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Abstract: With TEMPO oxidation, it was possible to incorporate iron nanostructures into a cellulose
nanofiber matrix. FTIR spectra showed the functional groups present in the films. The combination
of both iron and CNF confers to the films good electrochemical activity; the electrochemical character-
ization (CV) showed that they present stability in the reduction process at a potential of 0–1 V, with
the materials with 5% and 10% being the most active. The Pb reduction process shows that the 5%
film is the material with the highest oxidizing capacity.
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1. Introduction

At present, the synthesis of metallic nanostructures has gained great relevance due
to its wide application in the fields of energy storage systems [1], biotechnology [2] and
biomedicine [3–5], among others. Particularly, FeOx nanoparticles are of great interest due
to their unique properties, such as their paramagnetic behavior and biocompatibility, as
well as having the ability to have chemical arrangements on their surface [6]. Consequently,
the range of applications of FeOx nanoparticles has grown in recent years. One of these
applications is in the field of electrochemistry as an electrode coating material [7]. Heavy
metals reaching water bodies, particularly lead as an industrial waste, pose a risk to public
health and the environment due to its high toxicity and bioaccumulation [8–10]. It is widely
accepted that the distribution and size of metal oxides in carbon-based matrices are crucial
for improving the electrochemical performance of an electrode composed of metal oxides-
carbon [11–13]. Cellulose-based matrices, as natural polymers, have gained importance as
support for multiple materials. An example of these are cellulose nanofibers (CNFs) which
are widely available from natural sources and often considered as waste [14–16], possess-
ing properties such as flexibility, electrolyte absorption and a capability for developing
films [17–20].

In accordance with the factors mentioned above, cellulose nanofibers are positioned
as an ideal material for the dispersion of materials. On the other hand, it has been shown
that negatively charged materials prepared based on nanocarbon and metal oxides have
high electrochemical performance [21,22]. Lu et al. developed a new class of anode
based on nanorods with Fe2O3, PEDOT Cores/Shells, demonstrating great electrochemical
performance, high charge and flexibility [23].

The scope of this work is the use of electrodes composed of CNF-FeOx with added
metal oxide concentrations of 1, 2.5, 5, 7.5 and 10 wt%, which were later implemented for
the oxidation process of Pb(II) in an aqueous solution, observing the redox reaction of the
heavy metal through cyclic voltammetry. Furthermore, the results of oxidizing the heavy
metal showed films with good electrochemical stability during the oxidation process. The

Fibers 2023, 11, 8. https://doi.org/10.3390/fib11010008 https://www.mdpi.com/journal/fibers

https://doi.org/10.3390/fib11010008
https://doi.org/10.3390/fib11010008
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fibers
https://www.mdpi.com
https://orcid.org/0000-0003-1158-5959
https://orcid.org/0000-0002-6727-006X
https://orcid.org/0000-0002-2376-5511
https://doi.org/10.3390/fib11010008
https://www.mdpi.com/journal/fibers
https://www.mdpi.com/article/10.3390/fib11010008?type=check_update&version=1


Fibers 2023, 11, 8 2 of 9

synthesis process does not have any specific requirements for several conditions, such as
temperature, pressure, additives or precursors, which simplifies the synthesis and negates
the need for any high-cost materials. Due to the factors mentioned above, the films are an
excellent option for treating polluted water with Pb.

2. Materials and Methods

For the preparation of the films, α-cellulose (particle size: 50 µm) and 2,2,6,6-tetramethy
lpiperidine-1-oxyl (TEMPO) were used; both of which were purchased from Sigma Aldrich
(St. Louis, MO, USA). In addition, sodium bromide NaBr (99%), sodium hypochlorite
NaOCl (6–9%), iron sulfate FeSO4 (99%) and sodium hydroxide NaOH (99%) were pur-
chased from Commercial brand Fermont. The solvent was triple distilled water.

For the synthesis of cellulose nanofibers, the method reported by Isogai et al. in
2007 [24], was implemented with modifications. For the TEMPO-mediated oxidation,
α-cellulose was suspended in water and subjected to constant magnetic stirring at 400 rpm
for a few minutes. Once the cellulose was homogenized in the liquid, 0.01 mmol TEMPO
and 0.1 mmol NaBr were added. Iron sulfate was dissolved in 10 mL of water and added
to the α-cellulose suspension. This mixture was later stirred for 5 min. Once the 5 min
had passed, 13% sodium hypochlorite was added, starting the oxidation. The pH was
monitored throughout the reaction to control it and keep it at a constant pH range of 10 by
adding NaOH, dropwise. The entire process was carried out at room temperature.

