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Abstract  The conventional production of nanocel-
lulose from biomass demands multiple steps involv-
ing numerous chemicals like corrosive acids, bases, 
halogenated bleaching agents, and mechanical energy. 
This research aims to find a greener approach to 
producing nanocellulose particles from biomass. In 
nature, the brown rot fungi utilize iron complex and 
hydrogen peroxide to overcome the lignin bound-
ary and approach cellulose in biomass. This fact 

encouraged us to use the same oxidative catalytic 
system on biomass in a one-pot process. Pinewood 
sawdust was taken as starting material, and the iron 
oxide, hydrogen peroxide oxidation system was 
applied with varying the concentration of hydrogen 
peroxide and the reaction time. In 6 h, a one-pot sys-
tem obtained a 95% pure cellulose with an aspect 
ratio of 1–15 from pinewood sawdust. The yield of 
the process was very high, i.e., from the total cellu-
lose content in pinewood, 85% of cellulose was recov-
ered in this process. The degree of polymerization of 
the obtained cellulose product was 100 ± 20, with an 
aspect ratio of 1–20. The particles were sphere and 
ellipsoidal-shaped, with the majority having a diam-
eter of 120–180 nm. It had a crystallinity of 81%, an 
increase of 26% crystallinity was observed compared 
to the untreated pinewood sawdust. These nanocellu-
lose particles would be a promising material for dif-
ferent derivatizing reactions, with their high surface 
area (15.0 ± 0.5  m2/g) and low degree of polymeri-
zation. This developed one-pot process has avoided 
using hazardous chemicals to produce nanocellulose 
particles.

Supplementary Information  The online version 
contains supplementary material available at https://​doi.​
org/​10.​1007/​s10570-​023-​05573-2.

P. Vijay · K. Saito (*) 
School of Chemistry, Monash University, Clayton, 
VIC 3800, Australia
e-mail: saito.kei.1y@kyoto-u.ac.jp

V. S. Raghuwanshi · W. Batchelor 
Department of Chemical and Biological Engineering, 
BioPRIA, Monash University, Melbourne, VIC 3800, 
Australia
e-mail: warren.batchelor@monash.edu

J. Ma 
Monash X‑Ray Platform and Department of Materials 
Science and Engineering, Monash University, Melbourne, 
VIC 3800, Australia

K. Saito 
Graduate School of Advanced Integrated Studies in Human 
Survivability, Kyoto University, Higashi‑Ichijo‑Kan, 
Yoshida‑Nakaadachicho 1, Sakyo‑Ku, Kyoto 606‑8306, 
Japan

http://crossmark.crossref.org/dialog/?doi=10.1007/s10570-023-05573-2&domain=pdf
https://doi.org/10.1007/s10570-023-05573-2
https://doi.org/10.1007/s10570-023-05573-2


954	 Cellulose (2024) 31:953–967

1 3
Vol:. (1234567890)

Graphical abstract 

Keywords  Green treatment · Non-hazardous materials · Non-halogenated materials · Biomass treatment · 
Fenton reagent · Nanocellulose

Abbreviations 
NC	� Nanocellulose
Fe2O3/H2O2	� Iron oxide-hydrogen peroxide cata-

lytic system
BEK cellulose	� Bleached eucalyptus kraft cellulose
RB flask	� Round-bottomed flask
DI water	� Deionized water
NREL	� National renewable energy 

laboratory
SEM	� Scanning electron microscopy
DP	� Degree of polymerization
CED	� Cupriethylenediamine solution
XRD	� X-ray diffraction

Introduction

The conventional process of producing nanocellu-
lose (NC) with less non-cellulosic components from 
biomass involves three primary levels of treatment. 
Various pretreatment methods are the first level of 
treatment and are used to eliminate non-cellulosic 
components from the biomass. One of the methods is 
by using various hazardous chemicals (Fodil Cherif 
et  al. 2020) such as acids, alkalis, lime, sulfur diox-
ide, organic solvents, and ionic liquids, to name a 
few. For example, the sulfite method of delignifica-
tion involves the usage of sulfurous acid at elevated 
temperatures. Some alkalis used for the pretreatment 
are NaOH, KOH, Ca(OH)2, hydrazine, and anhy-
drous ammonia (Kumar et al. 2020). For example, the 
kraft method of delignification involves the usage of 
an aqueous solution containing NaOH and Na2S at 
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200  °C temperature (Agor et  al. 2011; Bahera et  al. 
2014). Another method of pretreating biomass is the 
physicochemical method of steam explosion, where 
the biomass is treated with steam at high pressure 
and temperature. These pretreatments break the link-
ages between cellulose and non-cellulosic compounds 
(lignin and hemicellulose) to form a cellulose-rich 
fraction (Kumar et al. 2020).

