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Abstract

Carboxylate (TCNF) and sulfonated (SCNC) cellulose nanofibers were synthesized and
used as adsorbents for metallic cations in aqueous solutions: Na+ and Hg2+ (SCNC);
Mg2+ and Hg2+ (TCNF). ICP-OES analysis of the liquid phase revealed metal removal
efficiencies at room temperature of 89.3 % (Hg2+) and 100 % (Mg2+) for TCNF, 35.2 % (Hg2+)
and 63.3 % (Na+) for SCNC after 3 h of contact. Interestingly, the nanofibers exhibited a
distinct thermal degradation profile (characterized by two main events) compared to that of
cellulose, suggesting that their nanostructured morphology and surface functionalization
may enhance thermal instability. Additionally, the presence of metals at its surface notably
altered the thermal degradation kinetics, as observed for mercury and magnesium in TCNF.
Finally, the results for SCNC strongly suggest that the mechanism for thermal degradation
can also change, as observed for mercury and sodium, expressed through the appearance
of a new DTG peak located around 300 ◦C.

Keywords: adsorption; nanocellulose; thermal behavior; heavy metal; aqueous solutions

1. Introduction
Saline effluents mainly originate from industries such as agro-food, oil and gas, tannery,

chlor-alkali, and pulp and paper, as well as from acid mine drainage and desalination plants.
Food processing discharges brines rich in sodium chloride, while desalination brines often
exceed 5 wt% salts and contain pre-treatment chemicals and heavy metals from equipment
corrosion [1].

Mercury (Hg) is a persistent global pollutant cycling through the atomosphere,
land, and water, with significant natural and anthropogenic sources. Key fluxes include
oceanic evasion of elemental Hg (Hg) at 7950 kg/day, vegetation deposition via litterfall
(2795–3370 kg/day), and inland inputs from artisanal gold mining (2410 kg/day), indus-
trial discharges (603 kg/day), and terrestrial mobilization (465–820 kg/day) [2]. Mercury
concentrations in contaminated groundwater can reach up to 94.4 µg/L, whereas industrial
wastewaters, particularly from chlor-alkali industries, can have greater levels of up to
10 mg/L [3]. Sodium concentrations in industrial effluents and salty streams range from 20
to 80,000 mg/L [4,5].

Magnesium (Mg) is increasingly released by industry because of demand from electric
vehicles, aluminum alloys, batteries, fertilizers, and water treatment. For example, China
discharges 54,800 tons of magnesium chloride daily from fertilizer production, affecting
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the quality of water and soil. Magnesium concentrations in seawater can reach approxi-
mately 1300 mg/L, while in desalination brines, they may increase up to 4200 mg/L [6].
Magnesium concentrations have been reported to reach 183 mg/L in municipal drain water
samples from Faisalabad, Pakistan [7], and up to 377.3 mg/L in raw effluent from the stain-
less steel industry [8]. Although Mg toxicity is low, high wastewater concentrations harm
soil structure and plant growth. Recovery of Mg can mitigate impacts and provide valuable
resources, highlighting the role of adsorption in the management of metal contaminants [9].

Adsorption has gained attention for its versatility and efficiency. Governed by mass
transfer in liquids, adsorption in organic solids is used both to synthesize metal and
nanostructured oxide catalysts [10,11] for green processes such as biodiesel production and
dye degradation and as a sustainable method for removing metal ions from contaminated
waters [12–17]. Adsorption can also be used as a way to remove metals from aqueous
effluents [18–21] and, in this context, as a viable alternative compared to hydrometallurgical
strategies for wastewater treatment.

As adsorption of metallic cations contained in aqueous solutions involves mass transfer
from the liquid phase to the surface of solid particles in suspension and can involve the
establishment of chemical bonds with the adsorbent surface molecular groups, it is desirable
that the solid particles, for example, biomass fibers, have dimensions in the nanometric
range, and also that the chemical structure of the molecules present in the particle surface is
amenable to functionalization, or, in other words, substitution of specific groups by others
to which the metals can build a much more stable interaction. In this context, it should be
noted that nanocellulose is a type of nanomaterial, which is a good complement to both
stated requirements.

Nanocellulose can be considered a future material, as it derives from both sustain-
able nature and the multiple applications of nanofibers, which range from additives in
composites to wastewater treatment [22]. Sustainability is practiced, as nanocellulose
can be produced practically from all types of lignocellulosic biomass raw material or
residue, including sugarcane bagasse, seed shells, or wood. Among the several properties
of nanocellulose that justify its application in different fields, its reduced particle size in
the nanometric range and the possible insertion of specific organic units (functionalization)
can both considerably enhance the desired physical or chemical property. Concerning
adsorption, high selectivity and adsorptive capacities can be achieved through proper
functionalization and size control [19].

