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Abstract

TEMPO-oxidized cellulose nanofiber/alginate nanocomposite (T-CNF/SA) was prepared and characterized as a recyclable
adsorbent for cationic dye. TEMPO-oxidized CNFs contain a large number of carboxylic groups, they may interact with
methylene blue as a model of cationic dye in aqueous solutions. Two materials were synthesized in this study: T-CNF
and CNF/SA nanocomposite. In order to determine the ability of the nanocomposite to remove the dye, batch sorption
experiments were performed using the nanocomposite after their synthesis and characterization. In the studied concentra-
tion range of dye, equilibrium data were well fitted to the Langmuir isotherm model, indicating that dye removal is a
favorable process. At 25 °C and neutral pH, the maximum adsorption capacities reached 185.2 mg dye/g and 216.4 mg
dye/g for T-CNF and for T-CNF/SA, respectively. The adsorption efficiency was up to 95% after 2 h for T-CNF/SA. The
adsorption data fitted well with the second-order kinetic model high correlation coefficients (R?>0.99) and the isotherm
data followed the Langmuir model equation. Finally, the study presents a feasible, practical, and reusable nanocomposite
as an interesting adsorbent for wastewater treatment.
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1 Introduction

Our planet is distinctly endowed with the elements that are
needed for the support of life to exist, including water, an
essential component of life on earth. However, most of the
water on the planet is contained in oceans, seas, and saline
groundwaters, which make up approximately 97% of all the
water on the planet. In other words, only 2.5-2.75% of the
water is fresh, out of which 1.75-2% is frozen in glaciers,
ice, and snow. Fresh groundwater makes up approximately
0.5-0.75% of all water on earth, and lakes, swamps, riv-

>< Ragab Abouzeid
r_abouzeid2002@yahoo.com

>< Qinglin Wu
QWu@agcenter.lsu.edu

School of Renewable Natural Resources, Louisiana State

University AgCenter, Baton Rouge, LA 70803, USA

Cellulose and Paper Department, National Research Centre,
Dokki, Giza, 12622, Egypt

Mechanical Engineering Department, College of Engineering
and Technology, Arab Academy of Science, Technology and
Maritime Transport, Sadat Road, P.O. Box 11, Aswan, Egypt

Faculty of Sciences of Monastir, Laboratory of
Environmental Chemistry and Clean Process (LCE2P-
LR21ES04), University of Monastir, Monastir 5019, Tunisia

Department of Textile, Higher Institute of Technological
Studies of Ksar Hellal, Ksar Hellal, Tunisia

Univ. Grenoble Alpes, CNRS, Grenoble INP, LGP2,
Grenoble F-38000, France

ers, and streams make up less than 0.01%. The majority of
this 0.01% are located in Africa (34), followed by 26% in
Russia, 25% in North America, and the remainder in other
lakes scattered across the Earth’s surface [1]. According to
the Environmental Protection Agency (EPA), contaminants
in wastewater from many industries include heavy metals,
organic dyes, oils, and other toxic pollutants which can have
negative effects on both human health and the environment
[2]. In the natural environment, most of these wastes are
stable and non-degradable. It is important to protect water
sources by forming heavy metals and organic-colored mate-
rials (dyes) from industrial waste effluents. In addition, the
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shortage of water resources due to population growth is con-
sidered a critical issue, especially with an increasing demand
for pure water [3, 4]. In order to reduce heavy metals and/
or dyes from water, many strategies have been developed
for water purification based on precipitation with chemicals
[5], ion-exchange biological treatment [6], photocatalytic
degradation [7], membrane filtration and adsorption [8—10],
coagulation/flocculation [11] and electrodialysis [12]. It is
recommended that the adsorption method is preferred over
the other methods because it is a low cost, high efficacy,
eco-friendly, wide range, and readily available method.
[13]. There has been an increase in the use of eco-friendly
and sustainable polysaccharides for water treatment [14,
15]. As adsorbents for various pollutants, cellulose nano-
materials (CNMs) are a new aspect to attract more atten-
tion. CNMs have renewability, biodegradability, abundance,
renewability, high surface area, good mechanical properties
and low cost [16-23]. The use of CNMs based systems for
decontamination water of heavy metals and organic dyes
have been reported [24-26]. Sodium alginate (SA) is a
biopolymer with two monosaccharide units namely: o-1-
guluronic acid and B-d-mannuronic acid or their copolymers
in varying proportions attached with (1—4)-linked [16, 27,
28]. SA gels have been used to form homogenous, perme-
able spheres entrapped in gel matrixes for the removal of
dyes from wastewater [29-32]. The TEMPO-oxidized
CNFs have excellent mechanical properties, high specific
surfaces, and can be chemically modified for a variety of
applications. Surface characteristics facilitate the avail-
ability of COO — groups, either in their acid or salt form.
Additionally, a wide range of CNF-based products can be
produced, such as aerogels, nanopapers, and hydrogels [33,
34]. This study aims to develop polymer structures based on
alginate and T-CNF that can remove cationic dye from aque-
ous solutions. As part of this experiment, T-CNF/alginate
nanocomposite containing 50% of T-CNF were prepared
and subjected to batch experiments with dye concentrations.
T-CNFs was treated the same way. To conclude, the present
work investigates In addition to the adsorption kinetics and
the isotherm were studied. The possibility of using environ-
mentally friendly, renewable, and biodegradable CNMs to
decontaminate the wastewater will have significant impact
on the economy of developing countries where water con-
tamination is turning into a significant natural issue.