Once the cellulose-rich fraction is obtained after 
the pretreatment of biomass, the bleaching process at 
the second level of treatment is conducted to remove 
the remaining lignin fractions. For this purpose, vari-
ous bleaching agents are applied, such as sodium 
chlorite, sodium hypochlorite, and alkaline hydro-
gen peroxide (Sharma et al. 2020; Peltola et al. 2019; 
Dutra et al. 2018). As the final level of treatment, the 
bleached cellulose is chemically or/and mechani-
cally treated to produce NC. This treatment can be 
achieved by using mechanical defibrillation such as 
refining, high-pressure homogenization, ball milling, 
grinding, and cryo-crushing, with and without chemi-
cal and enzymatic pretreatments such as TEMPO 
mediated oxidation, periodate-chlorite oxidation, 
carboxy-methylation, sulfonation, quarternization, 
acid hydrolysis, and cellulase treatments (Isogai et al. 
2011; Liimatainen et al. 2012; Yarbrough et al. 2017; 
Mahmud et al. 2019).

Hence overall preparation of NC from lignocellu-
lose involves many steps which deal with strong and 
hazardous chemicals (Nagarajan et  al. 2021). These 
treatments negatively affect the process through the 
generation of toxic and hazardous wastes and high 
overall process expenses. Therefore, we need to 
develop a safer chemical process to produce NC.

In order to reduce the environmental footprints 
of existing chemical production processes, indus-
tries need to look for cleaner technologies. The use 
of environmentally friendly oxidants such as molec-
ular oxygen and H2O2 are finding faster adaption to 
develop cleaner technology. H2O2 is used as an oxi-
dant for producing chemicals such as hydrazine, phe-
nol, adipic acid hydroquinone, etc. H2O2 is a pre-
ferred choice against halogenated oxidants in pulp 
and paper industries due to its lower environmental 
footprint, i.e. the only byproduct produced due to 
the H2O2 is water. (Goyal et  al. 2022) However, the 
production of H2O2 is the main issue of concern as 
it demands high energy consumption and the usage 
of complicated solvent systems. Well-established 

industrial production of H2O2 is by Anthraquinone 
autoxidation (AO) process. In the AO process, 2-ethyl 
anthraquinol is oxidized by oxygen to correspond-
ing quinone and H2O2. The anthraquinone produced 
is reduced back to anthraquinol with hydrogen using 
platinum, palladium or Raney nickel catalyst. The 
reaction is carried out using a mixture of organic sol-
vents. Finally, the H2O2 is stripped from the organic 
solution with water in a counter-current column. The 
AO process suffers from numerous drawbacks, such 
as the cost and complexity of the solvent system to 
keep both reactant and the product in the solution, 
nonselective hydrogenation results in loss of quinone, 
deactivation of hydrogenation catalyst and elaborate 
treatments to remove degradation products. The AO 
process requires a large production plant. Significant 
efforts are being made to develop new cost-effective 
production technologies based on the direct oxidation 
of hydrogen to H2O2. Small-scale, on-site production 
of H2O2 is highly desirable to meet the requirement 
of pulp and paper industries. (Goyal et  al. 2022; Jia 
et al. 2022).

In nature, microorganisms like fungi utilize iron 
complex and hydrogen peroxide to overcome the 
lignin barrier and other extractives of the lignocellu-
lose to reach the cellulose (Arantes et al. 2012; Pres-
ley et al. 2018). This motivated us to study a similar 
method to remove non-cellulosic components from 
the lignocellulose. Our team successfully produced 
NC from cellulose, not biomass, using the iron oxide-
hydrogen peroxide (Fe2O3/H2O2) catalytic system 
(Vijay et  al. 2022). Bleached eucalyptus kraft cellu-
lose (BEK cellulose) was taken as a starting material. 
The hydroxyl radicals produced in the reaction could 
depolymerize the cellulose, primarily at its amor-
phous region, to produce NC. Hence, we proved that 
the controlled oxidation of cellulose using the Fe2O3/
H2O2 catalytic system could result in NC production.

The present investigation aimed to assess the same 
catalytic system (Fe2O3/H2O2) on biomass (pinewood 
sawdust). The main goal of this study is to determine 
whether it is possible to optimize the reaction con-
dition in order to selectively remove non-cellulosic 
components from lignocellulose and defibrillate cel-
lulose to NC with a high yield in a one-pot process.

The biomass used for this research is sawdust of 
pine stem wood. The catalytic system for this research 
is iron oxide (hematite, Fe2O3) and hydrogen perox-
ide (H2O2), which are very mild reagents, together 
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acting as a Fenton-like reagent to produce hydroxyl 
radicals. The hydroxy radicals have a very high oxi-
dation potential (2.6  eV). The only byproducts in a 
Fenton-like reaction are water and carbon dioxide. 
The advantage of using hematite over other inorganic 
iron salts (like ferrous sulfate) is that there is no need 
to maintain the pH of the reaction mixture below 
pH 3. The Fenton process has been utilized to treat 
recalcitrant organics present in the paper and pulp 
mill effluents (Garcia-Segura et al. 2016; Kamali and 
Khodaparast 2015). To the best of the author’s knowl-
edge, Fenton-like reactions using Fe2O3 and H2O2 
have never been used to isolate NC from lignocellu-
lose in a one-pot process.

The first section of this article discusses the most 
suitable delignification conditions of pinewood that 
are required to obtain a product with a maximum cel-
lulose content. FTIR and NREL methods are used to 
monitor the composition of the products. Then the 
products are characterized using NMR, XRD, TGA, 
SEM, BET methods, and method for determination of 
the degree of polymerization (DP).

