
Vol.: (0123456789)
1 3

Cellulose (2024) 31:4947–4965 
https://doi.org/10.1007/s10570-024-05906-9

ORIGINAL RESEARCH

Sugarcane trash‑derived nanocrystalline cellulose: 
a sustainable approach with mild chemical pretreatment 
and comprehensive characterisation

Milind Joshi · Sampatrao Manjare

Received: 17 September 2023 / Accepted: 9 April 2024 / Published online: 19 April 2024 
© The Author(s), under exclusive licence to Springer Nature B.V. 2024

Abstract      Cellulose-rich sugarcane trash (SCT) 
biomass, an important agricultural residue generated 
in large quantities every year, was used as a potential 
feedstock for cellulose extraction in micro and nano 
form. Initially, the cellulose microfibers were iso-
lated from the SCT by a two-step chemical treatment 
process (alkali pretreatment with sodium hydroxide 
followed by hydrogen peroxide bleaching) at differ-
ent operating parameters. The microfibers were then 
converted into the nanoscale by acid hydrolysis. The 
quantification of the raw and chemically treated SCT 
was carried out  by the Van Soest method to learn 
their chemical composition. Different characterisa-
tion techniques such as Fourier Transform Infrared 
spectroscopy (FTIR), Thermogravimetric Analysis 
(TGA), X-Ray Diffraction (XRD), Field Emission-
Scanning Electron Microscopy (FE-SEM), and 
Transmission Electron Microscopy (TEM) were used 
for the analysis of surface functional groups, thermal 
stability, crystallinity index, surface morphology, and 
the internal structure of the raw as well as chemically 
treated SCT biomass respectively. The quantifica-
tion results show the optimum process conditions for 
the alkali pretreatment as 5% (w/v) alkali (NaOH) 
concentration, 60 °C, and 12 h process time and for 

bleaching as 20% H2O2 concentration, 80 °C, and 8 h 
process time. This produces material having 86.15% 
cellulose content. This indicates the effective removal 
of hemicellulose and lignin.  For the acid hydroly-
sis reaction for converting cellulose microfibers into 
nanocrystalline cellulose, the concentration of H2SO4 
required was 40 wt.%, which is comparatively lower 
than that reported in the literature (~ 65 wt.%). The 
characterisation results highlight the progressive 
enrichment in the cellulosic groups, thermal stability, 
and crystallinity of the material with respect to the 
processing stages. There was a progressive enhance-
ment in the crystallinity index of the sample observed 
with respect to the chemical treatment, with a maxi-
mum of up to 84.83% for the hydrolysed material. 
The XRD and TEM analysis confirms the presence 
of nanocrystalline cellulose (NCC) in the final hydro-
lysed sample.
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Cellulose · Alkali pretreatment · Bleaching · 
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Introduction

In the current scenario, the non-renewable and fossil-
based sources alone fulfill almost all the raw materi-
als and energy requirements for the process industries. 
As the demand and thus production of essential daily 
commodities increase with the growing population, the 
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utilisation of fossil-based sources also rises simultane-
ously. Due to the limited availability and rapid deple-
tion rate, the excessive dependence on non-renewable 
fossil-based sources cannot be sustained in the long run. 
Furthermore, its use has a negative impact on the envi-
ronment, resulting in air pollution, high greenhouse gas 
emissions in the atmosphere, global warming, and dras-
tic climate changes (Ballesteros et  al. 2006; Haghighi 
Mood et al. 2013; Baruah et al. 2018).

The application of renewable or bio-based sources 
to a great extent for material and energy needs is a 
feasible and optimistic solution to this problem. The 
implementation of lignocellulosic biomass (LCB) 
as a sustainable feedstock, which is the world’s most 
abundant, highly renewable natural resource available, 
can reduce the dependence on non-renewable petro-
leum-based sources for the production of chemicals, 
energy, and materials to some extent (Hussain et  al. 
2017; Ning et al. 2021). The utilisation of LCB, which 
has significant potential as a sustainable feedstock for 
manufacturing biomaterials, biochemical, and biofuels 
for energy without compromising global food security, 
is one promising strategy in this area (Zoghlami and 
Paës 2019). It also becomes the most cost-effective 
because it is extensively available at a cheap rate. The 
key ingredients present in LCB are cellulose, hemicel-
lulose, and lignin, along with a minimal quantity of 
extractives hydrocarbon (such as starch, water, lipids, 
essential oils, resins, proteins, and simple sugars) and 
inorganic ash (mainly comprising silica), which are 
scattered along the cell walls of biomass (Yu et  al. 
2021; Yogalakshmi et  al 2022). LCB includes crops 
and residues, forest products such as hardwood and 
softwood, algae, grass, and other organic elements.

Crop residues, such as rice straw, rice husks, wheat 
straw, corncobs, sugarcane bagasse, mustard plant 
waste, sugarcane trash, and so on, are significant 
sources of waste biomass in the agricultural sector. 
The type of source primarily determines the chemical 
composition of LCB. The generation of residual bio-
mass in agriculture-dominated economies like India 
is a major source of concern due to the challenge of 
disposal. The typical way to dispose of the leftovers 
is to burn them in an open field, which decreases the 
massive amounts of residue. However, burning the 
waste produces a significant amount of air pollution. 
This pollutant can potentially harm the respiratory 
systems of people in the area. As a result, it is critical 
to make use of valuable components like cellulose, 

which can be found in significant quantities in so-
called agricultural waste.

