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Abstract: A novel anionic nanostructured cellulose derivate was prepared through the coupling of
TEMPO-oxidized cellulose nanofibers with 3-aminopropyl sulfonic acid (3-APSA). 3-APSA grafting
was variously investigated by FT-IR spectroscopy and transmission electron microscopy (TEM)
analysis, confirming a high reaction degree. The surface morphology investigated via scanning
electron microscopy (SEM) revealed a more uniform organization of the nanofibers after the 3-APSA
coupling, with improvements in terms of fiber packing and pore interconnectivity. This peculiar
morphology contributes to improving methylene blue (MB) adsorption and removal efficiency
at different operating conditions (pH, initial time, and initial concentration). The results indicated
a maximum adsorption capacity of 526 mg/g in the case of 3-APSA grafted nanofibers, over 30% more
than that of non-grafted ones (370 mg/g), which confirm a relevant effect of chemical modification on
the adsorbent properties of cellulose nanofibers. The adsorption kinetics and isotherms of the current
adsorbents match with the pseudo-second-order kinetic and Langmuir isotherm models. This study
suggests the use of chemical grafting via 3-APSA is a reliable and facile post-treatment to design
bio-sustainable and reusable nanofibers to be used as high-performance adsorbent materials in water
pollutant remediation.

Keywords: cellulose nanofibers; adsorption; cationic dyes

1. Introduction

Cellulose is the most abundant natural polymer on earth, providing a sustainable green
resource that is renewable, degradable, and biocompatible, with cost-effectiveness [1–3].
Cellulose and its derivatives have been studied for their application as adsorbents and
membranes for the purification and detoxification of water due to their excellent adsorptive
capacity [4,5]. The limited solubility of cellulose in water and organic solvents affects its
chemical reactivity and limits its use in different applications. The solubility of cellulose can
be improved by its chemical modification, e.g., tosylation [6–8], TEMPO oxidation [9,10], es-
terification, or etherification [11]. These reactions have been widely applied to broaden their
utilization in many environmental, technological, and biomedical applications, although
different approaches have been suggested for their chemical modifications. In particular,
the selective oxidation of cellulose using 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)
is one of the most influential and demanding approaches for the selective conversion of
the primary alcohol groups at C6 into the corresponding aldehydes or carboxylic acid
groups [12]. In addition, it offers a high reaction rate with minimal chain degradation
throughout the process. TEMPO-oxidized cellulose nanofibers (TOCNF) provide a thrilling
route for introducing new carboxyl groups that can effectively facilitate the immobilization
of new small molecules, proteins, peptides, or macromolecules [13–15].

On the other hand, heavy metals, phenolic compounds, dyestuffs, and colorant agents
are the most common organic water pollutants. With the escalation of consumer demands
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and industrial development, the risk of water pollution with such contaminants increases,
which in turn negatively influences the ecosystem and threatens public health [16–19].

There are different bio-adsorbents that have been proposed for the removal of organic
dyes, such as anionic methyl orange (MO) and cationic methylene blue from aqueous
solutions. Among these bio-absorbents are activated carbons (ACs), which are derived
from the waste of consumed food or drinks [20]. For instance, Block et al. [21] reported
the production of ACs through the pyrolysis of sodium-hydroxide-pretreated dried spent
coffee waste (SCD), which exhibited nonselective adsorption for methyl orange (MO) and
cationic methylene blue. Meanwhile, Nguyen et al. [22] reported the synthesis of ACs
from teak sawdust. The resulted ACs efficiently adsorbed methylene blue in addition to
Cd(II) and Cu(II) ions. Also, agriculture waste such as sugar cane bagasse and rice strew
were used as sustainable resources for the preparation of carbon-based materials, such as
biochar and cellulose nanofibers (CNFs). CNFs have been identified as highly functional
and bio-based adsorbents for different organic and inorganic pollutants due to their small
fiber diameters (>10 nm), high aspect ratios (>100), high specific surface areas, abundant
functionalities, high crystallinities (65–95%), high tensile strengths (200–300 MPa), high
elastic moduli (6–7 GPa), and low ζ-potentials in water (ca. −75 mV). Moreover, different
methodologies were proposed to functionalize NCFs to improve their adsorbent capacity
and selectivity [4,23]. For instance, when polyethyleneimine (PEI) was grafted to TOCNF,
the resulting hydrogel dramatically increased the initial adsorption capacity of Cu (II)
adsorption, i.e., achieved a- maximum Cu(II) uptake of 52.32 mg/g—as confirmed by
comparative kinetic studies with samples without PEI [24]. Zhu et al. optimized a mem-
brane with high hydrolytic stability and recyclability by blending TOCNF with graphene
oxide (GO), acting as an adsorbent for Cu(II) ions. The results showed that GO did not
only boost the removal capacity of Cu(II) ions, but also increased the membrane flexibility,
hydrolytic stability, and mechanical strength [25]. Similarly, Liu et al. designed cellulose
beads by mixing TOCNF with Fe(III) ions via the extrusion dropping technique. In this case,
(Fe-CCB) beads were used to spontaneously remove the bromide ions from water at low
concentrations under neutral or acidic conditions due to their nonfibrillar structure [26]. In
another study, titanate@TOCNF-reinforced chitosan hydrogels, modified with fluorescent
carbon dots, showed an efficient adsorption ability for Cr (VI) ions. In this case, fluorescent
hydrogel showed a maximum adsorption capacity for Cr(VI) at 228.2 mg/g with a detection
limit at a concentration of 10–80 mg/L [27]. TOCNF was used for the adsorption of cationic
metal ions, but it was also used to address the detoxification of organic pollutants and
water remediation. In this regard, Hussain et al. fabricated a series of recyclable hybrid
monolith GO/TOCNF composites for the adsorption of methylene blue (MB) dye. The
adsorbent completely removed the traces of MB dye following pseudo-second-order kinet-
ics, attaining a maximum adsorption capacity of 227.27 mg/g [28]. Accordingly, the in situ
preparation of TiO2 nanoparticles using TOCNF resulted in the formation of TOCNF/TiO2
nanocomposites, which displayed a maximum adsorption capacity for brilliant blue dye
(BB) of up to 162 mg/g at pH 7.

