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ABSTRACT: This study presents a sustainable approach for the valorization of spent coffee grounds (CG) by converting
them into carboxylated cellulose nanofibrils (CG-TCNF) via formic acid/hydrogen peroxide pretreatment followed
by TEMPO/NaClO/NaClO,-mediated oxidation. The pretreatment efficiently removed lignin, hemicellulose, and
other non-cellulosic components, yielding purified cellulose (CG-C) with high crystallinity (CrlI = 84%). Subsequent
regioselective oxidation introduced carboxyl groups at the C6 position of cellulose chains, achieving a high carboxylate
content of 1.4 mmol/g. The resulting CG-TCNF exhibited a well-dispersed nanofibrillar morphology with an average
width of 3.57 nm and a high specific surface area of 265 m?/g. Comprehensive characterization confirmed the
successful oxidation and nanofibrillation: Fourier Transform Infaraed (FT-IR) Spectroscopy revealed the characteristic
carboxylate absorption bands, X-ray Diffraction (XRD) showed preserved cellulose I structure with a slight reduction in
crystallinity (Crl = 79.2%), and zeta potential measurements indicated good colloidal stability (-45.23 mV) in aqueous
suspension. Thermal analysis demonstrated that the introduced carboxyl groups reduced the thermal stability of the
nanofibrils compared to the precursor cellulose. This work establishes a novel route for directly transforming coffee
grounds into functional nanocellulose, highlighting its potential as a sustainable feedstock for high-value nanomaterials.

KEYWORDS: Spent coffee grounds; formic acid/hydrogen peroxide; TEMPO/NaClO/NaClO,; carboxylated; cellulose
nanofibrils

1 Introduction

The escalating global demand for sustainable materials has intensified research into renewable alter-
natives to petroleum-based products [1,2]. Among natural biopolymers, cellulose stands out as the most
abundant organic compound on Earth, constituting a major component of plant cell walls. This linear
homopolysaccharide consists of B-(1—4)-linked D-glucose units, forming robust crystalline and amorphous
regions through extensive hydrogen bonding [3,4]. Annual biosynthesis of cellulose exceeds 1.5 trillion tons,
representing an immense renewable resource [5]. Recent advancements have enabled the disintegration
of native cellulose into nanoscale dimensions, yielding materials collectively termed nanocellulose. These
nanomaterials are typically categorized into three primary forms: cellulose nanofibrils (CNFs), characterized
by their elongated, flexible structure; cellulose nanocrystals (CNCs), possessing high crystallinity and
rod-like morphology; and bacterial nanocellulose (BNC), produced microbially with high purity [6-8].
Nanocellulose demonstrates exceptional properties including superior mechanical strength (elastic modulus
~150 GPa), high specific surface area (up to 500 m?/g), biodegradability, and tunable surface chemistry,
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making it suitable for diverse applications in nanocomposites [9], biomedical devices [10], filtration
membranes [11], sustainable packaging [12] and tissue engineering [13].

The isolation of nanocellulose from lignocellulosic biomass presents significant technical challenges
due to the complex hierarchical structure of plant cell walls, where cellulose microfibrils are embedded
in a matrix of hemicellulose and lignin [14]. Conventional production methods encompass mechanical,
chemical, and enzymatic approaches, each with distinct limitations. Mechanical techniques such as high-
pressure homogenization, microfluidization, and ultrasonication can effectively fibrillate cellulose but often
require substantial energy input (up to 5 kWh/kg) and may reduce crystallinity [15,16]. Acid hydrolysis
techniques, typically employing sulfuric or hydrochloric acid, effectively isolate cellulose nanocrystals
through the selective digestion of amorphous cellulose domains. However, this prevalent method presents
notable drawbacks, including the production of significant quantities of chemical effluent. Furthermore,
the process introduces charged surface groups that can subsequently compromise the thermal stability
of the final material [17,18]. Enzymatic processes offer environmental advantages through specificity and
mild conditions but suffer from slow reaction kinetics and high enzyme costs [19]. In contrast, catalytic
oxidation using nitroxyl radicals, such as TEMPO, has emerged as a promising route for the selective surface
modification of cellulose under mild, aqueous conditions. The TEMPO-mediated oxidation system (e.g.,
TEMPO/NaBr/NaClO or TEMPO/NaClO/NaClO,) selectively converts the C6 primary hydroxyl groups
on cellulose chains to carboxylate groups, introducing anionic surface charges that facilitate subsequent
nanofibrillation through electrostatic repulsion and osmotic swelling. This method operates at room tem-
perature, preserves the native cellulose I crystalline structure, and enables high degrees of functionalization
with minimal depolymerization when conditions are carefully controlled, offering a more sustainable and
efficient alternative to traditional chemical approaches. While wood pulp remains the predominant industrial
source, increasing attention has turned to non-wood alternatives including agricultural residues (rice husk,
sugarcane bagasse, Pineapple leaf) [20-23], industrial byproducts (brewery spent grains) [24,25], and food
processing waste [26-28]. However, these feedstocks often present challenges related to compositional vari-
ability, seasonal availability, and requirement for intensive pretreatment, necessitating continued exploration
of abundant, low-cost alternatives with consistent quality [29-31].

