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Abstract

A TEMPO-oxidized cellulose nanofiber (CNF) was synthesized and characterized using FTIR, XRD, and TEM to confirm its structural and
functional properties. This modified CNF was then applied as an adsorbent for removing Cr(VI) from aqueous solutions. Key parameters
affecting the adsorption process, including pH, sorbent dosage, initial Cr(VI) concentration, contact time, temperature, as well as desorption
conditions, were systematically studied. The results revealed that the CNF exhibited an impressive adsorption capacity of 302.0 mg g for
Cr(VI) at optimum conditions of pH 2.0, 0.03g (dose), 60 min, and 25 °C. Moreover, kinetic studies indicated that the process fitted well with
pseudo-second-order kinetics, while equilibrium data were best described by the Freundlich isotherm, suggesting a heterogeneous, multi-layer
adsorption mechanism. Furthermore, the obtained results revealed that 90% of adsorbed Cr(VI) could be regenerated by using 0.1 M NaOH
even after three adsorption-desorption cycles.
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1. Introduction

The valorization of biomass waste involves converting organic residues, such as agricultural by-products, food waste, and
industrial organic residues, into commercially valuable products. This process leverages chemical, thermal, biological, or
electrochemical methodologies to transform what would otherwise be an environmental burden into renewable energy
sources, biochemicals, or high-performance materials. By implementing integrated biorefinery approaches, multiple products
with added value can be produced from a single biomass source. For example, biomass can be processed through
thermochemical methods like pyrolysis or gasification to yield biofuels and biochar, or through biochemical routes such as
anaerobic digestion and fermentation to produce biogas and bioethanol [1]-[3]. These cascaded processing strategies
maximize resource efficiency, minimize waste, and contribute significantly to the principles of a circular economy [3], [4].
Valorization not only reduces waste disposal challenges and environmental pollution but also fosters economic growth by
opening new revenue streams. Additionally, it contributes to a reduction in greenhouse gas emissions and decreases reliance
on fossil fuels, aligning with global sustainability and climate goals [5], [6].
Chromium (Cr(VI)) is commonly used in electroplating, leather tanneries, and metal finishing processes [7]. Cr(VI) is one of
the most hazardous chemicals that has carcinogenic and toxic effects on human health, including nausea, vomiting, dermatitis,
and liver and kidney damage [8]. Various methods, including flocculation, cloud point extraction, liquid-liquid extraction,
photocatalysis, and adsorption, have been reported for treating polluted water [9]-[16]. Amongst them, adsorption is widely
used owing to its simplicity, effectiveness, affordability, and high removal efficiency. Cellulose, a widely abundant
polysaccharide, has a long chain of B-D-glucopyranose units connected to form an unbranched homopolysaccharide by B
(1—4) glycosidic bonds [17]. Due to its numerous hydroxyl groups, cellulose interacts effectively with water pollutants. Since
natural cellulose is less stable and has poor adsorption capabilities, many studies have tried to modify cellulose to enhance its
adsorption performance [18]. Cellulose nanofiber (CNF) comprises unique characteristics, including lightweight, strong,
biodegradable, and renewable, making them highly appealing in diverse applications such as water treatment, packaging,
biomedical fields, and electronics [19]. Bettaieb et al. prepared a composite of CNF and polyethylenimine for methyl orange
dye removal, reaching a maximum adsorption capacity of 313 mg g [20]. In another study, Shao et al. functionalized CNF
with polypyrrole, generating a composite that was active in the removal of Cr(VI) [21].
In this work, cellulose nanofiber extracted from the bleatched pulp of sugarcane bagasse was modified via the TEMPO-
oxidization to introduce carboxyl functionality and increase its adsorption capacity. The prepared nanocomposite was
characterized using FTIR, XRD, and TEM. CNF was applied for Cr(VI) adsorption from aqueous solutions. The variables
influencing adsorption capacity were studied, including pH, dose, time, concentration, and temperature. Reusability studies of
TEMPO-Oxidized CNF were performed for three adsorption-desorption cycles with a removal efficiency of 90 %. This work
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makes the development of an environmentally friendly and highly effective adsorbent for the Cr(VI) adsorption from
wastewater possible.