Experimental section

Materials

Pinewood sawdust (biomass) was received from a 
local sawmill based in Melbourne, Australia. The 
received pinewood was dried in an oven at 40 °C for 
48  h. Hydrogen peroxide (H2O2) solution 30wt% in 
water, iron (III) oxide (Fe2O3) powder (< 5 µm) were 
purchased from Sigma Aldrich. Paper filter "Advan-
tec" 90  mm, grade no.2 used for the filtration was 
purchased from Labtek Pty Ltd.

One‑pot treatment of pinewood sawdust

One-pot treatment of pinewood sawdust reactions 
using two different hydrogen peroxide concentrations, 
20% and 30%, were investigated at different time 
intervals. For 20% hydrogen peroxide concentration, 
pinewood (5  g, oven-dried) was taken in a round-
bottomed flask (RB flask) with 85 ml deionized water 
(DI water). First, 5 wt% (by weight of pinewood) of 
iron oxide Fe2O3 was added to the RB flask. The RB 
flask was stirred and sonicated for 10 min. The mix-
ture was heated with stirring. Then, 85 ml of 30 wt% 

H2O2 was added to the mixture twice, first at the 
beginning of the reaction and next after 2 h of reac-
tion, to make the total hydrogen peroxide concentra-
tion added to the reaction mixture 20%.

For 30% hydrogen peroxide concentration, pine-
wood (5  g, oven-dried) was taken in an RB flask 
with 125 ml of 30 wt% H2O2. In addition, 5 wt% (by 
weight of pinewood) of iron oxide Fe2O3 was added 
to the RB flask. The RB flask was stirred and soni-
cated for 10  min. The mixture was heated to 90  °C 
with stirring. After 2 h of reaction, another 125 ml of 
30 wt% H2O2 was added. The reactions were carried 
out at different time intervals using two hydrogen per-
oxide concentrations.

The reaction mixture was cooled to room tem-
perature and filtered. The separated solid product 
was taken in a beaker with 50  ml DI water, stirred 
for 5 min, and filtered. The catalyst remaining in the 
product was filtered through the filter paper, repeated 
stirring with water, and filtered three times to remove 
the maximum amount of catalyst. Finally, the product 
was dried in a freeze drier for two days and taken for 
further analysis. From the amount of product recov-
ered from the reaction, the percentage of total solid 
recovered was calculated compared to the amount of 
pinewood taken (Table  1, column 12).  Fig.  1 shows 
the starting material, Pinewood sawdust (Pine-0  h), 
and the product (Pine-30%-6 h).

Compositional analysis

Pinewood sawdust and the products were analyzed 
to find the compositions using the NREL (National 
Renewable Energy Laboratory) method, as described 
briefly below (Sluiter et  al. 2010). All the measure-
ments were carried out in triplicates.

Sample preparation for pinewood sawdust for 
the compositional analysis: Pinewood sawdust was 
passed through a Sieve shaker to separate the frac-
tions of size between 180 and 400  µm. The sieved 
biomass was dried at 45  °C until a constant weight 
was obtained. This sieved, dried sawdust was taken 
for further analysis.

Ash content test: A known weight of the dried 
sample was heated at 575 °C in the muffle furnace for 
24 h. The ash formed was then cooled in a desiccator 
and weighed. Percentage ash content was calculated.

Determination of extractives: A known weight of 
the sample was extracted with DI water, followed by 
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ethanol using Soxhlet apparatuses. Extractive-free 
biomass was dried in an oven at 100 °C. The weight 
percentage of total extractives was determined.

Analysis of carbohydrate and lignin in biomass: 
Briefly, Extractive free biomass was hydrolyzed in 
two stages, firstly by using 72% H2SO4 and then with 
4% H2SO4. The acid-insoluble fraction was utilized 
to determine the acid-insoluble lignin. The acid-sol-
uble fraction was analyzed for acid-soluble lignin (by 
using the UV–Vis method) as well as total carbohy-
drates (using HPLC analysis).

Characterization methods

The percentage yields (mentioned in Table 1, column 
3) of the products obtained in different conditions are 
calculated using the formula,

(1)
Yield (wt%) = (wt. of product ÷ wt. of pinewood taken for reaction) ∗ 100

HPLC was conducted using an Agilent Infinity 
1220 system coupled with a refractive index detec-
tor. A BioRad HPX-87P column was used for com-
positional analysis. The column was operated at 
80  °C using deionized water at a constant flow of 
0.7  ml  min−1. The calibration was performed using 
the values obtained by the range of monomeric sugars 
(glucose, mannose, xylose, galactose, arabinose). All 
the measurements were carried out in triplicate.

UV–Vis results were obtained using UV-1800 
Shimadzu spectrophotometer. The UV–Vis was cali-
brated using the extracted acid-soluble lignin using 
the "Determination of Acid Soluble Lignin Concen-
tration Curve by UV–Vis Spectroscopy" method. The 
percentage of acid-soluble lignin in hydrolyzed liq-
uid at different time intervals were analyzed from its 
absorption value at 320 nm wavelength.

