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Nanocellulose, a versatile nanomaterial with a wide range of applications, is gaining significant attention for
its sustainable and eco-friendly properties. In this study, we investigate the influence of reaction variables on
the surface chemistry of TEMPO-oxidized cellulose nanofibers (TOCN) from palm oil empty fruit bunch
(EFB) fibers, a high cellulose content biomass. Reaction time, primary oxidizing agent, and a pretreatment
process affect, to various extents, the surface chemistry of EFB-TOCN. Conductometric titrations (CT),
X-ray photoelectron spectroscopy (XPS), and statistical analysis indicate a positive and significant
influence of reaction time and primary oxidizing agent on EBF-TOCN degree of oxidation and surface
charge density. Partial EFB delignification increased EFB-TOCN oxidation and reaction yield compared to
EFB without pretreatment. Interestingly, only reaction time has a significant effect on the EFB-TOCN
hydrodynamic radii, with a reaction time of over 120 minutes required to obtain nanocellulose less than
100 nm in size. Utilizing palm oil residual biomass for nanocellulose extraction not only valorizes
agricultural waste but also enhances the palm oil industry's economic prospects by reducing waste
disposal costs and improving material circularity. This research contributes to the growing body of
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1. Introduction

The need for renewable, functional, and cost-effective materials
has increased due to the depletion of fossil fuel reserves, the rise
of synthetic plastic pollution, and the increase of greenhouse
gas emissions. One solution is to use agricultural byproducts to
produce lignocellulosic materials that can be transformed into
biopolymers and platform chemicals via chemical trans-
formations." Palm oil (PO) is a high-yield agro-industrial crop in
the tropics.> Palm oil extraction results in aqueous and solid
byproducts, with the empty fruit bunch (EFB) being the most
abundant solid residue, accounting for about 21 wt% of the
fresh fruit bunch (FFB). EFB is typically utilized as a composting
material in plantations or as a low-grade fuel in boilers.* With
a yearly production of over sixty-eight million tons, empty fruit
bunches (EFB) from PO extraction have the potential to be
a valuable source of biopolymers due to their high cellulose
(50.9%), lignin (17.84%), and hemicellulose (29.6%) contents.**
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EFB fibers as a valuable raw material for sustainable nanomaterial development.

Cellulose, the most abundant biopolymer on earth, is the
primary structural component of all plant cell walls.® Cellulose
is an unbranched homopolysaccharide constructed of p-anhy-
droglucose units linked by B-(1-4)-glycosidic bonds. Each
monomer in cellulose has three free hydroxyl groups, one
primary (C6) and two secondaries (C2, C3), able to establish
intra- and intermolecular hydrogen bonds. These interactions
are responsible for cellulose's highly ordered and mechanically
robust macrostructure.” Cellulose biosynthesis occurs at the cell
wall level by arrangements of spinnerets incorporating an
extraordinary molecular machine called cellulose synthase.
During cellulose synthesis, individual strands interact to form
fibrils through hydrogen bonds. However, fibril assembly does
not always produce perfectly aligned individual cellulose
strands, resulting in cellulose fibrils containing amorphous and
crystalline regions.*?

Cellulose extraction from biomass requires chemical,
mechanical, or biological deconstruction of the natural bio-
composite formed by cellulose, hemicellulose, and lignin.
Nanocellulose (NC) is usually derived from pure or partially
delignified bulk cellulose, although recent research focuses on
nanocelluloses containing lignin.*® NC extracted from agricul-
tural biomass is biodegradable and biocompatible, which are
crucial properties for applications in the biomedical field for
drug delivery, tissue engineering, and wound dressing.
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Biomass-based NC exhibits excellent mechanical and barrier
properties that make it suitable for composites, lightweight
structures, and packaging for food preservation. Also, as
a modifier and additive, NC has many potential applications,
such as a reinforcing agent, rheological modifier, and oil
recovery processes due to its exceptional adsorption properties.
NC chemical isolation processes are normally faster and more
cost-effective and are usually combined with mechanical pre- or
post-treatment. Typically, cellulose nanofibers (CNF) are ob-
tained from the oxidation and complete defibrillation of the
cellulose bulk macrostructure, while nanocrystals (CNC) arise
from defibrillation and the elimination of the fibril's amor-
phous regions via hydrolysis reactions."* The physicochemical
properties of CNF and CNC largely depend on the lignocellu-
losic source and extraction methods.'**?

The TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) oxidation
reaction is a pivotal chemical method in CNF production from
biomass sources, delivering controlled disintegration, colloidal
stability, surface chemistry flexibility, and sustainability.*>**
Requiring sodium hypochlorite (NaClO) as the primary oxidant
and the TEMPO radical as a catalyst, the reaction is remarkably
selective, targeting only the primary hydroxyl groups of cellulose
and sparing the cellulose backbone from significant degrada-
tion (Scheme 1).**** TEMPO oxidation imparts a substantial
surface charge to CNFs, due to the presence of carboxylate units
in the form of sodium salts, leading to a significant electrostatic
repulsion between individual nanofibers that prevents
agglomeration and facilitates the formulation of stable aqueous
suspensions.” The number of carboxylate groups reported as
cellulose's degree of oxidation (DO) or charge density (o)
depends on the isolation conditions and biomass source.” DO
and ¢ are typically calculated from conductimetric titration (CT)
measurements. CNFs from TEMPO have a versatile surface
chemistry that can be precisely tailored through functionaliza-
tion, enabling integration into various nanocomposites and
hybrid materials. This adaptability expands their utility in
nanocomposite development, drug delivery, and biomaterials.
The TEMPO reaction also aligns with green chemistry princi-
ples, featuring mild reaction conditions and eco-friendly
reagents, minimizing waste and environmental impact.***® In
this work, CNF from EFB was isolated using ultrasound-assisted
TEMPO oxidation, followed by mechanical disintegration, using
a process previously reported for residual biomass."*°

The conditions of the TEMPO reaction and the biomass
source significantly influence the physicochemical properties of
TOCN. For example, under the same TEMPO oxidation experi-
mental conditions, Norway spruce (a hardwood) and Eucalyptus
(a softwood) pulps resulted in TOCN with 1.4 mmol COO™ per g
and 1.2 mmol COO™ per g, respectively. This observation
highlights the effect of the biomass source on TOCN proper-
ties.”* Huang et al.*® reported that increasing the length of the
TEMPO oxidation reaction impacts DO and ¢ in TOCN extracted
from wood pulp. Changing reaction time from 1 to 24 h resulted
in increased DO (¢) from 16.4% (1.00 mmol COO™ per g) to
25.0% (1.58 mmol COO™ per g), respectively. The reaction
length also impacted the crystal size, which decreased from
4.3 nm after 1 hour of reaction to 3.8 nm after 24 hours.
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Scheme 1l TEMPO-mediated oxidation of cellulose (adapted from ref.
15).