The interaction of various types of nanocellulose with metal cations has been exten-
sively investigated in literature, particularly in the context of adsorption processes [23–28].
Sulfonated cellulose nanocrystals (SCNC), prepared by acid hydrolysis with sulfuric acid,
have been applied as adsorbents for different metal cations, Pb2+, Ni2+, and Cd2+, reaching
an adsorption capacity of 9.4, 8.5, and 9.7 mg·g−1, respectively, in pH 6.5 [29]. For the
same functionalization type, SCNC was also tested as an adsorbent for Ag+, Cu2+, and
Fe3+. The adsorptive capacity reached values of 56, 2, and 6.5 mg·g−1, respectively [30].
Singh et al. 2014 [31] also employed SCNC which was funcionalized with succinic acid
under the presence of ethylenediamine for both Cr (III) and Cr (VI) removal from aqueous
solutions at room temperature. The metal recovery reached values equal to 94.8% for Cr
(III) at pH 6.5 and 98.3% for Cr (VI) at pH 3.5. Recently, Teixeira et al. [32] investigated the
use of SCNC nanofibers for Co2+ removal from aqueous solutions at pH 6.0. After 40 min
of contact time, cobalt concentration in solution remained constant, suggesting that equilib-
rium was achieved, with metal recovery and adsorptive capacity respectively equal to 87%
and 87 mg·g−1.

Cellulose nanofibers oxidized by TEMPO (TCNF) have already been used as adsor-
bents for Cr (III), Ni (II), Zn (II), and Cu (II) cations. The adsorptive capacity was equal to
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0.167 g·g−1 for Cr (III), 1.104 g·g−1 for Ni (II), 0.065 g·g−1 for Zn (II), and 0.143 g·g−1 for Cu
(II) [33]. Moreover, it was observed that TCNF thin films can act as adsorbent of radioactive
complex cations, for example, UO22+, suggesting a significant correlation between the
presence of carboxylate units, which is typical for TCNF nanofibers, and the observed
adsorbent potential for metallic cations or complexes. In the case of UO22+ cations, the ad-
sorptive capacity reached the expressive value of 167 mg·g−1 [34]. Teixeira et al. [32] also
used TCNF nanofibers as adsorbents for Co2+ present in aqueous solutions, and a 90%
metal removal was reported after 30 min of contact time at pH 6, as well as a maximum
equilibrium adsorptive capacity of 90 mg·g−1.

The examples mentioned so far clearly illustrate the significant potential of both
cellulose nanofibers (TCNF and SCNC) as adsorbents for metals cations or complexes
present in aqueous solutions. The diversity of the metals already tested suggests that
nanocellulose, once properly functionalized, could be viewed as a possible solution to
treat real industrial waste. It is worthwhile to mention that after saturation (equilibrium)
achievement under the desired operational conditions, the solid nanofibers containing the
removed metals could possibly be employed as an additive for enhancing either mechanical
or thermal properties of technologically relevant composites [35–37].

In this context, it is generally understood that the desired positive effect associated
with the presence of the nanocellulose fibers can be limited by their thermal degradation,
which should be evaluated prior to their incorporation into the final composite. In the
case of cellulose, literature data strongly suggest a correlation between the raw material
used and the thermal behavior observed. For example, in the case of cellulose extracted
from maze straw and soybean hull, the peak for DTG for both celluloses were located
around 300–400 ◦C and 270–390 ◦C, respectively, for heating rates varying between 5
and 20 ◦C·min−1 [35]. In addition to the raw material nature, nanofiber dimensions can
appreciably influence the observed thermal behavior. For TCNF, its thermal degradation
should start at 222 ◦C, whereas for cellulose, at 275 ◦C. Moreover, two thermal events
should be observed in the case of nanocellulose, and only one for cellulose, as clearly
evidenced by DTG data [36].

Additionally, the nanofibers’ stability has been demonstrated to be strongly dependent
on the type and amount of functionalization, as observed for SCNC [37], suggesting that as
the sulfonated groups’ concentration gets higher, the nanofibers’ stability shrinks, and the
observed initial degradation temperature shifts to lower values. For example, in the case of
bacterial cellulose (BC), thermal degradation under air atmosphere should start around
250 ◦C, while with the substitution of hydroxyl for sulfonated groups (66 mmol·g−1),
thermal degradation starts around 150 ◦C. In both cases, the temperature varied between
110 and 500 ◦C, and the heating rate was fixed at 2 ◦C·min−1 [37].

On the topic of the effect of metal presence on nanofiber thermal behavior, only a
few studies can be found in the literature, most of which are associated with the oxida-
tion or thermal degradation of nanocomposites in which nanocellulose comprises the
matrix, and noble metallic nanoparticles are embedded in it. Results so far point out that
nanocellulose thermal behavior should strongly depend on the chemical nature of the
nanoparticles present.

