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Studies on cellulose/nanocellulose obtained from oil meals are very limited, but present interest and have scientific 
significance, since the structure, properties and performance may be different from those of other cellulose or 
nanocellulose types. Thus, the main objective of this work was to extract nanocellulose from an unconventional source 
– oil meal. Oil meals contain about 20-25% carbohydrates, but the structure and properties of the cellulose from oil 
meals has not been reported so far. In this research, we have extracted nanocellulose (particles and fibers) from 
Pongamia pinnata oil meal by alkali treatment, bleaching, and acid treatment. The cellulose obtained after bleaching 
and the final nanocellulose achieved after acid treatment were thoroughly characterized to determine their composition, 
structure and properties. Morphological studies using TEM and AFM proved the presence of nanostructures in the form 
of nanoparticles and nanorods. The average effective diameter and mean zeta potential, according to dynamic light 
scattering experiments, were found to be 338 nm and -13.3 mV, respectively. The weight average molecular weight and 
degree of polymerization obtained from SEC MALLS were 54,300 and 335, respectively. Higher thermal stability and 
reduced crystallinity of nanocellulose, in comparison with cellulose, were observed. Overall, a comparative report on 
the characterization of nanocellulose extracted from Pongamia pinnata, with its respective cellulose, has been provided 
here. 
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INTRODUCTION 

Cellulose is the major constituent of almost all 
the plants and hence, it is one of the most 
abundant natural resources on earth. It is 
constantly replenished by photosynthesis and 
hence forms about half to one-third of plant 
tissues. Cellulose is a biopolymer that is 
biodegradable, low cost and renewable, in 
addition to being a non-toxic material.1 Due to its 
properties and availability, cellulose has been 
used in various forms for innumerable 
applications. In recent years, nano-sized cellulose, 
or nanocellulose with sizes ranging from 10 nm to 
350 nm, has drawn much research attention.  

The extraction of nanocellulose from various 
sources  has  been  investigated.2  Though  several  

 
conventional sources, such as wood, are used for 
nanocellulose production, in the last few years, 
researchers have attempted using cellulosic waste, 
particularly agricultural residues, for developing 
nano-based bioproducts. Agricultural residues, 
such as rice husk,3 coconut husk fibers, sugarcane 
bagasse,4 cassava bagasse, sisal fibers,5 soybean 
pods, corn stalks, kenaf and wheat fibers,6 jute 
fiber waste, raw cotton linter,7 waste tissue paper,8 
etc., have been studied for the extraction of 
nanocellulose. However, the extraction conditions 
have been varied based on the raw material used 
and, subsequently, different forms of 
nanocellulose, such as nanocrystals, 
nanowhiskers, nanofiber, microcrystals, 
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nanocrystalline cellulose or monocrystals, have 
been obtained.9 

Several different approaches have been used 
for the extraction of nanocellulose. Mechanical 
treatments, such as homogenizing at high 
pressure,10,11 chemical treatments, such as acid 
hydrolysis12,13 and alkaline treatment, as well as 
biological treatments like enzymatic hydrolysis14 
have been adopted. The mechanical treatment has 
its advantages, allowing to obtain enhanced 
fibrillation and uniformly sized fibers. Similarly, 
chemical treatment, such as acid hydrolysis, 
consumes less energy and leads to easy recovery 
of chemicals.15 However, these methods also have 
some disadvantages, for example, mechanical 
treatment involves high energy consumption and 
causes mechanical damage to the crystalline 
structure. Chemical treatments also pose 
problems, such as high consumption of chemicals 
and generation of acid/alkali waste, which in turn 
leads to health hazards.15,16 Enzymatic hydrolysis 
requires long reaction times because of the mild 
reaction conditions involved.15 Therefore, 
considering the drawbacks associated with each 
method, a combination of a number of them 
would be preferred for nanocelulose extraction.  