Additionally, they observed that the kinetics of the TEMPO
oxidation reaction is faster in the first hour of the reaction and
decreases with time.”” The biomass pretreatment process also
affects the yield and physicochemical properties of TOCN. For
instance, Kaffashsaie et al.?® tested the influence of a sodium
hydroxide/sodium sulfite pretreatment on TOCN extracted from
paulownia wood. They observed that carboxylate contents
increased from 1.45 mmol COO™ per g for untreated biomass to
1.68 mmol COO™ per g for the treated material. Performing
TEMPO oxidation on untreated matrices results in decreased
oxidation yields, likely due to the occurrence of two simulta-
neous and competing processes, bleaching and oxidation.*
Simultaneously, DO and ¢ grow as the oxidizing agent (NaClO)
increases, as reported by Isogai et al.>* Milanovic et al.*® studied
the combined effects of reaction time and amount of NaClO on
the TEMPO oxidation of hemp fibers. The authors observed
increases in DO and ¢ as reaction time increases from 1 to 4
hours only at higher oxidant concentrations (9.67 mmol NaClO
per g of fibers). For lower oxidant concentrations, there was no
significant combined effect.® Finally, Hastuti et al.*® reported
the TEMPO oxidation of EFB at different concentrations of
NacClO. Hastuti observed a linear behavior between the increase
of NaClO and the degree of oxidation (1.08, 1.34 and 1.50 mmol
COO™ per g using 10, 20 and 30 mmol NaClO per g cellulose).
However, in this work, the reaction time was not varied, and the
sample was pre-treated with acid.”

X-ray photoelectron spectroscopy (XPS) is a highly valuable
analytical technique that provides crucial insights into the
surface chemistry of nanocellulose. While conductimetric and
potentiometric data are commonly used in studies related to
cellulose surface oxidation, XPS can also offer valuable infor-
mation on cellulose surface composition, including carbon and
oxygen contents and their oxidation states.?® In fact, numerous
reports have illustrated the effective use of XPS for quantitative
and qualitative analysis of nanocelluloses.””** The XPS C 1s
band, which contains contributions from bonded carbons
exposed to various local environments, can be resolved into four
signals attributed to C-H/C-C, C-O, O-C-O/C=0, and O-C=
0.* Specifically, the intensity of the O-C=O0O signal can be
correlated with the acids on the cellulose surface and compared

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with  data and conductimetric
measurements.

This study reports the effects of key variables such as reac-
tion time, temperature, and pH on the surface chemistry of
cellulose nanofibers isolated by TEMPO oxidation from Palm
Oil Empty Fruit Bunches (EFB). Conductimetric and XPS anal-
ysis allowed monitoring the oxidation process and precise
characterization of reaction kinetics and surface chemistry. In
addition, we performed a rigorous comparative evaluation of
data from conductimetric and XPS data. This research holds
profound significance, given Colombia's status as the world's
fourth-largest Palm Oil producer. Yet, the abundant and
versatile lignocellulose matrix, EFB, remains underutilized
Palm Oil producer. Yet, the abundant and versatile lignocellu-

lose matrix, EFB, remains underutilized.

from potentiometric
32-34

2. Experimental
2.1 Materials and reagents

Hydrogen peroxide (H,0,), sodium hydroxide (NaOH), hydro-
chloric acid (HCl 37%), and ethanol (analytical grade) were
purchased from Merck (Darmstadt, Germany). TEMPO (2,2,6,6
tetramethylpiperidine-1-oxyl) radical was purchased from
Sigma-Aldrich (Saint Louis, MO, USA). A commercial sodium
hypochlorite solution (NaClO 15%) was purchased from Master
Quimicos (Piedecuesta, Colombia) and standardized according
to ASTM D2022. All solutions and suspensions were prepared
with distilled water. The mixtures of raw EFBs belonging Elaeis
guineensis and the interspecific hybrid OxG were kindly
supplied by Extractora Central Palm Oil Mill, Puerto Wilches,
Santander, Colombia.

2.2 EFB fiber pretreatment

The EFB fibers, as received from the palm oil mill were washed
with plenty of distilled water, dried at 60 °C in an oven, and
stored for further use. This sample was labeled clean EFB. Clean
EFB fibers were delignified using a previously described
hydrogen peroxide alkaline (AHP) method.*® Briefly, 2 g of clean
EFB fibers were suspended in a 10% (w/v) H,0O, solution
brought to pH 11.5 by adding NaOH (4 N); the EFB fibers load
was 5% w/v of alkaline solution. The mixture was allowed to
react for 2 hours at 70 °C. The treated EFB (AHP-EFB) fibers were
washed and dried at room temperature. AHP-EFB fibers were
cut into 0.5 cm pieces before TEMPO oxidation. The cellulose,
lignin, hemicellulose, moisture, ashes, ethanol-toluene soluble
matter contents in EFB and AHP-EFB fibers were determined by
the Kurscher and Hoffer, TAPPI 222, Jayme-Wise methods,
NREL-TP-510 42621, NREL-TP-510 42622, and ASTM-D1107
standards.