For palladium adsorbed in SCNC (Pd-SCNC), for example, the TGA profile did not
change at all, with mass loss starting at 230 ◦C at a heating rate of 10 ◦C·min−1 and
air atmosphere. In the end, the remaining mass of the Pd-SCNC sample is attributed
to the residue of noble metals [38]. Moreover, Cirtiu et al. [39] investigated the thermal
degradation of a nanocellulose matrix nanocomposite containing Pd nanoparticles and
concluded that the presence of the nanoparticle did not change the thermal degradation
profile, which was measured under a heating rate of 10 ◦C·min−1 and N2) atmosphere.
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In the case of the Ag and Au nanoparticle presence over a SCNC matrix, both the initial
degradation temperature and the thermal events observed by mass loss measurements
are different from the thermal behavior of the pure nanofibers. Both metal-containing
samples showed an initial degradation temperature around 110 ◦C, which was much lower
than that of the pure SCNC sample, 220 ◦C. Also, the presence of metal appears to have
a strong influence over the degradation mechanism, as three main thermal events can be
attributed to Au-SCNC and Ag-SCNC, whereas in the case of pure SCNC, there are only
two. The last thermal event of all samples appears to be unaffected by the presence of
metallic particles [40].

The purpose of the present article is to contribute knowledge on both the use of two
nanocelluloses types (SCNC and TCNF) as adsorbents for cations contained in aqueous
solutions, to which, till the present date, no data are available in literature (Na+ and Hg2+

for SCNC; Mg2+ and Hg2+ for TCNF). In addition, the effect of the presence of metal
on the nanofibers’ thermal behavior is explored, a topic that, despite its technological
implications, is also very poorly covered in literature. Moreover, results obtained are of
significant technological value, reinforcing the potential use of nanocellulose suspensions
as an alternative strategy for removing heavy metals from industrial wastewater. They
also show the significant impact that the metallic cation presence can have on the observed
thermal behavior.

Considering the application of nanocellulose as an adsorbent for effluent treatment
and, subsequently, its potential use as an additive in composites, the present study ad-
dresses a critical gap in the literature by investigating the thermal degradation behavior
of nanocellulose (TCNF and SCNC) following the adsorption of selected metal cations
such as Mg2+, Hg2+, and Na+. These cations were selected due to their relevance to
water potability, particularly with respect to toxicity, salinity, and hardness. This work
distinctively examines the influence of adsorbed metallic species over the thermal stability
of nanocellulose, a topic of considerable technological importance but poorly explored in
scientific literature. The present findings provide meaningful information on the potential
use of nanocellulose suspensions as an effective and sustainable strategy for the removal
of heavy metals from industrial effluents, while also elucidating the significant impact of
metal presence on the thermal properties of the nanofibers.

2. Materials and Methods
2.1. Synthesis of SCNC and TCNF

In this study, two types of nanocellulose were prepared: SCNC and TCNF. SCNC was
obtained via acid hydrolysis using an aqueous H2SO4 solution, whereas TCNF was syn-
thesized using an aqueous oxidizing solution containing NaOCl, NaOH, and the TEMPO
catalyst. In both cases, a high-purity cellulose sample (99%, Sigma Aldrich, St. Louis,
MO, USA) served as the raw material. Detailed synthesis procedures are described by
Teixeira et al. [32]. Prior to FT-IR characterization, thermogravimetric analysis (TGA) and
metal adsorption the synthesized nanocelulloses were thoroughly washed with deionized
water and centrifuged four times (15 min at 5800 rpm).

2.2. Adsorption Tests

For both nanocellulose suspensions, the pH was previously adjusted to 6.0 ± 0.5, where
the surface charge of the fiber can reach a maximum negative value [32], thus contributing
to the effectiveness of cation adsorption. The system (nanofibers suspension together with
the cationic solution), comprising a total volume of 100 mL, was continuously stirred at
150 rpm at room temperature (CIENTEC CT-712RNT, São Paulo, Brazil). After a contact
time of 3 h, the liquid phase was separated through centrifugation, under conditions
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similar to those employed during nanocellulose synthesis. Next, the remaining cation
concentration was then quantitatively evaluated using ICP-OES (Optima 7300 DV, Perkin
Elmer, Inc. Shelton, CT, USA).

In order to evaluate the adsorptive capacity, Equation (1) was employed, where Ct

represents the final concentration after 3 h contact time and Ci the initial concentration, both
expressed in mg·L−1, V the total solution volume in L, and mad is the adsorbent dose (g).

qt =
(ci − ct)V

mad
(1)

Metal recovery values were also evaluated, according to Equation (2). The adsorbent
doses, cationic precursors, and initial metal concentrations of the tests are shown in Table 1

Rec = 1 − ct

ci
(2)

The initial conditions for the adsorption tests are listed in Table 1, which, besides
each metallic precursor used, describes the adsorbent dose employed and each metallic
cation concentration after establishing contact with the nanocellulose suspension. Af-
ter the desired contact time, the nanofibers impregnated with metallic cations were next
washed/centrifuged four times and stored in vacuum before TGA analysis. To provide
context for the experimental design, it is necessary to consider the normal concentrations
of these metal ions in real-world effluents. Our adsorption studies used high initial concen-
trations of mercury (500–1000 mg/L), sodium (1000 mg/L), and magnesium (2.4 mg/L),
as reported in Table 1, to ensure that the nanocellulose adsorbents were saturated. It should
be mentioned that the low initial concentration of magnesium hydroxide is justified by its
low aqueous solubility at room temperature. After adsorption process, the impact of the
metal cations presence over the nanofibers thermal degradation profile could be studied,
which was the core focus of present research.