IR spectroscopy measurements were done using 
Agilent Cary 630, with 32 scans at a resolution of 
8  cm−1. The spectra were recorded in transmission 
mode in the region 4000–750 cm−1. The baseline was 
created and subtracted by using the second derivative 

Fig. 1   Starting material 
(Pinewood sawdust) and the 
product (Pine-30%-6 h)

Table 1   Compositional analytical results of pinewood and products at different time intervals

Entry Name Yield (wt%) Cellulose (%) Lignin (%) Hemicellulose (%) Others (%)

Glucose Insoluble Soluble Mannose Xylose Galactose Ash Extractive

1 Pine-0 h – 42 ± 3 27 ± 2 1.3 ± 0.3 11.8 ± 0.2 5.7 ± 0.2 2.3 ± 0.1 0.1 ± 0.05 9 ± 1
2 Pine-20%-3 h 90 ± 2 45 ± 2 27 ± 1.5 1.3 ± 0.3 11.5 ± 0.1 5 ± 0.1 2 ± 0.1 0.3 ± 0.04 4 ± 1
3 Pine-20%-6 h 76 ± 3 60 ± 5 22 ± 2 3.6 ± 0.5 7.5 ± 1 4.3 ± 0.2 2 ± 0.1 0.3 ± 0.04 2 ± 0.5
4 Pine-20%-9 h 30 ± 2 87 ± 2 1 ± 0.5 4 ± 0.6 0 3 ± 0.3 0 0.3 ± 0.03 0
5 Pine-30%-3 h 80 ± 4 50 ± 5 24 ± 0.9 2 ± 0.2 11 ± 0.5 5 ± 0.2 2 ± 0.1 0.3 ± 0.05 4 ± 0.5
6 Pine-30%-6 h 38.5 ± 2 94.2 ± 1 0 5.5 ± 0.4 0 0 0 0.3 ± 0.03 0



958	 Cellulose (2024) 31:953–967

1 3
Vol:. (1234567890)

method in the Peak Analyzer module of the Origin 
software.

Solid-state 13C NMR was measured using Bruker 
Avance spectrometer (Karlsruhe, Germany) equipped 
with a 7.05 Tesla magnet, operating at 75.4 MHz.

FEI Nova NanoSEM 450, equipped with a field-
emission source at 5 kV, was used to perform scan-
ning electron microscopy (SEM). The sample prepa-
ration for SEM was done by diluting the sample to 
0.002 wt% and 0.001 wt% in ethanol and by pipetting 
10 µl of the prepared sample onto carbon stubs. The 
air-dried sample was then coated with iridium for 
2 nm thickness.

The degree of polymerization (DP) was deter-
mined by dissolving the sample in cupriethylenedi-
amine (CED) solution and measuring the intrinsic 
viscosity. The DP values were determined using the 
Mark-Houwink-Sakurada equation,

where [ŋ] represents intrinsic viscosity (Zimmermann 
et al. 2010).

X-ray Diffraction (XRD) characterization was per-
formed using a Bruker D8 Advance X-ray diffrac-
tometer with Cu Kα radiation of major wavelengths 
of Kα1 (0.15406  nm) and Kα2 (0.15444  nm) with 
generator voltage at 40  kV and current at 40  mA. 
Optics used included a Ni-filter, 2.5° Soller slits and 
an anti-scattering knife edge positioned 2 mm above 
the sample surface. The powder form samples were 
packed into a sample holder with a cavity of 2  mm 
depth to avoid X-ray transparency. XRD data were 

(2)[�] = 0.57 × DP.

collected between 2θ angles of 5–60° using Lynxeye 
XE position-sensitive detector in 1D mode. A step 
size of 0.03° was used. All samples were run with a 
divergence angle at 0.3° and a dwell time of 2 s per 
step.

The relative crystallinity index was calculated 
using Segal’s method, as explained in the supporting 
information (French 2014, 2020).

Thermogravimetric analysis (TGA) was performed 
on a Mettler TGA/DSC1 STAR system, ranging from 
40 to 800 °C. The heating rate was fixed to 20 °C/min 
under nitrogen flow.

The surface area of the product was measured 
by calculating the adsorbing amount of N2 (BET 
method) at various relative vapor pressures. The 
samples were prepared by vacuum drying for 24  h 
at 110 °C. The analysis was recorded by a TriStar II 
3020 (Micromeritics, U.S.A.) analyzer.

Results and discussion

The reaction of pinewood with Fe2O3/H2O2 catalyst

The reactions were conducted at 90  °C temperature 
and varying time intervals of 3, 6, and 9 h. Reactions 
were done using two different H2O2 concentrations, 
20% and 30%. All the products obtained were prelim-
inarily analyzed using IR spectroscopy, later by the 
NREL method (compositional analysis), to determine 
the most suitable reaction condition. When 20% H2O2 
is used, products of 6 h reactions showed the IR spec-
tra with all the peaks corresponding to pinewood (IR 

Fig. 2   IR spectra of Pine-0 h, Pine-20%-6 h, Pine-20%-9 h, Pine-30%-3 h, Pine-30%-6 h
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spectra of original pinewood and 6 h reaction product 
can be seen in Fig. 2, labelled as Pine-0 h and Pine-
20%-6 h). When 30% H2O2 was used, a 3 h reaction 
product (Pine-30%-3 h) showed the IR transmittance 
also as same as Pine-0 h.