On the other hand, 1,1′-carbonyldiimidazole (CDI) has been used as a green, solvent-
free activator to accelerate other coupling reactions such as esterification, amidation, and
carbamate reactions [29]. In particular, CDI offers several advantages over other organic or
phosphor-organic activators due to its strong electrophilic nature. Indeed, it can activate
carboxylic acid, alcohol, or amine groups [30,31]. CDI is extremely cheap compared with
other activating reagents and can be easily produced in kilos. Further, its use promotes the
delivery of harmless by-products such as CO2 gas and imidazoles, which act as base cata-
lysts during coupling reactions. Therefore, CDI is commonly used in pharmaceutical and
fine chemical industries for the scalable manufacturing of a variety of aliphatic, aromatic,
and heterocyclic products [32].

In this work, we developed a novel chemical method for the efficient and direct
preparation of new bio-adsorbent materials to remove methylene blue dye. The preparation
involved using TEMPO-oxidized CNFs produced from sugar cane bagasse pulp. Then,
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CDI activation for the generated carboxylic groups along the TOCNF chains accelerated the
rate of the amidation reaction with 3-APSA. Chemical and physical characterizations were
performed to validate the sustainable and green properties of 3-APSA-grafted TOCNF for
the facile fabrication of scalable bio-adsorbents.

2. Materials and Methods
2.1. Materials

3-Aminopropyl sulfonic acid (APSA, with 98% purity) was purchased from VWR Inter-
national and used as-received. Bleached bagasse pulp was supplied from Qena Company
(city of Qena, Egypt) of Paper Industry, Egypt. The chemical composition of the bleached
bagasse pulp was 69.23% alpha-cellulose, 29% pentosans, 0.92% lignin, and 0.85% ash
content. 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO, 95%) and 1,1′-carbonyldiimidazole
(CDI, 97%) were purchased from Merck.

2.2. Methods
2.2.1. Preparation of TEMPO-Oxidized Cellulose Nanofiber (TOCNF1)

TEMPO-oxidized cellulose nanofiber was prepared from bagasse pulp according to
the method described by Salama et al. [12]. In brief, 20 g of bleached bagasse pulp was
dispersed in distilled water with TEMPO (0.8 g) and sodium bromide (8 g). Then, 300 mL
of sodium hypochlorite solution (15%) was added with continuous stirring, and the pH
was adjusted to 10.0 using the NaOH (3 mol/L) solution. The pH was adjusted to 7.0, and
the product was centrifuged at 10,000 rpm several times. Finally, the product was purified
with dialysis for 1 week against deionized water.

2.2.2. Coupling of 3-Aminopropyl Sulfonic Acid APSA to TOCNF1

TOCNF1 (30 g) was mixed with 1 g of DIC and ball-milled in a mortar for 10 min.
Then, APSA (0.3 g, 7.1 mmole), dissolved in 50 mL of water, was added dropwise to the
DIC-activated TOCNFs. The reaction was continually stirred at 75 ◦C for 72 h. After-
ward, the fibers were separated by filtration and washed three times with boiling water
(3 × 50 mL) and three times with boiling ethanol (3 × 50 mL) to ensure the complete re-
moval of unreacted APSA and DCI. Finally, the fibers that had the code name TOCNF2
were collected and freeze-dried for 48 h.

2.3. Characterization
2.3.1. Elemental Analysis

The elemental analyses for TOCNF1 and TOCNF2 were recorded with Vario Elementar
(Germany) in triplicate.

2.3.2. Fourier Transfer Infrared Spectroscopy

The FT-IR spectra of TOCNF1 and TOCNF2 were recorded with a FT-IR spectrometer
(Nicolet Impact-400 FT IR spectrophotometer, Thermo Scientific, Madison, WI) (in the range
of 400–4000 cm−1.

2.3.3. Scanning Electron Microscopy (SEM)

The surface morphology of TOCNF1 and TOCNF2 were analyzed using scanning
electron microscopy (JSM 6360LV, JEOL/Noran). The microscope was attached to an energy
dispersive X-ray analysis (EDX) unit. The samples for SEM were freeze-dried for 72 h
before imaging. The images were obtained using an accelerating voltage of 10–15 kV.