2.3 TEMPO-mediated oxidation of EFB and mechanical
treatment

The TEMPO-mediated oxidation of EFB fibers followed the
process described by Ovalle et al.*® Scheme 1 shows the reaction
mechanism. In summary, 0.016 g of the TEMPO radical and
0.1 g of NaBr (dissolved in 40 mL of water) were added to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a 100 mL aqueous suspension of 1.0 g of AHP-EFB fibers cut into
small pieces (2 mm). Gradually, NaClO was added to the
suspension; the amount of NaClO added was dependent on the
cellulose : NaClO molar ratios 1:1, 1:5, 1: 8 and 1:10 (equiv-
alent to 6.17, 30.84, 49.34 and 61.68 mmol NaClO per g dry
cellulose respectively). The mixture was stirred, placed, and
kept for variable time intervals in an ultrasonic bath (40 kHz,
130 W), where the pH was maintained at 10.5 by adding HCI or
NaOH 6 N solutions. Once the pH stabilized (10.5), the reaction
mixture was taken from the ultrasonic bath and quenched with
ethanol (half the volume of NaClO). The mixture was centri-
fuged (5000 rpm, 10 minutes), the supernatant was discarded
together with the unreacted cellulose, leaving behind the
oxidized cellulose pellet. Distilled water was added to the pellet,
and the mixture was shaken and centrifuged multiple times
until neutral pH. The pellet was then dispersed in 100 mL of
water and subjected to sonication with an Ultrasonic Processor
(Sonics vibra-cell-VC750, 20 kHz, 750 W, A 40%, 1:1 s cycle for
10 minutes). A direct TEMPO oxidation control experiment was
also carried out using raw EFB fibers (without AHP treatment)
reacted with TEMPO for 120 minutes using a cellulose : NaClO
ratio of 1:8 (49.34 mmol NaClO per g dry cellulose). The
suspension concentration was determined using eqn (1), based
on the mass of both the wet and dry TOCN suspensions.

M, dry [g]

TOCNsuspension [g]

[TOCN suspension]% = x 100 (1)
where Mrocnsuspension 18 the mass of a given TOCN suspension
volume, and My,y is the mass of this TOCN dried at 60 °C, until
constant weight.

The reaction yield was determined using eqn (2), which
considers the suspension concentration, suspension volume,
and the fiber mass used for the TEMPO oxidation.

o Mo, _

Reaction yield (%) = Moo [¢] x TOCN suspension [%)] (2)
Mﬁber [g]

where Mo, is the mass of the TOCN suspension after sonica-

tion with the ultrasonic processor, Mgy, is the mass of AHP-EFB

or EFB sample used for the TEMPO oxidation and the TOCN

suspension % is the value obtained from eqn (1).

2.4 Statistical analysis

A multilevel factorial design (2%) was conducted to test the
influence of variables on the TEMPO-oxidation process and
reaction yield of AHP-EFB fibers. The design included two
independent variables, namely reaction time and cellulose:
NaClO molar ratio, each with four levels. The reaction time
varied from 30, 60, 90 to 120 minutes, while the cellulose:
NaClO molar ratios from 1:1,1:5, 1: 8 to 1:10. The statistical
analysis of the design was performed using STATGRAPHICS 18
software using charge density, reaction yield, size distribution,
and { potential as response variables and the Pareto diagram,
main effects plot, estimated response surface and interaction
plots as statistical outputs. The labeled samples indicated their
reaction time and the cellulose : NaClO ratio (refer to Tables 1
and S1f for sample labels). For example, the sample with

RSC Adv, 2023, 13, 36117-36129 | 36119
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Table 1 Experimental parameters and levels

Levels
Parameters 1 2 3 4
Reaction time (min) 30 60 90 120
Cellulose : NaClO molar ratio 1:1 1:5 1:8 1:10

a reaction time of 120 minutes and cellulose : NaClO molar ratio
of 1:8 was labeled as TOCN 120-1:8 or 120-1:8. Direct TEMPO-
oxidized samples were labeled as EFB-TOCN.

2.5 Materials characterization

Conductimetry was used to determine the TOCN degree of
oxidation (DO). First, 0.05 g of each TOCN sample was sus-
pended in 0.01 M HCI solution until pH 2 (excess acid) and
stirred for 10 minutes. The suspension was titrated with
a previously standardized 0.01 M NaOH solution. The TOCN
conductometric titration proceeds through three specific steps.
Initially, the mixture's conductivity decreases rapidly due to the
excess HCl and NaOH reaction. Secondly, the weak organic
acids in the oxidated anhydroglucose units of cellulose react
with NaOH, driving a slight and prolonged decrease in
conductivity. Finally, conductivity increases sharply due to the
excess NaOH. The nanocellulose degree of oxidation (DO) was
determined by eqn (3) and the charge density () by eqn (4), as
proposed by Habibi.** Conductimetric titration was performed
in triplicate for each TOCN suspension, and error bars indicate
standard deviation.

162 x C x (Vz—Vl)

o= e xcx o) 3)

C x (Vz— V])

o (mmol COO™ per g )= -

(4)
where C is the NaOH molar concentration, V; and V, are the
NaOH volumes (mL) used in the second titration step, m is the
sample weight (g), 36 corresponds to the difference between the
molecular weight of one anhydroglucose (162 g mol ) unit and
a glucuronic acid sodium salt residue (198 ¢ mol ™).

Scanning electron micrographs of the EFB and EFB-AHP
fibers were taken at 30 kV on a QUANTA FEG 650 scanning
electron microscope equipped with a secondary electron
detector (SED), an Everhart Thornley (ETD) detector and
a backscattered electron detector (BSE). The samples were
affixed with conductive carbon tape and coated with a layer of
gold. TOCN micrographs were taken in a Thermo Fisher
Scientific Scios 2 DualBeam - FIB SEM equipped with EDX and
EDS detectors. 50 mL of the TOCN suspension (0.7%) were
placed on conductive carbon tape, dried under vacuum, and
coated with gold. Size distribution and ¢ potential (colloidal
stability) of EFB-TOCN and TOCN suspensions (0.01% w/v) were
estimated by Dynamic Light Scattering Analysis (DLS) using
a MALVERN Zetasizer ZS90 instrument (Worcestershire, UK)*”
DTS-0012 polystyrene and DTS-1070 cells were used for size
distribution and ¢ potential measurements, respectively. Each
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measurement of { potential was performed in triplicate and
error bars indicate standard deviation.

TOCN and EFB-TOCN films were produced by drying 0.8% w/
v TOCN suspensions at 60 °C for 24 hours for FTIR-ATR and XPS
analysis. FTIR-ATR enables functional group identification and
observation of changes caused by the experimental variables
tested. FTIR-ATR analysis was performed in a Nicolet iS50 FTIR
spectrometer equipped with an integrated diamond ATR
module. FTIR-ATR spectra were acquired at a 4 cm™ ' resolution
and wavenumber range of 4000 to 400 cm ™" using 64 scans.