The IR spectra of Pine-0  h, Pine-20%-6  h, and 
Pine-30%-3  h have the transmittance at wavenum-
ber, 3400–3200  cm−1, which is assigned to the –OH 
stretching alcoholic and phenolic stretching groups 
involved in hydrogen bonding in hemicellulose cel-
lulose and lignin; 2942  cm−1, which corresponds 
to C–H stretching of methyl, methylene or meth-
ane groups in lignin. The signals near 3500  cm−1 
and between 1640 and 1630  cm−1 correspond to the 
residual water molecules. Further, the IR spectrums, 
Pine-0 h and Pine-20%-6 h, Pine-30%-3 h are show-
ing transmittance at 1682, 1638 cm−1. These two val-
ues correspond to the unconjugated and conjugated 
C=O stretch of lignin molecules. Transmittance value 
1593 and 1508  cm−1 represents C=C, C=O stretch 
in lignin and C=C stretch of the aromatic ring in 
lignin. Transmittance peak at 1727  cm−1corresponds 
to the C=O group of unconjugated ketone and car-
boxylic groups in hemicellulose. Further, the peak at 
1264  cm−1 gives the lignin aromatic ring vibration, 
and 1227  cm−1 gives the C–C, C–O vibrations in 
lignin. A tiny peak at 867 cm−1 corresponds to glyco-
sidic linkage in hemicellulose (Ong et al. 2020; Kaf-
fashsaie et al. 2021).

In comparison, all peaks mentioned above cor-
responding to lignin and hemicellulose have either 
wholly disappeared or drastically reduced in the case 
of the 9 h reaction using 20% H2O2 (Pine-20%-9 h) 
and the 6 h reaction using 30% H2O2 (Pine-30%-6 h) 
spectrums. Also, all the transmittance peaks of Pine-
20%-9  h and Pine-30%-6  h strongly emphasize the 
presence of a maximum of cellulose in those sam-
ples with the prominent peaks of cellulose; they are 
transmittance bands at 893  cm−1 (glycosidic linkage 
vibration), 1031  cm−1 (C–O stretching), 1107,1161 
and 1058  cm−1 are assigned to pyranose ring skel-
etal vibration. 1200 cm−1 (–OH bending), 1310 cm−1 
(CH2 wagging vibration), 1367  cm−1 (C–H bend-
ing), and 1430  cm−1 are due to the CH2 asymmetric 
bending vibration of cellulose I (native cellulose), 
2900  cm−1 (C–H stretching) in crystalline order of 
cellulose. These observations suggest that the product 
has native cellulose I structure, and the treatment did 
not alter the cellulose internal arrangement.

The disappearance of lignin and hemicellulose 
stretching and vibration peaks indicate that most of 
the hemicellulose and lignin have been removed in 
the case of Pine-20%-9 h and Pine-30%-6 h products.

Hence if 30% H2O2 is used, a 6 h reaction is suf-
ficient to remove non-cellulosic material from pine-
wood, whereas 20% H2O2 needs 9 h to do the same.

The points which can be drawn from FTIR analy-
sis are the preservation of cellulose I structure in the 
product. After most of the lignin is removed from the 
wood, the resulting cellulose product remains unoxi-
dized. The observations drawn from FTIR reports 
were confirmed by conducting the compositional 
analysis using the NREL method of compositional 
analysis of pinewood (Pine-0 h) and all the products 
obtained at different reaction intervals. The results 
acquired are shown in the table below.

As can be seen in Table  1 above, the NREL 
method of compositional analysis shows that 
untreated pinewood (Table  1, entry 1) had 42 ± 3% 
of cellulose (considering that glucose content is the 
result of cellulose hydrolysis)) content in it. Addi-
tionally, it has 29 ± 2.3% total lignin (combined acid-
insoluble lignin and acid-soluble lignin) and a total 
of 19.8 ± 0.5% of hemicellulose (combined man-
nose, xylose and galactose contents). The ash con-
tent and total extractives present in pinewood were 
0.1 ± 0.05% and 9 ± 1%, respectively. When 20% 
hydrogen peroxide was used, the cellulose (glucose) 
content in the extracted products kept increasing 
with the increase in reaction time, with the decrease 
in lignin and hemicellulose content. When the reac-
tion was continued for 9 h, the product Pine-20%-9 h 
had 87 ± 2% cellulose (glucose), with around 5% 
lignin and 5% hemicellulose. The total product yield 
recovered from the reaction was 30 ± 2  wt% of the 
total pinewood taken. When 30% hydrogen perox-
ide was used, the same trend was observed, provided 
that, within 6 h of reaction, the product Pine-30%-6 h 
had 95% cellulose (glucose) with around 5.5% solu-
ble lignin in it. The total solid recovered at the end 
of the process, which is the yield of the reaction, was 
38.5 ± 2  wt% of the total pinewood taken. Hence, 
from the Pine-0 h, which had 42 ± 3% cellulose, Pine-
30%-6  h had recovered 38.5 ± 2  wt% of the product 
with 95% cellulose within 6 h of reaction. Compara-
tively, Pine-30%-6 h had a better yield (38.5 ± 2 wt%, 
with respect to starting material taken) than that of 
the product, Pine-20%-9 h (30 ± 2 wt%). Hence, using 
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30% H2O2 for a 6 h reaction was the best condition for 
the reaction. HPLC chromatogram of acid hydrolyzed 
Pine-0 h and Pine-30%-6 h are given in supplemen-
tary data Fig. S1. Pine-0 h had peaks corresponding 
to glucose, mannose, xylose and galactose, whereas 
Pine-30%-6 h showed a single peak corresponding to 
glucose.