Some of the most attractive properties of 
nanocellulose include its high stiffness, aspect 
ratio and strength, its low density and easy 
biodegradability.17,18 Also, the liquid crystal 
property, which enables nanocellulose to 
demonstrate chiral nematic self-ordering in non-
polar solvents,19 is of great commercial 
importance. In addition to the above-mentioned 
characteristics, nanocellulose is of research 
significance due to its renewability and 
availability, unique morphology, light weight 
with high crystallinity, and small particle size.16 

There are numerous possible applications of 
nanocellulose across diverse industries. It is used 
in packaging applications, in cosmetics, in the 
food industry, in hygiene and adsorbent products, 
in the medical and pharmaceutical industry etc. It 
has been reported useful in manufacturing high-
quality paper products,20 in cosmetics as a 
thickener,21 and in the food industry as a 
stabilizer,22 fat replacer and texturing agent; in 
moldable lightweight, high strength materials; in 
novel materials for electronics and pharmaceutical 
applications.  

While, as mentioned above, a wide range of 
natural sources have been investigated in detail 
for nanocellulose production, the usage of oil 
meal (by-product of oil/biodiesel production), 

which also contains cellulose, has not been 
explored so far. Pongamia pinnata, a leguminous, 
N2-fixing tree, is native to India. Pongamia seeds 
are a rich source of oil (28 to 42%) and are 
successfully used for preparing biodiesel. This 
non-edible oil is of medicinal value and finds 
applications in biofuel, biogas, and electricity 
production. Once the oil is removed from the 
seeds, the deoiled seed cake contains a high 
amount of crude proteins (30%), which can be 
utilized for many applications.23,24 The oilseed 
cake (75% of seed weight) is obtained as a by-
product after extracting the oil. The cellulose, in 
the case of these oil meals, may be different in 
terms of structure and hence performance, 
compared to those obtained from conventional 
sources. 

This paper reports for the first time the 
extraction of nanocrystalline cellulose from 
Pongamia pinnnata oil meal and the properties of 
the nanocellulose extracted. Both acid hydrolysis 
and alkaline treatment methods were used for the 
extraction. The obtained nanocellulose was 
characterized to provide an insight into its 
morphology, changes in functional groups, in 
comparison with the original cellulose, thermal 
stability, particle size, and zeta potential. Besides, 
viscosity studies were carried out to determine the 
molecular weight of the nanocellulose extracted. 
 
EXPERIMENTAL 
Materials 

Pongamia oil meal was obtained from Gandhi 
Krishi Vignan Kendra, Bangalore, India; sodium 
hydroxide was purchased from Thomas Baker Pvt. 
Ltd., acetic acid and sulphuric acid – from Nice 
Chemicals Pvt. Ltd., sodium chlorite – from Loba 
Chemie Pvt. Ltd. Distilled water was used throughout 
the experiment and all the chemicals were used 
without any further purification. 
 
Methods 

Extraction of protein-free Pongamia pinnata portion 
Powdered Pongamia pinnata oil meal was treated 

with 1% NaOH solution at 70 °C under constant 
stirring for 60 minutes. The ratio of the Pongamia 
meal to the alkali solution was 1:4. After treatment, the 
sample was centrifuged at 8000 rpm for 15 minutes. 
The obtained precipitate was collected, washed with 
distilled water multiple times and dried at 60 °C for 24 
h.25 This protein-free portion, rich in cellulose, was 
further used for nanocellulose extraction. A schematic 
depiction of the process used to extract the protein-free 
portion of Pongamia meal is shown in Scheme 1. 
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Preparation of nanocellulose from Pongamia 

pinnata oil meal 

The procedure followed for the extraction of 
nanocellulose was similar to the protocol followed by 
Johar,3 with slight modifications,3 and it is depicted in 
Scheme 2. Briefly, the cellulose was processed to 
remove lignin and hemicelluloses, followed by alkali 
treatment using sodium hydroxide (4%). The bleaching 
process was carried out with the addition of acetic 

acid, sodium chlorite, and distilled water for 4 h at 60 
°C. The mixture was cooled and filtered using excess 
distilled water. Later, the dried filtrate was treated in 
10 mol-1 L H2SO4 for 40 minutes under continuous 
stirring. The above mixture was washed with distilled 
water at 10,000 rpm 10 °C for 10 minutes until the pH 
was between 5-6. The resulting suspension was 
sonicated for 30 minutes and freeze-dried to obtain 
solid nanocellulose. 