Table 1. Adsorbent dose, cationic precursor, and initial metal concentration during adsorption tests.

Adsorbent Adsorbent
Mass (g) Adsorbate Cationic

Precursor

Metal
Concentration

(mg·L−1)

SCNC 1 Na+ NaNO3 1000
Hg2+ HgCl2 500

TCNF 0.5 Hg2+ HgCl2 1000
Mg2+ Mg(OH)2 2.4

2.3. Fourier Transform Infrared Spectroscopy (FTIR)

For evaluating the nature of the main functional groups found in the nanocellulose
molecular chains, 2 mg of each vacuum dried samples (TCNF, SCNC and Sigma Aldrich
alfa-cellulose), was characterized through FT-IR (PERKIN ELMER Frontier, Waltham, MA,
USA). During sample preparation, the dried nanocellulose was mixed with 0.198 g of KBr
(inert dilutant) and pressed in form of small pellets.

2.4. Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM-EDS)

The TCNF sample containing mercury (TCNF-Hg) was further characterized through
SEM (TM3000 HITACHI, Tokyo, Japan) coupled with EDS analysis (SWIFT ED3000, Oxford
Instruments, Abingdon, UK), in order to qualitatively evaluate the metals composition over
the nanofibers surface. The obtained EDS signal was processed and analyzed by SWIFT ED
1.7.3.0 software, and elemental maps were constructed.
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2.5. Thermogravimetric Analysis (TGA)

The thermal degradation pattern of each nanocellulose dried sample (10 mg) before
and after metal adsorption was evaluated at 20 ◦C·min−1 through dynamic TGA under
inert atmosphere (high purity N2) in the temperature range between 25 and 600 ◦C (Netzsch
Jupiter STA 449 F3, Selb, Germany).

3. Results and Discussion
3.1. FTIR

In Figure 1, the characteristic FTIR spectra of pure cellulose (Sigma Aldrich) and of
both nanocellulose samples in the range between 500 cm−1 and 4000 cm−1 can be observed.
The obtained FTIR spectra were compared with previous literature data. The IR bands of
interest to the present discussion and their corresponding positions in spectra according to
the literature are presented in Table 2.

Figure 1. FT-IR spectra of cellulose, SCNC, and TCNF samples (a), and the detailed region between
2000 and 400 cm−1 (b).

Table 2. Bands and related groups identified on the FTIR spectra.

Material Band Wave Number
[cm−1] Functional Group Reference

Cellulose

3346 O-H stretching from C2 and C3
2900 Stretching of aliphatic

C-H bonds
[41]

1053 Ring vibration of C-O-C bonds
898 Stretching of glycosidic bonds

(β-1,4 C-O-C)
[42]

1650 O-H stretching from adsorbed
water molecules

[36]

CNF 1611 Asymmetric stretching of C=O in carboxylate
COO− [43]
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It is important to note that the necessity of dilution of the solid to be analyzed with KBr,
as explained in the Section 2, does not allow a quantitative comparison of the transmittance
measured. Therefore, the analysis of the obtained FTIR signal focused on the identification
of each band and associated wave number, which has been compared with literature data
(Table 2). As expected, the FT-IR spectra of TCNF and SCNC samples exhibited typical
absorption bands corresponding to stretching vibrations of O–H, C–H, and C–O–C bonds
(Table 2). Notably, the band at 898 cm−1, attributed to glycosidic bond vibrations, appeared
with lower intensity in the TCNF and SCNC samples compared to that of the cellulose
reference. This observation may be attributed to a reduction in the length of the polymer
chain resulting from the nanocellulose synthesis process [41,42].

For TCNF spectra, a new band was evidenced (1611 cm−1), which corresponds to
C=O stretching in carboxylate groups (COO−) asymmetric stretching vibration, confirming
the introduction of carboxylate units during TEMPO oxidation [43,44]. After mercury
adsorption, the sample was subjected to FTIR analysis, and a change in the FTIR peak
corresponding to carboxylate groups presence can be observed, suggesting a measurable
chemical or physical interaction with the inserted COO- units. This interaction may involve
electrostatic forces, complexation, or ion exchange, which can alter the electron density and,
consequently, the peak shape and vibrational characteristics [45]. In contrast, sulfate group
stretching bands were not identified within the precision limits of the applied method;
however, it should be noted that the presence of sulfur in SCNC samples synthesized under
the same conditions, as applied in the present work, was already reported in the literature
by SEM/EDS analysis [32]. Furthermore, a very evident band can be observed in the spectra
of SCNC and cellulose at a wave number of 1650 cm−1, which, according to the literature,
should be associated with O-H stretching vibrations from adsorbed water molecules. In the
case of TCNF, the mentioned vibration band was not observed, although all samples
have been submitted to the same vacuum drying procedure before analysis. Therefore,
the authors believe that the absence of this signal, in this case, can be attributed to a
convolution with the C=O band, which can be viewed as a TCNF fingerprint.