Spent coffee grounds, a ubiquitous byproduct of global coffee consumption, represent a largely untapped
resource with immense potential for sustainable valorization [32]. With over 18 million tons generated
annually from coffee brewing worldwide, the majority of CG is currently disposed of in landfills, where
its decomposition contributes significantly to greenhouse gas emissions and environmental pollution [33].
In alignment with the principles of a circular economy and zero-waste initiatives, there is a growing
imperative to repurpose this abundant agro-industrial residue into value-added products. Compositionally,
CG contains 8%-15% cellulose, 30%-40% hemicellulose, and 20%-30% lignin, alongside residual oils,
proteins, and phenolic compounds, making it a promising candidate for biorefinery applications. Recent
studies have explored various pathways for CG valorization, including its use in bioenergy production,
biocomposites, bioplastics, adsorbents, and food additives [34]. These efforts highlight the versatility of CG as
a feedstock; however, the direct conversion of CG into functionalized nanocellulose remains underexplored.
Compared to other agricultural residues, CG offers distinct advantages such as year-round availability,
relatively uniform composition, and a pre-comminuted physical state, which reduces the energy required
for preprocessing. Given the demonstrated efficacy of TEMPO-mediated systems in functionalizing and
nanofibrillating cellulose from various sources, we hypothesize that this catalytic oxidation approach can
be effectively applied to coffee grounds cellulose to produce carboxylated nanofibrils with tailored surface
chemistry and colloidal stability. This study seeks to address this gap by developing a streamlined route for
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transforming CG into carboxylated cellulose nanofibrils, thereby contributing to waste reduction and the
creation of advanced nanomaterials.

This study presents a comprehensive investigation into the direct conversion of spent coffee grounds
into carboxylated cellulose nanofibrils through an integrated approach combining formic acid/hydrogen
peroxide pretreatment with TEMPO-mediated oxidation. The research employs TEMPO/NaClO/NaClO, as
a catalytic oxidation system to selectively convert C6 primary hydroxyl groups to carboxyl moieties under
aqueous conditions, facilitating subsequent nanofibrillation. The resulting CG-TCNF undergo thorough
characterization using multiple analytical techniques: X-ray diffraction (XRD) to determine crystallinity
index and crystal structure; Fourier-transform infrared spectroscopy (FTIR) to identify functional groups
and chemical modifications; transmission electron microscopy (TEM) to examine morphology and dimen-
sions; zeta potential measurements to assess colloidal stability; and thermogravimetric analysis (TGA) to
evaluate thermal degradation behavior. The novelty of this work lies in the integrated and direct valorization
of spent coffee grounds-an abundant and underutilized waste-into carboxylated cellulose nanofibrils with
tailored surface functionality and preserved crystalline structure, offering a sustainable pathway for advanced
nanocellulose production.

2 Materials and Methods
2.1 Materials

Coftee Grounds are solid residues produced during the brewing or boiling process after coftee beans
are ground. They are mainly composed of caffeine, tannic acid, cellulose, protein and other components.
The coffee grounds used in this study were sourced from Lucky coffee shops in Jiamusi, Heilongjiang
Province, China. Initial preparation involved rinsing the CG with deionized water until a neutral pH was
achieved, followed by drying in an oven at 60°C for 12 h. The component content of dried coffee grounds
was quantified using the nitric acid-ethanol method with two consecutive extractions for cellulose, Soxhlet
extraction for lipids, the Kjeldahl method for protein, and muffle furnace incineration for ash, as detailed
in Section 2.2.11. The component content of dried coftee grounds was quantified using the nitric acid-ethanol
method with two consecutive extractions, as previously described [35]. The cellulose, lipid, protein, and ash
content of coffee grounds used here are 11.72% + 0.31%, 9.77% + 1.02%, 10.89% =+ 0.56% and 2.75% =+ 0.31%,
respectively. 2,2,6,6-tetramethylpiperidine nitrogen oxide (TEMPO, 98%) and Sodium hypochlorite (NaClO,
40%) were purchased from Xiya Chemical Reagent Co., LTD. (Shandong China). Sodium hydroxide (NaOH,
>97%) and sodium chlorite (NaClO,, 80%) were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai China). Formic acid (HCOOH, 99.5%) and Hydrogen peroxide (H,0O,, 30%) were purchased from
Wengjiang Chemical Reagent Co., Ltd. (Guangdong China). Milli-Q water and deionized water were used
throughout the experiments. All chemicals are used without further purification.