 

 
Scheme 1: Flow chart showing the extraction of protein-free Pongamia portion 

 
 

 
Scheme 2: Procedure followed for the extraction of nanocellulose from protein-free Pongamia pinnata oil meal 
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Morphology studies 
Transmission electron microscopy (TEM) (JEOL 

JEM-2000EX) and atomic force microscopy (SPA 
300) were used to determine the morphology of the 
cellulose nanofibers/nanoparticles. TEM images of the 
cellulose sample were captured at an accelerating 
voltage of 200 kV. The cellulose fibers were dispersed 
in distilled water (0.05 wt%) and sonicated in an 
ultrasonic bath for 2 min. A drop of sonicated solution 
was dropped on the sample grid before drying under 
ambient conditions. Before observation, a drop of 3% 
uranyl acetate was used to stain the sample. The excess 
staining solution was removed using filter paper and 
the sample was allowed to dry. The dried sample was 
then observed by TEM and images were taken at 
different magnifications. 

The morphology of Pongamia nanocellulose was 
also captured using a SPA 300 AFM (SII 
NanoTechnology Inc., Japan) scanning probe system. 
Samples were prepared by dispersing the cellulose 
nanofiber (0.05 wt%) in distilled water. The samples 
were then carefully dropped on freshly cleaved mica, 
using a micropipette, and allowed to dry under ambient 
conditions. AFM images were taken in the tapping 
mode and the distribution was analyzed. The thickness 
of the fibers was calculated as the difference between 
the mica surface and the nanofibers using Spisel32 
software. At least 25 points were considered before 
reporting the average value with ± one standard 
deviation. 
 
Particle size and zeta potential analysis by dynamic 

light scattering 
Particle size was measured by laser diffractometry 

using a Nano Size Particle Analyzer (ZEN 1600 
Malvern, USA), in the range between 0.6 nm and 6.0 
µm, under the following conditions: particle refractive 
index 1.450, water refractive index 1.33, viscosity 
0.890 cP, temperature 25 °C. Five measurement cycles 
of 10 s each were taken and the average was calculated 
using software (Zeta Pals particle sizing software 
Ver5.23). The above equipment uses dynamic light 
scattering to measure the diffusion of particles moving 
in Brownian motion and converts this into size and size 
distribution. The particle size was measured using the 
Smoluchowski algorithm. It also uses laser Doppler 
microelectrophoresis to apply an electric field to the 
dispersion of particles, which then move with a 
velocity related to their zeta potential.  
 
SEC-MALLS analysis 

The SEC-MALLS system used to determine the 
molecular weight of the Pongamia nanocellulose 
consisted of a guard column, SEC column, and a 
MALLS detector. The guard and SEC columns were 
KD-806M and KD-G, from Shodex, Japan. The 
MALLS detector used was DAWN HELEOS-II, from 
Wyatt Technologies, USA. The SEC sample 
concentration was kept at 0.1% (w/w). The injection 

volume was 100 µL and the flow rate was 0.5 mm/min. 
The column, PDA and RI detector were maintained at 
40 °C, while the MALLS detector was kept at room 
temperature. Before the experiment, the sample 
solution and the eluent (1% LiCl/DMAc) were filtered 
through a 0.2 µm and 0.1 µm PTFE membrane, 
respectively. The SEC-MALLS data were analyzed 
using the ASTRA software.26,27  
 
Fourier transform infrared studies 

A Shimadzu IRAffinity-1S Fourier transform 
infrared spectrophotometer was used to record the 
spectra of the Pongamia nanocellulose powder. The 
spectra were recorded in total attenuated reflectance 
mode using a diamond cell. Sixty-four scans were 
collected in the range of 400-4000 cm-1. LabSolutions 
Series software was used to analyze the obtained 
spectra.  
 