The ash content of all the products (Table 1, entry 
2 to entry 6) is approximately 0.2% more than that of 
the pinewood. This increase in ash content is due to 

the residual Fe2O3 remaining in the products. Hence, 
the product’s color is a pale pink, as seen in Fig. 1.

The product Pine-30%-6  h was taken for further 
analysis.

C‑13 NMR spectra

The C-13 solid-state NMR of pinewood, Pine-0  h 
(Fig.  3a), and Pine-30%-6  h (Fig.  3b) are given 
below. Spectra (a) from Pine-0  h has the chemical 

Fig. 3   C13 NMR of a 
Pine-0 h, b Pine-30%-6 h 
product



961Cellulose (2024) 31:953–967	

1 3
Vol.: (0123456789)

shifts in the region, 110–170  ppm, correspond-
ing to the lignin aromatic carbons. Also, the car-
bon of the methoxy group of lignin appeared as a 
peak at a chemical shift of 55  ppm in the spectra. 
Cellulose peaks were also presented in the spec-
tra from Pine-0 h, which are peaks in the chemical 
shift of 102–108  ppm for C1, 80–92  ppm for C4, 
and 57–67  ppm for C6 carbon. The chemical shift 
at 20  ppm corresponds to the hemicellulose acetyl 
group was also detected. In the case of spectra (b), 
only the peaks attributed to cellulose were visible. 
All the aromatic peaks of the lignin in the region 
110–170  ppm and methoxy carbon of lignin in 
the region 55  ppm have disappeared in spectra 
(b). Also, the typical hemicellulose acetyl peak at 
20  ppm entirely disappeared in spectra (b). These 
observations confirm the removal of non-cellulosic 
materials from the pinewood in the Pine-30%-6  h 
product; only pure cellulose remains in the product. 
This absence of carbons in a new environment sug-
gests that the process doesn’t alter the basic chemi-
cal structure of cellulose.

XRD

The XRD pattern of Pine-0  h and Pine-30%-6  h 
with 2Theta values at 14–17, 22.5 and 34.2 (Cu 
anode, WL = 1.5406 Å) are assigned to the cellulose 
I diffraction planes (1–10) (or 110), 200, and 004, 
respectively (French 2014; Tarchoun et  al. 2020; 
Nishiyama et al. 2002; Wada et al. 2001). The XRD 
patterns are provided in the supporting information 
in Fig. S3 and Fig. S4. Thus, it is observed that the 
Fe2O3/ H2O2 system is not altering the cellulose I 
allomorph.

The relative crystallinity index (CI) was calculated 
by the Segal Crystallinity Index method (Segal et al. 
1959). A baseline was subtracted from the XRD data 
(Fig. S3 for Pine-0 h and Fig. S4 for Pine-30%-6 h). 
The CI was calculated by taking the intensity of the 
crystalline (Icr) peak centered at 22.5° and the inten-
sity of the amorphous (Iam) peak at 18.9°. Details of 
the calculations are provided in the supporting infor-
mation Table S1. The calculated CI for the Pine-0 h is 
55%, and for the Pine-30%-6 h is 81%. (Macrae et al. 
2008).

The evaluation of the crystallinity index using the 
Segal method shows an increase of 26% of crystallin-
ity in Pine-30%-6 h compared to Pine-0 h.

This higher crystallinity index can be explained by 
the removal of amorphous hemicelluloses and lignin 
from the wood, a decrease in the content of amor-
phous domains in cellulose, as well as an increase 
in the number of intra- and intermolecular hydrogen 
bonds of cellulose.

As discussed in our previous work (Vijay et  al. 
2022), the used reagent (Fe2O3/ H2O2) attacks the 
amorphous domains of cellulose followed by the 
hydrolytic cleavage of their glycosidic bonds, which 
leads to the formation of highly ordered crystallites. 
This crystallinity index value is comparable to the 
microcrystalline cellulose obtained by acid hydrolysis 
of bleached pulp (El-Sakhawy and Hassan 2007).

Previously, different experimental methods, instru-
ments and data analysis techniques were used to 
evaluate cellulose’s crystallinity. Park et  al. (2010) 
calculated the crystallinity of cellulose by solid-state 
13C NMR method and compared it with the exist-
ing XRD-based methods. The Rietveld refinement 
method for XRD can bring further accuracy in the 
crystallinity measurement, as mentioned by Drie-
meier and Calligaris (2011).

Rietveld refinement for the XRD patterns was per-
formed by using Topas Academic v7 (Coelho AA, 
2018) with pdf files from ICDD PDF 4 Organics 2013 
(as mentioned in supporting information) for both I-β 
and amorphous. A fundamental parameters approach 
(Coelho and Cheary 1992) was used to describe 
instrument contribution to the peak shape. The D8 
Advance diffractometer was calibrated with NIST 
standard 660c LaB6, and the fundamental parameters 
approach was found to be suitable for defining the 
instrument’s peak shape.