The isolation of cellulose, hemicellulose and lignin 
from the complicated hierarchical structure of LCB 
is required for its valorisation for various applica-
tions. The cellulose, with a crystalline nature, which 
is embedded in a matrix of polymers such as lignin 
and hemicellulose, causes the recalcitrant behaviour 
of LCB. This recalcitrance of LCB leads to the major 
obstacle in the isolation of its valuable components. 
Pretreatment of biomass is regarded as an important 
step in overcoming this barrier since it allows the 
separation of cellulose by solubilising non-cellulosic 
components (Lee et  al. 2014). The various chemi-
cal pretreatment methods that separate cellulose and 
hemicellulose from other non-cellulosic components, 
like lignin, are reported in the literature. Some of 
them are acid pretreatment, alkali pretreatment, wet 
oxidation, organosolv process, ionic liquid pretreat-
ment, and deep eutectic solvents (Maryana et  al. 
2014; Kumari and Singh 2018; Baruah et  al. 2018; 
Owonubi et al. 2021).

The cellulose thus extracted from different LCB 
sources and its transformation into the nanocellulose 
(nanofibrilated cellulose (NFC), nanocrystalline cel-
lulose (NCC), and bacterial nanocellulose (BNC)) has 
a broad spectrum of applications due to its properties 
like biodegradability, good thermal stability, biocompat-
ibility, and high reinforcing ability (Mishra et al. 2019; 
Khan et al. 2021). Nanocelluloses can be used for appli-
cations as reinforcing filler for polymeric and elastomeric 
composites, in packaging applications for preparing 
biodegradable composites, in pharmaceutical industries 
for wound healing and controlled drug release, as an 
adsorbent for removal of microplastics from wastewater 
streams, in food industry as a food additive, emulsifier, 
stabilizer, thickener, and anti-caking agents; in cosmetic 
industry as excipient, binder, and adsorbent; and so on 
(Seddiqi et al. 2021; Basta and Lotfy 2023a, b).

The sugarcane trash (SCT) is a cellulose-rich (40- 
45% cellulose content) agriculture residue left in the 
field after harvesting and can be used as a potential 
biomass for the extraction and enrichment of cellu-
lose (Powar et al. 2022). As per UN data, sugarcane 
(Saccharum officinarum) is an important cash crop 
cultivated worldwide that holds a substantial stake 
in that country’s economy, accounting for almost 
20% (1.9 billion tonnes) of the global production of 
primary crops. According to the Press Information 
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Bureau, Government of India, in the sugar season 
2021–22, India becomes the World’s largest pro-
ducer, consumer, and second largest exporter of 
sugar. In 2021–22, sugarcane production in India 
was more than 5000 lakh metric tonnes (LMT) over 
almost 5.15 million hectares. The increase in sug-
arcane production also generates a huge amount of 
waste residues from its harvesting to final processing 
in the sugar mill in the form of dry leaves and tops 
(trash), bagasse, press mud, and molasses (Singh 
et al. 2021). Sugarcane bagasse is currently used as 
a fuel for boilers due to its high energy content (cal-
orific value), but sugarcane trash is not popular as 
a boiler fuel despite having comparable energy con-
tent to that of bagasse because of its high mineral 
contents, and thus generally burned in the open field 
by the farmers which causes severe air pollution in 
the surrounding area (Chotirotsukon et al. 2019).

The research so far has been focusing mainly on 
the utilization of sugarcane bagasse for the isolation 
of cellulose for producing biofuels through enzymatic 
saccharification. Various pretreatment methods that 
have been employed are extrusion (Moro et al. 2017), 
microwave-based (Intanakul et  al. 2003), ultrasound 
(Sun et al. 2004; Velmurugan and Muthukumar 2011), 
supercritical CO2 (Benazzi et  al. 2013), liquid hot 
water (Hongdan et al. 2013), alkali (Talha et al. 2016; 
Nosratpour et  al. 2018), Organosolv (Zhang et  al. 
2018), and deep eutectic solvent (Kumar et al. 2021).

On the other hand, very limited studies are available 
on sugarcane trash as the feedstock material to produce 
bioenergy, biochemical, and biomaterials. (Sindhu 
et al. 2014), performed an alkali pretreatment on sug-
arcane tops with 3% NaOH concentration at 121 °C for 
1 h in an autoclave. The response surface method was 
used based on Box- Behnken design for the optimiza-
tion of the enzymatic saccharification. The physico-
chemical characterisation of raw and pre-treated sugar-
cane tops was carried out using XRD, FTIR, and SEM. 
The results reveal that, due to alkali pretreatment, 
77.5% sugar recovery was achieved with almost 90% 
lignin removal. In another study reported by (Chotirot-
sukon et  al. 2019), sugarcane trash fractionation was 
carried out by the organosolv method with aqueous 
glycerol catalysed by oxalic acid followed by acetone 
treatment for mild delignification. The different reac-
tion parameters were varied, such as temperature (150- 
170 °C), the concentration of glycerol (20- 80% v/v), 

and catalyst (oxalic acid) concentration (75- 300 mM) 
to see the effect on efficiency and selectivity of the 
reaction. The result shows 71.7% cellulose was recov-
ered with the removal of 96.8% hemicellulose and 
83.9% lignin at the optimal reaction conditions of 80% 
v/v glycerol concentration at 170  °C and oxalic acid 
concentration of 300  mM. In addition, the recovered 
lignin shows a 73.7% yield with 94.6% purity.