3.2. Adsorption Tests

In Table 3, adsorption test results are shown for both nanocellulose fibers employed as
adsorbents (TCNF and SCNC), together with an estimation of the uncertainties involved based
on the expected variances of mass, volume, and concentration (ICP-OES) measurements.

Table 3. Metal recovery and adsorptive capacity for SCNC and TCNF samples after 3 h of contact time.

Material Adsorbate Metal Recovery (%) Final Metal Concentration
(mg·L−1) Adsorp. Capacity (mg·g−1)

SCNC Na+ 63.3 367 ± 1.84 63.3 ± 0.95
Hg2+ 35.2 324 ± 1.62 17.6 ± 0.25

TCNF Hg2+ 89.3 107 ± 0.54 178.6 ± 2.69
Mg2+ 100 0 0.48 ± 0.07

Table 3 shows substantial metal recovery values for Hg2+ (89.3%, TCNF), Mg2+ (100%,
TCNF), and Na+ (63.3%, SCNC), indicating the strong potential of nanocellulose fibers
as adsorbents in aqueous systems. Notably, the efficiency of metal removal appears to
be influenced by the type of surface functionalization. For instance, mercury exhibited
significantly greater adsorption onto TCNF than onto SCNC, despite the use of a smaller
adsorbent mass (0.5 g of TCNF vs. 1 g of SCNC). The final concentration of Mg2+ was close
to zero, which may be considered a limitation due to the extremely low initial concentration.
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For future studies, the authors suggest the use of a more soluble magnesium precursor,
such as MgCl2.

It is worth mentioning that the adsorptive capacity achieved for mercury using TCNF
fibers in the present work is higher than previous reported for other functionalization
groups, as in the case of L-cysteine functionalized nanocellulose (TCNF) produced from
sugarcane bagasse [46], where an adsorptive capacity equal to 80 mg·g−1 was observed
at pH equal to 6.0 and ambient temperature for a contact time of 30 min. The authors
employed an initial concentration of Hg2+ equal to 100 ppm, which is also much lower
than the one explored in the present article, and an adsorbent dose of 0.01 g. Lei et al. [47]
investigated mercury removal employing a nanocomposite containing a TCNF matrix and
gold nanoclusters as adsorbent, at pH equal to 6.0 and ambient temperature. For an initial
Hg2+ concentration of 10 mg·L−1, equilibrium was established only after a contact time
of 240 min, and a final adsorptive capacity of approximately 55 mg·g−1 was achieved.
Kandile and Mohamed [48] also investigated Hg2+ adsorption, but using chitosan hydrogel.
For an adsorbent dose of 0.1 g and an initial concentration of 4 mg·L−1, an adsorptive
capacity of 35 mg·g−1 was measured under pH 5.0.

Finally, in the work of Kozemy et al. [49], Hg2+ removal from aqueous solutions was
investigated using a wheat flour-derived hydrogel at 30 ◦C, with 0.04 g adsorbent dose.
At pH 6 and for an initial concentration of Hg2+ of 50 ppm, equilibrium was achieved
after 600 min, and a final adsorptive capacity equal to 13 mg·g−1 has been evidenced.
It is important to note that the 3 h contact time considered in the present investigation
should indeed be much higher than the minimum time required for equilibrium to be
achieved. Previous work employing the same sort of adsorbents (TCNF and SCN) [32]
demonstrated that cobalt equilibrium can be achieved after approximately 30 min at pH
6.0. A detailed study of the kinetics associated with Hg2+ adsorption using both TCNF
and SCN should indeed be considered in a future publication, as well as the possibility of
reuse of TCNF nanofibers.

The higher adsorptive capacity for Hg2+ removal can be associated with the presence
of -COOH groups in the surface of TCNF fibers, as suggested by the FT-IR pattern around
1600 cm−1 (Figure 1). It is interesting to observe that TCNF nanofibers also show appreciable
adsorptive potential for other metallic cations, such as, Co2+ [32] (90 mg·g−1 and 90%
recovery), Cr3+ (167 mg·g−1), Ni2+ (1104 mg·g−1) and Cu2+ (143 mg·g−1) [33], reinforcing
that nanocellulose, once proper functionalized, for example, through insertion of -COOH
groups, as in the case of TCNF, can be seen as promising adsorbent for heavy metals
present in aqueous media, such process could be seen as complementary for the typical
hydrometallurgical pathways. Comparative data from different studies on metal ion
adsorption using TCNF and SCNC are summarized in Table 4.

Table 4. Summary of studies on metal ion adsorption using TCNF and related adsorbents.