2 Experimental
2.1 Materials

Bleached bagasse pulp was produced by the Qena Com-
pany (pulp and paper, Qena, Egypt) and it used to produce
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CNMs. TEMPO (2,2,6,6-tetramethylpiperidine  1-oxyl
radical), Sodium alginate and calcium chloride (CaCl,) of
laboratory grade were also purchased from Sigma-Aldrich.
sodium hypochlorite solution and sodium bromide were
purchased from Sigma-Aldrich, France. All the used chemi-
cal products were purchased and utilized as received from
Sigma-Aldrich.

2.2 TEMPO-cellulose Nanofiber Preparation

The bleached bagasse pulp was oxidized by using TEMPO
agent according to the method described by Saito et al.
[35]. Briefly, 25 gm of bleached fibers were dispersed in
2.5 L of distilled water for 30 min. with mechanical stir-
ring. After, 0.4 g of TEMPO and 4 g of sodium bromide,
followed by 250 mL of 15% sodium hypochlorite solution,
stirring continuously, keeping the pH from 10 to 10.5 using
NaOH (0.1 M) until no pH variation was observed. After
that, HC1 (0.1 M) was used to adjust the pH to neutral. After
oxidation, the fibers were filtered and washed with distilled
water. The Masuko grinder was used to homogenize suspen-
sions of oxidized fibers at 2% consistency. This means that
the suspension contained 2% by weight of fibers and 98%
water. The oxidized fibers are likely to be chemically treated
fibers that have undergone an oxidation process to increase
their reactivity and make them easier to bond with other
fibers or materials. The carboxyl content was determined by
conductimetric titration in order to assess the effectiveness
of the TEMPO-mediated oxidation of fibers [36]. In brief,
dry sample (50 mg) was suspended in 15 mL of 0.01 M
HCI for 2 h., for exchanging Na* cations with H* protons.
Titrated with 0.01 M NaOH solution and the conductivity
was recorded every 0.5 mL of NaOH. Based on the sud-
den change in conductivity, we determined the carboxylate
content of T-CNF. A carboxylate content, CC (mmol/g), was
calculated using Eq. (1):

CcC = <<V2;V1)) x N (NaOH) (1)

where V, and V, correspond to the volumes of NaOH solu-
tion (mL) used from neutralizing the added HCI and car-
boxylic acid on the T-CNF. N(NaOH) corresponds to the of
NaOH concentration solution (M), and m is the weight of
the dried sample (g).

2.3 Preparation of TCNF/SA Nanocomposite

T-CNF gel in water suspension was used with dry solid
content of 2%. SA in powder form was directly mixed with
T-CNF with vigorously mixing for 2 h to generate a homo-
geneous dispersion. After that crosslinking with aqueous
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solutions of calcium chloride (0.3%) was carried out and
the formed hydrogel was freeze-dried for further use.