2. Results and discussion

2.1. Characterization of cellulose nanofibers

2.1.1. Fourier-transform infrared (FTIR)

The FTIR spectra of CNF and TEMPO-oxidized CNF were shown in Fig. 1; the cellulose characteristic peaks, including
stretching vibrations of —OH and inter/intramolecular hydrogen bonds (3336 cm™), —CH, (2895 ¢cm™), and C—O-C (1031
cm™") were observed [13]. After TEMPO-oxidization, the band at 1732 cm™ was appeared ascribed to the asymmetric
vibration band of carboxylic carbonyl suggesting successful oxidation of CNF [23]. Furthermore, shifts of OH band after
TEMPO-oxidized was observed from 3336 to 3312 cm™" and —CHj stretching vibrations to 2853 cm™.
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Figure 1: FTIR spectrum of CNF and TEMPO-oxidized CNF
2.1.2. X-ray diffraction (XRD)
Fig. 2 shows the XRD diffractogram for TEMPO-oxidized CNF. hree characteristic peaks of the native cellulose I polymorph
are clearly observed at 20 = 18.05° (broad, (110) plane), 22.37° (sharp and intense, (200) plane) and 34.16° (small, sharp,
(004) plane), confirming that TEMPO oxidation preserves the underlying crystalline framework of CNF [24]. According to
Segal Crystallinity Index (Crl) equation [1]
Crl (%) = [(1200 — Tam) / 1200] x 100 [1]
The calculated Crl was found to be 85.2%, the Scherrer analysis of the (200) reflection yields a crystallite size of 81 nm and a
microstrain of 0.00218 (0.218 %). These data strongly suggest that the TEMPO oxidation for bagasse pulp preserves the
cellulose I crystalline framework with only minimal lattice distortion [5, 22].

T T T T T

4 (200)

-\ @10) .'; | |
A J |
\"\nf \%

"

Intensity (a.u.)

T T T T
10 20 30 40 S0 60
20 (degree)

Figure 2: XRD spectrum of TEMPO-oxidized CNF
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2.1.3. TEM
The TEM image of TEMPO-oxidized CNF revealed in Fig. 3, displayed a sparsely distributed nanofiber or nanotube-like
structure on a light gray background, providing a good synthesis of CNF.
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Figure 3: TEM image of TEMPO-oxidized CNF.

2.2. Adsorption studies

2.2.1. Influence of pH

pH is a crucial parameter during the Cr(VI) adsorption process; the adsorption capacity reaches its maximum value at pH 2.0
(Fig. 4). Whereas, with the increase of pH, the TEMPO-oxidized CNF adsorption capacity gradually decreases until it reaches
lower values in the basic medium. This change can be attributed to the dominant species of chromium at pH (2.0-6.0) present
as HCrO,~ and Cr,0,>~ and hence, attraction forces with positively charged hydroxyl and carboxylic groups occur [25]. In the
basic medium, on the modified CNF surface, the OH™ and chromium anions will compete for the adsorption sites.

-~
~
™
»
o
o4
-~
o <
©

10
pH

Figure 4: Effect of pH on adsorption of Cr(VI) by TEMPO-oxidized CNF.
2.2.2. Influence of dose
The effect of TEMPO-oxidized CNF dosage for the effective Cr(VI) adsorption was performed within the range of (0.005-
0.040) g. As revealed in Fig. 5, the adsorption capacity was significantly increased with the adsorbent dosage increasing until
it reached equilibrium at 0.03 g owing to the abundant adsorption sites. The saturation of the TEMPO-oxidized CNF
adsorption sites may be the cause of the negligible change in adsorption capacity with additional adsorbent dosage (beyond
0.03 g) [26]. Hence, 0.03 g was used for further experiments.
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Figure 5: Influence of dose on adsorption of Cr(VI) by TEMPO-oxidized CNF.

