presented 

Fig. 1   FTIR of TCC with/without BNKT membranes
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in Table 1. The data in Table 1 displays the decrease 
of Ea and ΔS and the increase of ΔH and ΔG with the 
addition of BNKT to TCC. The decline in the activa-
tion energy indicates the decline in the thermal stabil-
ity of the nanocomposites with the addition of BNKT. 

The exothermic nature of the degradation stage is 
indicated by the negative ΔH values. The + ve sign of 
ΔS indicates the less-ordered activated state. Finally, 
the non-spontaneity of the degradation stage is speci-
fied by the ΔG + ve sign (Mansour et al. 2019).

Fig. 2   SEM and EDX 
analysis of a—C0, b—C5, 
and c—C15 films
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Electrical properties

Impedance (Zʹ and Z″)

The real (Zʹ) and the imaginary (Z″) impedance were 
evaluated by Eqs. (3 and 4), respectively. The real 
part of impedance, Zʹ, was investigated for all the 
samples as a function of frequency (4  Hz ~ 8 MHz) 
at different temperatures (20 ~ 160 °C) and presented 
in Fig. 4. The data in Fig. 4 demonstrates that in the 
case of C5, the Zʹ-values decline slowly with increas-
ing frequency up to 104 Hz, the impedance in this 
frequency range is released from the DC resistance. 
While at f > 104 Hz, the Zʹ-values decrease with fur-
ther increasing frequency up to 106 Hz. In this range, 
the impedance represents the AC resistance. At fre-
quencies higher than 107 Hz, the Zʹ-values remain 

constant regardless of frequency. Furthermore, as 
shown in Fig. 4, the Zʹ values decrease with increas-
ing temperature in the frequency range of 8 Hz–500 
kHz, indicating a thermally activated behavior. For 
frequencies higher than 500 kHz, the impedance 
becomes independent of temperature, indicating the 
liberation of free charge carriers. Similar behavior is 
observed in the other samples, except for a decrease 
in impedance values from 35,000 to 6500 Ω and 4500 
Ω for C5, C10, and C20, respectively, at the low fre-
quency. This behavior may be attributed to increas-
ing the BNKT content in the samples leading to an 
increase in the free charge carriers and decreasing the 
sample’s impedance.

Figure 5 depicts the imaginary part of the com-
plex impedance Z″ as a function of frequency (4 
Hz–8 MHz) measured at different temperatures 

Fig. 3   a TGA curves and b the corresponding Broido function against 1000/T of TCC membranes with/without BNKT

Table 1   The thermal kinetic parameters, i.e., thermal activation energy (Ea), Arrhenius constant (A), activation entropy ΔS, the 
activation enthalpy ΔH, and Gibbs free energy change ΔG of TCC films with/without BNKT

Membrane code Arrhenius constant Activation energy Activation entropy The activation enthalpy Gibbs free energy change
A (S−1) Ea (Jmol−1) ΔS (Jmol−1 K−1) ΔH (kJmol−1) ΔG (kJmol−1)

C0 11,020.36 40.24 171.16  − 3873.23 75,033.08
C5 4777.63 36.62 178.05  − 3844.66 77,706.05
C10 3226.97 34.26 181.22  − 3800.73 78,296.31
C15 2312.99 32.59 183.98  − 3790.75 79,368.22
C20 2028.39 31.61 185.01  − 3764.83 79,307.52
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(20 ~ 160 °C) for TCC/BNKT composite mem-
branes. In terms of the Z″ versus f curve, it can be 
observed that the Z″ values decrease rapidly at low 
frequencies, which can be attributed to the direct 
transportation effect of free charge carriers. Further-
more, at the middle-frequency range, the Z″ value 
increases with increasing frequency until a specific 
frequency (fmax) after it, the Z″ value decreases, this 
frequency (fmax) represents the relaxation frequency 
that is used to give the relaxation time (t = 1/2πfmax). 
This peak signifies the transition from long-range 
hopping at low frequency to the localized motion 
of the charge carriers at high frequency. Based on 
Fig. 5, it can be noted that the relaxation peak shifts 

to higher frequencies with increasing temperature, 
indicating a decrease in the relaxation time with 
temperature. This behavior confirms that the sam-
ples are thermally activated.