X-ray diffraction 

X-ray diffraction studies of the nanocellulose 
samples were performed using a Bruker AXS D8 
Advance diffractometer (Mumbai, India), which had 
an SSD-160 detector with nickel filter for Cu Kα 
radiation, whose wavelength was 1.54 Å. The sample 
holder was made out of teflon. The diffractometer was 
operated at 45 kV voltage and 20 mA current, in the 
continuous PSD fast scan mode. XRD data were 
acquired in the 2 theta range from 10° to 70°. The 
patterns obtained were analyzed using DIFFRAC.EVA 
software. 
 
Thermogravimetric analysis 

The thermal behavior of Pongamia nanocellulose 
powder was studied using a thermogravimetric 
analyser (Mettler Toledo, Model 822e). Samples were 
placed in sealed aluminum pans and heated at a rate of 
10 °C/min from 25 °C to 600 °C under air. 
 
RESULTS AND DISCUSSION 

Morphology studies 

TEM and AFM micrographs of a very dilute 
suspension (0.1 mg/mL) of nanoparticles are 
shown in Figures 1 and 2, respectively. It can be 
observed that cellulose nanorods are 
agglomerated in a few areas, whereas they look 
quite separated in many other places. The 
distribution range of the particles was quite high 
and it is clear from the images that the dimensions 
of the particles were in the nanoscale range (less 
than 500 nm). Also, the average thickness of the 
nanocellulose measured using AFM was 2.2 ± 
0.868 nm. This observation was quite consistent 
with the particle size analysis results obtained 
through dynamic light scattering experiments 
(338 nm). Similar morphology of the 
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nanocellulose from rice husk and sugarcane bagasse was observed by other researchers.3, 4  
 

 
Figure 1: TEM images of obtained Pongamia nanorods/nanoparticles from oil meal 

 

 
Figure 2: AFM images of Pongamia nanorods/nanoparticles from oil meal 

 
Particle size and zeta potential analysis 

The dynamic light scattering technique was 
used to find the particle size distribution of the 
nanofibers/nanoparticles. The statistical 
distribution of the nanoparticles is shown in 
Figure 3. It can be observed that most of the 
particles had dimensions in the nanoscale range. 
The average effective diameter of the particles 
was 338.8 nm. Also, it was clear that the particles 
were not uniformly sized and varied both in 
length and width.5 This may be due to the 
processing conditions used for the extraction. 
Since most of the particles had nanoscale 
dimensions, it is clear that 
nanofibers/nanoparticles were successfully 
extracted.4 A comparative report on the size of 
nanoparticles obtained from various sources is 
given in Table 1.  

The mean value of the zeta potential of the 
cellulose nanoparticles was found to be -13.36 

mV, which suggests that the particles are not 
stable enough and aggregate due to van der Waals 
interaction.7,28 The repulsive forces between the 
charges on the surface of the nanoparticles and 
charges due to the particles present in the solution 
are not strong enough, hence they come together 
and stick to form an aggregate. Simultaneously, 
other particles join the growing aggregate. The 
aggregated particles get separated from the 
surrounding media and settle down. 

There is a wide range of applications based on 
the zeta potential of nanoparticles. These include 
drug delivery systems,29 water purification 
materials, detergents, paints, pharmaceuticals, in 
electrodeposition, mineral and ore flotation.30-32 
Hence, by varying the extraction and processing 
conditions and obtaining nanoparticles with the 
desired zeta potential, nanocellulose can be made 
suitable for various intended applications. 
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Figure 3: Size distribution of Pongamia nanorods/nanoparticles 

 
Table 1 

Comparison of size of nanocellulose particles obtained in previous studies from different sources 
 