XPS experiments were recorded using the A-Centeno-XPS/
ISS/UPS surface characterization platform produced by SPECS
(Germany). The platform is equipped with a PHOIBOS 150 2D-
DLD energy analyzer. During XPS analysis, the pressure in the
analysis chamber was approximately 1 x 10~° Pa. The spot size
was 2 mm x 2 mm unfocused; the analyzer lens mode was used
in medium area, the aperture was 4C, and the calibration
resolution was Ags, FWHM 0.05. A monochromatized Al K,, X-
ray source (FOCUS 500) operated at 100 W was used for the
measurements. The pass energy of the hemispherical analyzer
was set at 100 eV for general spectra and 15 eV for high-
resolution spectra. Surface charge compensation was
controlled using a Flood Gun (FG 15/40-PS FG 500). After each
analysis, the C 1s region was re-recorded to verify the sample's
surface charge change during the analysis. The CasaXPS soft-
ware (Casa Software Ltd) was used to process the data using
a Shirley-type baseline.*® All spectra were calibrated with the C
1s at 284.8 eV. The signals correspond to C1 284.8 eV (C-H), C2
286.7 €V (0-C-C-C), C3 288.0 eV (O-C-0/C=0) and C4 289 eV
(0O=C-0-).*** Atomic oxygen (%) was determined after elimi-
nating the contributions of silicon and calcium oxides.

3. Results and discussion

3.1 EFB fiber composition

Fig. 1 displays the EFB and AHP-EFB fibers composition in
terms of weight percentage. The EFB fibers were washed only
with water and were not degreased prior to TEMPO oxidation.
However, less than 4.1% of waxes, fats, resins, and oils that are
soluble in ethanol-toluene were present in the raw samples
(Fig. 1). After AHP treatment, there was a 76% reduction in the
ethanol-toluene soluble content, indicating the removal of
surface fats and waxes. The AHP treatment increased the
moisture content in the fiber because it makes the fiber surface
more hydrophilic and water-accessible by removing lignin and
hemicellulose.*” Ash decreased by 46% in AHP-EFB, which
suggests the removal of surface minerals. Cellulose, on the
other hand, increased by 16%, while lignin decreased by 48% in
AHP-EFB. The AHP process aims to remove lignin, leaving
cellulose available,**** allowing a more efficient TEMPO oxida-
tion than non-delignified EFB. Hemicellulose showed no
notable change (less than 5% variation).***' ATR-FTIR spec-
troscopy confirmed chemical changes during EFB fiber
delignification and TEMPO oxidation processes. The ATR
spectra of EFB and EFB-AHP in Fig. S11 show stretching bands
for CH, (1317 em™ ), C-O-C (1164 cm™'), C-O-C (1109 cm ™ 1),
C-0 (1030 cm ™), and the C-H anomeric vibration (900 cm™ %),

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 EFB and AHP-EFB fiber composition.

characteristic of cellulose functional groups that are common to
all samples (Table S2t).>* EFB fibers showed characteristics
signals for hemicellulose (C=O stretch) and lignin (=C-O-
deformation) at 1733 and 1230 cm ™", respectively. These bands
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were not observed in the delignified fibers (AHP-EFB) or the
TOCN samples, indicating their removal by the AHP pre-treat-
ment.” Finally, the TOCN film spectra showed a band at
1602 cm ™, corresponding to sodium carboxylate from TEMPO
oxidation.** The absence of bands at 1733 and 1230 cm™ %,
associated with the presence of lignin and hemicellulose, has
already been reported after cellulose delignification with
NaOH.* On the other hand, TOCN isolated from fique biomass,
hyacinths, and cotton stalks also show the band at 1602 cm ™"
which indicates the oxidation of the primary alcohol in the
anhydroglucose units of cellulose to carboxylate.*****”

3.2 EFB-TOCN degree of oxidation (DO), charge density (o),
and oxidation yield

Surface charges govern cellulose nanofibers fibrillation and
dispersion in water due to electrostatic repulsions. The TEMPO
oxidation reaction oxidizes the primary hydroxyl to carboxylate
at C6 in the AGU, and the extent of the reaction is determined by
both the degree of oxidation (DO) and the surface charge
density (o). These two parameters, determined from conducti-
metric titrations, exhibit similar trends according to our
observations and other authors.*® Fig. 2 shows the trends in the
degree of oxidation (DO) and charge density (o, mmoles of
COO™ per g cellulose) and its standard deviation for TOCN

a) b)
0.30 - 175 651
G 5 4 v
e ) 60 x
0.25 e 4 - ¢ 1.50 e
8 N -,
e . L1259 5 2t . :
0.204 2 y g X -
-l I p g I 504 v et
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8 0151 J— . 8 7454 o T p— [
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354%
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Fig. 2 Effect of experimental conditions (reaction time and cellulose : NaClO ratio) on AHP-EFB (a) DO and o, (b) cellulose oxidation yield. (c)
Optical images of the TOCN isolation process (after the ultrasound bath). (d) Electron micrographs of raw fibers (EFB), delignified fibers (AHP-

EFB) and TOCN 120-1:8 film (0.8% w/w).
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derived from AHP-EFB and EFB fibers. Fig. S2 of the ESIT
contains all the conductimetric titration plots. Reaction time
and cellulose : NaClO ratios have a directly effect on TOCN
surface chemistry. The DO increased by 35% when the reaction
time changed from 30 to 120 minutes using a 1:1 cellulose :
NaClO ratio. According to the stoichiometry of the TEMPO
oxidation reaction (Scheme 1), 2 moles of NaClO oxidize one
mole of primary hydroxyl groups.* Thus, increasing the cellu-
lose : NaClO ratio from 1:1 to 1:10 raised the DO by 52% for
120 minutes of reaction. The maximum DO was 0.27 for the 1: 5
cellulose : NaClO at 90 minutes. Interestingly, further increase
of the cellulose : NaClO ratio (to 1:8 and 1:10) only slightly
raise the DO for 90 and 120 minutes of reaction. Thus, cellu-
lose : NaClO ratios above 1:5 work better for TOCN isolation
from AHP-EFB with reaction times above 90 minutes. The
relationship between NaClO and the amount of carboxylate
groups was reported for TOCN isolated from rice straw at the
same reaction time.*®