2.4 Characterization of T-CNF/SA Nanocomposite

Scanning electron microscopy analysis (SEM) (FEI-Quanta
200 FEG -ESEM, Eindhoven, Netherlands) was used to
characterize the morphological properties of the prepared
samples. T-CNF studied using an Atomic Force Microscope
(AFM) Multimode (Veeco NanoScope-V, Canada) in trap-
ping mode with multi 130 tips. The FT-IR spectra (Fourier
Infrared Spectra) were acquired with a Perkin Elmer FT-IR
spectrometer (Perkin Elmer, USA) and KBr tablets in the
range 4000-500 cm™'. The viscosity measurements in a
plate-cone configuration were done using the rotational
physical MCR 301 rotational rheometer from Anton Paar
(Germany). Precisely, the parallel plates with a diameter of
25 mm and a gap distance of 1 mm were used. During the
measurements, the temperature was kept at 23 °C. The shear
rate ranged between 1073 and 10 s=!. Zeta potential and
the point of zero charge (pHzpc) were determined using a
Nicomp 380 ZLS dynamic light dissipating (DLS) instru-
ment (PSS, Santa Barbara, CA, USA). X-ray diffraction
pattern was established using (XRD, X-ray diffractometer
(PANalytical, Eindhoven Netherlands) at room temperature
with monochromatic Cu K (=1.5418 A) radiation at 4° to
60°.

A thermogravimetric analysis (TGA) (Q50, TA Instru-
ments Inc., New Castle, DE) were used to study the thermal
stability of synthesized nanocomposites. In this test, tem-
peratures ranged from 30 to 800 °C, heating rates of 10 °C /
min, and the sample weight was less than 5 mg.

2.5 Adsorption Kinetics

The adsorption performance experiment was conducted by
stirring 50 mg of T-CNF and T-CNF/SA freeze dried materi-
als with 100 mL of MB dye for two hours. The experiments
were conducted at a neutral pH and room temperature. An
UNICO UV-2000 spectrophotometer was used to estimate
the dye concentration at the beginning and end of the exper-
iment. The absorption capacity was calculated using the fol-
lowing equation.

e (O Y o

where w is the weight of the dried nanocomposite (g), and
V (L) is the volume of dye solution. C,, and C, is the dye
concentration before and after adsorption (mg.L™1), qe is
the amount of dye adsorbed (mg.g™!).

The adsorption kinetic dye adsorption was studied using
different dye concentrations ranging from (50 to 800 mg.L ™)
for 3 h. Each experiment contained 50 mg of T-CNF/SA
dried nanocomposite in dye solutions. The adsorbed dye
(qe) was then plotted against time (t) and examined utilizing
different models to get the kinetic parameters of adsorption.

For the evaluation of regeneration efficiency and cost
effectiveness, the T-CNF-SA nanocomposites were used for
five consecutive cycles of adsorption-desorption. 10 mg of
adsorbent were dispersed into 10 mL of 0.1 M HNO; solu-
tion after adsorption, resulting in the desorption of MB from
the nanocomposite.

cv
Adsorption efficiency% =
sorption efficiency% @M 3)
where M is the adsorbent mass in gram, C is the concen-
tration in the desorption solution, V (L) is the desorption
volume, and q, the adsorbed amount of MB.

3 Result and Discussion
3.1 Characteristics of the Prepared Nanocomposite

AFM was used to characterize the morphology of T-CNF
and T-CNF/SA prepared (Fig. 1(A, B)). According to
Fig. 1A, T-CNF has a diameter range of 10 to 20 nm and
a length of in the micrometer range, which is confirmed by
the distribution of the diameter measurements (Fig. 1A*).
As a result of the formation of carboxylate groups on its
surface, T-CNF displays a uniform structure, which is in
agreement with our previous work [37]. The Conductivity
titration method was used to evaluate the surface carboxyl-
ate content of TEMPO-oxidized cellulose nanofibers which
was estimated to be 1.06 mmol. The AFM of T-CNF/SA
nanocomposite is shown in Fig. 1(B). It can be seen from
the micrograph that the cellulose nanofibers are homoge-
nous distributed within the alginate gel. Cellulose nanofi-
bers and alginate did not separate into phases, indicating a
good interaction between them. The XRD spectra of T-CNF
and T-CNF/SA shown in the Fig. 1 (C). The original dif-
fraction pattern of T-CNF exhibited the typical peaks char-
acteristic of native cellulose which could be indexed to
(110) and (200) planes. However, XRD spectrum of T-CNF/
SA still shows characteristic cellulose peaks as a result of
the ionic cross-linking reaction of amorphous alginate and
T-CNF. Figure 1(D) shows the FTIR spectra of T-CNF and
T-CNF/SA. There are beaks at 3500 and 3400 cm™! for O-H
stretching vibration for T-CNF and T-CNF/SA, respectively.
T-CNF/SA and T-CNF/A both exhibit asymmetric and sym-
metrical absorption bands of COO™ at 1638, 1435 cm™ ! and
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Fig.1 (A, B) AFM, (C) XRD, (D) FTIR of T-CNF and T-CNF/SA (E) Viscosity vs. shear rate and (F) strain sweep at 1 Hz: evolution of the storage
modulus G’ and loss modulus G” for T-CNF and T-CNF/SA nanocomposites