2.2 Methods
2.2.1 Pre-Treatment of Coffee Grounds

The treatment of coffee grounds involved formic acid and hydrogen peroxide combined in several
distinct volume ratios. The mixture was subsequently heated to 80°C and stirred continuously at 500 rpm
for four hours. In this formic acid/hydrogen peroxide system, reactive oxygen species, particularly hydroxyl
radicals (HOes), are generated in situ. These highly oxidative species play a crucial role in selectively cleaving
ether and ester linkages in lignin and degrading hemicellulose, thereby facilitating the removal of non-
cellulosic components while preserving the cellulose backbone [36]. Following the initial reaction, the
mixture was filtered to separate the supernatant. The remaining solid material was then transferred directly
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into a reactor charged with a fresh mixture of formic acid and H,O, in an identical volumetric ratio. A
subsequent reaction was carried out in this reactor at 90°C for 2 h [37]. Upon completion, the product
was filtered a second time to isolate the solid fraction. This solid residue underwent extensive washing with
copious amounts of deionized water and was subsequently oven-dried at 60°C for 24 h. The aqueous phases
collected from both filtration steps were combined and stored at 2°C-8°C for later analysis. The resulting
cellulose-rich material, designated Coftee Grounds Cellulose (CG-C), was thoroughly rinsed with deionized
water until the effluent reached a neutral pH and then dried to a constant mass in an oven.

2.2.2 TEMPO-Mediated Oxidation of Coffee Grounds Cellulose

A sample of dried coffee grounds (1 g, dry weight basis) was dispersed in 100 mL of deionized water
containing 0.016 g of TEMPO and 0.1 g of sodium chlorite. The oxidation reaction was initiated by adding
sodium hypochlorite (NaClO) at a charge of 20 mmol per gram of dry substrate to the slurry under ambient
conditions. The pH of the mixture was maintained at 5.0 for 2 h using a pH-stat apparatus by the continuous
addition of 0.5 M NaOH. The resulting TEMPO-oxidized cellulose (designated CG-TCNF) was isolated by
filtration, washed extensively with deionized water, and stored as a wet paste at 4°C for subsequent use. The
yield of CG-TCNF was determined gravimetrically by comparing the dry mass before and after the oxidation
treatment. The carboxylate and aldehyde group contents within the oxidized material were quantified via
conductometric titration according to a reported method [38].

2.2.3 Nanofibrillation of Oxidized Cellulose via TEMPO-NaClO-NaClO,

CG-TCNEF was redispersed in deionized water at a solids concentration of 0.1% (w/v). The pH of the
suspension was adjusted to 10.0 using dilute NaOH to ensure the complete conversion of carboxylic acid
groups to their sodium carboxylate form, thereby enhancing electrostatic repulsion. This suspension was
then subjected to ultrasonication for 8 min. Following sonication, the supernatant, containing individualized
cellulose nanofibrils, was collected for characterization by transmission electron microscopy (TEM).

2.2.4 X-ray Diffraction (XRD)

X-ray diffraction (XRD) analysis was employed to monitor the evolution of material structure
throughout each processing phase. Using a Bruker D2 PHASER diffractometer with Cu-Ka radiation
(A = 0.15418 nm) operated at 30 kV and 10 mA, the obtained spectra enabled the determination of both
crystallite dimensions and the crystallinity index. The dried samples were put on the quartz base, and
scans were taken at a speed of 0.02° min~' over a 20 range of 5°-40°. Duplicate XRD analyses were
performed on each material. The XRD diffractograms were smoothed and analyzed with Xpert HighScore
Plus (PANalytical Technologies Pvt. Ltd., Netherlands) software. The Gauss function in OriginPro 9.0.0
(64 bit) (OriginLab Corporation, USA) was used to fit the curve. The percentage of crystallinity (CrI) was
calculated using Eq. (1) below based on the areas beneath the crystalline and amorphous peaks after baseline
correction [39].

CrI(%) = % 100% 1)

Ac + Aa

where A, and A, are the areas under the amorphous and the crystalline peaks, respectively.
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2.2.5 Fourier Transform Infrared (FTIR) Spectroscopy

Fourier-transform infrared spectroscopy was performed using a Shimadzu IRTracer-100 spectrometer.
Spectra were acquired in transmittance mode across a wavenumber range of 500 to 4000 cm™', averaging
32 scans at a resolution of 4 cm™'. A background spectrum was collected and subtracted from all sample
measurements prior to data analysis.

2.2.6 TEM Particle Size

The morphology of the cellulose nanofibril was examined using a JEOL JEM-1400F transmission
electron microscope operated at an accelerating voltage of 100 kV. For imaging, a droplet of a 1.0 wt%
cellulose nanofibrils suspension was deposited onto a copper grid and allowed to dry at room temperature.
Observations were conducted in duplicate. The specific surface area (SSA) of the nanocrystals was estimated
based on a cylindrical model using Eq. (2) [40]:

e 2 4
Specific surface area (SSA, m /g) = ﬁ (2)
where p is the density of cellulose (1.5 g/cm?®) and d is the average diameter of an individual cellulose
nanofibril.

2.2.7 Conductometric Titration

The carboxyl group content was determined via conductometric titration. Briefly, 0.1 g of CG-TCNF
was dispersed in 100 mL of a 0.5 M NaCl aqueous solution under stirring. Subsequently, 5 mL of a 0.1 M
HCl/0.5 M NaCl mixture was added. The suspension was titrated with a 0.1 M NaOH/0.5 M NaCl solution
while monitoring the potential change using an automatic potentiometric titrator (ZD-2, Shanghai LeiCi).
A plot of NaOH volume vs. AE?/AV? was generated using a second-derivative method, with the inflection
point indicating total NaOH consumption. The NaOH volume attributable to carboxyl groups was derived
from this data. The carboxyl content (C.coon) was calculated in mmol/g using Eq. (3), where Vy,on and
Vuc are the volumes (mL) of NaOH and HCI, respectively, Mx,on is the molarity of NaOH, and Weeliulose
is the dry mass of CG-TCNF used. The titration was performed in triplicate.