The DO of TOCN from untreated EFB was 0.24, using a 1: 8
cellulose : NaClO ratio and 120 minutes of reaction. Under the
same experimental conditions, the DO for the TOCN from AHP-
treated EFB was 0.29, representing an increase in oxidation of
21% upon lignin removal from the fibers, as mentioned above.
Lignin removal affects the TEMPO oxidation reaction, making
the cellulose surface more susceptible to oxidation, as previ-
ously reported in the literature.” Considering the complex
structure of lignocellulosic biomass, it is important to note that
the efficiency of cellulose oxidation via TEMPO is heavily
influenced by the exposure of fibrils to the reaction media.
Several pretreatment processes, including alkaline treatment,
have been investigated to enhance this exposure. This process is
effective in promoting fibril swelling and disrupting intermo-
lecular interactions in lignocellulosic materials, as well as
removing waxes, polysaccharides, and lignin.**** However, for
raw materials with low lignin content (<5%), such as hemp, it
may be more advantageous to utilize direct TEMPO oxidation
without pretreatment, as it is faster and reduces overall costs.>*
Performing TEMPO oxidation on raw EFB fibers (without
delignification) affects the reaction yield and degree oxidation
because two simultaneous and competing processes consume
the primary oxidant: lignin bleaching and carboxylate forma-
tion at the cellulose surface. This effect has been previously
observed and reported.”® Interestingly, the electron micro-
graphs in Fig. 2d indicate that EFB fibers are abundant in silica
and have a porous surface, as reported earlier.*® By partially
removing the lignin, the AHP treatment uncovered the cellu-
losic surface without eliminating the silica microparticles. Even
after TEMPO oxidation, the silica particles are still visible within
the TOCN, as evidenced by the micrograph. The DO and ¢ have
a positive correlation with reaction time. However, there are two
kinetic regimes during the reaction. There is an initial fast
oxidation Kkinetics from zero to thirty minutes. As seen in
Fig. 2a, during the first 30 minutes of the reaction, increasing
cellulose : NaClO ratios from 1:1,to 1:5, 1: 8 and 1: 10 raises
the AHP-EFB oxidation rate from 0.026 to 0.040, 0.047, and
0.051 mmol COO™ per g cell per min, respectively. After 30
minutes of reaction, the process slows down, and the reaction
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enters a second regime where the oxidation rate is two orders of
magnitude lower than during the first 30 minutes. For instance,
Fig. 2a shows, for the 1:1 molar ratio, an oxidation rate of
0.004 mmol COO™ per g cell per min from 30 to 120 minutes, in
contrast with 0.026 COO™ per g cell per min for the first 30
minutes.

Interestingly, at higher molar ratios, reaction time influences
the oxidation process less, after the initial 30 minutes, as
signaled by decreased oxidation rates of 0.003, 0.002, and
0.002 mmol COO™ per g cell per min for 1:5,1:8, and 1: 10,
respectively. From 30 to 120 minutes, the oxidation reaction can
be considered of pseudo zero order for high cellulose : NaClO
ratios (1:5, 1:8, 1:10) because the rate constants do not
change significantly. Mao et al.>* and Xu et al.*” reported a zero-
order reaction order for NaClO concentration during the
TEMPO oxidation reaction of cellulose from softwood and
eucalyptus wood.***” These differences in oxidation rates are
explained by assuming that during the first 30 minutes of the
reaction, the chemical attack-by the TEMPO catalytic system-is
concentrated at the fiber's surface. Increased ratio cellulose :
NaClO (1:5,1:8, 1:10) promotes high oxidation rates, quickly
transforming primary hydroxyl groups into -carboxylates.
Increased carboxylate contents for the fibers reacted at high
cellulose : NaClO molar ratios mean more electrostatic repul-
sion and increased fiber reactivity. Between 30 and 120 minutes,
these systems experience a reduced oxidation rate (21 and 15%
for the 1: 8 and 1: 10 molar ratios) due to a decrease in available
C-6 hydroxyl groups.”” In contrast, AHP-EFB-TOCN isolated at
1:1 cellulose : NaClO molar ratio presents less surface oxida-
tion during the initial 30 minutes; thus, the second kinetic
regime (from 30 to 120 minutes) shows faster oxidation rates
(50% for the 1:1).

There is a positive correlation between DO and ¢ and the
amount of NaClO for the low cellulose : NaCIO molar ratios.
However, as NaClO increases, the carboxylate content levels off
(1:8 and 1:10). The TEMPO catalytic cycle involves oxidizing
the TEMPO radical to N-oxoammonium and NaBr to NaBrO
with NaClO. In turn, the oxidized form of the TEMPO radical (N-
oxoammonium) oxidizes the primary hydroxyl groups to
carboxyl groups via Cs aldehydes, while reducing TEMPO to N-
hydroxylamine. The TEMPO radical is regenerated from N-
hydroxilamine by NaBrO (Scheme 1).*® Therefore, NaClO acts as
oxidizing agent for both TEMPO and NaBr. As the amount of
NaClO increases, the regeneration by oxidation-reduction of
the TEMPO radical increases. However, the excess of NaClO
does not increase the oxidation, i.e., the number of carboxylate
groups on the cellulose, because the disordered regions of the
fibers are easily attacked in the first few minutes of the reaction,
and most primary alcohols are oxidized fast. The remaining
NacCloO is then consumed in secondary reactions such as chain
scissions.” Thus, an excessive amount of NaClO leads to
cellulose loss, and it also increases the overall cost of the
TEMPO reaction.>**

Fig. 2b also illustrates the percentage of bulk cellulose
transformed into nanocellulose (reaction yield %) as a function
of reaction time for various cellulose:NaClO molar ratios.
Increasing reaction time, from 30 to 120 minutes, resulted in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a 28% yield increase for the 1 : 1 ratio and a 35% increase for the
1:5,1:8, and 1:10 cellulose : NaClO molar ratios. Once the
TEMPO reaction stopped (Fig. 2¢, image 120-1:8 bottom right),
the oxidized material underwent mechanical treatment using
an ultrasonic probe (20 kHz, 175 W) to promote defibrillation
and uniform dispersion.