Similar studies were reported on the pretreatment 
of sugarcane trash (dry leaves or tops/ straws) to 
improve glucose recovery after enzymatic hydroly-
sis in bioethanol production by using different meth-
ods such as waste glycerol-assisted transition metal 
and alkali pretreatment (Raghavi et  al. 2016), steam 
explosion pretreatment (Oliveira et  al. 2013), dilute 
acid and alkali pretreatment (Jutakanoke et al. 2012), 
and biological pretreatment (Singh et al. 2008).

The literature survey revealed that the information 
on cellulose extraction from SCT is very scanty and 
needs more investigation to optimize the extraction 
process conditions. Similarly, among the pretreatment 
methods mentioned above, the chemical pretreatment 
method has its distinct advantages like selectivity in 
removing hemicellulose and lignin without degrad-
ing the cellulose structure, low thermal and mechani-
cal energy consumption, use of mild, non-corrosive, 
and non-hazardous chemicals, and environmental 
friendliness.

In view of the above, the present research work 
was undertaken to isolate the cellulose from the sug-
arcane trash (SCT) biomass by using a chemical pre-
treatment method. This chemical pretreatment was 
divided into two steps, alkali treatment with sodium 
hydroxide (NaOH) followed by bleaching with 
hydrogen peroxide due to its chlorine-free nature, 
strong oxidising ability, and environmental friendli-
ness (Mussatto et  al. 2008). This pretreatment was 
carried out by varying process conditions such as 
concentrations of alkali (NaOH) and bleaching agent 
(H2O2), temperature, and process time. The use of 
these chemicals in the pretreatment process will not 
generate any harmful waste. Acid hydrolysis was 
performed on the extracted cellulose microfibers 
using sulphuric acid to convert them into nanocrys-
talline cellulose (NCC) by removing its amorphous 
portion.
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Materials and methods

Materials

The sugarcane trash biomass was obtained from the 
local farm of the Sangli district of Maharashtra state 
in India. The chemicals required for the pretreatment 
of biomass and for the quantification of material at 
different treatment stages, such as sodium hydrox-
ide (NaOH, 98% purity), hydrogen peroxide (H2O2, 
30% solution), sodium lauryl sulphate, di-sodium 
tetraborate (Borax), ethylenediamine tetra acetic acid 
(EDTA), disodium hydrogen o-phosphate, cetyltri-
methylammonium bromide (CTAB), sulphuric acid 
(H2SO4, 98%), and acetone were purchased from 
Optech Enterprises, Goa (India).

Experimentation

Biomass preparation

Initially, the sugarcane trash biomass was washed 
with plenty of water to remove dirt particles on the 
surface and then dried in sunlight for 24 h, followed 
by hot air oven drying at 60 ℃ until moisture content 
in the biomass becomes constant. Then, the long trash 
particles were cut to a smaller size, followed by grind-
ing to a fine powder using the conventional grinder 
and sieved using a 600-μm mesh screen. This powder 
was stored in a sealed container at room temperature 
until its use for characterization and pretreatment.

Alkaline pretreatment

The alkaline pretreatment was carried out at various 
concentrations of sodium hydroxide (NaOH) solution 
as 1%, 3%, 5%, 7% and 9% (w/v); for different temper-
atures as ambient temperature (≈27 °C), 40 °C, 60 °C, 
and 80 °C; and for processing time as 4, 8, 12, 16, 20, 
and 24 h. The solid-to-liquid ratio used was 1:25.

The operating parameters were selected based on 
the fact that, at low alkali concentrations (< 10%) and 
low temperature (< 100  °C), the β (1,4) glycosidic 
bonds within the cellulose structure remain alkali-
stable, and thus the changes in cellulose structure 
become negligible (Knill and Kennedy 2003; Moden-
bach and Nokes 2014).

After completion of the pretreatment cycle at the 
given conditions, the solid residue was recovered 
through vacuum filtration under the continuous water 
wash to neutralize the pH of the sample and until the 
colourless filtrate was produced. After the filtration 
step, the solid residue was kept in a hot air oven for 
drying at 60 °C until the constant weight of the solid 
was obtained. A part of this solid residue was used 
for the compositional analysis, and the remaining part 
was further treated with hydrogen peroxide.

Bleaching with hydrogen peroxide

The dried solid residue obtained after the alkali pre-
treatment at the optimum process conditions under-
goes a bleaching process using hydrogen peroxide 
(H2O2) at three different concentrations: 10%, 20%, 
and 30% (w/v). The temperature varies from ambient 
temperature (≈27  °C) to 80  °C, whereas processing 
time was set up to 24 h with intervals of 4 h, similar 
to that of alkaline pretreatment. The solid-to-liquid 
(S: L) ratio selected here was 1:20.

After this bleaching step, the slurry was washed 
with distilled water, vacuum filtered, and dried in 
a hot air oven at 60  °C until constant weight was 
achieved. The cellulose-rich dry solid (cellulose 
microfibers) was stored in a sealed container before 
further analysis.