~ (VNaon = Vucr) *Myaon

C_coon = ©)
chllulose

2.2.8 Zeta Potential (() Measurements

Zeta potential value is one of the critical parameters which indicates the dispersity of the cellulose
nanofibers. The zeta potential was measured using dynamic light scattering (Brookhaven Instruments) in
phase analysis light scattering (PALS) mode. Samples were prepared as 0.01 wt% suspensions in double-
distilled water (pH 7.0 + 0.2, adjusted with 0.1 M NaOH/HCI; ionic strength < 0.1 mM) and equilibrated
at 25°C for 10 min prior to analysis. Three replicates were performed per sample, with Smoluchowski’s
approximation applied for ( calculation (ISO 13099-2:2012 Colloidal systems-Methods for zeta potential
determination). To evaluate ionic strength effects, parallel measurements were conducted in NaCl solutions
(1-150 mM, pH 7.0).

2.2.9 Thermogravimetric Analysis

Thermogravimetric analysis was employed to evaluate and compare the thermal decomposition profiles
of materials from different treatment stages. Measurements were conducted using a METTLER TOLEDO



6 J Polym Mater. 2026;43(1):13

TGA/DTA 85le analyzer. For each run, a 2-4 mg sample was placed in a 70 pL aluminum crucible, which
was hermetically sealed and then automatically perforated by the instrument immediately prior to analysis.
A constant nitrogen purge of 40 mL min~! was maintained to provide an inert atmosphere. The temperature
was increased at a constant rate of 10°C min~’, and the resultant weight loss (TGA) and heat flow (DTA)
were recorded as functions of temperature.

2.2.10 Compositional Analysis

The chemical composition of raw coffee grounds, including cellulose, lipid, protein, and ash content, was
determined using the following standardized methods. Cellulose content was quantified using the nitric acid-
ethanol method with two consecutive extractions, as previously described [41]. Lipid content was determined
by Soxhlet extraction with petroleum ether (boiling range 40°C-60°C) as the solvent for 6 h, following
AOAC Official Method 920.39. The protein content was calculated from the total nitrogen content measured
using the Kjeldahl method (Kjeltec 8400 analyzer, FOSS, Denmark) according to AOAC Official Method
984.13, using a nitrogen-to-protein conversion factor of 6.25. Ash content was obtained by incinerating
approximately 2 g of dried sample in a muffle furnace (§X2-4-10, Jingda, China) at 550°C for 5 h until constant
weight, following AOAC Official Method 942.05. All determinations were performed in triplicate, and results
are expressed as mean + standard deviation on a dry weight basis.

2.2.11 Statistical Analysis

All tests were conducted in triplicate, and the results are presented as means + standard deviations.
Analysis of variance (ANOVA) was used to determine significant differences among the means at p < 0.05,
using Duncan’s multiple range test with Origin2022 software.

3 Results and Discussion

3.1 Morphological and Compositional Analysis of Coffee Grounds through Sequential Processing Stages

During the sequential chemical treatments, the physical and chemical states of coffee grounds under-
went significant transformations, reflecting the progressive removal of non-cellulosic components and the
structural modification of cellulose. As illustrated in Fig. 1, the color of the raw coffee grounds transitioned
from light brown to reddish-brown after formic acid and peroxyformic acid treatment, and finally to a
clear white following bleaching. This visual evolution is indicative of the systematic elimination of lignin,
hemicellulose, waxes, pectin, and other colored impurities.

Initially, the coffee grounds were subjected to an acidic environment with formic acid and hydrogen
peroxide, which facilitated the partial dissolution of hemicellulose, waxes, and pectin. Under acidic con-
ditions, the residual lignin swelled and migrated toward the fiber surface, enhancing its accessibility for
subsequent oxidative cleavage [42]. The deepening of color to reddish-brown at this stage can be attributed
to the migration and surface accumulation of phenolic derivatives in lignin, which strongly absorb visible
light [43]. The peroxyformic acid system (generated in situ from formic acid and H,O,) played a critical
role in delignification. As introduced in Section 2.2.1, the reactive oxygen species, particularly hydroxyl
radicals (HOes), selectively attacked and fragmented the lignin polymer, breaking ether and ester linkages
without significantly degrading the cellulose backbone. This step softened the fiber structure and removed
a substantial portion of lignin, waxes, and pectin [44]. However, the lignin residues remained on the fiber
surface, contributing to the darkened appearance. Therefore, a bleaching step was necessary to fully remove
the residual lignin and expose the purified cellulose fibers. The resulting cellulose-rich material (CG-C)
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retained a semi-crystalline structure, comprising both ordered crystalline regions and disordered amorphous
domains [45].
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Characterization of Cellulose Nanofibrils Prepared by Direct TEMPO-mediated Oxidation of Coffee Grounds

Figure 1: Coffee grounds photographs at various phases of chemical treatment.