The maximum reaction yield obtained was 61% under the
conditions studied using pretreated AHP-EFB. On the other
hand, the low yield (32%) of EFB-TOCN, isolated from raw/
untreated EFB, deserves attention. Previous studies indicate
that performing direct TEMPO oxidation on raw biomass results
in higher reaction yields than pretreated biomass but only for
low-lignin content materials.*® The differences in reaction yield
are caused by the pretreatment process (AHP)-as discussed
above- and the mechanical treatment applied to the oxidized
material after the TEMPO reaction, as previously reported.>***>
The ultrasonic probes work within a confined region of the
suspension-around the probe tip-where mechanical stress
(cavitation) overcomes the cohesive forces between cellulose
fibrils to promote dispersion.® As a result, there is some size
heterogeneity in the isolated NFCs-represented in the presence
of large fibers-which were removed during the washing
processes. This fact adversely affects the EFB reaction yields.

The statistical analysis indicates that both reaction time and
NaClO amount influence charge density and DO (Fig. S37). The
Pareto diagram shows that reaction time and cellulose : NaCIlO
ratios are statistically significant as independent variables and
have no significance when combined for AHP-EFB-TOCN charge
density and DO. The significance of the two aspects is individ-
ually high, and their increment raises the response (DO, o)
according to the main effects plot.** The response surface
produced straight lines, indicating no significant interaction
between variables. Approximations were observed between 30-
60 and 90-120 minutes in the interaction plots, suggesting that
increasing the reaction time from 60 to 90 minutes affects the
TOCN charge density. For the reaction yield, the experimental
variables time, NaClO, and their combination are individually
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significant according to the Pareto diagram (Fig. S4t). Reaction
yield was more influenced by reaction time than NaClO, as
shown by the steeper slope of the main effect plot for time.**
Summarizing, to achieve a charge density greater than 1.5 mmol
COO™ per g of cell and reaction yields higher than 52%,
a cellulose : NaClO molar ratio of 1: 8 and a minimum reaction
time of 90 minutes are required.

3.3 EFB-TOCN size distribution and ¢ potential

Fig. 3 shows the effect of different experimental conditions on
AHP-EFB-TOCN dispersion size, expressed as the maxima of the
intensity percent distribution, and Fig. S5 shows the particle
size distribution from DLS data. The reaction time and cellu-
lose : NaClO ratio affect TOCN size. However, the effect of time
is more dramatic. The size distribution range decreases as the
time increases. As the cellulose : NaClO ratio increases, the size
distribution decreases. When analyzing the maximum intensity
values as a function of the size distribution, the AHP-EFB-TOCN
size decreased between 76 and 82% when the reaction time
increased from 30 to 120 minutes for all cellulose : NaClO molar
ratios. In contrast, for any given reaction time, the particle size
only decreased by around 40% for increasing cellulose : NaClO
ratios. For instance, at 30 minutes, a ten-fold increase in NaClO-
from 1:1 to 1:10-reduced the particle size from 842.9 to
576.3 nm. The Pareto diagram (Fig. S6t) indicates that reaction
time is the only statistically significant independent variable
affecting AHP-EFB-TOCN size. The longer the reaction time, the
smaller the AHP-EFB-TOCN size, an effect also measured by
other authors using atomic force microscopy and scanning
electron microscopy.””* The main effect plot shows a steeper
slope for reaction time, suggesting an effect of this variable on
size distribution. In addition, straight lines on the response
surface confirm that reaction time significantly affects size.
Finally, the interaction plot intersects at 60, 90, and 120
minutes of reaction, indicating that the amount of NaClO is
a variable affecting the size of the suspension.* Although
statistically, there is no significant relationship between TOCN
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Fig. 3 Effect of experimental conditions on AHP-EFB TOCN (a) maximum size distribution and (b) { potential.
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size and NaClO amount, several authors have reported this
dependence. Since NaClO initiates the TEMPO catalytic cycle,
an increase in NaClO contributes to some extent to more COO™
units at the cellulose surface, which implies more electrostatic
repulsions, allowing their individualization and thus facili-
tating size reduction.”**® However, the size of the TOCN was
more influenced by the reaction time and the mechanical
disintegration process, as described above.***® Finally, EFB-
TOCN (isolated from EFB without AHP treatment) exhibited
a size distribution maximum of 120.4 nm. Under the same
conditions, the delignified fibers afforded TOCN with radii of
100 nm, equivalent to a decrease of 29% in particle size. Thus, it
is easier to defibrillate the delignified fibers than the raw fibers,
as observed by other researchers."”

AHP-EFB-TOCNSs intertwined networks composed of elon-
gated cellulose fibers with diameters around 100 nm and
micrometric lengths are visible in Fig. 2d. However, this is not
likely to be the state of these materials in solution since the use
of conductive coatings (carbon, gold) and high vacuum in SEM
experiments hinder observation of the native TOCNs structure
by increasing the nanomaterial size and promoting aggregation
processes by solvent removal.®” Likewise, literature reports show
that the size of TOCNs depends on various factors, such as
biomass origin, pre- and post-treatments, and reaction condi-
tions. For instance, TOCNs obtained from eucalyptus sawdust
pretreated with a homogenizer had an average diameter of
41.0 nm.®”® Similarly, TOCNs extracted from bleached and
unbleached pineapple stubbles had diameters of 15.5 and
47.9 nm, respectively, as determined by atomic force micros-
copy; a microfluidizer was used after TEMPO.* Additionally,
mild shearing was used as a pretreatment for bleached and
unbleached paulownia wood to obtain TOCNs with diameters of
5.0 and 6.0 nm, respectively, as observed by FESEM.* It is
evident that TOCNs extracted from different biomass and sub-
jected to various pre- and post-treatments exhibit distinct sizes.
The bleaching process impacted the size of TOCNs isolated
from pineapple stubble, but it did not affect TOCNs obtained
from paulownia wood. However, all discussed TOCNs had sizes
below 50 nm. In the present work, cellulose : NaClO molar ratios
above 1:5 and 120 minutes of reaction with an ultrasonic horn
as mechanical treatment afforded TOCNs with sizes below
100 nm. Nonetheless, it is worth noting that the actual size of
EFB-TOCNSs could be smaller than the values measured by DLS
due to nanocellulose aggregation, which could affect the size in
this technique.’”