1618, 1428 cm™!, respectively. This shift, which occurs for
symmetrical deformation of the COO — group is evidence of
the ionic crosslinking of the carboxylate groups [38—40].
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T-CNF and T-CNF/SA nanocomposites were also char-

acterized in terms of rheological properties (Fig. 1 (E). The
viscosity as a function of shear rate from 0.01 to 1000 s
was studied. The viscosity measurement gives insight into

-1
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Fig.2 (A, B) SEM of T-CNF and TCNFs/SA.

the variation in flow behavior influenced by yield stress,
consistency, homogeneity, and overall nanocomposite qual-
ity. For both samples, shear-thinning was observed. As a
result of the formation of cellulose nanofiber and alginate
networks, the viscosity of T-CNF/SA is greater than that of
T-CNF, increasing resistance to shear. Moreover, viscosity
decreases significantly as the shear rate increases, which is
a classic characteristic of a non-Newtonian fluid. [41, 42]
The decrease in flow resistance occurs as the nanocompos-
ite network weakens due to increased shear rate, releasing
the trapped liquid within. This results in a decreased appar-
ent viscosity. At a frequency of 1 Hz, strain amplitude was
determined for T-CNF and T-CNF/SA (Fig. 1F). The storage
modulus (G”) and loss modulus (G”) at low strains are inde-
pendent of strain amplitudes, and G’ > G”, indicating highly
structured material. Higher strains result in a drop in G’,
indicating structural deformation and a change in the nano-
composite ‘s behavior from elastic to viscous (the loss mod-
ulus G” increases). The surface morphology of both T-CNF
and T-CNF/SA nanocomposite was displayed in Fig. 2 (A
and B), respectively. Figure 2. (a, b) illustrates a smooth cell
structure with homogeneous distribution of T-CNF with SA,
and no aggregates of T-CNF are found. T-CNF and SA inter-
act strongly, and the crosslinking with Ca** also contributes
to the homogeneity. Also, it can be noticed that the negative
charges on the nanocomposite surface were increased which
confirmed with zeta potential measurements. These results
are consistent with those previously mentioned works [43,
44]. The zeta potential of T-CNF and T-CNF/SA at neutral
pH were found to be — 42.5 and — 54.0 mV respectively.
The value of zeta potentials for the two samples were nega-
tively charged with higher recorded value for T-CNF/SA
nanocomposite. These observations confirm again that the
expected higher adsorption capacity of T-CNF/SA for the
cationic dyes (MB) comparing to T-CNF alone. This high
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Fig. 3 TGA of T-CNF and T-CNF/SA nanocomposites

adsorption capacity originated from the electrostatic attrac-
tions and complexation of T-CNF/SA nanocomposite and
the cationic dyes.

3.2 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a useful tool for
investigating the thermal stability and decomposition
behavior of materials. In this case, TGA was used to study
the prepared nanocomposites, TCNF and TCNF/SA. Fig-
ure 3 displays the TGA plots obtained for these materials
under N2 gas. The TGA results revealed that both materials
underwent a first degradation step between 50 and 200 °C,
which was attributed to the evaporation of residual water.
This initial weight loss accounted for approximately 15%
for both TCNF and TCNF/SA. At higher temperatures, the
thermal decomposition of both materials was observed in
the form of a second degradation step. The primary weight
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loss occurred between 250 and 350 °C, followed by a rela-
tively slow decrease between 350 and 450 °C, which was
caused by the degradation of pyranose rings present in the
TCNEF backbone. The final degradation steps were observed
at 500 to 800 °C, leading to a final residue of 22% and 28%
for TCNF and TCNF/SA, respectively. The TGA results
provide valuable information on the thermal stability of the
materials and can be used to determine the optimal process-
ing conditions for these nanocomposites.