Nanocrystalline cellulose preparation by acid 
hydrolysis

The nanocrystalline cellulose (NCC) was obtained 
by the acid hydrolysis of the cellulose microfibers. At 
the higher concentration of H2SO4 solution (50 or 65 
wt.%), the bleached SCT fibers (cellulose microfibers) 
get decomposed and resulted in a black slurry. Thus 
the cellulose microfibers were reacted with 40 wt.% 
concentrated sulphuric acid (H2SO4) solution with S: 
L = 1:20 at 45 °C for 90 min. Then, the known quantity 
of chilled distilled water was quickly poured into the 
reaction mixture to stop the reaction. The entire slurry 
was washed frequently (4 to 5 times) with distilled 
water to remove the traces of H2SO4 with simultaneous 
centrifugation at 5000 rpm, for 15 min, and at 10 °C. 
After the final water wash, the slurry was centrifuged, 
and the white solid cake obtained was dried in the hot 
air oven at 60  °C until constant weight was obtained. 
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The NCC powder thus produced (hydrolysed sample) 
was stored in an air-tight container and analysed with 
different characterisation techniques.

Characterisation

Determination of chemical composition

The chemical composition of raw sugarcane trash, alkali 
treated, and bleached fibers of sugarcane trash was deter-
mined using the Van- Soest method (Van Soest et  al. 
1991) to study the effect of different process parameters 
such as concentrations of alkali and bleaching agents, 
temperature, and time on cellulose enrichment. This 
method consists of three steps: (i) determination of Neu-
tral Detergent Fiber (NDF), (ii) determination of Acid 
Detergent Fiber (ADF), and (iii) determination of Acid 
Detergent Lignin (ADL). With this method, it is possi-
ble to calculate the amount of major components present 
in the given biomass sample such as cellulose, hemicel-
lulose, lignin, extractives, and inorganic matter.

NDF and ADF can be determined by treating the 
given biomass sample sequentially with a neutral deter-
gent solution (distilled water, sodium lauryl sulphate, 
Borax, EDTA, and disodium hydrogen o-phosphate) 
and acid detergent solution (distilled water, CTAB, and 
96% H2SO4) for 1  h at boiling temperature followed 
by washing (with hot water and acetone), filtration 
and drying till constant weight. Then, the sample was 
treated with 72% H2SO4 for 3 h, followed by filtration 
and drying. The dried sample was heated in a muffle 
furnace at 550 °C for 2 h, which gives the ADL value.

The following equations (Eqs. 1, 2 and 3) were used 
for the calculation of the lignocellulosic content of the 
given biomass sample:

Fourier Transform Infrared (FTIR‑ATR) analysis

Perkin Elmer spectrometer fitted with diamond crys-
tals was used to record the Attenuated Total Reflec-
tion Fourier Transform Infrared (FTIR-ATR) spectra 

(1)% Hemicellulose = (NDF − ADF) × 100

(2)% Cellulose = (ADF − ADL) × 100

(3)% Lignin = ADL × 100

of raw and treated (alkali-treated and bleached) bio-
mass samples in the range of 4000- 400 cm−1 with 48 
scans and at a resolution of 16 cm−1.

Morphological analysis using FE‑SEM

The morphological analysis of raw and treated SCT 
samples was done using Quanta FEG 250 Field Emis-
sion-Scanning Electron Microscopy (FE-SEM). Before 
analysis, all the samples were prepared with gold coat-
ing by using LEICA EM ACE 200 sputter coater. The 
effect of chemical treatment on the surface morphol-
ogy of biomass samples was investigated by recording 
FE-SEM images at different magnifications.

Thermogravimetric analysis (TGA)

The thermal stability of the raw and treated sugar-
cane trash sample was analysed using TA Instruments 
Trios V5.2.2.47561 thermogravimetric analyser. Dur-
ing analysis, a heating rate of 20 °C/ minute under a 
nitrogen atmosphere was maintained while heating 
the samples from 25 °C to 600 °C.

X‑ray diffraction (XRD) analysis

The XRD analysis of sugarcane trash at different 
treatment stages was carried out using a Bruker D8 
Advance X-Ray diffractometer at 40 kV, 40 mA with 
Cu- Kα radiation (λ = 1.5418 Å). The data was gath-
ered for the 2θ values between 5° and 50° at the scan-
ning rate of 2° /minute. The crystallinity index (CrI) 
of the given sample was calculated as per the follow-
ing Eq. 4 (Segal et al. 1959),

where I200 is the maximum intensity of the lattice 
diffraction peak of crystalline material measured 
for 2θ angle between 22° to 23° (200 peak), and Iam 
is the minimum intensity of diffraction for amor-
phous material measured for 2θ between 18° to 19° 
(between the (1 1 0/110) peak and the (200) peak) in 
counts. Initially, a blank run was conducted at similar 
conditions as the biomass samples and the data thus 
obtained was subtracted from the diffractogram data 
and used in the calculation of CrI values.

(4)

Crystallinity index, CrI (%) =
(I200 − Iam)

(I200)
× 100
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Transmission electron microscopy (TEM)

TEM analysis of the hydrolysed sample was car-
ried out by using 80 kV aberration-corrected Themis 
TEM in STEM-HAADF mode with a LaB6 electron 
source and super twin objective lens system in order 
to determine the dimensions of the particles present 
in the sample. The sample preparation was carried out 
before imaging by using a drop cast method, where 
a small drop of diluted solution of hydrolysed mate-
rial was placed on a carbon-coated copper grid and 
allowed to dry at ambient temperature.

Results and discussion

Compositional analysis

The cellulose microfibers were extracted from SCT 
biomass by a two-step process of alkali pretreatment 
followed by peroxide bleaching by changing the dif-
ferent process variables, such as concentration of the 
reagent used (NaOH and H2O2), temperature, and 

processing time. The effect of these variables on the 
extraction and enrichment of cellulose is summarised 
graphically in Figs. 1 and 2.