2.3.4. Transmittance Electron Microscopy (TEM)

Transmission electron microscopy (TEM) for TOCNF1 and TOCNF2 was recorded
with a JEOL JEM-2100 electron microscope at 100k×magnification, with an acceleration
voltage of 120 kV.
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2.3.5. Adsorption Experiments

The study of the influence of the contact time (10–120 min), initial concentration
(50–800 mg/L), and pH (3–8) on the adsorption of methylene blue (MB) was performed
in batch experiments. In brief, 25 mg of TOCNF1 and TOCNF2 was added at room
temperature into MB solutions, and the pH of the latter was adjusted using HCl (0.1 M)
and NaOH (0.1 M) solutions. After adsorption, the supernatants were separated from the
mixture through centrifugation at a constant speed (3000 rpm) for 5 min. The aliquots were
withdrawn from the suspension and measured at maximum absorbance (670 nm) using a
spectrophotometer (UNICO UV-2000). Maximum adsorption capacity (qe) was obtained by
the following equation:

qe =
(Ci− Co)V

m
(1)

where Ci (mg/L) and Co (mg/L) represent the original and equilibrium dye concentrations,
respectively. The parameter qe demonstrates maximum adsorption capacity at equilibrium.
The volume of dye solution is represented by V (L), and the mass of the adsorbent film
serves as m (g). The desorption of MB from CNF2 was evaluated utilizing an HCl solution.
The dried sample was dispersed in the eluent using a thermostatic bath shaker operated at
160 rpm for 24 h. The cyclic adsorption−desorption was completed five times to determine
the reusability of the adsorbent. The standard deviation was added. Data are representative
of at least three experiments, and the standard deviations were less than 7.0%.

3. Results and Discussion

The TEMPO-mediated oxidation of cellulose is an efficient reaction method for the
selective oxidation of the primary hydroxyl groups at C-6 of cellulose into carboxylic
groups. The generated carboxyl groups at C-6 are very reactive and can undergo further
functionalization reactions [9]. TOCNF1 coupled to 3-aminopropane sulfonic acid APSA
through the formation of stable amide linkages between the free amino groups of APSA
and the carboxylic groups at C6 of TOCNF1. In this case, 1,1′-carbonyldiimidazole (CDI)
was used as an activating agent. The carboxyl groups of TONCF1 were activated with CDI
to form a reactive intermediate of TOCNF-acyl imidazole that was able to react with the
free amine groups (nucleophiles) from APSA via pure amide bonds, while the imidazole
served as a base for the coupling reaction (Figure 1).
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Figure 1. Extraction of cellulose pulp from sugar cane bagasse and its conversion into CNF. Oxidation of CNF
by TEMPO affording TOCNF1. Then, the coupling between 3-APSA and TOCNF1 to generate TOCNF2.
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Figure 2 shows the FT-IR spectra of TOCNF1 and modified TOCNF2. The two spectra
showed characteristic bands around 3450 cm−1 that could be attributed to OH stretching
vibrations and the inter- and intra-molecular hydrogen bindings. This peak was signifi-
cantly higher and sharper in the case of TOCNF2 due to the presence of additional amide
groups. Additionally, the increased intensity of the adsorption band at 1590 cm−1 in the
case of TOCNF2 suggested the creation of an amide group moiety. The -CH asymmetric
and symmetric stretching vibration peaks of the methylene groups were seen around
2917 and 2858 cm−1. As a result of 3-APSA coupling to TOCNF1, the distinctive peaks for
the symmetric and asymmetric S-O stretching vibration of the sulphonic groups could be
observed at 1342 (υas SO2), 1159 (υs SO2), and 839 cm−1 (νS–O–C) [6].

1 

 

 
Figure 2. FT-R spectroscopy of TOCNF1 and modified TOCNF2.

Figure 3 shows the surface morphology of TOCNF1 and modified TOCNF2 investi-
gated with SEM. The morphological analysis showed a nanofibrillar structure of TOCNF1
with a random spatial organization and an inconsistent distribution of fiber diameters
(Figure 3A). After grafting with APSA, a more homogeneous spatial organization of fibers
was recognized. Moreover, the modification of CNFs through amide bond formation with
APSA increased the fiber packing and the network interconnectivity due to the increased
inter-chain hydrogen bonds (Figure 3B). Additionally, the elemental composition estimated
with EDX (point and small area measurements) showed an EDX spectra for TONCF2
including the characteristic peaks for nitrogen and sulfur atoms with atomic percents of 4.2
and 1.3, respectively (Figure 3C).

TEM analysis was also performed to further investigate morphological features at the
nanoscale. In the case of TOCNF1, fibers with length and the average diameters varying
from 4 to 20 nm were calculated via image analysis (Figure 3D). There were no relevant
differences in size, but a more uniform nanorod-like structure was recognized in the case of
TOCNF2 (Figure 3E).

In order to evaluate the capacity of anionic TOCNF1 and TOCNF2 as adsorbents for
cationic dyes, MB was chosen and investigated in detail as a model for cationic dyes and
the adsorption process.