Based on the data presented in Fig. 3b, all TOCN suspen-
sions have { potential values above £30 mV, indicating a high
level of colloidal stability, likely due to coulombic repulsions
between carboxylate groups.” Interestingly, there does not
appear to be any correlation between the experimental param-
eters (reaction time and amount of NaClO) and the { potential
values. Isogai et al.** reported similar results in 2011, as there
was no relationship between the carboxylate content and ¢
potential of TOCNs isolated from various cellulose sources.
However, they did observe { potential values around —75 mV for
TOCNSs with COO™ contents ranging from 0.5 to 1.6 mmol per g
cellulose.* Recent theoretical studies have shown that COO™
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groups in TOCN dispersions can cause a triple screw confor-
mational change, increasing the repulsion between the cellu-
lose particles and their hydrophilicity.” In our case, TOCN
could potentially undergo conformational changes affecting the
surface COO™ density and the { potential value. Another factor
to consider is the presence of silica (SiO,) in the TOCN
suspensions from the EFB matrix (Fig. 2d). SiO, has a negative
potential, and its presence increases the magnitude of the {
potential, as previously reported.”” Considering that the
concentration of SiO, in the suspensions is variable, a propor-
tional relationship between the number of carboxylate groups
and the { potential was therefore not observed. Finally, the
Pareto diagrams in Fig. S71 show no influence of the experi-
mental variables on the TOCNs { potential value.

3.4 X-ray photoelectron spectroscopy (XPS)

Table 2 presents the elemental surface composition obtained by
XPS for AHP-EFB-TOCN, Fig. S8, and Table S3 of the ESI{ shows
each sample's general spectra and the positions and values of
FWHM. All samples contain carbon (284.8 eV), oxygen (532 eV),
and calcium (343 eV), characteristic of lignocellulosic
compounds.” Calcium can be in the form of CaCO,”™ CaO, or
Ca(OH),.” The EFB fibers contain silicon as carbon-bonded
oxide C—(Si-O) associated with biogenic silica. In plants, silicon
is deposited as silica within and between cell walls and fibers in
the form of amorphous phytoliths or silica bodies.” However,
silicon only appears in some samples because the AHP-EFB-
TOCNs surfaces are heterogeneous. Sodium (1070 eV) and
chlorine (198 eV) are in the form of NaCl salts,”” and are
attributed to residual compounds of the TEMPO oxidation
reaction. For this reason, chlorine and sodium only appear in
the oxidized samples (AHP-EFB-TOCN) and not in the raw EFB
or the AHP-pretreated fibers. The major component of EFB
fibers is carbon, followed by oxygen, silicon, and calcium. After
the AHP treatment, the surface silicon was removed, and the
amount of oxygen increased.

During the AHP-EFB-TOCN isolation using different experi-
mental conditions, an increase in the amount of oxygen was
expected with increasing reaction time and amount of NaClO,
which occurred up to TOCN 90-1:8. However, at TOCN 120-1:8,
the percentage of oxygen decreased, and that of calcium
increased compared to TOCN 90-1:8. This change can be

Table 2 Surface atomic composition of EFB fibers and TONCs by XPS

ID %C %0 %Ca %N %Si %Na %Cl
EFB fibers 84.6 11.9 1.3 — 2.1 — —
AHP-EFB 82.3 15.6 2.1 — — — —
EFB-TOCN 63.7 28.3 4.3 1.2 — 1.2 1.3
TOCN30-1:8 74.8 22.3 1.5 0.2 1.0 0.2 —
TOCN 60-1:8 71.7 24.5 2.5 — 1.1 0.2 —
TOCN 90-1:8 70.8 25.4 1.9 0.3 — 0.7 0.9
TOCN 120-1:8 71.1 21.7 5.6 0.4 0.4 0.8 —
TOCN 120-1:1 74.2 23.2 0.5 0.7 — 0.6 0.8
TOCN 120-1:5 72.3 24.5 1.1 0.1 — 0.9 1.1
TOCN 120-1:10 74.8 22.9 0.9 0.2 — 0.6 0.6

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 C 1s XPS spectra of (a) EFB, (b) AHP-EFB fibers, (c) direct TEMPO oxidation (EFB-TOCN) and AHP-EFB TOCN isolated using (d) 1:1,(e)1: 5

and (f) 1:10 cellulose : NaClO ratios at 120 minutes of reaction.

attributed to a possible diffusion of calcium to the surface of the
sample, as a consequence of structural changes (rearrange-
ments) during the chemical treatments (delignification and
TEMPO oxidation). Similarly, when the amount of NaClO
increased, the percentage of oxygen did not increase after TOCN
120-1:5.

Due to chemical inhomogeneity and roughness on the film
surfaces. Depending on the sector in which the interaction with
the radiation occurs, the composition will have fluctuations in
the compositional percentages.”” Also, the depth of the tech-
nique is less than 10 nm,”® limiting the results if diffusion or
surface rearrangement processes occur. In a study conducted by
Lai et al.”® bacterial cellulose (BC) was oxidized using TEMPO
and varying NaClO concentrations and reaction times. XPS
analysis revealed an increase in oxygen content with prolonged
reaction time, whereas the opposite was observed with a four-
fold increase in NaClO concentration. However, these findings

© 2023 The Author(s). Published by the Royal Society of Chemistry

conflicted with those obtained through *C NMR analysis,
suggesting that XPS only detects surface changes.” In our
research, XPS analysis demonstrated that the oxidized samples
(TOCN) had a greater oxygen content than the raw and
delignified fibers (EFB and AHP-EFB), indicating that the
oxidation reaction had occurred, as previously reported by other
researchers.**”®

Fig. 4 and 5 display the decomposition spectra of the C 1s
signals obtained by XPS for the different samples. The EFB,
AHP-EFB, and TOCN spectra show 2 (C-H and O-C-O/C=0), 3
(C-H, 0-C-C, and 0-C-0/C=0), and 4 (C-H, 0-C-C, O-C-0/
C=0, and C-COO") signals respectively. The TOCN C-COO™
signal in XPS increased with increasing reaction time and the
amount of NaClO, following the DO trend observed by
conductimetric titration. The C-H, O-C-C-C, and O-C-O/C=0
signals correspond to alkane carbons, lignin, and hemi-
cellulose,** and the C-COO™ signal corresponds to the