This experimental data confirmed the effect of 
temperature and frequency on the sample. The same 
behavior is observed in the TCC/BNKT composite 
membranes but with a small value of Z″ with increas-
ing the filler (BNKT) content in the membrane. This 
effect appears due to increasing the filler content 
leading to an increase in the conducting center in the 
composite membrane. All the compositions show 
similar behavior to dielectric materials (Ali et  al. 
2015).

Fig. 4   the real impedance Zʹ against frequency at different temperatures for a—C5, b—C10, and c—C20
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Figure  6 depicts the real part of the com-
plex impedance, Zʹ, as a function of tempera-
tures measured at different frequencies for TCC/
BNKT composite membranes. Below 60 °C, the 
Zʹ value decreases rapidly with temperature. How-
ever, above 60 °C, the Zʹ values exhibit a slower 
decrease with increasing temperature until reach-
ing T = 110 °C. From T = 110 to T = 160 °C, the 
real part of the impedance remains constant. This 
behavior confirms that the samples are thermally 
activated and exhibit semiconductor-like char-
acteristics. In the high-temperature range, the 

impedance (Zʹ) appears to be constant and inde-
pendent of frequency. This behavior can be attrib-
uted to the liberation of charge carriers within the 
samples (Ali et al. 2013a,2013b).

Figure  7 presents the Cole–Cole plot for TCC/
BNKT composite membranes at temperatures rang-
ing from 25 to 160 °C. A distinct semi-circle arc 
is observed for all recorded temperatures, and they 
exhibit the same behavior. However, as the tem-
perature increases, the radius of the semi-circle arc 
decreases, indicating a decrease in relaxation time 
with increasing temperature.

Fig. 5   the real impedance Z″ against frequency at different temperatures for a—C5, b—C10, and c—C20
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Electrical modulus analyses

Modulus spectroscopy is a useful technique for ana-
lyzing the electrical properties associated with the 
low capacitance of composites. It can also provide 
insights into grain boundary conduction mechanisms 
and electrode polarization (Bhatnagar and Bhatia 
1990). Modulus formalism usually describes the 
relaxation in polycrystalline composites (Rasool et al. 
2012). The real and imaginary parts of the complex 
electrical modulus (Mʹ and M″) of the TCC/BNKT 
composite membranes were investigated as a func-
tion of frequency (4 Hz ~ 8 MHz) at different tem-
peratures (20 ~ 160 °C) and shown in Figs.  8 and 9. 
Figure 8 illustrates the variation of the real electrical 

modulus (Mʹ) with frequency (4 Hz ~ 8 MHz) at vari-
ous temperatures (20 ~ 160 °C). At higher frequen-
cies, Mʹ reaches maximum values due to the relaxa-
tion phenomena. This behavior is associated with the 
localized motion and short-range hopping of charge 
carriers at higher frequencies (Liu et al. 2003; Kaiser 
2016). Conversely, at low frequencies (5 Hz to 1000 
Hz), Mʹ-values approach zero due to the absence of 
electrode polarization and the long-range hopping of 
charge carriers (Ali et al. 2013b).

Figure  9 illustrates the variation of the imagi-
nary part of the electric modulus (M″) with fre-
quency at different temperatures (20 ~ 160 °C). 
Broad peaks can be observed at high frequencies, 
which are associated with the relaxation processes 

Fig. 6   the real impedance Zʹ against temperature at different frequencies for a—C5, b—C10, and c—C20
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occurring in the grains and grain boundaries (Sad-
deek et  al. 2018). The position of these relaxation 
peaks shifts to higher frequencies as the tempera-
ture increases. This behavior indicates that the 
dielectric relaxation in the material is thermally 
activated, and it involves the conduction mecha-
nism of charge carriers through hopping, along 
with the presence of small polarons. These factors 
play a dominant role in materials that exhibit grain 
boundary and grain effects (Dhahri 2020).

An antimicrobial assay using the inhibition zone 
assay

The C20 membrane exhibited the widest zone of 
inhibition (ZOI) against all six pathogenic organisms 
studied, with ZOI widths of 20, 22, 19, 15, 17, and 16 
mm for E. coli O157, S. Typhimurium, A. baumannii, 
L. monocytogenes, S. aureus, and S. faecalis, respec-
tively (Fig.  10). The narrowest ZOI diameters were 
observed for C5, for E. coli O157, S. Typhimurium, 

Fig. 7   the Cole–Cole diagram at different temperatures for a—C5, b—C10, and c—C20
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A. baumannii, L. monocytogenes, S. aureus, and S. 
faecalis in the OCF-BNKT membrane, with ZOI 
diameters of 14, 15, 14, 11, 13, and 12, respectively. 
On the other hand, the C0 nanomembrane showed no 
potential antibacterial effect against any of the tested 
bacteria. Among the studied bacterial species, gram-
negative bacteria such as S. Typhimurium, E.  coli 
O157:H7, and A. baumannii were found to be the 
most sensitive.