First, the cationic dye adsorption capacity of TOCNF1 and TOCNF2 at different pH
levels was assessed. Figure 4 shows that an extensive increase in the removal efficiency
was achieved in the case TOCNF2 compared with that of TONCF1. Moreover, the attitude
to MB removal as the pH values increased was higher for TOCNF2 compared with that
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for TOCNF1, as was also confirmed by the maximum adsorption amount acquired for pH
values over six. The adsorption of MB at pH 6 gradually increased up to a record of 85
and 91 mg/g for TOCNF1 and TOCNF2, respectively. Overall, TOCNF2 exhibited a higher
adsorption capacity than TOCNF1. This performance proved the role of the sulphonyl
groups in TOCNF2, which offered additional sulfonic functional groups that contributed to
the other functional groups in coordination with the cationic MB. The adsorption capacity
for both materials reached a plateau at pH values between six and eight. This behavior
can be explained as follows: when the pH level was below six, higher concentrations of
H+ ions occurred and directly competed with the dye molecules for chelation with anionic
functional groups [29]. Additionally, a further increase of the solution acidity determined
the sulphonic group shift to –SO3H rather than –SO3−. By all the experimental analyses,
the pH study revealed a maximum adsorption capacity at pH >7. Consequently, pH 7 was
chosen as the optimum pH value to conduct the additional adsorption experiments [33].
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Figure 4. Effect of pH on the adsorption capacities of TOCNF1 (A) and TOCNF2 (B) towards MB (MB
concentration: 100 mg/L; functionalized cellulose: 0.05 g/50 mL and contact time: 40 min).
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As for the measurement of the adsorption capacity of TOCNF1 and TOCNF2, an
evaluation of the adsorption equilibrium was required. Figure 5 clearly shows that the
adsorption capacity of MB onto TOCNF1 and TOCNF2 fibers at different times rapidly
increased at the initial stage. TOCNF reached an adsorption efficiency of 88 mg/g, which
corresponded to an MB equilibrium time of 60 min. However, when TOCNF1 was func-
tionalized with 3-APSA, its efficiency increased to 94 mg/g. This result confirmed that the
presence of sulfonic groups improved the adsorption capacity of the modified cellulose
nanofibers. Other studies were performed by adjusting the saturation adsorption at 60 min
fixed as the equilibrium time.
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Figure 5. Effect of the adsorption time on adsorption capacity, and the adsorption kinetic fittings of
TOCNF1 (A) and TOCNF2 (B).

Moreover, during the ion adsorption, solutes were transferred from the liquid phase
to the surface of the solid phase. For a better understanding of the kinetics, pseudo-
first-order (Equation (2)), pseudo-second-order (Equation (3)), and Elovich kinetic models
(Equation (4)) were adopted.

log (qe − qt ) = log(qe )−
K1

2.303
t (2)

t
qt

t
qe

1
K2q2

e
(3)

qt=
1
β

lin (αβ) +
1
β

ln t (4)

Here, qt and qe are the amount of the adsorbed dye at the given time t (min) and
equilibrium in milligrams per gram, respectively; K1 and K2 are the equilibrium rate
constants of these two models, respectively. Further, α and β are the initial adsorption rate
and desorption constant, respectively.

The calculated kinetic parameters by linear fitting for the adsorption of MB on the
prepared TOCNF2 were analyzed with the most common kinetic models, i.e., the pseudo-
first-order and -second-order ones. The adsorption data were modeled using first- and
second-order kinetic equations. Table 1 displays the experimental and fitting data for
TOCNF1 and TOCNF2. The kinetic adsorption of MB for the two samples was better
fitted by the pseudo-second-order model, yielding R = 0.97 for the two samples. The
pseudo-second-order constant, labeled K2, was 5.1 × 10−4 and 0.1 × 10−2 g mg−1 min−1

for TOCNF1 and TOCNF2, respectively. The calculations revealed that MB was adsorbed
via chemisorption onto the prepared composite. Moreover, the Elovich kinetic model,
which assumes the solid adsorbent surface to be energetically heterogeneous, didn’t match
the experimental results very well [34].



Materials 2022, 15, 6964 8 of 12

Table 1. Kinetic parameters for MB adsorption for TOCNF1 and TOCNF2.

Models Parameters TCNF1 TCNF2

Pseudo-first-order
qe, cal (mg/g) 59 60
K1 (min−1) 0.022 0.04

R2 0.81 0.76

Pseudo-second-order
qe, cal (mg/g) 101 101

K2 (g mg−1min−1) 5.1 × 10−4 10.3 × 10−4

R2 0.97 0.97

Elovich
α 9.2 17.44
β 0.04 0.04
R2 0.91 0.84

In this context, the initial dye concentration showed an essential role during the
adsorption mechanism. Figure 6 proves the effect of MB concentration on the adsorption
capacity. In the case of MB content equal to 800 ppm, the uptake capacity increased to 340
and 481 mg/g for TOCNF1 and TOCNF2, respectively. As the MB concentration increased,
an increase of the driving force to transfer MB from the aqueous to solid phase was attended
due to the improved contact among MB molecules and cellulose nanofibers.
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The correlation of equilibrium results by means of a theoretical or empirical equation
is important for the adsorption clarification and expectation of the extent of adsorption [35].
Langmuir isotherms assume a homogeneous adsorption surface, the sites are identical,
the adsorption occurs through monolayers, and no interaction occurs between adjacent
adsorbate molecules [36,37]. The isotherm equation can be described as follows:

Ce

qe
=

Ks

qmax
+

Ce

qmax
(5)

where qe is the equilibrium adsorption capacity (milligrams per gram), qmax is the maxi-
mum adsorption capacity (milligrams per gram), Ce is the equilibrium concentrations of
MB (milligrams per liter), and Ks is the Langmuir model constant (milligrams per liter).
Figure 6 describes the adsorption isotherms of MB for TOCNF1 and TOCNF2. The re-
sults showed that TOCNF2 had a good adsorption performance to MB. Langmuir and
Freundlich adsorption isotherm models were used to fit the experimental data. Table 2
displays the adsorption isotherm parameters. The results showed that the adsorption of MB
by TOCNF1 and TOCNF2 was more consistent with the Langmuir model (based on the R2

value), which showed that the active sites on the cellulose nanofibers were homogeneous,
and the adsorption of MB was mostly a monolayer. Moreover, the values of the calculated
constants, kilolitres and newtons, were between zero and one, indicating that the adsorp-
tion process was very favorable. The cellulose derivatives, CNF1 and CNF2, had negative
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charges in the aqueous solution due to the presence of carboxylate and sulphate groups.
This could significantly enhance the electrostatic interaction between the adsorbents and
adsorbates. These results indicated that the “as-developed cellulose nanofibers through the
modification of 3-aminopropyl sulfonic acid coupling” approach was suitable for pollutant
removal. From the slope and the intercept of the straight line, the values of qmax were
estimated to be 526 and 370 mg/g, and the values of Ks were 19.7 and 15.2 mg/L for
TOCNF1 and TOCNF2, respectively.