Source Extraction method Particle size Reference 
China cotton Acid catalysis 30-60 nm 8 
Rice husk Acid and alkali catalysis 10-15 nm 3 
Cotton linter Acid hydrolysis 9.2 nm 7 
Sisal fibers Acid hydrolysis 30.9 ± 12.5 nm 5 
Jute fibers Ball milling 148 nm 41 
Olive fiber Alkaline treatment 168 nm 42 

Palm oil biowaste 
Alkaline treatment and acid 

hydrolysis 
499.2 nm 43 

Hemp fibers 
Alkalization and acid 

hydrolysis 
403 ± 159 nm 44 

Palm tree fronds, leaves and 
coir 

Alkaline treatment and acid 
hydrolysis 

42-82 nm 45 

Microfibrillated cellulose Supercritical CO2 and ethanol 
200 nm length,  

20 nm width 
46 

Commercial 
microcrystalline cellulose 

Acid hydrolysis with different 
Lewis acids as catalysts 

66-1125 nm 47 

Pongamia oil cake 
Alkali treatment, bleaching, 

and acid treatment 
338 nm This study 

 
Coupled SEC and MALLS 

The molecular weight distribution of 
Pongamia nanocellulose is depicted in Figure 4. 
The various averaged molecular weights attained 
are Mw = 54300, Mn = 14600, and the 
polydispersity value of the sample Mw/Mn was 
found to be 3.73. The degree of polymerization, 
DPw, of the obtained nanocellulose samples was 
335. Also, it is clear from the figure that the 
sample is broad enough to offer a range of 
molecular weights.33 This can be attributed to the 
source and method employed for the extraction of 
nanocellulose. It was reported by Oberlerchner26 
that, for non-uniform samples, the weight average 
molecular weight, Mw, is greater than the number 
average molecular weight, Mn. However, for 
uniform samples, the values will be the same.26 
Hence, the nanocellulose extracted from 
Pongamia oil meal is non-uniform and this 
observation is quite consistent with the results 
obtained through other characterization 
techniques. In another study, the molecular 
weights of the cellulose samples obtained by the 

delignification of eucalyptus and Japanese cedar 
were 347000 and 890000, respectively. When 
cellulose was obtained from eucalyptus and 
Japanese cedar by delignification using NaOH, 
followed by acid hydrolysis, the molecular 
weights reduced to 166000 and 189800, 
respectively.34 In a different study, linter cellulose 
was oxidized by the NaClO/NaBr/2,2,6,6-
tetramethylpiperidine-1-oxy radical (TEMPO) 
system at pH 10.5, and the obtained products 
were studied. The weight average molecular 
weights of cellulose before and after oxidation 
were 137000 and 120000, respectively, according 
to SEC-MALLS analysis. Also, the degree of 
polymerization before and after treatment was 
550 and 370, respectively.27 
 
Fourier transform infrared spectroscopy 

To understand the changes occurring in 
chemical structure during the treatments to extract 
the cellulose and then the nanocellulose from the 
Pongamia oil meal, Fourier transform infrared 
spectroscopy studies were carried out (Fig. 5). 



Nanocellulose 

 35 

Most notably, there was a decrease in the intensity 
of the peaks due to the change in the crystal 
structure of cellulose.35 A drastic decrease in the 
intensity of the peaks of nanocellulose around 
1430 cm-1 represents CH2 bending vibration 
(crystallinity band). The reduction in the intensity 
of the peaks suggests that cellulose loses its 
crystallinity during regeneration and successive 
dispersion to form nanocellulose.36,38 The peaks 
around 3400 cm-1 are due to C-H and O-H group 
vibrations. A small shoulder around 1700 cm-1 in 
the cellulose spectra corresponds to the acetyl or 
ester groups in hemicelluloses or carboxylic 
groups of lignin.37 This peak disappears in the 
case of nanocellulose, due to the removal of non-
cellulosic materials. The peak seen around 2894 
cm-1 indicated C-H stretching in both samples. 
The O-H bending peak due to adsorbed water was 
observed around 1640 cm-1. The peaks at 1150 
and 1100 cm-1, ascribed to the C-C ring and the 
C-O-C glycosidic bond from the polysaccharide 
component, converge to a sharper and narrower 

peak at 1050 cm-1 in nanocellulose, which can be 
attributed to the hydrolysis reaction and 
subsequent reduction in molecular weight.4 This 
observation is supported by the results obtained in 
XRD studies.  