After carrying out the TEMPO-mediated oxidation, the samples were washed through
a centrifugation process at 2500 rpm for 10 min. This was repeated until any residue
generated by the oxidation was eliminated and a neutral pH was obtained. Once the
washing was finished, the suspension was dialyzed to remove low molecular weight ions
and impurities. Once the solutions were ready, the films were prepared by casting using
6 mL of the solution for each film, which was poured into a 4 cm. diameter mold. The films
were dried at 30 ◦C for 3 days until complete evaporation of the solvent. Once the films
were formed, they were removed from the mold for further analyses (Figure 1). The films
were analyzed through Fourier Transform Infrared Spectroscopy, using a Perkin Elmer
Spectrum 100 Spectrophotometer (form Waltham, MA, USA) for the functional group’s
identifications. The CNF-Fe and CNC were analyzed using a range of 4000 and 500 cm−1,
with a resolution of 5 cm−1 and 16 scans.
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Figure 1. (A) Nanocellulose solutions at different concentrations. (B) CNF-Fe films with (a) 1% w/w
Fe, (b) 2.5% w/w Fe, (c) 5% w/w Fe, (d) 7.5% w/w Fe, (e) 10% w/w Fe.

Particle size distribution was determined in solution 0.1 mg/mL by dynamic light
scattering using a Malvern Instrument Zetazizer Nano ZS model manufacturer ir Malvern
Instrument from Malvern, UK,
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The electrochemical stability and oxidative capacity of Pb solutions (5 µM of Pb
in a 4.4 pH buffer) were carried out by cyclic voltammetry in a Metrohm potentiostat
910 PSTAT mini.

3. Results

In Figure 2, we can observe the FTIR spectrum of the nanocellulose films with added
iron oxide. In the spectrum corresponding to the oxidized TEMPO nanofibers, a peak at
3336 cm−1 is visible, representative of the stretching of the hydrogen bonding of the -OH
groups present in the cellulosic compound, as well as stretching of the -CH groups in the
band with a 2905 cm−1 wavelength [25]. A peak is observed at 1597 cm−1, corresponding to
the C=O stretching (at 1700 cm−1), which are displaced due to oxidation during treatment;
this change is due to the hydroxyl groups of “C6” being changed by sodium carboxyl
ions [26,27]. The peak at 1407 cm−1 corresponds to the CH vibrations of cellulose and, due
to -OH vibrations, a peak can be seen at a wavelength of 1371 cm−1. The transmittance in
the regions of 1500 cm−1 and 1000 cm−1 imply pyranose ring bending and vibrations of
the nanocellulose backbone [28]. The signal at 1202 cm−1 represents C-O-C stretching of
the ether groups [29].
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In addition, a peak corresponding to the asymmetric stretching of C-O is observed
at 1159 cm−1, while the peaks at 1054 and 1030 cm−1 represent the skeletal vibration of
the C-O-C pyranose ring [30]. The spectra of nanocellulose with iron exhibits a significant
change in peak intensities but maintain similar positions. These changes are due to the
incorporation of oxidized iron particles, since these displace sodium from the fiber [27], in
Table 1 is shown the functional groups.

Table 1. Functional groups.

Wavenumber (cm−1) Assignation Reference

3336 O-H Stretching vibration Zhang X. et al. [25]
2905 CH-Stretching vibration Zhang X. et al. [25]
1579 C=O Streching vibration Castro-Guerrero et al. [26]
1407 CH2- Pyranose ring Vibration Pastorova, I. [28]
1202 C-O-C Streching Rai, K. [29]

The dynamic light scattering (DLS) technique is a very useful tool for particle size
determination. This technique is widely used to determine the size of particles with a
certain sphericity in colloidal suspensions [31]. However, in the case of structures such
as rods or fibers, this technique presents limitations in particle size precision, since the
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obtained range depends on the orientation of the fibers in the fluid; therefore, the value of
the particle size will only be an approximate value [32]. As this technique assumes that
any particle has a crystalline sphericity of equivalent volume, the radius corresponds to
the hypothetical radius of a solid sphere with the same diffusion coefficient as the particles
being investigated [33].

Figure 3top shows the particle size distribution of CNF. We can observe two signals
that represent the fiber diameter, with an average close to 100 nm. These signals are similar
to those reported by Chandravati et al. [34], while interpreting the last signal as the length
of the fiber, close to 800 nm.
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Figure 3middle shows the particle size distribution of the 5 wt% CNF-FeOx material,
in which, a particle size distribution close to 70 nm is presented. In Figure 3bottom, the
signals of the 10 wt% CNF-FeOx material are shown. Despite the different concentrations
of iron, all of them present a similar particle size, around 100 nm, which we can relate to the
length of the particle. In addition, the analysis shows a repeatability in the calculation of
the particle size in each graph, confirming the measurements. This places them within the
nanocrystals size range, which have reported diameters between 2 and 20 nm and lengths
between 100 and 600 nm [35].