Table 2. Parameters for MB adsorption by TOCNF1 and TOCNF2 according to different equilibrium models.

Models Parameters TCNF1 TCNF2

Langmuir
qm (mg g−1) 370 526
Ks (L mg−1) 19.07 15.2

R2 0.99 0.99

Freundlich
P (mg/g) 44 61

n 2.5 2.4
R2 0.87 0.86

Temkin
BT (J mol−1) 63.13 88.21
KT (L mg−1) 0.91 1.2

R2 0.9 0.91

The Freundlich and Temkin models are presented in Equations (6) and (7), respec-
tively [38].

log qe =
1
n

log Ce + log p (6)

qe=
RT
bt

ln KT+
RT
bt

ln Ce (7)

where 1/n is the empirical parameter of the Freundlich model and p is a constant describ-
ing the adsorption capacity (milligrams per gram) and BT is the Temkin constants and
BT = RT/bt (Joules per mole).

In applying the Freundlich model, which is based on adsorption on a heterogeneous
surface, we found that the linear coefficient was 0.87 and 0.86, which indicated that this
model did not describe the adsorption processes of TOCNF1 and TOCNF2 for MB very
well (Table 2). The values of the Freundlich model constant were p (44 and 61), and n
was 2.5 and 2.4 for TOCNF1 and TOCNF2, respectively. As shown in Table 2, the Temkin
model did not match the experimental data very closely. This model (Temkin) describes
the heterogeneous surface of functionalized cellulose with adsorption sites and assumes
that adsorption sites on an adsorbent surface have different activities and can be described
by a continuous distribution of activities.

The feasibility of the adsorption process was calculated using the separation factor
(RL), which is defined by the following equation [39]:

RL =
1

1 + KsCO
(8)

where Co is the initial concentration of MB (parts per million). Based on this factor, an
adsorption system can be predicted to be favorable or unfavorable. RL values for the
adsorption of MB at different initial concentrations fell in the range of zero to one, according
to the calculated results.

One of the most important properties of practical adsorbents is their reusability. The
adsorption/desorption experiment was repeated five times, especially for TOCNF2, and
the removal efficiency of MB was recorded to be 91% in the first cycle and 74% in the fifth
cycle, as shown in Figure 7. Thus, the results indicated the reusability of the functionalized
TEMPO-oxidized cellulose nanofibers.
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From the results, it is possible to conclude that TOCNF2 is a promising material for
MB absorption due to its higher adsorption capacities in comparison with those of other
adsorbents based on polysaccharide-modified cellulose nanofibers (Table 3).

Table 3. Maximum adsorption capacity of methylene blue by modified polysaccharides.

Adsorbent Maximum Adsorption (mg/g) References

Cellulose grafted with soy protein
isolate/calcium phosphate 454 [40]

Alginate/gelatin hydrogel-decorated
silver nanoparticles 625 [41]

Cellulose/silk fibroin/calcium
phosphate biocomposite 172.4 [42]

Chitosan/silica nanocomposite 848 [43]

Graphene/TEMPO-oxidized
cellulose nanofiber 227.3 [28]

TOCNF2 526 Here

4. Conclusions

This paper describes the promising use of the pulp from sugar cane bagasse as a
renewable sustainable resource and its conversion into carboxylated cellulose nanofibers
via TEMPO-mediated oxidation. The resulting TOCNF1 reacted with 3-APSA following
activation by CDI. The kinetic studies revealed that TOCNF2 was more efficient than
TOCNF1 in terms of MB removal, showing a maximum adsorption capacity 1.4 times higher
than that of TOCNF1 (without 3-APSA grafting). In this view, the use of chemical grafting
via 3-APSA can be considered a reliable strategy to design bio-sustainable nanofibers to be
used as high-performance adsorbent materials. From this perspective, the unique chance to
process these materials by simple routes to design high performance devices with various
forms (i.e., membranes, sheets, papers, foams, aerogels, etc.) paves the way for innovative
and sustainable uses for water remediation.

Author Contributions: Conceptualization, N.S.E.-S. and A.S.; methodology, N.S.E.-S. and A.S.;
formal analysis, V.G. and A.S.; resources, V.G. and A.S.; writing—review and editing, N.S.E.-S., A.S.,
and V.G. All authors have read and agreed to the published version of the manuscript.



Materials 2022, 15, 6964 11 of 12

Funding: V.G. and A.S. are indebted to the National Research Council (CNR) of Italy and the Egyptian
Academy of Scientific Research and Technology for their financial support through the joint bi-lateral
agreement (Biennial Programme 2022–2023), project “ionic cellulose/calcium phosphate hybrids:
new bio-sourced materials for bone tissue regeneration”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Salama, A.; Hesemann, P. Recent Trends in Elaboration, Processing, and Derivatization of Cellulosic Materials Using Ionic Liquids.