3.3 Adsorption Study
3.3.1 MB Adsorption at Different pH

In dye adsorption, pH affects the surface properties of the
absorbent and the degree of ionization of dyes (Fig. 3A).
The T-CNF and T-CNF/SA gels become deprotonated when
the pH increase (alkaline medium), which increases cat-
ionic dyes’ adsorption capacity. In addition, due to compet-
ing with cationic dye atoms, a solution with H* ions can
be also interacting with targets outside all samples. Neatly,
the T-CNF and T-CNF/SA MB adsorption limits decrease
at low pH for these routes because fewer dynamic adsorp-
tion areas exist. By calculating the zero-point charge (ZPC)
of the nanocomposites. ZPC for T-CNF/SA hydrogel, it is
possible to predict the optimal pH range for the adsorption
of dyes. The ZPC of the T-CNF and T-CNF/SA nanocom-
posites is found to be at a pH of 4.3 and 4.1 respectively. At
a pH below the ZPC, the surface of the nanocomposite is
positively charged, and therefore, it can attract negatively
charged dye molecules. Conversely, at a pH above the ZPC,
the surface of the nanocomposite is negatively charged, and
it can attract positively charged dye molecules.

3.3.2 Contact Time Effect Into Adsorption and Adsorption
Kinetics

The adsorption time of contact is a significant parameter that
is used to determine the related properties [45]. Figure 4B
illustrates the recorded values of MB dye adsorption capac-
ity on T-CNF and T-CNF/SA as a function of adsorption
time. T-CNF and T-CNF/SA both exhibited high adsorption
rates in the first 60 min., with equilibrium reached after 60
to 120 min. Due to the concentration difference between the
dye solution and the solid-liquid interface, which acts as a
driving force, the adsorption is significant at first. Compared
to pure T-CNF, T-CNF/SA nanocomposite has a higher
potential for adsorption. The high concentration of carbox-
ylate ions in the nanocomposite, which has previously been
validated by Zeta potential studies, may be the cause of the
quick electrostatic attraction with cationic MB. A pseudo-
first-order kinetic model and a pseudo-second-order kinetic
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model Fig. 4(C, D) respectively, were applied to examine
the MB adsorption mechanism. The kinetic parameters cor-
responding to these models are recapitulated in Table 1. The
kinetic data were established and studied using the pseudo-
first order and pseudo-second-order kinetic models. From
the Egs. 4 and 5, It can be determinate the complex interac-
tion between an adsorbent and an adsorbate:

K,
2.303°

t_(t, 1 5
de a Qe K2q€2 ( )

Where qt (mg.g™') and ge (mg.g™') represents the
adsorption at time t (min.) and adsorption at equilibrium,
respectively. k; (min.™") and k, (g mg™! min.™") is the rate
constant for pseudo-first-order and pseudo-second-order,
respectively.

From the Fig. 4, the first- and second-order kinetic mod-
els and the obtained data in Table 1, different conclusions
can be announced. Based on the results, it can observe
that a pseudo-second-order kinetic model accurately very
well the representation of the adsorption mechanism. For
all ranges of contact times (Fig. 4B), fittings of the first-
order kinetic function (Eq. 4) were not very satisfactory.
For T-CNF and T-CNF/SA, the pseudo-first-order model
correlation coefficients were 0.85 and 0.84, respectively.
Furthermore, the equilibrium adsorptive values (qe. cal)
differed greatly from the experimental data (qe exp.). This
suggests that the pseudo-first-order equation was not accu-
rate for the adsorption system [46, 47]. According to the
pseudo-second-request adsorption kinetics data, adsorp-
tion occurs via a biatomic adsorption mechanism with the
nanocomposite and MB dyes functional groups participat-
ing in the rate-determining step of adsorption [48, 49]. A
pseudo-second-order model was fit to adsorption kinetic
data for T-CNF and T-CNF/SA (Fig. 4D) with correlation
coefficients (R>=0.99 for T-CNF and T-CNF/SA) that are
higher than those for pseudo-first order (R?~0.85 and 0.84
for T-CNF and T-CNF/SA, respectively). The experimental
adsorption (qe,exp) and calculated results (qe. calc) of the
pseudo-second-order kinetic model were similar as well.