 
X-ray diffraction studies 

Figure 6 shows the X-ray diffraction patterns 
of Pongamia cellulose and nanocellulose. 
Cellulose exhibits characteristic crystalline peaks 
around 2 theta values of 22.6°, 14.8°, 16.2° and 
34.5°, corresponding to the (200), (−110), (110) 
and (400) lattice planes, respectively, which are 
characteristic of cellulose I structure.39 However, 
nanocellulose shows the characteristic crystalline 
peaks at 2 theta values of 12.03°, 20.19° and 
22.5°, corresponding to the (110), (−110) and 
(200) lattice planes, respectively, which is a 
characteristic of cellulose II structure.39 Hence, 
Pongamia nanocellulose had characteristics 
similar to those of cellulose II.  

 

 
 

Figure 4: SEC-MALLS profile with the molecular 
mass of extracted Pongamia nanocellulose 

Figure 5: FTIR spectra of cellulose and 
nanocellulose obtained from Pongamia oil meal 

 
 

  
Figure 6: XRD patterns of cellulose 

and nanocellulose from Pongamia oil meal 
Figure 7: TGA plot of Pongamia cellulose and 

nanocellulose 
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The peak at the 2 theta value of 22.6° was 
much broader in the case of nanocellulose, in 
comparison with that of cellulose, indicating a 
reduction in the crystallinity of nanocellulose. 
Similar results of reduced crystallinity have been 
observed when cellulose was treated with high 
concentration (7%,w/v) of NaOH.36,38 In another 
study by Mandal, the XRD peak of nanocellulose 

(obtained from bagasse) at a 2 theta value of 22.5° 
displayed a doublet similar to the ones we have 
obtained. The coexistence of cellulose I and 
cellulose II allomorphs is said to be the reason 
behind this.4 The XRD peak of nanocellulose 
obtained from commercially available 
microcrystalline cellulose through alkaline 
treatment also displayed a broader peak at 22.6°.36  

 

Thermogravimetric analysis 
Both Pongamia cellulose and nanocellulose 

displayed similar degradation patterns with 2 
drifts (Fig. 7). The first degradation stage was 
around 150 °C and the second one around 350 °C. 
The major change in the curves occurred around 
350 °C due to the degradation of the cellulosic 
material.7 It can be observed that the temperature 
where the major degradation occurs shifted to a 
higher temperature of around 410-430 °C, in the 
case of nanocellulose, compared to that of its 
corresponding raw material. Similar stability of 
fibrils was reported by Das et al.40 and Johar8 in 
nanocellulose extracted from cotton, waste tissue 
and rice husk.3,8,40 
 
CONCLUSION 

Nanocellulose, in the form of nanorods and 
nanoparticles, was extracted from the protein-free 
portion of Pongamia pinnata oil meal. The 
protein-free portion of the meal was treated in 
alkali, followed by bleaching and finally by acid 
treatment to obtain nanocellulose. TEM and AFM 
images proved the presence of both nanorods and 
nanoparticles. The average effective diameter and 
mean zeta potential of the nanocellulose were 338 
nm and -13.3 mV, respectively, according to 
dynamic light scattering experiments. The weight 
average molecular weight and the degree of 
polymerization obtained by SEC-MALLS were 
54300 and 335, respectively. The crystallinity of 
nanocellulose had reduced in comparison with 
that of cellulose. Thermal analysis indicated that 
the stability of nanocellulose was higher, 
compared to that of cellulose. Pongamia 
nanocellulose could be utilized for various 
medical and non-medical applications, based on 
its zeta potential values. However, further studies 
are required to optimize the extraction conditions 
to obtain favorable zeta potential and uniform 
morphology of the nanoparticles. 
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