The key nanofibrillation step employs the TEMPO/NaClO/NaClO, oxidation system, which selectively
converts C6 primary hydroxyl groups of cellulose to carboxyl groups under aqueous, mild conditions.
This regioselective oxidation introduces negative charges on the cellulose surface, promoting electrostatic
repulsion between microfibrils [46]. During subsequent mechanical treatment (mild sonication), these
oxidized cellulose fibers disintegrate into individualized nanofibril with uniform widths depending on
raw material and processing intensity. The resulting CG-TCNF forms a stable, translucent hydrogel in
water, indicating successful nanoscale dispersion and the presence of surface carboxylate groups, which
enhance colloidal stability and interfacial reactivity. In summary, the sequential treatment-comprising
formic acid/H, O, delignification, bleaching and TEMPO-mediated oxidation-effectively transformed coarse
coffee grounds into individualized, carboxylated cellulose nanofibrils with tailored surface chemistry and
nanoscale dimensions.

3.2 X-ray Diffraction

The X-ray diffractograms of the CG-C and the CG-TCNF are displayed in Fig. 2. Both materials
retained the native cellulose Ip crystalline allomorph, evidenced by characteristic diffraction signals at
approximately 15.2°, 16.5°, and 22.6° (20), which are indexed to the (1-10), (110), and (200) lattice planes,
respectively [47]. The purified cellulose (CG-C) showed a high crystallinity index (CrI) of 84%, which can
be attributed to the effective removal of amorphous components such as lignin, hemicellulose, waxes, and
pectins during the formic acid/peroxyformic acid pretreatment [48]. This treatment preserved the native
crystalline arrangement of cellulose I, as evidenced by the sharp and symmetric diffraction peaks. In contrast,
the Crl of CG-TCNF decreased to 79.2% after TEMPO-mediated oxidation. This reduction in crystallinity is
primarily due to the selective oxidation of the C6 primary hydroxyl groups to carboxyl groups, which occurs
preferentially on the surface and amorphous regions of cellulose microfibrils [49]. The oxidation process,
involving the sequential conversion of hydroxyls to aldehydes and then to carboxyls, disrupts hydrogen
bonding and partially erodes the crystalline domains, leading to a slight decrease in crystallinity without
altering the cellulose I polymorphic structure [50].
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Figure 2: XRD patterns of CG-C and CG-TCNE.

The average crystallite size, estimated using Scherrer’s equation based on the full width at half maximum
(FWHM) of the (200) peak, also showed a slight decrease from CG-C to CG-TCNE, consistent with the
partial disintegration of crystalline regions during oxidation [51]. This trend aligns with observations in other
studies where TEMPO oxidation led to a moderate decline in crystallinity due to the introduction of carboxyl
groups and subsequent mechanical disintegration into nanofibrils [52].

Compared to nanocellulose derived from other biomass sources, the Crl values of CG-TCNF (79.2%)
are relatively high. For instance, TEMPO-oxidized cellulose nanofibers from rice husks exhibited Crl
values around 42% [53], while those from bamboo dissolving pulp showed a CrI as low as 26.6% after
NaOH/urea pretreatment and TEMPO oxidation [54]. The higher CrI in coffee grounds-derived CNF may
be attributed to the mild oxidative conditions and the preservation of crystalline domains during the selective
oxidation process. In contrast, more aggressive chemical or mechanical treatments in other biomass sources
often result in greater disruption of crystalline order. Thus, the coffee grounds-based CNF combines high
crystallinity with functional surface carboxylation, making it suitable for high-strength nanocomposites and
functional materials.

3.3 FTIR Analysis

The chemical structures of CG-C and CG-TCNF were investigated by FTIR spectroscopy, as shown
in Fig. 3. Both samples exhibited characteristic cellulose absorption bands: a broad peak around 3340 cm™*
attributed to O—H stretching vibrations, a signal at 2890 cm™" corresponding to C-H stretching [55,56]. And
a prominent band at 1050 cm™! associated with C-O-C pyranose ring stretching [57,58]. The absence of
peaksat 1730 cm™ (typical of unconjugated C=0O in hemicellulose or lignin) and 1510 cm™! (aromatic skeletal
vibrations from lignin) in CG-C confirms the effective removal of non-cellulosic components during the
formic acid/H, O, pretreatment [59].

After TEMPO-mediated oxidation, the spectrum of CG-TCNF revealed a new and distinct absorption
band at approximately 1720 cm™', which is characteristic of the C=O stretching vibration of protonated
carboxyl groups (-COOH) [60]. This peak provides direct evidence for the successful conversion of C6
primary hydroxyl groups to carboxyl groups via the TEMPO/NaClO/NaClO, oxidation system. The presence
of this band, along with a concomitant increase in absorption near 1605 cm™! (assigned to the asymmetric
stretching of COO™ in the sodium carboxylate form), indicates that the oxidation introduced significant
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anionic charge on the cellulose surface [61]. The coexistence of both protonated and deprotonated carboxyl
species can be attributed to the sample preparation and the ionic environment during measurement.