ACS Sustain. Chem. Eng. 2020, 8, 17893–17907. [CrossRef]
2. Shaghaleh, H.; Xu, X.; Wang, S. Current progress in production of biopolymeric materials based on cellulose, cellulose nanofibers,

and cellulose derivatives. RSC Adv. 2018, 8, 825–842. [CrossRef] [PubMed]
3. Salama, A.; Abouzeid, R.E.; Owda, M.E.; Cruz-Maya, I.; Guarino, V. Cellulose–Silver Composites Materials: Preparation and

Applications. Biomolecules 2021, 11, 1684. [CrossRef] [PubMed]
4. Bethke, K.; Palantöken, S.; Andrei, V.; Roß, M.; Raghuwanshi, V.S.; Kettemann, F.; Greis, K.; Ingber, T.T.K.; Stückrath, J.B.;

Valiyaveettil, S.; et al. Functionalized Cellulose for Water Purification, Antimicrobial Applications, and Sensors. Adv. Funct. Mater.
2018, 28, 1800409. [CrossRef]

5. Zuppolini, S.; Salama, A.; Cruz-Maya, I.; Guarino, V.; Borriello, A. Cellulose Amphiphilic Materials: Chemistry, Process and
Applications. Pharmaceutics 2022, 14, 386. [CrossRef]

6. El-Sayed, N.S.; El-Sakhawy, M.; Hesemann, P.; Brun, N.; Kamel, S. Rational design of novel water-soluble ampholytic cellulose
derivatives. Int. J. Biol. Macromol. 2018, 114, 363–372. [CrossRef] [PubMed]

7. El-Sayed, N.S.; El-Sakhawy, M.; Brun, N.; Hesemann, P.; Kamel, S. New approach for immobilization of 3-aminopropyltrimethoxysilane
and TiO2 nanoparticles into cellulose for BJ1 skin cells proliferation. Carbohydr. Polym. 2018, 199, 193–204. [CrossRef] [PubMed]

8. Salama, A.; Mohamed, F.; Hesemann, P. Preparation and dielectric relaxation of a novel ionocellulose derivative. Carbohydr. Polym.
Technol. Appl. 2021, 2, 100087. [CrossRef]

9. Abouzeid, R.E.; Salama, A.; El-Fakharany, E.M.; Guarino, V. Mineralized Polyvinyl Alcohol/Sodium Alginate Hydrogels
Incorporating Cellulose Nanofibrils for Bone and Wound Healing. Molecules 2022, 27, 697. [CrossRef] [PubMed]

10. El-Gendy, A.; Abou-Zeid, R.E.; Salama, A.; Diab, M.; El-Sakhawy, M. TEMPO-oxidized cellulose nanofibers/polylactic acid/TiO2
as antibacterial bionanocomposite for active packaging. Egypt. J. Chem. 2017, 60, 4–8. [CrossRef]

11. Fox, S.C.; Li, B.; Xu, D.; Edgar, K.J. Regioselective esterification and etherification of cellulose: A review. Biomacromolecules 2011,
12, 1956–1972. [CrossRef] [PubMed]

12. Salama, A.; Abou-Zeid, R.E.; Cruz-Maya, I.; Guarino, V. Soy protein hydrolysate grafted cellulose nanofibrils with bioactive
signals for bone repair and regeneration. Carbohydr. Polym. 2020, 229, 115472. [CrossRef] [PubMed]

13. Abouzeid, R.E.; Khiari, R.; Salama, A.; Diab, M.; Beneventi, D.; Dufresne, A. In situ mineralization of nano-hydroxyapatite on
bifunctional cellulose nano fi ber / polyvinyl alcohol / sodium alginate hydrogel using 3D printing. Int. J. Biol. Macromol. 2020,
160, 538–547. [CrossRef]

14. Missoum, K.; Belgacem, M.; Bras, J. Nanofibrillated Cellulose Surface Modification: A Review. Materials 2013, 6, 1745–1766.
[CrossRef] [PubMed]

15. Abou-Zeid, R.E.; Salama, A.; Al-Ahmed, Z.A.; Awwad, N.S.; Youssef, M.A. Carboxylated cellulose nanofibers as a novel efficient
adsorbent for water purification. Cellul. Chem. Technol. 2020, 54, 237–245. [CrossRef]

16. Hanafi, M.F.; Sapawe, N. A review on the water problem associate with organic pollutants derived from phenol, methyl orange,
and remazol brilliant blue dyes. Mater. Today Proc. 2020, 31, A141–A150. [CrossRef]

17. Foroutan, R.; Peighambardoust, S.J.; Hemmati, S.; Khatooni, H.; Ramavandi, B. Preparation of clinoptilolite/starch/CoFe2O4
magnetic nanocomposite powder and its elimination properties for cationic dyes from water and wastewater. Int. J. Biol. Macromol.
2021, 189, 432–442. [CrossRef]

18. Foroutan, R.; Peighambardoust, S.J.; Latifi, P.; Ahmadi, A.; Alizadeh, M.; Ramavandi, B. Carbon nanotubes/β-cyclodextrin/MnFe2O4 as
a magnetic nanocomposite powder for tetracycline antibiotic decontamination from different aqueous environments. J. Environ.
Chem. Eng. 2021, 9, 106344. [CrossRef]

19. Peighambardoust, S.J.; Foroutan, R.; Peighambardoust, S.H.; Khatooni, H.; Ramavandi, B. Decoration of Citrus limon wood
carbon with Fe3O4 to enhanced Cd2+ removal: A reclaimable and magnetic nanocomposite. Chemosphere 2021, 282, 131088.
[CrossRef]