Bacterial log reduction efficiency

Three membranes (C5, C10, and C20) were selected 
to be examined for inhibitory effect against tested 
bacterial pathogens based on ZOI assay. From 

Fig. 11, it was observed that the control (microorgan-
isms that grew in a usual way without membrane) 
presented the highest cell populations with 6 log 
counts. The C20 shows high antimicrobial activity 
against almost all the bacterial strains tested. First, 
the C20 can kill both Gram-negative and Gram-pos-
itive bacteria very effectively. The results showed a 
more than 6 log reduction after exposure times 120, 
90, 120, 180, 150, and 150 min for E. coli O157, S. 
Typhimurium, A. baumannii, L. monocytogenes, S. 
aureus, and S. faecalis, respectively. These findings 
indicate that the nanoparticles could effectively elimi-
nate bacterial cells within a short exposure period. 
Notably, all Gram-negative species were completely 
eradicated after 180 min of exposure to the C20 

Fig. 8   the real electrical modulus Mʹ against frequency at different temperatures for a—C5, b—C10, and c—C20
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membrane. Therefore, the incorporation of C0 with 
BNKT nanocomposites enhances the compatibility of 
the fabricated materials for active packaging applica-
tions, providing improved control over food spoilage 
and the prevention of infections caused by foodborne 
organisms.

The natural polymer with metal oxide nano-
composite membrane exhibited remarkable bioc-
idal performance against E. coli, P. aeruginosa, and 
S. aureus. Such fabricated nanocomposite may be 
applied in food packaging that highly suppresses 
microbial growth (TRIPATHI et  al. 2011). Elec-
trospun TiO2 nanocomposites have shown signifi-
cantly higher efficacy against Gram-negative P. aer-
uginosa cells compared to Gram-positive S. aureus 

Fig. 9   the imaginary electrical modulus M″ against frequency at different temperatures for a—C5, b—C10, and c—C20

Fig. 10   The antibacterial activity and dimeters of ZOI of four 
tested nanofilm (C0, C5, C10, and C20) towards standard food 
borne pathogenic strains
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cells (Ansari et  al. 2020). TiO2-based nanoparticles 
were employed to develop intelligent polymer-based 
nanocomposites for salmon filet packaging. This 
membrane demonstrated synergistic enhancement 
in antibacterial activity, antioxidant potential, and 
pH-responsive color-changing indicators (Lan et  al. 
2021).

Metabolic changes through all tested bacteria

Evaluation of growth curves depending on multi-
ple intervals in the presence of each nanomaterial 

was used to estimate the readiness of all target-
ing microbes to proliferate. The results presented 
in Fig.  12 provide a complete enhancement in the 
growth curve for each strain without adding mem-
branes (control experiments), emphasizing its 
growth rate. Conversely, subjecting certain bacteria 
to each nanomaterial tested using the normalized 
optical absorbance peak of growth rate substantially 
declined since these nanomembranes could deadly 
influence bacterial growth, resulting in a substantial 
decrease in the slopes of growth curves.

Fig. 11   Log10 counts of the survived cells after exposure for 3 h to different dosages of examined engineered nanomaterials, a—C5, 
b—C10, and c—C20
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As illustrated in Fig. 13, the gained results revealed 
that the concentrations of intracellular protein per-
meability rose sharply in all examined bacteria after 
treatment to all those nanomembranes compared with 
the control sample. The proportion of protein spillage 
from the cells of the controlled experiment, on the 
other hand, does not fluctuate. The obtained results 
exhibited the most considerable amount of released 
protein after exposure to the C20 membrane for all 
targeted bacterial species. On the other hand, the 

fewest proportions were recorded for the C20 mem-
brane, signifying the presence of a high concentra-
tion of BNKT nanoparticles, which have vigorous 
antimicrobial properties against a broad spectrum of 
microorganisms. Furthermore, the elevated propor-
tion of liberated protein from the destroyed bacteria 
was recorded in all testes bacterial pathogens when 
exposure duration expanded (3–24  h). The propor-
tion of released protein from E. coli, S. Typhimu-
rium, A. baumannii, S. aureus, S. faecalis, and L. 