From Fig. 1, it is clear that the percentage of cel-
lulose content of the given biomass increases with 
the concentration of NaOH from 1 to 5%, but beyond 
that, it remains almost constant. A similar trend is 
observed for the change in temperature from room 
temperature to 60 °C and for the change in process-
ing time up to 12 h, that the cellulose enrichment is 
progressive, and then it becomes insignificant with 
further change in time and temperature.

The microfibers thus extracted from the raw SCT bio-
mass by alkali pretreatment at the optimum conditions of 
5% NaOH (w/v), 12 h, and 60 °C were further subjected 
to bleaching treatment with hydrogen peroxide (H2O2).

In the case of a bleaching operation, as shown in 
Fig.  2, the delignification and, hence, the cellulose 
enrichment increased with the concentration of H2O2 
from 10 to 20%, temperature from room temperature 
to 80 °C, and time from 0 to 8 h, and further change 
in cellulose content with process parameters was 
negligible.

Fig. 1   Effect of NaOH concentration, process temperature, and time on the extraction of cellulose from raw SCT
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During the alkali pretreatment, NaOH primarily 
targets and ruptures the ester bond that exists between 
the lignin and hemicellulose, thereby isolating and 
solubilizing these components. The lignin fraction 
may get partially solubilised with the degradation of 
hemicellulose structure to a greater extent (Moden-
bach and Nokes 2014). The removal rate of hemicel-
lulose and lignin increases with NaOH concentration 
and temperature initially and then becomes steady. 
This is why, beyond 5% NaOH concentration and 
60 °C, the cellulose extraction and removal of hemi-
cellulose and lignin becomes almost stable.

The bleaching process primarily targets the lignin 
content of the biomass through oxidation. The 
chromophores present in the lignin are responsible for 
the dark brown colour of any given biomass. Hydro-
gen peroxide reacts with these chromophores and 
converts them into benzoquinone derivatives through 

an irreversible reaction. Thus, due to the bleach-
ing with H2O2, a brown-coloured biomass material 
changes into colourless compounds (Li et al. 2015).

From Figs.  1 and 2, the optimum process condi-
tions for alkali pretreatment were 5% NaOH concen-
tration, 60 °C, and 12 h of processing, and for bleach-
ing, it was 20% H2O2, 80  °C, and 8 h of processing 
produces the solids with 63.5% and 86.15% cellulose 
composition respectively. The detailed composition of 
the SCT samples at these optimum conditions with the 
standard deviation is represented in Table 1 below.

Further characterisation was conducted for the 
samples, which were alkali pretreated and bleached 
only at these optimum process conditions. At the 
same time, the acid hydrolysis of the bleached sam-
ple was carried out as per the conditions mentioned in 
the literature, such as 40 wt.% H2SO4 concentration, 
45 °C, and 90 min of reaction time.

Fig. 2   Effect of H2O2 concentration, process temperature, and time on the enrichment of cellulose microfibers extracted from raw 
SCT biomass by alkali pretreatment at 5% NaOH (w/v), 12 h, and 60 °C
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Functional group analysis

The analysis of surface functional groups of raw and 
chemically treated SCT at different stages (raw, alkali 
treated, bleached, and hydrolysed SCT sample) through 
FTIR is presented in Fig. 3. The change in the functional 
groups, i.e., the composition of the material due to the 
chemical treatment, was identified by the change in infra-
red absorption. As seen in Fig. 3, for all the samples, the 
FTIR peak at 3337 cm−1 suggests the presence of cellu-
lose as there is a stretching vibration of O–H bonds pre-
sent in the OH group. The increase in the intensity of this 
peak indicates the enrichment of this cellulosic group 
concerning the chemical treatment. The peak observed 
at 2920  cm−1 represents the stretching vibrations of 
the C-H group present in the hemicellulose molecule 
(Enriquez et al. 2016). The intensity of this peak reduced 
gradually as there was a degradation of hemicellulose 
due to the pretreatment of SCT biomass. The FTIR peak 
at 1735 cm−1 indicates the C = O stretching vibrations of 
acetyl and uronic ester groups from hemicellulose and 
lignin (Sain and Panthapulakkal 2006).

Similarly, the presence of ester bond linkages 
between lignin and hemicellulose is observed from 
the peak at 1630  cm−1 (Coelho de Carvalho Benini 
et  al. 2017) for raw SCT, which becomes weaker as 
the treatment progresses. The bending vibration of 
C-O and C-H groups present in the aromatic rings 
of the polysaccharide can be observed through the 
vibration peaks at 1320 to 1375 cm−1 (NACOS et al. 
2006). For all the sample stages, the major peak at 
1032 cm−1 corresponds to the C–O–C pyranose ring 
skeletal vibration of cellulose (Ditzel et  al. 2017; 
Oliveira et al. 2017). The increase in the intensity of 
this peak with the chemical treatment confirms the 
increase in the composition and crystallinity of the 
cellulose in the given sample (Elanthikkal et al. 2010; 
Wahib et al. 2022). In addition to this, another peak 
observed at 1160 cm−1 refers to the stretching vibra-
tion of the C–C ring present in the cellulose (Ditzel 
et  al. 2017; Oliveira et  al. 2017). The stretching of 
this peak is observed from the spectra of alkali pre-
treatment that further enhances in the bleached and 
hydrolysed sample, indicating the enrichment of 

Table 1   Chemical 
composition of raw and 
treated SCT biomass at 
optimum process conditions

Treatment stage Composition (%)

Cellulose Hemicellulose Lignin Extractives Inorganic matter

Raw 45.2 ± 0.09 23.81 ± 0.85 15.99 ± 0.1 12.15 ± 0.25 2.85 ± 0.05
Alkali treated 63.5 ± 0.15 9.85 ± 0.8 12.95 ± 0.08 11.13 ± 0.15 2.57 ± 0.02
Bleached 86.15 ± 0.25 5.2 ± 0.25 5.18 ± 0.05 1.18 ± 0.05 2.29 ± 0.02

Fig. 3   FTIR spectra of raw 
and chemically treated SCT 
at different treatment stages
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cellulosic groups in the treated sample compared to 
that of raw SCT.