Crystallite size was calculated based on the inte-
gral breadth of diffraction peaks by using the Scher-
rer equation. (Scherrer P. 1918; French and Santiago 
Cintrón. 2013).

Rietveld refinement of the XRD pattern for the 
untreated pinewood, Pine-0  h, can be found in sup-
porting information, Fig. S3. The crystallite size cal-
culated based on the integral breadth is 1.85(17) nm, 
and lattice parameters a (Å), b (Å)  and c (Å) are 
7.90(4), 8.01(5) and 10.50(7) respectively.

Rietveld refinement of the XRD pattern for the 
treated pinewood, Pine-30%-6 h, can be found in sup-
porting information, Fig. S4. The crystallite size cal-
culated based on the integral breadth is 3.13(9) nm, 



962	 Cellulose (2024) 31:953–967

1 3
Vol:. (1234567890)

and lattice parameters a (Å), b (Å)  and c (Å) are 
7.87(2), 7.95(2) and 10.62(3) respectively.

It can be found that the crystallite size shrank 
along a and b directions whereas it increased along 
the lattice parameter c in the case of Pine-30%-6 h as 
compared to Pine-0 h.

SEM analysis

SEM images of Pine-0 h and the Pine-30%-6 h at dif-
ferent concentrations are given in Fig. 4. Pine-0 h can 
be seen in, Fig. 4a, which has sheets of lignocellulose 
of more than 300 µm in length and 100 µm in thick-
ness packed together.

Figure 4b shows the Pine-30%-6 h of 0.002% con-
centration. Figure 4c, d show Pine-30%-6 h of 0.001% 
concentration. In Fig.  4b, c highly broken particles 
arranged in a web-like arrangement aggregated in 
some areas and spread as particles in some areas.

In Fig.  4d and Fig. S5, sphere and ellipsoidal-
shaped particles are 120–180  nm in diameter, with 
some smaller particles below 100 nm in diameter and 
a few bigger particles of up to 350  nm in diameter. 
The diameter of the particles in Fig. 4d is measured 
and displayed in supporting information in Fig. S5. 
The cellulose particles with the above-mentioned par-
ticle size can be called NC particles, as explained in 
the literature (Carvalho et al. 2021).

The above observations suggest that the Fe2O3/ 
H2O2 catalytic system, in 6  h duration, breaks the 
pinewood sawdust of size 180–400 µm drastically to 
nanometer size cellulose particles.

As shown in Table  1 entry 6, these nano-sized 
particles are composed of 95% cellulose. Also, XRD 
data confirms the improvement in the crystallinity of 
the particles comparing to its starting material. So, it 
can be postulated that the catalytic system attacks the 
less crystalline hemicellulose and lignin in the pine-
wood; finally, the catalytic system attacks the amor-
phous region of cellulose to break the cellulose glyco-
sidic bonds and forms nanometer-sized particles.

DP

DP of the products Pine-20%-9 h and Pine-30%-6 h 
(Table 1, entries 4 and 6 respectively) are analyzed. 
Both products have a high percentage of cellulose and 
very little lignin in them. The DP of both products 
was in the range of 100 ± 20.

Surface area measurement

Surface area measurement by nitrogen adsorption 
of Pine-30%-6  h revealed that the surface area was 

Fig. 4   SEM images of a 
Pine-0 h, b Pine-30%-6 h 
sample in 0.002% con-
centration. c, d show the 
Pine-30%-6 h of 0.001% 
concentration
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15.0 ± 0.5  m2/g. These values closely match the sur-
face area of the previously reported NC (Guo and 
Catchmark 2012). In addition, they report the sur-
face area of the cotton, which was 1.6 ± 0.2 m2/g, has 
increased drastically to 11–16  m2/g after treating it 
with H2SO4/HCl hydrolysis to produce NC.

The increased surface area of obtained NC has 
the potential for surface grafting of various poly-
mers for the development of valuable composites.

TGA​

The thermogravimetric analysis of Pine-0  h and 
the product, Pine-30%-6  h, is displayed in Sup-
plementary data, Fig. S2. Pinewood sample DTG 
curve showed three degradation peaks at 240, 290 
and 350  °C. These correspond to hemicellulose, 
cellulose and lignin decompositions, respectively. 
According to the reported TGA values of biomass, 
hemicellulose decomposes at lower temperatures 
(180–340  °C) than cellulose (230–450  °C) and 
lignin (> 350  °C) (Mishra and Mohanty 2018). In 
the Pine-30%-6 h product, only one decomposition 
peak is observed at 265 °C. The complete removal 
of hemicellulose and lignin attributes the reason for 
only the cellulose degradation peak in the TGA of 
the product, Pine-30%-6 h. The thermal stability of 
the product after the treatment slightly decreased 
due to the drastic decrease in the DP of the product, 
as discussed in the earlier research to obtain delig-
nified biomass. (Kohli et al. 2020).