RSC Adv, 2023, 13, 36117-36129 | 36125
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primary hydroxyl oxidation in the anhydroglucose units (AGU)
of cellulose by TEMPO. Therefore, the C-COO™ signal only
occurs in oxidized samples (TOCN), indicating cellulose oxida-
tion. The decomposed C 1s spectra allowed us to examine the
cellulose behavior during the delignification and TEMPO
oxidation process. The AGUs in cellulose have a molecular
formula C¢OsH;,, with an O/C ratio of 0.83;%* out of six carbons,
five are linked to carbon, hydrogen, and oxygen (C-C-O), while
the sixth carbon is bonded to two oxygens. Thus, in XPS 5/6 of
the carbon contributes to the C-C-O signal, and 1/6 contributes
to the O-C-O/C=0 signal.** Benkaddour and Le Gars reported

36126 | RSC Adv, 2023, 13, 36117-36129

that the C 1s spectrum of TEMPO oxidized cellulose contains 4
components corresponding to C1 (C-C/C-H), C2 (C-0), C3 (O-
C-0/C=0) and C4 (O-C=0), with the C4 signal being associ-
ated with oxidation.**** The C4 signal is absent in the non-
oxidized matrix. In addition, the C2 signal is more intense,
followed by C3 and C4, according to the amount of each type of
carbon present in the oxidized cellulose.®” Lai et al.” reported
an increase in signal intensity (C-COO~) with increase in
reaction time and NaClO concentration in TEMPO oxidation of
BC.”

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 O/C ratios obtained by XPS

Sample o/C
AHP-EFB 0.88
EFB-TOCN 0.83
TOCN 30-1:8 0.64
TOCN 60-1:8 0.76
TOCN 90-1:8 0.74
TOCN 120-1:8 0.92
TOCN 120-1:1 0.72
TOCN 120-1:5 0.69
TOCN 120-1:10 0.68

When an AGU in cellulose is oxidized, its chemical formula
changes to C¢O¢Hg (Scheme 1) with an O/C molar ratio of 1. The
number of carbons in the structure does not change, but their
chemical environment does. Thus, for an oxidized AGU, 4/6 of
the carbons contribute to the C-C-O signal, 1/6 of the carbons
to the O-C-O/C=0 signal, and 1/6 of the carbons to the C-
COO" signal. Considering the relationships mentioned above,
Fig. 6 presents the parity diagrams of the experimental and
theoretical values of each type of carbon signal from C 1s by
XPS. The theoretical signals were obtained from the sum of the
intensities of the carbon signals with oxygen (C-C-O, O-C-O/
C=0, and C-COO"), using the ratios 5/6 and 1/6 for AHP-EFB,
and 4/6, 1/6 and 1/6 for TOCN. An overall coincidence between
the experimental and the theoretical values for the C-C-O
signal was observed in most samples (Fig. 6a). However, for the
0O-C-0/C=0 signal, the experimental value tends to be higher
than the theoretical one. This result is because aldehydes were
not oxidized to carboxylate during the TEMPO oxidation reac-
tion (Fig. 6b).”* Finally, the experimental C-COO™ values were
lower than expected, probably due to a heterogeneous carbox-
ylate group distribution on the TOCNs surface (Fig. 6¢).>* The
data collection of the parity diagram is described in the ESI
(Table S47).

The O/C ratios in Table 3 were calculated using data from the
C 1s and O 1s spectra. To improve the analysis accuracy, only
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Fig. 7 Correlation between charge density (% w/w) from conducti-
metric titration and C-COO™ bonds from C 1s XPS spectra.
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the C signals with oxygen were considered (C-C-O, O-C-O, and
C-COO-) and the contributions of the metals to the oxygen were
substracted. The EFB fibers have an O/C ratio of 0.88, 0.05 units
higher than the theoretical cellulose value. For the AHP-EFB-
TOCN 120:1:8 sample, the O/C ratio was 0.92, the closest to
the theoretical value. There was a consistent increase in the O/C
ratio as the reaction time increased. However, the trend does
not hold for increased cellulose : NaClO ratios. This behavior
was associated with a heterogeneous surface morphology and
composition in TOCNs.”**?

Fig. 7 shows the correlation between the TOCN charge
density (g of COO /100 g cellulose) data derived from conduc-
timetric titration and the percentage of C 1s carboxylate ob-
tained by XPS. In both techniques, the number of carboxylates
increased as the reaction time and the amount of NaClO
increased. Fig. 7 shows that the XPS technique supports the
results of conductimetric measurements.*® However, the
number of carboxylates obtained by conductimetric titration
was higher than that of XPS. The difference could be that XPS
quantifies the surface concentration of carboxylates and not the
overall concentration as conductimetry does. Therefore, the
carboxylates obtained by XPS will normally be lower than those
obtained by conductimetric titration. As XPS is a surface tech-
nique, it gives the amount of COO™ available on the surface. In
addition, XPS and conductimetric titration show that the
amount of carboxylate groups increased with both time and
cellulose : NaCIO molar ratio.

4. Conclusions

The alkaline hydrogen peroxide (AHP) pre-treatment of EFB
effectively removes surface fats, waxes, and lignin, facilitating
the TEMPO oxidation reaction of cellulose. A maximum oxida-
tion yield of 60% was achieved with pretreated AHP-EFB,
whereas a low yield (32%) was observed for TOCN isolated
from raw/untreated EFB due to the high lignin content of the
material (24%). Conductimetric titrations reveal consistent
trends in DO and ¢ for TOCN derived from AHP-EFB fibers.
Reaction time and cellulose : NaClO ratios significantly impact
TOCN surface chemistry. The TOCN size is most impacted by
reaction time, with longer times affording smaller nanofibers.
High charge density is related to an increase in NaClO.
However, a plateau is reached at a 1: 8 cellulose : NaClO ratio.
The reaction time and the amount of NaClO do not affect the
colloidal stability of the TOCN suspensions. All TOCNs formed
stable aqueous suspensions with a { potential between —36 and
—58 mV due to the electrostatic repulsion of the carboxylate
groups. FTIR-ATR, conductimetry, and XPS analysis verified the
presence of carboxylate groups on the cellulose nanofibers.
Conductimetric and XPS data exhibit similar trends regarding
carboxylate contents in AHP-EFB-TOCN. XPS, as a surface
analysis technique, provides detailed chemical information,
although it underestimates the nanofiber's carboxylate
contents. EFB is a potential source for TOCN isolation via
TEMPO after pre-treatment involving extractives and lignin
removal. While abundant, biomass origin and composition are
diverse and require tailored pre-treatments and reaction
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conditions for nanocellulose isolation using the TEMPO cata-
lytic system.
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