Log (¢. — qi) = Log (q.) “)

3.4 Adsorption Isotherms

To define the adsorption processes, adsorption isotherms are
used, commonly for the adsorbed amount on the nanocom-
posite ‘s surface. A combination of Langmuir Eqgs. 6 and
7 was used to assess the T-CNF and T-CNF/SA isotherm
information.
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Fig. 4 (A) Effect of pH values on the adsorption capacities of T-CNF
and T-CNF/SA, (B) non-linear fitting for MB adsorption of adsorption
kinetic curves (C) linear fitting of the pseudo first order kinetic model

Time (min.)

for MB adsorption, and (C) linear fitting of the pseudo second order
kinetic model for MB adsorption

Table 1 Kinetic parameters for MB adsorption by T-CNF and T-CNF/SA nanocomposites

Pseudo first order parameters

Pseudo second order parameters

qe'exp (mg~g_ 1) Ye-cal (mg'g_ 1) Kl . . Rz Ge-cal | K2. . R2
(min.”") (mg.g” ") (min.)”
T-CNF 82 48 0.033 0.853 89.28 9.68x107* 0.99
T-CNF/SA 91.8 35 0.028 0.849 97.08 1.3x1073 0.99
C 1 C 1
‘= ¢ 6) logg.= logC,+logP @)
de KLQmax Gmax n

In this equation, q, indicates the amount of MB adsorbed by
the nanocomposite (mg.g~ "), Ce represents the equilibrium
dye concentration (mg.L™"), g, represents the maximum
number of MB adsorbed on the nanocomposite (mg.g™ "),
and K; indicates the Langmuir constant (mg/1).

The Freundlich equation is given by:

where P represents the adsorption capacity (mg.g™ !,
and n is a constant representing the adsorption intensity
(dimensionless).

Figure 5 shows the isotherms of adsorption at vari-
ous MB dye initial concentrations (ranging from 50 to
800 mg.L~"). The parameters for fitting the Langmuir and
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Fig. 5 MB dye adsorption isothermal curves: (A) Nonlinear fit of MB adsorption, (B) MB adsorption model fitted linearly (Langmuir model) (C)

and Freundlich model

Table 2 MB adsorption parameters for different equilibrium models of T-CNF and T-CNF/SA.

Langmuir isotherm

Freundlich isotherm

K, (mg/L) qu(mg.g™") R? P (mg.g™!) n R’
T-CNF 0.036 185.2 0.997 32 391 0.89
T-CNF/SA 0.144 216.4 0.999 499 3.51 0.79

Freundlich isotherm models are displayed in Table 2. At 500
ppm MB content, the amount of MB dye removed increases
from 177 mg.g~! to 214 mg.g~' for T-CNF and T-CNF/SA
(Fig. 5A). MB migrates more actively from the aqueous to
solid phases when dye concentrations are higher, enhancing
contact between MB and adsorbents.

In this study, Langmuir isotherms were established and
showed a high correlation coefficient was obtained (R > 0.99
for T-CNF and T-CNF/SA). It can demonstrate clearly that
MB adsorbed on T-CNF and T-CNF/SA formed a mono-
layer by interacting directly with energetically equivalent
adsorption sites (Table 2). Furthermore, from Langmuir iso-
therm modeling, the maximum MB adsorption capacity was
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determined from T-CNF and T-CNF/SA was 185.2 mg.g™!
and 216.4 mg.g™ !, respectively.

3.5 Desorption Data

Adsorbents are extremely important in the industrial field,
as they can be reused again and again. Figure 6 shows the
results of repeated adsorption/desorption cycles of T-CNF
and T-CNF/SA. Regeneration of the T-CNF and T-CNF/SA
with 0.01 M HCl resulted in a slight decrease in adsorption
capacity from 98 to 93 after the fourth cycle. Finally, T-CNF/
SA often used as dye adsorbents for removing cationic dyes
because they can be regenerated. The loss of adsorption
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Fig.6 A reusability study of T-CNF and T-CNF/SA nanocomposite for
MB adsorption

capacity after regeneration of T-CNF/SA nanocomposite
with methylene blue dye can be attributed to several fac-
tors. Firstly, the regeneration process may cause damage to
the nanocomposite structure, resulting in a decrease in its
surface area and pore size. This can reduce the accessibility
of the active sites on the nanocomposite surface, thereby
reducing its adsorption capacity. Secondly, the regeneration
process may also remove some of the functional groups on
the surface of the nanocomposite, which are responsible for
adsorbing the methylene blue dye. This can reduce the num-
ber of active sites available for adsorption and result in a
loss of adsorption capacity. Finally, the regeneration process
may also result in a decrease in the nanocomposite’s hydro-
philicity, which can reduce its affinity for polar molecules
such as methylene blue. This can also contribute to a loss of
adsorption capacity.