Study/Reference Ion Adsorbent Conditions Ads. Capacity (mg·g−1) Equilibrium Time

Bansal et al. [46] Hg2+ TCNF pH 6.0, 3 h 80 3 h

Leiat et al. [47] Hg2+ TCNF + Au nanoclusters pH 6.0 55 240 min

Kandle & Mohamed [48] Hg2+ Chitosan hydrogel pH 5.0 35 -

Kozemy et al. [49] Hg2+ Wheat flour hydrogel pH 6.0, 30 °C 13 600 min

Previous work [32] Co2+ TCNF and SCNF pH 6.0 91 30 min

It is important to point out that the degree of functionalization and defibrillation could
be even more stimulated through enhancing NaOCl concentration during TCNF production,
which works in the regeneration of the TEMPO catalyst [50]. With this approach, a much higher
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functionalization degree and lower nanofiber size could be achieved, considerably contributing
to both the adsorption driving force and kinetics. This topic, although very interesting for a
future publication, lies outside the present scope, which focuses on the effect of the metal’s
presence over nanofiber TGA behavior, but will also be a part of a future publication.

3.3. SEM-EDS

Considering the higher toxicity associated with mercury in water and the fact that
the highest recovery was achieved for its adsorption over TCNF nanofibers; the TCNF-
Hg sample was characterized through SEM analysis (Figures 2 and 3). The EDS map
and corresponding sample area are depicted in Figure 2, and the associated characteristic
electromagnetic spectra in Figure 3. The EDS mapping (Figure 2) and corresponding
spectra for the TCNF-Hg sample (Figure 3) confirmed the presence of carbon and oxygen,
the primary constituents of cellulose, along with detectable amounts of sodium, chlorine,
and mercury. The sodium signal suggests the formation of carboxylate groups via oxidation,
subsequently activated through carbonate formation. Chlorine detection is attributed to the
adsorption of Cl− ions originating from the chlorinated precursors used during synthesis
(NaClO and HgCl2). The identification of a significant contrast associated to mercury in the
EDS map, as well as a clear contribution of this element to the EDS spectra (peak between 2
and 2.5 keV in Figure 3) strongly suggest that mercury has adsorbed into the nanofibers
surface, as expected by the significant recovery reported in Table 2. Figures 4 and 5 show,
respectively, the TEMPO-mediated oxidation of cellulose and the acid hydrolysis reaction
used to produce SCNC.

Figure 2. SEM image and elemental EDS map for TCNF-Hg sample.
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Figure 3. EDS spectra for TCNF-Hg sample for sample area depicted in Figure 2.

Figure 4. Activation and carboxylate group formation in the cellulose surface.

Figure 5. Acid hydrolysis of cellulose resulting in SCNC.

It should also be pointed out that the low mercury concentration evidenced by the
EDS signal can be explained by the lixiviation of part of the adsorbed metal during the
washing cycles. Finally, the bright particles depicted in the SEM image in Figure 2 could
be associated with some residual presence of the reaction media (inefficient centrifugation
and washing), resulting in the formation of HgCl2 and or NaCl crystals.

3.4. TGA

The TGA analysis results, along with the corresponding DTG signals for cellulose and
both synthesized nanocellulose samples, are shown in Figure 6. The thermal behavior of
TCNF and SCNC after mercury adsorption is presented in Figure 7, the results for Na+ and
Mg2+ adsorption are shown in Figure 8.

In Figure 6, both the TGA signal (Figure 6a) and associated DTG curves (Figure 6b)
are depicted for pure cellulose and the two nanocellulose samples synthesized (SCNC and
TCNF). According to the data, thermal decomposition of cellulose occurs at around 260 ◦C,
which is in accordance with previous results from the literature. In the case of cellulose
extracted from maize straw, for example, degradation should start at a temperature around
250 ◦C in N2) atmosphere (5 ◦C·min−1) [35], 275 ◦C in air atmosphere (4 ◦C·min−1) for
softwood bleached Kraft cellulose [36], and 280 ◦C in N2) atmosphere (10 ◦C·min−1) for
rice straw cellulose [43].

The observed differences can be attributed to energy transport effects (convection
and/or conduction within the TGA system), sample composition (e.g., residues from prior
treatments), crucible material, gas flow and composition, and the applied heating rate.
Lower heating rates shift decomposition temperatures to lower values, as previously noted
for maize straw cellulose (250 ◦C; 5 ◦C·min−1). In contrast, higher onset temperatures in
other cases likely result from the remaining factors.
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Figure 6. Thermal behavior for cellulose, SCNC, and TCNF samples: (a) TGA; (b) DTG.

Figure 7. Thermal behavior for SCNC and TCNF samples after mercury adsorption, with 3 h of
contact time and temperature range from 25 to 600 Celsius: (a) TGA; (b) DTG.

The DTG signal for cellulose (black curve in Figure 5b) shows a single major mass
loss near 350 ◦C, indicating one dominant thermal event. This is consistent with reported
values in the literature (339 ◦C at 4 ◦C·min−1 [35]; 361 ◦C at 10 ◦C·min−1 [43]).