For the spectra of hydrolysed sample, the peaks 
at 1427, 1032, and 896  cm−1 are typically related 
to CH2 bending, C-O stretching, and C-H bending, 
respectively, which primarily represent the cellulose 
absorption peaks. A peak represents the typical cel-
lulose structure at 896  cm−1 due to the β-glycosidic 
linkages of the glucose ring of the cellulose chain 
(Lamaming et al. 2015; Chieng et al. 2017).

In addition to this, the stretching vibration of the 
OH group is observed by a broad spectrum centered 
around 3337  cm−1 for the raw SCT sample. For 
alkali-treated and bleached SCT samples, the spectra 
show a redshift of OH bands to a lower frequency; 
however, the highest shifting is observed for the acid-
hydrolysed sample, which signifies the removal of an 
amorphous section of the given sample (Basta and 
Lotfy 2023b).

Therefore, this FTIR analysis confirms that the 
chemical pretreatment was effective enough to pro-
gressively remove the non-cellulosic components as 
well as the amorphous region from the raw SCT sam-
ple, thereby enriching it with cellulosic groups.

Morphological analysis

The morphological analysis of raw and chemically 
treated SCT samples was conducted using the FE-
SEM technique at the same magnification level. The 
images thus obtained are summarised in Fig.  4-A. 
These images clearly indicate the change in mor-
phology of the sample as an effect of chemical treat-
ment. As observed in Fig. 4-A a, the surface of raw 
SCT is compact, rigid, and non-disruptive in nature. 
This is due to the complex binding structure of dif-
ferent lignocellulosic components that are interlinked 
with each other. It causes the recalcitrant behavior of 
plant cell walls, which protects the plants from degra-
dation due to microbes and enzymes (Zoghlami and 
Paës 2019). This rigid structure of the raw SCT sam-
ple deteriorated (Fig. 4-A b) due to the alkali pretreat-
ment, which removes most of the compounds, such 
as wax, pectin, protein, and other extractives, from 
the surface of the biomass along with hemicellulose 
and lignin. It causes defibrillation, and the fiber bun-
dles get opened up, which allows the penetration of 
more alkali into the structure, resulting in cellulose 
swelling.

As seen in Figs.  4-A c and A d, more defibrilla-
tion and disruption of the biomass surface occurs due 
to the hydrogen peroxide bleaching and sulphuric 
acid hydrolysis. With the removal of hemicellulose 
and lignin, the cellulose composition increases along 
with the crystallinity of the sample, which results in 
a smoother surface than the raw SCT sample and a 
reduction in fiber dimensions (Ilyas et al. 2018).

Figure  4-B shows the morphology of the acid 
hydrolysed sample at a higher magnification level 
(10  μm). This figure depicts the intense disruption 
of the surface of the sample due to the sulphuric acid 
attack during hydrolysis treatment. Due to the acid 
hydrolysis, the cellulose microfibers obtained after 
the bleaching process were disintegrated to nanoscale. 
In addition, with the removal of the amorphous 
region, the resultant material becomes highly crystal-
line, which was confirmed in the XRD analysis.

Thermogravimetric analysis

Fig.  5a and b show the graphical representation of 
thermogravimetric and derivative thermogravimet-
ric (TGA and DTG) analysis of the raw and treated 
SCT samples, which indicates the thermal stability 
parameters of that sample. This thermal parameter 
depends on a few factors, such as chemical composi-
tion, structure, degree of polymerization, and degree 
of crystallinity of the given biomass material (Fisher 
et al. 2002).

As seen in Fig.  5 a, the thermal stability of the 
treated samples is higher compared to raw SCT. This 
increase in thermal stability may be due to the deg-
radation or removal of volatile matter from the bio-
mass during the chemical treatment. Bleached and 
hydrolysed samples show slightly higher thermal 
stability than alkali-treated samples. In Fig.  5 a, the 
weight loss of the material around 100  °C was due 
to the evaporation of the moisture content present 
in the sample. Then, the sudden drop in weight % 
in the temperature range between 250  °C to 400  °C 
indicates the decomposition of the major components 
of the biomass, such as cellulose and hemicellulose. 
Beyond 400 °C, the change in weight % of the mate-
rial was insignificant, which indicates its thermal sta-
bility with that chemical composition.

The DTG analysis in Fig. 5 b shows that the ther-
mal decomposition of hemicellulose and cellulose 
for raw SCT samples starts at 210  °C and 320  °C, 
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respectively. For alkali-treated biomass, the thermal 
degradation takes place between 250 °C to 380 °C 
and for bleached and hydrolysed material, this 
range was slightly increased to 260  °C to 400  °C, 
which indicates the more thermally stable behavior 
of the treated material due to its higher crystallin-
ity compared to raw SCT. The higher crystallinity 
of the material increases its heat resistance, further 
improving thermal degradation.