2.2.3. Influence of contact time and kinetics

The effect of equilibrium time on Cr(VI) adsorption capacity at C;=50 mg L' was investigated (Fig. 6). The adsorption
capacity increased instantly within the first 30 min and then gradually became slow due to the saturation of TEMPO-oxidized
CNF adsorption sites until equilibrium was attained at 60 min [27]. The pseudo-first-order (PFO) and pseudo-second-order
(PSO) kinetic models in their non-linear form were utilized to explain the kinetic adsorption process and their relative
equations are shown below [28]:

Pseudo-first-order q=q.(1-¢ -Klt 3)
2
Pseudo-second-order ¢, = _lli ZI;’eqe‘t @
2

Where q, and q, symbolize the quantity of Cr(VI) adsorbed on TEMPO-oxidized CNF at equilibrium and at a given time,
respectively, k; and k, refer to the rate constants. The Cr(VI) adsorption kinetic models were displayed in Fig. 6, and their
relative parameters were revealed in Table 1. By comparing the correlation coefficients (R?), the PSO was assigned to be a
better kinetic model for explaining Cr(VI) adsorption kinetics, which indicated that Cr(VI) adsorption onto TEMPO-oxidized
CNF was mediated by chemical adsorption [29].
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Figure 6: Effect of time and kinetic fittings of Cr(VI) adsorbed onto TEMPO-oxidized CNF.
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Table 1: Kinetic parameters for Cr(VI) adsorbed by TEMPO-oxidized CNF.

Models adsorbent@Cr(VI)
Pseudo 1* order

qe (exp)(mg g') 40.56
qe (cal)(mg g ) 38.60
K;(min™") 0.077
R? 0.989
Pseudo 2™ order

qe (exp)(mg g') 40.56
e (cal)(mg g™ 4253
k, (g mg’l min!) 0.002
R? 0.992

2.2.4. Influence of concentration and isotherm studies

The equilibrium adsorption isotherm is essential for examining the behavior of interactions between the adsorbent and Cr(VI).
The non-linear Langmuir and the Freundlich adsorption isotherm models simulated the equilibrium adsorption data. Their
respective non-linear equations are shown below [30], [31]. The non-linear curves and parameters are depicted in Fig. 7 and
Table 2, respectively. By comprehensively comparing the two isotherm models, the adsorption data was more accurately
described by the Freundlich model, according to the (R?) value [32]. The calculated n value (Table 2) is higher than 1.0,
suggesting favorable and feasible adsorption of Cr(VI) on TEMPO-oxidized CNF.

QmaxK1Ce

(1+K,Ce) ©)

Langmuir equation q. =

Freundlich equation q. = Kr c (6)

where Q. is the maximum adsorption amount; K; and Kg are the Langmuir and Freundlich isotherm constants, respectively.
n stands for the adsorption intensity.

Table 2: Isotherm parameters for Cr(VI) adsorbed by TEMPO-oxidized CNF.

Models adsorbent@Cr(VI)
Langmuir

Quax (mg g) 4187

K. (L mg™") 0.035

R? 0.857

Freundlich

K 52.82

n 2.495

R? 0.966
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Figure 7: Effect of concentration and isotherm fittings of Cr(VI) adsorbed onto TEMPO-qyidized oNF.

2.2.5. Thermodynamic studies

Using van’t Hoff equation, the impact of temperature in the 298-318 K range was investigated to explain the Cr(VI)
thermodynamic process. The thermodynamic equations used were [33]:

AG = —RTInK, @

AG= AH—-TAS (8)