The ratio of amorphous to crystalline domains in nanocelluloses appears to influence
both adsorption capability and thermal stability. Amorphous regions, being less ordered
and more flexible, tend to enhance adsorption by increasing molecular mobility and provid-
ing more accessible active sites. Conversely, crystalline domains, although less accessible,
contribute to thermal resistance due to their compact and well-organized structure, which
limits molecular motion and delays thermal degradation. Previous XRD analysis [32] with
Rietveld refinement indicated crystallinity degrees of 66.3% for TCNF and 72.3% for SCNC,
with average crystallite sizes between 4.2 and 4.6 nm. These structural differences may
directly affect thermal behavior: SCNC is expected to exhibit greater thermal resistance,
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while TCNF may begin degrading at lower temperatures due to its higher amorphous
content and less stable molecular arrangement.

Figure 8. Thermal behavior for SCNC sample after sodium adsorption and TCNF sample after
magnesium adsorption, with 3 h of contact time and temperature range from 25 to 600 Celsius:
(a) TGA; (b) DTG.

Compared to cellulose, both nanocelluloses (TCNF and SCNC) exhibit much
lower decomposition onset temperatures—approximately 200 ◦C and 116 ◦C, respec-
tively—due to their nanoscale structure and presence of functional groups, which increase
thermal instability.

Nanoscale materials possess higher molar Gibbs energy than bulk counterparts,
leading to reduced thermal stability. SCNC, with dimensions of 10 nm (thickness) and
20–100 nm (length) [32], presents a greater surface area than TCNF (5.6 nm thickness, mi-
crometric length), accelerating heat-induced degradation. Additionally, larger functional
groups such as –COOH and –OSO3H further destabilize the nanofibers [36,51].

Thus, the lower thermal stability of SCNC arises from both its sulfonate content
and nanoscale dimensions, which increase surface exposure to heat. Acid hydrolysis
shortens cellulose chains and may disrupt crystallinity, reducing thermal resistance [52,53].
The higher surface area enhances thermal interaction, explaining the faster degradation of
SCNC compared to the fibrillar, less exposed structure of TCNF [54]. This lower dimension
also contributes to an earlier initiation of heat breakdown, as smaller nanoparticles have a
greater surface area and reactivity. However, SCNC’s increased crystallinity allows for a
more thermally stable degradation peak, surpassing that of TCNF. As a result, the SCNC
degradation profile shows a balance of early thermal activation due to particle size and
increased thermal resistance due to crystalline domains.

Another key distinction in thermal behavior between the nanofibers and micrometric
cellulose lies in the DTG profiles. While cellulose exhibits a single thermal event, both func-
tionalized nanocellulose samples show two distinct DTG peaks (240 and 310 ◦C for TCNF
and 210 and 350 ◦C for SCNC). The literature suggests that this dual-peak pattern may
result from partial functionalization, where the first peak corresponds to the functionalized
regions of the nanofibers and the second to the unmodified regions [36,50].
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Indeed, this explanation appears to be reasonable in the case of SCNC because the
DTG peak of the second thermal event is almost coincident with the sole peak identified for
the cellulose sample. However, in the case of TCNF, the temperature interval of the second
thermal event is very different than the one found for SCNC.

Therefore, it could be suggested that a change in the functionalization type can not
only affect the thermal instability but also stimulate considerable modifications in the
thermal decomposition mechanism involved. It is also interesting to note that the presence
of two DTG peaks has already been reported before for nanocellulose fibers, and the tem-
perature range in which both thermal events are observed in the present work is consistent
with these previous results. For TCNF, Fukuzumi et al. [36] cited two peaks; the first
one is around 233 ◦C and the second around 282 ◦C. Regarding the metal presence effect
over the observed nanofiber thermal degradation pattern, the obtained results suggest
that the adsorbed metal cations can influence not only the velocity (kinetics) in which a
specific thermal event takes place, but also in some cases completely change the thermal
degradation mechanism involved, extending the behavior already pointed out in literature
for the effect of metallic nanoparticles in TCNF [38–40].

In the case of mercury, for example (Figure 7a,b), the effect observed for TCNF is
much less pronounced in comparison to the SCNC nanofibers, as in the case of TCNF,
the same number of thermal events are evidenced after Hg2+ adsorption, with a measurable
difference in the starting temperature of the first DTG peak, which reduces from 200 ◦C
(before adsorption) to 170 ◦C after adsorption. For the second thermal event, such an effect
is not observed (Figure 7b). It is also interesting to observe that the presence of mercury
did not appear to have a measurable influence on each DTG peak magnitude.