At higher temperatures (> 400  °C), the resi-
due left consists mainly of lignin and inorganic 

materials like silica, which has the highest thermal 
stability (Ashori et al. 2006). The weight % of this 
residue is higher in raw SCT than in the chemically 
treated samples due to the effective delignification 
during the pretreatment.

The kinetic parameters like activation energy 
(Ea) and order (n) of degradation for each of the 
samples at different treatment stages are esti-
mated from the TGA data according to the 
method described (COATS and REDFERN 1964; 
Basta 1998; Basta et  al. 2015; Hanna et  al. 2020; 

Fig. 4   A FE-SEM images of SCT samples (a) raw, (b) alkali-treated, (c) bleached, and (d) hydrolysed, B FE-SEM image of the 
hydrolysed sample at higher magnification
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Khalf‐Alla et al. 2021) and with the help of follow-
ing Eq. 5 and 6-

For n = 1,

For n ≠ 1,

Here, n is the order of degradation reaction, T 
is the absolute temperature (K), A is the frequency 
factor, β is the heating rate (°C/ minute), R is the 
universal gas constant (8.314  J/mol.K), Ea is the 
activation energy (kJ), and α is the fractional 
conversion.

The activation energy (Ea) was determined by 
measuring the slope of the straight line, which is 
obtained by plotting the values of the left-hand side 
of Eq. 5 and 6 depending on order (n) on the Y-axis 
versus 1/T on the X-axis. The suitable values of Ea 
and n are finalised by considering the value of the 
maximum correlation coefficient (R2) for the corre-
sponding straight line. The kinetic parameters thus 
obtained, including activation energy and order 
of degradation reaction at different temperature 
stages, along with the onset degradation tempera-
ture, DTG peak temperature, and final weight (%) 

(5)ln

[

−ln
(1 − �)

T2

]

= ln
AR

�Ey

[

1 −
2RT

Ea

]

−
Ea

RT

(6)ln

[

1 − (1 − �)(1−n)

T2(1 − n)

]

= ln
AR

�Ey

[

1 −
2RT

Ea

]

−
Ea

RT

remaining for each sample, are summarised in the 
following Table 2.

X‑ray diffraction (XRD) analysis

The X-ray diffraction pattern of raw and chemically 
treated SCT samples is represented in Fig.  6. The 
major intensity peaks observed at 2θ values of around 
16° (1 1 0/110 peak), 22.6° (200 peak), and 34.5° 
(004 peak) correspond to the crystalline nature of cel-
lulose-I for all the samples, whereas the low-intensity 
region near 2θ values of about 18.6° (between the 1 
1 0/110 peak and the 200 peak) represents the amor-
phous region (Segal et al. 1959; French and Santiago 
Cintrón 2013; French 2014).

Figure 6 shows that the intensity and sharpness of 
diffraction peaks for alkali-treated and bleached sam-
ples are higher than for raw SCT samples, for 2θ val-
ues around 22.6°. This is because the chemical pre-
treatment removes the cellulose-binding components 
of biomass, such as lignin and hemicellulose, which 
isolates the particles with a more crystalline nature. 
For the hydrolysed sample, a very sharp peak with 
maximum intensity for 2θ around 22.6° signifies the 
presence of a highly crystalline region as most of the 
amorphous part gets removed during the acid hydrol-
ysis process.

The crystallinity index was determined for all 
the SCT samples at various treatment stages by 

Fig. 5   a TGA and (b) DTG graphs of raw and treated SCT at different treatment stages
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considering the maximum and minimum intensi-
ties of diffraction peaks for all crystalline and amor-
phous regions shown in Fig. 6. The values of the % 
crystallinity index for each sample were then calcu-
lated using the Segal method (Eq. 4). The results thus 
obtained are summarised in Table  3, which shows 
that the crystallinity of the sample increases due to 
the chemical treatment as compared to that of the 
raw SCT. It indicates that there is a progressive dis-
solution of the amorphous part of the sample with 
respect to the chemical treatment, which enhances its 

crystallinity (de Araújo et al. 2023). Thus, the high-
est crystallinity index of 84.83% was obtained for 
the hydrolysed sample, which implies that the major 
amorphous fraction of the sample gets removed by 
sulphuric acid treatment, and the crystalline fraction 
becomes resistant to the acid attack.

A similar trend of increase in CrI with the 
chemical treatment was observed by different 
researchers and reported in their literature. In 
the study reported by (de Araújo et  al. 2023) for 
the nanocellulose production from cashew apple 

Table 2   TGA measurements of raw and treated SCT biomass

Nature of sample Stage Temperature range (°C) Onset 
temperature 
(°C)

DTG peak 
temperature 
(°C)

Order, n Ea (kJ/mol) R2 Weight %
(Final)

Raw SCT 1st 25.23 – 126.66 256.97 56.08 - - - 88.941
2nd 238.25 – 384.12 352.74 0.5 28.550 0.986 32.655
3rd 384.12 – 582.67 408.75 1 12.485 0.837 23.742

Alkali-treated 1st 26.41 – 165.51 311.38 60.82 - - - 89.123
2nd 252.65 – 381.23 357.17 0.5 37.692 0.922 29.059
3rd 381.23 – 585.26 405.27 1 12.138 0.79 19.768

Bleached 1st 26.76 – 183.4 317.78 65.01 - - - 89.854
2nd 260.38 – 403.32 366.23 2 46.209 0.952 26.09
3rd 403.32 – 588.73 416.52 1.5 12.876 0.77 18.98