AG (kJ mol-1) is the Gibbs energy change, AH is the enthalpy change (kJ mol-1), and AS (kJ-mol™-K™1) denotes the entropy
change. Here, R is the universal gas constant (8.314 x 1073 kJ-mol - K™), and T is the absolute temperature in kelvin (K). KL
is constant calculated from dividing Qe and Ce. AH and AS were attained from the slope and intercept of the plot of In KL
versus 1/T. The equilibrium adsorption of Cr(VI) was elucidated by fitting the 1/T versus InKL. The thermodynamic
parameters are shown in Fig. 8 and Table 3. The 4G negative values revealed the spontaneity of the adsorption. Furthermore,
the endothermic and random nature of the Cr(VI) adsorbed by TEMPO-oxidized CNF was indicated by the positive values of
AHO and ASO [34].
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Figure 8: Plot of reciprocal of temperature (1/T) versus In Ky of Cr(VI) adsorbed onto TEMPO-oxidized CNF.
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Table 3: Thermodynamic parameters for Cr(VI) adsorbed by TEMPO-oxidized CNF.
pHy = 2.0, agitation time = 60 min, adsorbent dose = 0.03g.

Sample AH’ AS’ -AG® (kJ mol™")
P (kJ mol™) (J mol' K™ 303k 313k 323k
TEMPO-oxidized 13.39 36.26 239 207 1.67

CNF

2.2.6. Desorption and reusability studies

To evaluate the reusability of TEMPO-oxidized CNF adsorbent, 3 adsorption—desorption cycles were conducted. The Cr(VI)
was regenerated by dipping it into NaOH solution (0.1 mol L-1, 20 ml) and stirring for 20 min. After 3 cycles, the removal
efficiency exceeded 90% as more Cr(VI) can be captured by the adsorbent after NaOH treatment. Under acidic conditions, the
majority of Cr(VI) ions were adsorbed as negatively charged species such as HCrOs or Cr.0-* through electrostatic
attraction. Raising the pH, using NaOH solution as a desporing agent, causes the adsorbent surface to become negatively
charged, which repels and desorbs Cr(VI) ions back into solution. Providing high stability as well as good separation of the
prepared adsorbent [35], as shown in Fig. 9.

100 4 -

Regneration (%)

1 2 3
Cycle order

Figure 9: Desorption study with NaOH (0.1 mol L™).

2.2.7. Comparison with different adsorbents

Table 4 compares the adsorption capacity and optimum conditions for Cr(VI) adsorption onto TEMPO-oxidized CNF with
other adsorbents. The data imply the ability of TEMPO-oxidized CNF to adsorb Cr(VI) effectively with high adsorption
capacity. According to the data obtained from pH effect, the TEMPO-oxidized CNF showed higher adsorption capacity
values in acidic medium compared to that in basic medium which suggests that the electrostatic attraction between Cr(VI) and
positively charged hydroxyl and carboxylic groups strongly affect the adsorption capacity. Also, hydrogen bondings could be
performed. Therefore, the mechanism of interaction between Cr(VI) and TEMPO-oxidized CNF could be summarized as
evaluated in Fig. 10.

Egypt. J. Chem. 68, No. 12 (2025)
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Table 4: Comparing Cr(VI)'s adsorption capabilities onto TEMPO-oxidized CNF with those of other adsorbents.

Adsorbent Conditions ge (mg & Ref
nanofibrillated cellulose/chitosan pH=3.0, t=120min 1973 36]
aerogel

Cellulose @PEI aerogel pH=2.0, m=0.02¢ 229.1 (371
Amino-functionalized magnetic pH=3.0, t=120min, m=0.02¢g 1715 [38]
cellulose

Fe;0,4-coated CA/CS nanofibers pH=3.0, t=120min, m=0.4g 193.2 [39]
TEMPO-oxidized CNF pH=2.0, m=0.03g, t=60 min 302.0 This study

At pH=2 O O 0
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OH;'

OH ’
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Figure 10: Mechanism of interactions between Cr(VI) and TEMPO-oxidized CNF.

3. Materials and methods

3.1. Materials

The bleached bagasse pulp was purchased from Qena Company of Paper Industry, Egypt, with the chemical composition of
cellulose content (96%), lignin (0.92%), hemicellulose (3%), and ash content (0.85%). Chemicals, including 2,2,6,6-
Tetramethylpiperidine- 1-oxyl (TEMPO), 1,5-diphenyl carbazide, K2Cr207, HCI, and NaOH, were supplied from Alfa-Aesar.