In contrast to TCNF, SCNC presents a huge difference in thermal behavior after the
adsorption of mercury. The associated DTG signal clearly shows that in the presence of
mercury cations, the SCNC nanofibers should now decompose in three consecutive thermal
events, the first one starting at a higher temperature (210 ◦C) in comparison to the first DTG
peak of SCNC before metal incorporation. Also, the peak intensity appears to be of much
lower intensity in the presence of mercury as compared to the one found in the sample
without the metal. The third peak, which, as was said before, in the case of the SCNC
sample, should be related to the non-functionalized part, has almost the same intensity and
shape as compared with the condition before metal adsorption. This is consistent with the
expectation that mercury should preferentially adsorb in regions where -O3SOH groups
had been previously inserted. Finally, between the two mentioned thermal events, a new
one is observed, with a maximum DTG peak intensity of around 305 ◦C. This last DTG
peak strongly suggests that in the case of SCNC, the presence of mercury can indeed induce
a change in the mechanism associated with the thermal degradation of the nanofibers. The
possible change in the degradation mechanism associated with the adsorption of specific
metallic cations over nanocellulose fibers was also evidenced in the case of sodium when
SCNC fibers are used as adsorbents (Figure 8a,b).

According to the data, the presence of sodium completely changes the intensity and
temperature range of the first thermal degradation event observed, the initial temperature
varying from around 116 ◦C (without sodium) to almost 280 ◦C in the presence of the
metal. It is worthwhile to mention that again, for the second thermal event, the presence of
the cation did not appear to have any influence at all, again corroborating the hypothesis
that this part of the thermal behavior should involve the non-functionalized part of the
material, which, as in the case of mercury, should not be appreciably involved in the metal’s
adsorption. In the case of magnesium, no effect at all over the TCNF thermal behavior was
evidenced. This fact could be explained by the low concentration used in initial solution of
MgOH, which was limited by the very low solubility of the cation precursor (Mg(OH)2)



Metals 2025, 15, 832 14 of 17

at ambient temperature (25 ◦C). Consequentially, even after a contact time of 3 h, a very
low adsorptive capacity was achieved (0.48 mg·g−1), although with full cationic removal.
The reduced cation concentration over the nanofibers surface should then explain why the
thermal behavior was almost identical to the one found for the TCNF nanofibers without
the metal presence.

4. Conclusions
Based on the findings of this study, both TCNF and SCNC nanofibers demonstrated

considerable potential as adsorbents for removing metal cations from aqueous media.
SCNC effectively removed mercury (Hg2+) and magnesium (Mg2+), while TCNF per-
formed well in adsorbing sodium (Na+) and especially mercury. In all cases, metal recov-
ery exceeded 55%, with TCNF showing superior performance. Notably, TCNF achieved
mercury recovery and adsorption capacity values of 86% and 172 mg·g−1, respectively.

Therefore, it can be suggested that the carboxylate groups generated during TCNF
synthesis have a very high affinity to the Hg2+ cations available in solution. Regarding the
thermal behavior studied, nanocellulose appears to be much more unstable in comparison
to the bulk sample. While bulk cellulose starts to decompose at 260 ◦C at a heating rate of
20 ◦C·min−1, TCNF and SCNC samples start to decompose much earlier, with the initial
temperatures respectively equal to 200 ◦C and 160 ◦C. In addition to that, the decomposition
mechanism of TCNF appears to be very different from the bulk cellulose sample, with
two very distinct thermal events and DTG peaks. In the case of SCNC, two thermal events
can also be observed, with the second one occurring in a similar region as the DTG peak of
bulk cellulose, although of less intensity. Therefore, it is proposed that the second event,
in this case, is associated with the part of the nanocellulose that is not functionalized through
the insertion of sulfate units (-O3SOH), whose presence stimulates thermal instability.

Finally, regarding the effect of metals presence over each nanofiber’s thermal behavior,
it can be said that it is influenced by both cation nature and nanocellulose type. In the
case of SCNC, the presence of mercury leads to a strong modification of the decomposition
pattern, resulting in the incorporation of a third thermal event, with a dominant DTG peak,
when compared with the other two thermal events observed. In the case of sodium, the first
thermal event shifts to a much higher initial temperature (around 306 ◦C; 20 ◦C·min−1),
and also the DTG peak intensity exhibits a significant increase. Therefore, binding of both
cations (Hg2+ and Na+) with the previously inserted sulfonic units (-O3SOH) stimulates,
in the case of SCNC, with a significant modification of the thermal degradation mechanism.

In the case of TCNF, the effect is less significant. For mercury, two main thermal
events were also observed; the second event exhibited a DTG profile very similar to that
of the same sample before metal adsorption, while the first event was shifted to a higher
temperature range (initial temperature around 250 ◦C), with peak intensity remaining
nearly unchanged. These results suggest that the effect of mercury should not be associated
with a significant change in mechanism, as in the case of sodium and mercury over SCNC
nanofibers. Finally, in the case of Mg2+ over TCNF nanofibers, no effect at all was observed,
which can be explained by the very low adsorptive capacity achieved after 3 h contact
time (0.48 mg·g−1). Although the metal recovery was very prominent (99.6%), the initial
concentration of magnesium (2.4 g·L−1) was much lower than that of mercury (1000 g·L−1),
which is understood to be based on the low solubility of the cationic precursor (Mg(OH)2)
at ambient temperature (20–25 ◦C).
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