3340 2890 1720 1510 1050

Y e |

Transmittance(% )

L L L N 1
3500 3000 2500 2000 1500 1000 500

Wavenumber(cm™)

Figure 3: FTIR spectra recorded between 3500 and 500 cm™' of CG-C and CG-TCNE.

The intensity of the 1720 cm™! peak in CG-TCNE, compared to its absence in CG-C, underscores
the high selectivity of the TEMPO system toward primary alcohols, leaving secondary hydroxyls and
the cellulose backbone largely unaltered. This regioselective oxidation is crucial for imparting colloidal
stability and facilitating nanofibrillation through electrostatic repulsion, without extensively degrading the
cellulose crystalline core. The results align with previous studies on TEMPO-oxidized nanocelluloses from
various lignocellulosic sources, where the emergence of the 1720 cm™ peak consistently signifies successful
carboxylation, enabling subsequent functionalization and dispersion in aqueous media.

3.4 Morphological and Functional Group Content Analysis
3.4.1 Reaction Mechanism of TEMPO/NaClO/NaClO, Oxidation

The oxidation of cellulose from coffee grounds was conducted using the TEMPO/NaClO/NaClO,
catalytic system, which enables highly selective conversion of the C6 primary hydroxyl groups to carboxyl
groups under mild aqueous conditions. As illustrated in Fig. 4, the reaction proceeds through a multi-step
catalytic cycle involving the regeneration of the nitroxyl radical and the stepwise oxidation of cellulose
hydroxyl groups. The mechanism begins with the oxidation of the stable nitroxyl radical TEMPO by NaClO
to form the active N-oxoammonium ion (TEMPO™"). This cationic species selectively attacks the dissociated
C6 primary hydroxyl groups on the cellulose chain, forming a covalent intermediate that rapidly decomposes
to yield aldehyde groups and the reduced form of TEMPO, i.e., hydroxylamine (N-hydroxy-TEMPO) [62].
The regioselectivity toward primary alcohols-over secondary hydroxyls at C2 and C3-is attributed to the
lower steric hindrance and higher accessibility of C6-OH, particularly under weakly acidic to neutral pH
conditions where the dissociation of hydroxyl groups is favorable yet side reactions are minimized [63].
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Figure 4: Schematic of the reaction mechanism of TEMPO/NaClO/NaClO, system in water.

In the subsequent step, the aldehyde intermediates are promptly oxidized to carboxyl groups by NaClO,,
which acts as the primary oxidant in the system [63]. This conversion proceeds through a hydrated aldehyde
intermediate, which is further oxidized by TEMPO" or directly by NaClO,, yielding sodium carboxylate
groups on the cellulose surface. Notably, the presence of NaClO, effectively suppresses the accumulation of
aldehyde groups, thereby mitigating undesirable side reactions such as -elimination and depolymerization
that commonly occur under alkaline conditions [64,65]. Simultaneously, the hydroxylamine species is
reoxidized to TEMPO* by NaClO, closing the catalytic cycle and allowing TEMPO to participate in
multiple turnover events. This regeneration step is crucial for maintaining high oxidation efficiency with
only catalytic amounts of TEMPO. The overall stoichiometry results in the net consumption of NaClO,,
while NaClO and TEMPO function as catalysts [66]. The carboxylate content of CG-TCNE, measured
at 1.4 mmol/g, reflects a high degree of surface functionalization. This is consistent with the proposed
mechanism, wherein the oxidation occurs predominantly on the accessible surfaces of cellulose microfibrils-
including both amorphous and crystalline regions-leading to the introduction of anionic charges that
facilitate nanofibrillation through electrostatic repulsion and osmotic swelling. The mild reaction conditions
(pH 5.0, room temperature) further help preserve the cellulose I crystalline structure, as confirmed by
XRD results, while enabling efficient charge introduction. This mechanism aligns with previous studies
on TEMPO-mediated oxidation of native celluloses, which emphasize the role of surface-limited reactions
and the importance of controlling pH and oxidant ratios to balance between carboxylate introduction and
cellulose degradation [67]. In the case of coffee grounds-derived cellulose, the successful nanofibrillation and
high specific surface area (265 m*/g) observed in CG-TCNF are direct outcomes of this regioselective and
catalytic oxidation process.

3.4.2 Morphological Analysis by Transmission Electron Microscopy

The morphology of the cellulose nanofibrils derived from coffee grounds was examined using TEM. As
shown in Fig. 5a, the CG-TCNF samples exhibit a well-dispersed and interconnected network of nanofibrils
with uniform width. Statistical analysis of the fibril dimensions (Fig. 5b) reveals an average width of
3.57 + 1.39 nm and lengths extending to several hundred nanometers. The narrow size distribution suggests
effective fibrillation and individualized nanofibril formation, attributable to the introduction of anionic
carboxylate groups that promote electrostatic repulsion and swelling in aqueous media. Compared to the
starting purified cellulose (CG-C), which retained a microfibrillar and fibrous structure, the TEMPO-
mediated oxidation led to significant lateral disintegration into nanoscale fibrils, consistent with the behavior
observed in wood-derived celluloses [63].
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Figure 5: TEM image (a) and particle size distribution curve (b) of cellulose nanofibrils (CG-TCNF).