Figure 4 shows the cyclic voltammogram for the carbon electrode, the carbon electrode
modified with CNF-Fe (C/CNF-Fe) at 1%, 2.5%, 5%, 7.5% and 10% iron, using a pH of
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4.2 with buffer solution. The materials exhibited stability on the redox process at a 0–1 V
potential. Among the MOx that have been studied, many present an oxidation or reduction
tendency under certain conditions, particularly FeOx species coupled with organic species,
which tend to have an improvement in their electrochemical properties [36–38].
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Well-defined anodic and cathodic peaks are observed in Figure 4, with the oxidation
and reduction potential varying by approximately 0.1 V. The voltammogram shows that
the material with 1% Fe presents a moderate electrochemical activity with a slight tendency
to reduction, as well as the materials with 2.5% and 7.5%, all presenting electrochemical
stability in the process [39]. On the other hand, materials with 5% and 10% Fe present
a higher amplitude in the current due to a higher electrochemical activity [40]. Overall,
materials do not change after the CV, indicating excellent structural integrity [41].

Figure 5 shows the voltammetry curves for the carbon electrode and the carbon
electrodes modified with CNF-FeOx, employing a 4.2 pH buffer solution with 100 µg/L
of Pb. The CV shows that all the reactions prove to be reversible and have an increase in
the current response for the electrodes modified with CNF-FeOx compared to the carbon
electrode, with the C/CNF-Fe 1%- and C/CNF-Fe 5%-modified electrodes presenting a
greater range of current in their response, in addition to having a well-defined anodic peak.

Pb2+(aq) +2e−→Pb(s) Reduction reaction

Pb(s)→Pb2+(aq) +2e− Oxidation reaction

Greater current generation suggests that CNF-Fe facilitated electron transfer from
the electrolyte to the electrode and there was a higher diffusion of Pb on the electrode
surface [42]. Therefore, the electron transfer kinetics are improved in the electrode with
C/CNF-FeOx 5%.

For the material with 1% Fe, the Pb reduction process starts close to −0.8 V, and
reversibility of the oxidation process starts at −0.45 V; naturally, the oxidation process is
more evident [43]. The reaction that develops is as follows:

Pb2+(aq) +2e−→Pb(s) Reduction reaction
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Pb(s)→Pb2+(aq) +2e− Oxidation reaction

The C/CNF-Fe 5% electrode exhibits a similar behavior to the C/CNF-Fe 1% electrode,
presenting a reduction process close to −0.82 V, this process being much lower than the
1% electrode. However, the oxidation process occurs at −0.38 V, and in this case, the
oxidation process is higher than with the 1% film. This curve has a marked tendency to Pb
oxidation [44]. The rest of the electrodes present similar behaviors based on the reversibility
process and, like the first two, they also present a notable tendency to the oxidation reaction.
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Figure 5. Cyclic voltamogram of a carbon electrode and carbon electrodes modified with CNF-Fe
(C/CNF-Fe) at different iron percentages 1%, 2.5%, 5%, 7.5% and 10%, employing a 4.2 pH buffer
solution with 100 µg/L of Pb.

Comparing responses of the carbon electrode and the electrodes with CNF-FeOx, it
is possible to appreciate a notable difference in the current intensities of the signals, this
is possibly due to the cellulose nanofibers providing a network which facilitates needed
routes for electron transfer and better electrochemical behavior, boosting the ion transfer
process on the electrode surface (Figure 6).
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Table 2 shows modified electrodes previously reported in the literature, which were
employed to quantify heavy metals in water by means of electrochemistry. As shown in
the table, the detection limit obtained from the C/CNF-Fe 5% electrode is like some of the
previously tested materials, showing that the C/CNF-Fe5 % electrode can be used not only
for Pb(II) oxidation but also for its detection, since it exhibits a good detection capacity.

Table 2. Comparison of modified electrodes for the determination of Pb.

Electrode Material Ion Concentration
(µM) LOD (µM) Ref.

Boron-doped nanocrystalline
diamond (BD-NCD) Pb(II) 1–22.5 1.399 [45]

Amino-Carbon microsphere
(NH2-CMS) Pb(II) 0.5–1.2 0.05 [46]

Copper mini-sensor modified
with bismuth

Pb(II)
Cd(II) 1.3–13 0.8 [47]

Antimony Nanoparticle Modified
Boron-Doped Diamond Electrode

Pb(II)
Cd(II) 0.2–2.41 0.12 [48]

Terephthalic acid capped iron
oxide nanoparticles

Pb(II)
Cd(II)
Hg(II)

0.4–1.1 0.04 [42]

Crown Ether-modified Electrodes
Pb(II)
Cd(II)
Hg(II)

0.2–0.9 0.05 [49]

Carbon electrode modified with
CNF-Fe 5 % Pb(II) 0.2–1.2 0.23 Present work

4. Conclusions

The results show that the methodology implemented by Isogai et al., later modified by
Macclesh et al. [24,27], is a viable alternative to incorporate metal particles into cellulose
nanofibers. Particularly, our prepared materials proved to have the needed characteristics
to be implemented as electrodes, either as an electrode for detecting the presence of Pb(II)
in an aqueous system or, in a more specific aspect, they present the capability to oxidize
lead ions. The latter being fundamental for treatment of water effluents resulting from
industrial processes (i.e., mining, oil, agriculture), mitigating the environmental impact of
these economic sectors.
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