20. Kamedulski, P.; Gauden, P.A.; Lukaszewicz, J.P.; Ilnicka, A. Effective Synthesis of Carbon Hybrid Materials Containing Oligothio-
phene Dyes. Materials 2019, 12, 3354. [CrossRef]

21. Block, I.; Günter, C.; Rodrigues, A.D.; Paasch, S.; Hesemann, P.; Taubert, A. Carbon Adsorbents from Spent Coffee for Removal of
Methylene Blue and Methyl Orange from Water. Materials 2021, 14, 3996. [CrossRef] [PubMed]

http://doi.org/10.1021/acssuschemeng.0c06913
http://doi.org/10.1039/C7RA11157F
http://www.ncbi.nlm.nih.gov/pubmed/35538958
http://doi.org/10.3390/biom11111684
http://www.ncbi.nlm.nih.gov/pubmed/34827681
http://doi.org/10.1002/adfm.201800409
http://doi.org/10.3390/pharmaceutics14020386
http://doi.org/10.1016/j.ijbiomac.2018.03.147
http://www.ncbi.nlm.nih.gov/pubmed/29588205
http://doi.org/10.1016/j.carbpol.2018.07.004
http://www.ncbi.nlm.nih.gov/pubmed/30143120
http://doi.org/10.1016/j.carpta.2021.100087
http://doi.org/10.3390/molecules27030697
http://www.ncbi.nlm.nih.gov/pubmed/35163962
http://doi.org/10.21608/ejchem.2017.1835.1153
http://doi.org/10.1021/bm200260d
http://www.ncbi.nlm.nih.gov/pubmed/21524055
http://doi.org/10.1016/j.carbpol.2019.115472
http://www.ncbi.nlm.nih.gov/pubmed/31826419
http://doi.org/10.1016/j.ijbiomac.2020.05.181
http://doi.org/10.3390/ma6051745
http://www.ncbi.nlm.nih.gov/pubmed/28809240
http://doi.org/10.35812/CelluloseChemTechnol.2020.54.25
http://doi.org/10.1016/j.matpr.2021.01.258
http://doi.org/10.1016/j.ijbiomac.2021.08.144
http://doi.org/10.1016/j.jece.2021.106344
http://doi.org/10.1016/j.chemosphere.2021.131088
http://doi.org/10.3390/ma12203354
http://doi.org/10.3390/ma14143996
http://www.ncbi.nlm.nih.gov/pubmed/34300916


Materials 2022, 15, 6964 12 of 12

22. Nguyen, H.D.; Tran, H.N.; Chao, H.-P.; Lin, C.-C. Activated Carbons Derived from Teak Sawdust-Hydrochars for Efficient
Removal of Methylene Blue, Copper, and Cadmium from Aqueous Solution. Water 2019, 11, 2581. [CrossRef]

23. Liu, P.; Milletto, C.; Monti, S.; Zhu, C.; Mathew, A.P. Design of ultrathin hybrid membranes with improved retention efficiency of
molecular dyes. RSC Adv. 2019, 9, 28657–28669. [CrossRef]

24. Tang, C.; Brodie, P.; Li, Y.; Grishkewich, N.J.; Brunsting, M.; Tam, K.C. Shape recoverable and mechanically robust cellulose
aerogel beads for efficient removal of copper ions. Chem. Eng. J. 2020, 392, 124821. [CrossRef]

25. Zhu, C.; Liu, P.; Mathew, A.P. Self-Assembled TEMPO Cellulose Nanofibers: Graphene Oxide-Based Biohybrids for Water
Purification. ACS Appl. Mater. Interfaces 2017, 9, 21048–21058. [CrossRef]

26. Liu, S.; Cheng, G.; Xiong, Y.; Ding, Y.; Luo, X. Adsorption of low concentrations of bromide ions from water by cellulose-based
beads modified with TEMPO-mediated oxidation and Fe(III) complexation. J. Hazard. Mater. 2020, 384, 121195. [CrossRef]

27. Luo, Q.; Huang, X.; Luo, Y.; Yuan, H.; Ren, T.; Li, X.; Xu, D.; Guo, X.; Wu, Y. Fluorescent chitosan-based hydrogel incorporating
titanate and cellulose nanofibers modified with carbon dots for adsorption and detection of Cr(VI). Chem. Eng. J. 2021, 407, 127050.
[CrossRef]

28. Hussain, A.; Li, J.; Wang, J.; Xue, F.; Chen, Y.; Aftab, T.B.; Li, D. Hybrid Monolith of Graphene/TEMPO-Oxidized Cellulose
Nanofiber as Mechanically Robust, Highly Functional, and Recyclable Adsorbent of Methylene Blue Dye. J. Nanomater. 2018,
2018, 5963982. [CrossRef]

29. Métro, T.-X.; Martinez, J.; Lamaty, F. 1,1′-Carbonyldiimidazole and Mechanochemistry: A Shining Green Combination. ACS Sustain.
Chem. Eng. 2017, 5, 9599–9602. [CrossRef]

30. Verma, S.K.; Ghorpade, R.; Pratap, A.; Kaushik, M.P. Solvent free, N,N′-carbonyldiimidazole (CDI) mediated amidation.
Tetrahedron Lett. 2012, 53, 2373–2376. [CrossRef]

31. Métro, T.-X.; Bonnamour, J.; Reidon, T.; Duprez, A.; Sarpoulet, J.; Martinez, J.; Lamaty, F. Comprehensive Study of the Organic-
Solvent-Free CDI-Mediated Acylation of Various Nucleophiles by Mechanochemistry. Chem.—A Eur. J. 2015, 21, 12787–12796.
[CrossRef] [PubMed]