3.4.3 Specific Surface Area and Carboxyl Group Content

The specific surface area of CG-TCNF was determined to be 265 m*/g, a value significantly higher than
that of the precursor CG-C, reflecting the successful nanofibrillation and increased accessibility of the fibrillar
surfaces. This high surface area is conducive to applications requiring high reactivity or adsorption capacity.

Moreover, the carboxyl group content of 1.4 mmol/g, as measured by conductometric titration, confirms
the successful and extensive surface functionalization via TEMPO-mediated oxidation. This high carboxylate
density not only facilitates the individualization of fibrils through electrostatic and osmotic effects but
also enhances the potential for further chemical modifications or interactions in composite materials. The
correlation between high specific surface area and carboxyl content underscores the effectiveness of the
TEMPO/NaClO/NaClO, system in producing nanofibrillated cellulose with both tailored morphology and
surface chemistry.

3.5 Zeta Potential

The colloidal stability and dispersion characteristics of the CG-TCNF was evaluated by zeta potential
({) measurements. The measured ( value of CG-TCNF was —-45.23 mV, indicating excellent electrostatic
stabilization and a high degree of defibrillation in the aqueous suspension [69]. This negative potential arises
primarily from the deprotonated carboxylate groups (-COO™) introduced by the TEMPO/NaClO/NaClO,
oxidation system, which imparts a net anionic charge to the fibril surfaces. According to classical DLVO
theory, colloidal systems with |{| > 30 mV are generally considered highly stable due to strong electrostatic
repulsion, while values around |{| ~ 25-30 mV suggest borderline stability, potentially leading to slow
aggregation under certain conditions [70]. The observed value of —-45.23 mV for CG-TCNF corroborates
the carboxyl content of 1.4 mmol/g determined by conductometric titration, confirms that sufficient
anionic charge was introduced to not only facilitate the initial nanofibrillation but also to maintain a well-
dispersed state. The direct visual evidence from TEM imaging (Fig. 5a) supports this conclusion, showing
a network of individualized nanofibrils without large aggregates. Furthermore, the high specific surface
area (265 m?/g) and uniform nanofibril morphology (average width 3.57 nm) enhance the accessibility
of charged groups, contributing to the observed { potential. It is noteworthy that the { value close to —
40 mV suggests that CG-TCNF suspensions remain dispersible under neutral or mildly alkaline conditions,
though they may exhibit sensitivity to ionic strength or acidic environments where carboxyl groups become
protonated, reducing electrostatic repulsion. This excellent dispersibility, stemming from the tailored surface
chemistry, is a critical attribute for the subsequent processing and application of CG-TCNF in areas such as
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nanocomposite fabrication, where uniform filler distribution is paramount, or in the formulation of stable
gels and suspensions.

3.6 Thermal Analysis

Thermogravimetric analysis (TGA) was employed to critically evaluate the thermal stability and decom-
position kinetics of the purified cellulose (CG-C) and the resulting CG-TCNE. The thermal degradation
profiles, as illustrated in Fig. 6, revealed significant changes following the nanofibrillation process. The CG-
C exhibited robust thermal stability, with an initial decomposition temperature (Touset) of 286°C and a
maximum degradation temperature (Tp,,x) of 376°C. In stark contrast, the CG-TCNF showed a substantially
reduced thermal resilience, with a Typser of 222°C and a Ty,,x of 323°C.

100

g
CG-C
80
% CG-TCNF -
g cG-c _ CG-TCNF
= =
S0 g
S £
z s
= =
=
2T 2
g
&
20 -
(@) (b)
L L L L L L L L L L L L L L
100 200 300 400 500 600 700 100 200 300 400 500 600 700
Temperature(°C) Temperature(°C)

Figure 6: TGA curves (a) and DTG curves (b) of purified celluloses (CG-C) and cellulose nanofibrils (CG-TCNF).

The notable decrease of 64°C in the T,,5e; for CG-TCNF can be attributed to a confluence of structural
and chemical factors. Primarily, the TEMPO-mediated oxidation selectively converts the C6 primary
hydroxyl groups into carboxyl groups, as confirmed by the FTIR and conductometric titration results.
In aqueous dispersion, these groups deprotonate to form carboxylate anions (-COQO™), imparting a high
negative surface charge, as evidenced by the {-potential of —45.23 mV. This anionic charge generates
significant electrostatic repulsion between adjacent nanofibrils. This chemical modification disrupts the
extensive inter- and intra-molecular hydrogen bonding network that is paramount to the structural integrity
and thermal stability of native cellulose [71]. The repulsive forces actively work against the hydrogen bonding
and van der Waals attractions that provide cohesion in native cellulose. The introduction of anionic carboxyl
groups introduces electrostatic repulsion and weakens the cohesive energy between fibrils, thereby lowering
the energy barrier required for the initiation of thermal degradation. This mechanism, where charged groups
facilitate nanofibrillation via repulsion but concurrently reduce thermal stability, is consistent with the
behavior of electrostatically stabilized nanocellulose systems reported in the literature [72,73]. Secondly, the
nanofibrillation process, evidenced by TEM and specific surface area (SSA) calculations, results in a dramatic
increase in surface area. This nanoscale dimension facilitates more efficient heat transfer to the reaction
sites and provides a larger surface area for volatile release, effectively catalyzing the onset of decomposition.
Furthermore, the XRD analysis indicated that the oxidation and subsequent ultrasonic treatment primarily
affected the amorphous regions and the surfaces of the crystallites, leading to a relative increase in the
accessibility of these less thermally stable domains. The combination of reduced crystallinity protection,
heightened surface reactivity, and the introduction of thermally labile functional groups synergistically
contributes to the earlier onset of weight loss in CG-TCNE.