Fig. 12   Growth curves of a E. coli, b S. Typhimurium, c A. baumannii, d S. aureus, e S. faecalis, and f L. monocytogenes, exposed 
to three diverse nanomembranes materials (C0, C5, C10, and C20) within 3–24 h
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monocytogenes, were 435, 384, 371,236, 282, and 
229 µg/ml, respectively after 24 h of exposure to the 
C5 membrane. On another side, after being exposed 
to the C5 nanomembrane, the amounts of released 
protein were 581, 445, 428, 289, 312, and 281µg/ml, 
respectively. Meanwhile, the tested C20 nanomem-
brane was found to be more effective against Gram-
negative species than Gram-positive species.

According to the findings, Gram-negative bac-
terial species membranes leak a greater amount of 
protein than Gram-positive bacteria membranes; 
this difference may be due to the shape and thick-
ness of the peptidoglycan layer in the bacterial 
cell wall. The essential functions of cellular lipid 
membranes are to protect microbial cells against 

antimicrobial compounds such as antimicrobial 
drugs, toxins, and wastes and to destroy metabo-
lites, culminating in less protein permeability in 
Gram-positive to Gram-negative bacteria (Sen-
thil et  al. 2017). Cell membranes and protoplasm 
account for the majority of microbial species. The 
cell wall is composed of a predetermined thick layer 
of peptidoglycan. The cell wall’s most prominent 
purpose is to safeguard microbial cells from hostile 
external circumstances while modifying them. Bac-
terial species were classified into two types depend-
ing on the makeup of their cell walls: Gram-positive 
and Gram-negative bacteria. GP species have thick 
cell walls, approximately 20–80 nm thick attributed 
to the prevalence of a monolayer of peptidoglycan 

Fig.13   Quantities of 
released protein from a E. 
coli, b S. Typhimurium, c 
A. baumannii, d S. aureus, 
e S. faecalis, and f L. mono-
cytogenes, exposed to three 
diverse nanofilms materials 
(C0, C5, C10, and C20) 
within 3–24 h
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polymer (Fu et  al. 2005). Gram-negative bacteria’s 
cell walls, on the other hand, have a thin layer of 
peptidoglycan (7–8 nm) and two cell membranes 
(outer and cytoplasmic membrane) (Wang et  al. 
2017). Because some metals have nanoscale shapes, 
they can easily pierce the cell wall and enter the 
bacterial cell. Therefore finding them is incred-
ibly challenging to eliminate. The exact mechanism 
of TiO2, ZnO, and CuO nanoparticles’ antibacte-
rial potential was recently explained (Sirelkhatim 
et al. 2015; Nguyen et al. 2018; Buazar et al. 2019). 
The formation of free radicals such as hydroxyl 
ions, which play an essential role in bactericidal 
properties, is perhaps the most frequently quoted 
mechanism (Vallabani et  al. 2019). Furthermore, 
ZnO–NPs interact with cell walls, causing signifi-
cant damage to the entire bacterial cell, the delivery 
of antimicrobial ions, particularly Zn ions, and the 
production of reactive oxygen species (ROS) (Soni 
et al. 2017). Generally, metal oxide NPs could harm 
bacteria’ cell walls and nuclear DNA by absorption 
(Suárez et al. 2017).

Conclusion

The loading of BNKT nanoceramics into the TCC 
matrix modifies the dynamics of the cellulose chains. 
TGA analysis shows three degradation stages for all 
membranes, which are attributed to solvent removal, 
cellulose decarboxylation and dihydroxylation, and 
the final degradation stages of the membranes. The 
nanoparticle filler reduces the total impedance of the 
polymer and thus increases the total conductivity of 
the polymer. Impedance and modulus studies reveal 
a Debye-type relaxation phenomenon. Impedance 
spectroscopy suggests that all samples are thermally 
activated. The nanoparticle filler increases the wide 
frequency range of the DC contribution effect. Con-
sidering the antibacterial properties of the prepared 
membrane, the results showed that nanomembrane 
C20 with 20% BNKT content could be operated as a 
potential nano-packaging material for biosensors and 
functional food packaging due to its enhanced con-
ductivity, moisture-sweeping ability, and antimicro-
bial properties against food-borne pathogenic micro-
organisms responsible for food spoilage and food 
outbreaks.
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