3.2. Characterization
Fourier-transform infrared (FTIR) spectrum was recorded on (Nicolet 670, Thermo Nicolet, and U.S.A). X-ray diffraction

(XRD, Philips PW 1800) was recorded using Cu ka radiation (40 kV and 40 mA). The TEMPO-oxidized cellulose nanofiber
morphology was monitored by transmission electron microscope (TEM) (JEM-2100HR, JEOL, Japan).

3.3. Synthesis of TEMPO-Oxidized Cellulose Nanofiber

CNF was synthesized as stated by El-Sayed et al. [5], [22]. Briefly, the bleached sugarcane bagasse pulp (20 g) was treated
with 40 % NaOH for 2 hours with mechanical stirring at 70 oC. The fibers were collected by vacuum filtration and washed
with 100 mL of distilled water three times. Then, TEMPO (1.0 g) and sodium bromide (8.0 g) were finely ground in a
porcelain mortar and added to water-dispersed CNFs. This was followed by adding 300 mL of (15 %) NaOCI with mechanical
consistent stirring. The pH was regulated to reach a value of 10.0 until the completion of the reaction by drops of 40% NaOH
solution (3 mol L-1). At the end of the reaction, the pH was neutralized to pH 7.0, and the product was washed several times
with distilled water and centrifuged at 8,000 rpm. Finally, the resulting TEMPO-oxidized CNFs (CNF) were subjected to
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CELLULOSE NANOFIBERS FOR EFFICIENT ADSORPTION OF HEXAVALENT CHROMIUM IONS.. 9

mechanical homogenization at 10,000 rpm at 2% fiber concentration and purified by dialysis for 96h against deionized water.
CNF hydrogel was kept in the refrigerator at -4 °C until used.

3.4. Sorption studies
The Cr(VI) stock solution (1000 mg L-1) was made by dissolving K2Cr207 in distilled water and diluting this solution for
subsequent adsorption experiments. Batch adsorption studies were performed, such as pH, contact time, dose, initial Cr(VI)
concentration, temperature, and reusability. Typically, 0.03 g of modified CNF adsorbent was shaken (120 rpm) with 25.0 mL
of Cr(VI) concentration (20-500 mg L-1) at pH (2.0-9.0) adjusted using 0.1mol L-1 HCI /NaOH, contact time of (5-240 min),
dose (0.005-0.040 g) and incubation temperature (298-320K). The residual Cr(VI) concentration was determined by the
diphenylcarbazide colorimetric method with a UV-vis spectrophotometer (Jasco UV-model V-530, Japan) at 540 nm. The
Cr(VI) adsorption capacity (Qe) and at t time (qt) were estimated as follows:

ge=(Co—-Ce) xV/m (1)

qt=(Co-Ct) xV/m 2)
CO0, Ce, and Ct (mg L-1) are the initial, equilibrium, and Cr(VI) concentrations at time 7, respectively, V (L) is the
experimental solution volume, and m is the modified CNF mass.

4. Conclusion

A TEMPO-oxidized cellulose nanofiber was prepared and characterized by FTIR, XRD, and TEM. The prepared adsorbent
was utilized for adsorbing Cr(VI) from the aqueous solutions. The factors that affected the adsorption capacity were
examined, including pH, dose, time, concentration, temperature, and desorption. According to the adsorption tests, TEMPO-
oxidized CNF has an adsorption capacity of 302.0 mg g-1 for Cr(VI). The adsorption kinetics, isotherms, and
thermodynamics were studied to understand the mechanism of adsorption. The adsorption process fit well with pseudo-second
order kinetics according to kinetic studies. Morever, the equilibrium data was best described by Freundlich isotherm, pointing
to a heterogeneous, and multi-layer adsorption mechanism. According to the results of the adsorption-desorption tests,
TEMPO-oxidized CNF can be considered as a promising adsorbent for the removal of Cr(VI) from wastewater.
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