Comparison between other conventional methods 
of NC synthesis

Many delignification methods have been reported in 
the literature. These methods can comprise, for exam-
ple, multi-step process using ionic liquids (Kohli et al. 
2020), halogenated bleaching agents (Kaffashsaie 
et  al. 2021), and alkaline treatments. Pure cellulose 
obtained after the delignification process is mainly 
subjected to acid hydrolysis at elevated temperatures 
to obtain NC (Chirayil et  al. 2014). Many strong 
acids are employed, namely, 72% H2SO4, Conc. HCl, 
Conc. HNO3, CH3COOH etc. The resulting NC have 
residual sulfate or phosphate groups attached to the 
surface. Along with the usage of multi-step processes 
and corrosive chemicals, another disadvantage of 

these processes is the low yield of the NC produced at 
the end of the process (Wu et al. 2021).

On the other hand, enzymatic hydrolysis is consid-
ered an environmentally friendly option compared to 
the acid hydrolysis method for NC preparation. How-
ever, the drawback of this process is the low yield and 
the slow kinetics of the process (Alonso-Lerma et al. 
2021).

Out of all these reported methods, our method 
shows the upper hand for the efficient removal of non-
cellulosic materials to produce 95% cellulose and the 
formation of NC in a one-pot process using very mild 
reagents. Additionally, the high yield of 85% (of total 
cellulose in the pinewood taken for reaction) is a very 
promising outcome of this process.

The FTIR and NMR analyses confirm that the 
chemical structure of the native cellulose has not 
changed after the treatment with Fe2O3/H2O2 system. 
In addition, X-ray diffraction analysis confirms that 
the native crystalline allomorph of cellulose, cellu-
lose I, also remained unchanged after such treatment. 
So, the treatment with Fe2O3/H2O2 did not alter the 
chemical and crystalline structure of cellulose.

TEMPO oxidation results in nanofibers, whereas 
the Fenton oxidation results in nanoparticles. The 
distinction between the two nanoproducts arises 
from the differing oxidation mechanisms employed. 
TEMPO-oxidised nanofibers are formed through the 
initial oxidation of cellulose fibre’s surface hydroxy 
groups into carboxylate groups. The application of 
mild mechanical force induces electrostatic repulsion 
between these carboxylate groups, resulting in the 
formation of nanofibers. In our current research, the 
Fenton reagent is used to generate OH radicals, which 
effectively break down cellulose fibres into nanome-
ter-sized particles. The mechanism is detailed in our 
previous study (Vijay et al. 2022).

According to previously reported literature, NC are 
fine, crystalline particles isolated from natural fibers. 
NC have many outstanding properties like hydrophi-
licity, water insolubility, nontoxicity, biodegradability 
and renewability. These features made them employed 
in several applications, such as cosmetics (thickeners, 
binders), pharmaceuticals (carriers and tablet media 
binders, absorbents), food (stabilizers, emulsifiers and 
fat substituents) and cosmetic industries (hair condi-
tioner, dyes, shampoos, toothpaste) as it forms a col-
loidal dispersion in water (Heinze et al. 2018). Addi-
tionally, NC are also proven to be a suitable starting 
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material for derivatization reaction, as they still repre-
sent cellulose polymer, with sufficiently low viscosity 
to handle the quasi-homogeneous reaction systems. 
NC are a very promising starting material for many 
stimuli-responsive polymers grafting to a surface 
abundance of –OH groups, which favors their surface 
modification. Therefore, NC and their polymer com-
posites can have a promising application potential. 
In this regard, several degradation steps were estab-
lished to prepare low DP cellulose (Mailand et  al. 
2011; Tarchoun et al. 2019). Thus, the NC developed 
in this research has tremendous potential to be used in 
many applications with its low DP and high purity, as 
mentioned above.

The yield and the purity of cellulose obtained in 
this treatment are superior to the many other research 
reported in the literature (Barana et  al. 2016; Jiao 
et al. 2016), where they use many toxic chemicals in 
multi-step processes to separate cellulose from ligno-
cellulose (Tarchoun et  al. 2019). These observations 
manifest the highly effective eco-friendly method 
applied in this research.

The table below gives a gist of comparable fac-
tors of the process and product developed in this 
research vs acid hydrolysis process of NC prepara-
tion: (Table 2)

Conclusion

We developed a promising one-pot extraction of 
NC particles from pinewood using a very mild rea-
gent, Fe2O3/H2O2. The catalytic system used in this 
study removed all the non-cellulosic constituents 

of lignocellulose and produced NC particles with 
95% pure cellulose content. The FTIR, and NMR 
spectra confirm that NC particle chemical structure 
is not influenced by the treatment given to the pine 
wood. The morphological analysis by SEM showed 
that the product obtained had an aspect ratio in the 
range of 1–20. The particles were sphere and ellipsoi-
dal-shaped, with most of them having a diameter of 
120–180  nm. Further, the product exhibited typical 
cellulose I allomorph, with a crystallinity of around 
81% providing evidence that the Fe2O3/H2O2 reagent 
selectively removed the amorphous components of 
pinewood without altering its allomorph. Further-
more, the high yield of the product emphasizes the 
great potential of this Fe2O3/H2O2 catalytic reagent 
to replace conventional acid hydrolysis to obtain low 
DP, high pure, crystalline cellulose materials.

This process has avoided many steps involving 
various acid and base hydrolysis, halogenated bleach-
ing methods, and harmful chemicals to separate 
lignin and hemicellulose from lignocellulose and pro-
duce NC. Thus, this work gives a sustainable process 
to produce low DP NC particles from biomass in one 
pot.
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