32. Dale, D.J.; Dunn, P.J.; Golightly, C.; Hughes, M.L.; Levett, P.C.; Pearce, A.K.; Searle, P.M.; Ward, G.; Wood, A.S. The Chemical
Development of the Commercial Route to Sildenafil: A Case History. Org. Process Res. Dev. 2000, 4, 17–22. [CrossRef]

33. Salama, A.; Hesemann, P. New N-guanidinium chitosan/silica ionic microhybrids as efficient adsorbent for dye removal from
waste water. Int. J. Biol. Macromol. 2018, 111, 762–768. [CrossRef] [PubMed]

34. Xu, H.; Zhu, S.; Lu, K.; Jia, H.; Xia, M.; Wang, F. Preparation of hierarchically floral ZIF-8 derived carbon@polyaniline@Ni/Al
layered double hydroxides composite with outstanding removal phenomenon for saccharin. Chem. Eng. J. 2022, 450, 138127.
[CrossRef]

35. Lorencgrabowska, E.; Gryglewicz, G. Adsorption characteristics of Congo Red on coal-based mesoporous activated carbon.
Dye. Pigment. 2007, 74, 34–40. [CrossRef]

36. Periasamy, K.; Namasivayam, C. Removal of nickel(II) from aqueous solution and nickel plating industry wastewater using an
agricultural waste: Peanut hulls. Waste Manag. 1995, 15, 63–68. [CrossRef]

37. Greluk, M.; Hubicki, Z. Kinetics, isotherm and thermodynamic studies of Reactive Black 5 removal by acid acrylic resins.
Chem. Eng. J. 2010, 162, 919–926. [CrossRef]

38. Xu, H.; Zhu, S.; Xia, M.; Wang, F.; Ju, X. Three-dimension hierarchical composite via in-situ growth of Zn/Al layered double
hydroxide plates onto polyaniline-wrapped carbon sphere for efficient naproxen removal. J. Hazard. Mater. 2022, 423, 127192.
[CrossRef]

39. Hall, K.R.; Eagleton, L.C.; Acrivos, A.; Vermeulen, T. Pore- and solid-diffusion kinetics in fixed-bed adsorption under constant-
pattern conditions. Ind. Eng. Chem. Fundam. 1966, 5, 212–223. [CrossRef]

40. Salama, A. New sustainable hybrid material as adsorbent for dye removal from aqueous solutions. J. Colloid Interface Sci. 2017,
487, 348–353. [CrossRef]

41. Abou-Zeid, R.E.; Awwad, N.S.; Nabil, S.; Salama, A.; Youssef, M.A. Oxidized alginate/gelatin decorated silver nanoparticles as
new nanocomposite for dye adsorption. Int. J. Biol. Macromol. 2019, 141, 1280–1286. [CrossRef] [PubMed]

42. Salama, A. Cellulose/silk fibroin assisted calcium phosphate growth: Novel biocomposite for dye adsorption. Int. J. Biol.
Macromol. 2020, 165, 1970–1977. [CrossRef] [PubMed]

43. Salama, A.; Abou-zeid, R.E. Ionic chitosan / silica nanocomposite as efficient adsorbent for organic dyes. Int. J. Biol. Macromol.
2021, 188, 404–410. [CrossRef] [PubMed]

http://doi.org/10.3390/w11122581
http://doi.org/10.1039/C9RA04435C
http://doi.org/10.1016/j.cej.2020.124821
http://doi.org/10.1021/acsami.7b06358
http://doi.org/10.1016/j.jhazmat.2019.121195
http://doi.org/10.1016/j.cej.2020.127050
http://doi.org/10.1155/2018/5963982
http://doi.org/10.1021/acssuschemeng.7b03260
http://doi.org/10.1016/j.tetlet.2012.01.125
http://doi.org/10.1002/chem.201501325
http://www.ncbi.nlm.nih.gov/pubmed/26177831
http://doi.org/10.1021/op9900683
http://doi.org/10.1016/j.ijbiomac.2018.01.049
http://www.ncbi.nlm.nih.gov/pubmed/29329809
http://doi.org/10.1016/j.cej.2022.138127
http://doi.org/10.1016/j.dyepig.2006.01.027
http://doi.org/10.1016/0956-053X(94)00071-S
http://doi.org/10.1016/j.cej.2010.06.043
http://doi.org/10.1016/j.jhazmat.2021.127192
http://doi.org/10.1021/i160018a011
http://doi.org/10.1016/j.jcis.2016.10.034
http://doi.org/10.1016/j.ijbiomac.2019.09.076
http://www.ncbi.nlm.nih.gov/pubmed/31518618
http://doi.org/10.1016/j.ijbiomac.2020.10.074
http://www.ncbi.nlm.nih.gov/pubmed/33086113
http://doi.org/10.1016/j.ijbiomac.2021.08.021
http://www.ncbi.nlm.nih.gov/pubmed/34371039

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Preparation of TEMPO-Oxidized Cellulose Nanofiber (TOCNF1) 
	Coupling of 3-Aminopropyl Sulfonic Acid APSA to TOCNF1 

	Characterization 
	Elemental Analysis 
	Fourier Transfer Infrared Spectroscopy 
	Scanning Electron Microscopy (SEM) 
	Transmittance Electron Microscopy (TEM) 
	Adsorption Experiments 


	Results and Discussion 
	Conclusions 
	References