The shift in the maximum degradation temperature (Tp,ax) from 376°C to 323°C is a direct consequence
of the altered pyrolysis pathway and the changed physical form of the material. In its microfibrous state,
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CG-C degrades through a classic cellulose pyrolysis mechanism, involving depolymerization, transgly-
cosylation, and the formation of levoglucosan, which is a relatively high-energy process. The compact,
crystalline structure of CG-C necessitates higher temperatures for the scission of glycosidic bonds [74].
However, for CG-TCNE the presence of carboxyl groups provides alternative, lower-energy decomposition
pathways. Specifically, the carboxyl groups can undergo decarboxylation at elevated temperatures, releasing
CO, and simultaneously creating radical sites that catalyze the further breakdown of the cellulose chain.
This initiation step occurs at a lower energy threshold compared to the primary pyrolysis mechanisms
(e.g., transglycosylation to levoglucosan) dominant in native cellulose. Furthermore, the acidic nature
of these groups can catalyze dehydration reactions, steering the pyrolysis pathway towards lower-energy
routes. This catalytic effect, combined with the structural destabilization caused by the disruption of the
hydrogen-bonding network as previously discussed, synergistically lowers the overall thermal stability of the
nanofibrils. These carboxyl groups can undergo decarboxylation reactions at elevated temperatures, releasing
CO, and simultaneously creating radical sites on the cellulose backbone that accelerate the unzipping and
fragmentation of the polymer chains [75]. Moreover, the extremely high surface area and the individualized
nature of the nanofibrils mean that the primary volatile products, once formed, can escape the solid matrix
much more readily, preventing secondary char-forming reactions and shifting the maximum rate of mass loss
to a lower temperature [76]. This phenomenon is consistent with studies on nanocelluloses, where increased
specific surface area is correlated with a lower T, [77].

To gain deeper insights into the pyrolysis behavior, the kinetic parameters were estimated using the
Coats-Redfern model-fitting method, a widely adopted approach for solid-state thermal decomposition. The
activation energy (E,) for the main degradation stage was found to be lower for CG-TCNF compared to CG-
C. This reduction in Ea aligns perfectly with the proposed structural model: the disrupted hydrogen-bonding
network and the incorporation of carboxyl groups in CG-TCNF create a less thermally stable structure
that requires less energy to decompose. The lower E, value for nanofibrillated cellulose, as opposed to its
bulk counterpart, has been documented in other studies and underscores the trade-off between achieving
nanoscale dispersion and functionalization at the expense of intrinsic thermal stability. In conclusion, the
thermal analysis comprehensively demonstrates that the TEMPO oxidation and nanofibrillation process
successfully functionalizes and individualizes the cellulose fibers but intrinsically alters their thermal
degradation mechanism, leading to a material with lower decomposition temperatures and activation energy,
a characteristic that must be considered for high-temperature processing and applications.

4 Conclusions

This study successfully demonstrates a direct and efficient pathway for valorizing spent coffee grounds
into carboxylated cellulose nanofibrils through an integrated formic acid/hydrogen peroxide pretreatment
followed by TEMPO/NaClO/NaClO,-mediated oxidation. The pretreatment effectively removed non-
cellulosic components, yielding purified cellulose with a high crystallinity index of 84%. Subsequent
regioselective oxidation introduced carboxyl groups predominantly at the C6 position of cellulose chains,
as unequivocally confirmed by the emergence of the characteristic FTIR band at 1720 cm™" and a high car-
boxylate content of 1.4 mmol/g. This surface functionalization was pivotal for the successful nanofibrillation,
facilitating electrostatic repulsion that led to the disintegration of the oxidized fibers into individualized
nanofibrils. The resulting CG-TCNF exhibited a well-dispersed, interconnected nanofibrillar network with
an average width of 3.57 nm and a high specific surface area of 265 m*/g. The introduced anionic charge also
conferred a zeta potential of —45.23 mV, indicating excellent colloidal stability and dispersion characteristics
in aqueous suspension. While the TEMPO oxidation slightly reduced the crystallinity index to 79.2%, the
CG-TCNF retained the cellulose I allomorph and displayed a relatively high crystallinity compared to
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nanocellulose from other agricultural residues. A trade-off between functionalization and thermal stability
was observed, as the introduced carboxyl groups lowered the onset decomposition temperature, which
is a recognized characteristic of TEMPO-oxidized nanocellulose. Overall, this work establishes a viable
route for transforming an abundant agro-industrial waste into high-value, carboxylated nanofibrils with
tailored surface chemistry and nanoscale dimensions, showcasing significant potential for applications in
high-strength nanocomposites, responsive materials, and sustainable packaging.
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