A comparison between T-CNF/SA nanocomposite with
others several adsorbents was summarized and documented
in Table 3. The present data showed that T-CNF/SA nano-
composite had effective MB dye adsorption compared with
various sustainable materials as report in the literatures.

3.6 The Proposed Mechanism of the T-CNF and SA
with Methylene Blue

The proposed mechanism of the prepared nanocompos-
ite between T-CNF and SA with calcium chloride (CaCl,)
involves the formation of ionic and electrostatic interactions
between the carboxylate groups on the surface of the T-CNF
and SA and the Ca®" ions, as seen in Fig. 7. This interaction
leads to the formation of a nanocomposite material, which
is stabilized by allowing the nanocomposite to incubate in
a CacCl, solution for a specific period. The mechanism of
adsorption of T-CNF/SA nanocomposite with methylene

Table 3 MB dyes adsorption capacities of different modified nanocellulose

Adsorbent

Ref

Freundlich

Langmuir
Qmax

Amax

prH

R2

1/n

R2

Ky

(mg.g™ ")

(Lmg™ ")

(mg.g™")
185.2
216.4
122

502

This work
This work
[50]
[24]

0.89
0.79
0.85

0.5

391
3.51
0.22

32

0.997
0.999
0.996
0.989

180
218

T-CNF

49-9

T-CNF/SA

12.8
64

0.178
232

100

Unmodified CNFs from Kenaf
TEMPO-periodate-chlorite
oxidation of CNFs

1.931 0.988 [51]

54

1.

0.002 0.998
0.11 364.2
34.32

256.4

256.4

Cellulose nanocrystals /Alginate hydrogel

CNF/carbon nanotubes hybrid

[52]
[53]
[54]
[55]

0.892
0.954

4.984

0.985

1178.5

0.256

227.2 151.51 0.0365 0.995

233
79

TEMPO-Oxidized CNFs/ Graphene

6-9

Carboxylation Cellulose nanocrystals

0.019 0.974
0.999

101.2
2074

[56]

0.139

1968

Chitosan-g-poly(acrylic acid)

[57]
[58]

254.3
599.94

Bio-Based Sodium Alginate/Lignin Composite

SA/MMT

composite (5 wt% Cellulose nanocrystals)

@ Springer
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Fig.7 The proposed mechanism
of adsorption of T-CNF/SA nano-

composite with methylene blue
Cellulose Nanofibers

Sodium Alginate

TCNF/SA/MB

blue involves several steps. First, the nanocomposite is
introduced into a solution containing methylene blue. The
methylene blue molecules diffuse into the nanocomposite,
where they interact with the functional groups on the sur-
face of the hydrogel. The functional groups on the surface of
T-CNF/SA nanocomposite, such as hydroxyl and carboxyl
groups, can form hydrogen bonds, electrostatic interactions,
and van der Waals forces with methylene blue molecules.
These interactions cause the methylene blue molecules to
be adsorbed onto the surface of the nanocomposite as seen
in Fig. 7.

4 Conclusion

TEMPO oxidized cellulose nanofibers (T-CNF) were suc-
cessfully prepared by mechanical defibrillation using
Masuko grinders with diameters in the range of 5 to 20 nm.
The T-CNF/SA.

a nanocomposite was further characterized by SEM,
TEM, FTIR rheology and XRD to understand the mecha-
nism of formation of crosslinked nanocomposite. T-CNF/
SA nanocomposite showed improved absorption capabili-
ties of methylene blue from aqueous solution compared to
T-CNF. Langmuir isotherms were found to better describe
the adsorption process more than Freundlich isotherms, and
it turned out that the maximum absorption capacity of the
nanocomposite is 216.4 mg.g~ ! for methylene blue dye. The
results indicate clearly that the T-CNF/SA nanocomposite
is sustainable, environmentally friendly and sufficient as an
adsorbent for the removal of dyes in industrial and environ-
mental applications.
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