Hydrolysed 1st 25.26 – 186.28 340.74 54.16 - - - 90.303
2nd 238.25 – 398.22 361.53 0.5 58.326 0.945 28.791
3rd 398.22 – 588.73 432.36 0.5 22.099 0.999 19.984

Fig. 6   X-ray diffraction 
patterns for raw and chemi-
cally treated SCT at differ-
ent treatment stages
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bagasse (CAB), the CrI value increases from 
51% for CAB to 71% for acid–alkali pre-treated 
sample (CAB-PT-HA). Similarly, in the study 
reported by (Akinjokun et  al. 2021), the CrI (%) 
values increased from 33.93% for cocoa pod husk 
(CPH) to 63.31% for isolated cocoa pod cellulose 
(CPC), which further enhanced to 67.60% when 
CPC undergoes acid hydrolysis to form cellulose 
nanocrystals (CNC). In the work carried out by 
(Lu and Hsieh 2012), the XRD analysis shows that 
cellulose fibers (CF) isolated from rice straw have 
a CrI of 61.8%, which improves further to 86% 
and 91.2% due to the acid hydrolysis at different 
time intervals for CNC30 and CNC45 respectively. 
Whereas, in the case of sugarcane top biomass, the 
crystallinity index of the native biomass increased 
from 37.74% to 63.40% due to alkali-pretreatment 
(Sindhu et al. 2014).

It is important to note that the crystallinity index 
measures only the order of crystallinity of the sam-
ple and not the crystallinity of the crystalline regions 
(Mwaikambo and Ansell 2002).

Transmission electron microscopy (TEM)

The transmission electron micrographs of the hydro-
lysed SCT sample at different magnification levels 
(200 nm and 50 nm) are shown in Fig. 7 (a and b). 
It is clear from these images that the acid hydrolysed 
material consists of nanoparticles with a crystalline 
nature. These images also represent the geometry of 
the nanocrystalline cellulose (NCC) particles present 
in the given sample. The length (L) of the extracted 
NCC particles ranges from 100 to 260  nm with an 
average length of 150 nm, whereas the diameter (D) 
is in the range between 12 to 20 nm with an average 
of 16 nm. Thus, the L/D ratio for the extracted NCC 
present in the hydrolysed sample is around 9.375.

A comparative study with other types of biomass

The quantification and characterisation results obtained 
in this study are compared with some of the other bio-
masses reported in the literature and summarised in the 
following Table 4. It is observed from this comparison 

Table 3   The crystallinity 
index of raw and treated 
SCT biomass at optimum 
process conditions

Treatment stage 2θ (°)
(am)

Iam
(counts)

2θ (°)
(200)

I200
(counts)

Crystallinity 
index (%)

Raw SCT 18.04 9964 22.38 23005 56.69
Alkali-treated 18.20 9305 22.22 23497 60.40
Bleached 18.52 9406 22.66 39517 76.20
Hydrolysed 18.56 10525 22.54 69390 84.83

Fig. 7   a and b TEM images of a hydrolysed SCT sample at different magnification
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that the nanocrystalline cellulose was extracted effec-
tively from various lignocellulosic biomasses. How-
ever, the optimum conditions used in the present study 
are substantially mild for the acid hydrolysis step for 
nanocrystalline cellulose from the SCT biomass but 
give comparable results to that for other biomasses.

Visual appearances

The compositional analysis and different characterisa-
tions of raw and chemically treated SCT confirms the 
progressive enrichment of cellulosic content in the mate-
rial at that processing stage, but these changes can also 
be observed through physical appearances. Figure  8 
summarises actual photographs of the SCT samples at 
different stages of chemical treatment, which clearly 
shows the changes in the colour of the material. Due to 
the alkali pretreatment, the dark brown colour of raw 
SCT turns to dark grey (Fig. 8 a and b), which further 
transforms into white after the bleaching process (Fig. 8 

c). A white solid paste of nanocrystalline cellulose 
(NCC) after acid hydrolysis is observed in Fig. 8 d.

Conclusions

This paper represents the investigation results of 
cellulose extraction from sugarcane trash (SCT) 
which has still not been explored. The extraction 
of cellulose was carried out from SCT by using 
chemical treatment at mild operating conditions. 
The extracted cellulose microfibers were then suc-
cessfully converted into nanocrystalline cellulose 
(NCC) by using acid hydrolysis at a lower con-
centration of sulphuric acid (40 wt.%) than that 
reported in most of the published literature (~ 65 wt 
%). The NCC thus prepared has the potential appli-
cation as a reinforcing filler in making biodegrad-
able plastics, and for rubber and other polymeric 
composites.

Fig. 8   Photographs of SCT samples (a) raw, b alkali treated, c bleached, and (d) hydrolysed
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The results of the quantification show that the 
chemical pretreatment at optimum process conditions 
enriches the biomass sample with up to 86.15% cellu-
lose. FTIR and TGA analysis confirmed the progres-
sive enrichment of the cellulosic groups along with the 
enhancement in the thermal stability of the chemically 
treated material than that of raw SCT. This TGA data 
was also helpful in determining the kinetic parameters, 
such as the order of degradation reaction and activation 
energy required at different temperature stages for each 
sample. The XRD study shows the crystallinity index 
of the material increased from 56.69% in raw SCT to 
84.83% in the hydrolysed sample, whereas TEM analy-
sis confirms the presence of nanocrystalline cellulose 
particles having an L/D ratio of around 9.375. 
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