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Abstract 
Nanocellulose is considered as a sustainable and renewable nanomaterial due 

to its abundant availability, biodegradability and biocompatibility characteristics. 
The study demonstrates the synthesis of nanocellulose from defoliated leaves of 
the Tropical Almond (Terminalia catappa) plant, abundantly available residual 
plant biomass and its subsequent use in eliminating Cr(VI) from the water system. 
The study demonstrates the preparation of nanocellulose by chemical means, 
employing NaOH and H2SO4 as chemical agents. Characterization techniques like 
FTIR, SEM, and XRD were used to study the chemical composition and 
morphology of the resulting nanocellulose. The characterization studies confirm 
the formation of nanocellulose from the plant biomass. The Cr(VI) adsorption 
study of the produced nanocellulose is carried out through fitting different 
adsorption isotherm models and kinetic models. According to the study, Cr(VI) 
adsorption gradually increases as time period of treatment increases. A maximum 
adsorption of 98.4% is attained for time period of treatment of 75 min.  Overall, the 
study proposes mixed types of adsorption (chemisorption and physisorption) of 
Cr(VI) on nanocellulose. This comprehensive research contributes in developing 
affordable, sustainable nanobiomass from plentiful bio-waste for use in the 
removal of heavy metals from water streams. 
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Introduction 
 Over the past few years, nanocellulose has received 
lots of attention for its unique properties, such as 
plentiful availability in nature, biocompatibility, cost-
effectiveness and sustainable characteristics [1–3]. Due 
to its various attractive characteristics including light-
weight, high surface area, high modulus, tensile strength, 
chemical inertness and low coefficient of thermal 
expansion combined with its propensity for easy 
surface modification, make it a promising biomaterial 
with a wide range of potential uses, including as 
reinforcing agents in polymers to create biodegradable 
bio-nanocomposites, as well as potential uses in the 
paper, construction, automotive, electronics and 
medical industries [4–8]. 

 The various characteristics ofthe nanocellulose depend 
upon the synthesis as well as the natureof the biomass 
source from which it is produced. In the current 
context, the topic of producing nanocellulose from 
diverse feedstocks with a range of features and possible 
applications is seen as a promising area of research [4]. 
Conventionally, the synthesis of nanocellulose from 
lignocellulosic biomass involves two main stages: (i) 
pre-treatment of biomass to extract cellulose and (ii) 
conversion of extracted cellulose into nanocellulose 
through hydrolysis. Usually, the hydrolysis is carried 
out using dilute sulfuric acid as the hydrolyzing agent 
[9] and before hydrolysis pre-treatment is carried out 
for removal of lignin and hemicelluloses with 
simultaneous isolation of cellulose [10]. 
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 In this regard, nanocellulose has been prepared 
from various cellulosic/lignocellulosic biomass such as 
fruit fiber of C. Procera [9], Pennisetum hydridum [10] 
fertilized by municipal sewage sludge [11], Kenaf paste 
fibers [12], Ramie fibers [13], corn cob [14], bamboo 
[15], rice husk [16], hardwoods [17], pine-apple leaves 
[18], palm residues [19] etc. Defoliated plant leaves 
constitute one of the major readily available residual 
plant biomasses in every region of the world. The 
extraction of nanocellulose, from such residual plant 
biomass will not only provide the sustainable prepa-
ration of the said nano biomass but also deliver a method 
of value-added utilization of this biomass waste [20]. 
 In general practice, defoliated plant leaves are mostly 
discarded by landfilling or burning, which results in air 
pollution [21]. Trees like the tropical almond (Termi-
nalia catappa), found throughout the tropics, undergo 
a brief period of deciduousness either during the dry 
season or, in certain environments and may experience 
leaf shedding twice a year [22]. Due to the abundant 
availability along with adequate cellulose content, such 
defoliated plant leaves can be considered as a suitable 
feedstock for the sustainable extraction of 56 nano-
cellulose for its further potential applications [23]. 
 Heavy metal like chromium has widespread appli-
cations in various industrial processes such as electro-
plating, printing, dyeing, tanning and metallurgy. Direct 
or indirect disposal of effluents from these industries 
results in environmental pollution. Chromium (Cr) most 
commonly occurs in trivalent and hexavalent states. 
Out of the two oxidation states of Cr, the hexavalent 
state is non-essential and toxic to animals and may 
cause dermatitis, lung cancer, kidney and gastric damage 
and irritation to the respiratory tract and eyes. Chronic 
build-up of harmful hexavalent chromium (Cr(VI)) in 
food chains leads to bio-magnification which increases 
the risk to humans [24]. 
 There are many conventional processes currently 
in use for the remediation of Cr(VI) from industrial 
effluents out of which adsorption is considered to be 
an effective method due to the low initial cost, 
flexibility in design, and ease of operation. Additionally, 
adsorption does not result in the formation of sludge 
or other secondary wastes. Biosorption is a subdivision 
of adsorption, in which Cr(VI) is adsorbed onto 
biomaterials [24]. 
 Nanomaterials have proven to be very stable and 
have larger surface areas, making them good adsorbents 
for environmental remediation [25]. Regarding this, it 
has been found that heavy metals from aqueous 
systems, including Cr(VI), Pb(II), and Mn(II) [19, 26–
27]. 

 As per the reported work, barely any studies have 
been reported in the extraction of nanocellulose from 
the defoliated plant leaves (residual/waste plant biomass) 
for its application as a sorption agent in heavy metal 
removal from aqueous systems. 
 Therefore, the present work deals with the synthesis 
of nanocellulose from defoliated leaves of the Tropical 
Almond (Terminalia catappa) plant and its use in 
eliminating a harmful heavy metal i.e., Cr(VI) from 
the aqueous system, which in turn promotes the 
circular bio-economy [28-29]. 
 
Experimental 
1) Materials 
 Defoliated tropical Almond (Terminalia catappa) 
plant leaves were collected locally from the institute 
campus (Odisha, India) as a source of raw cellulose 
material for nanocellulose preparation. The collected 
plant leaves were properly cleaned with tap water, sun-
dried and finely ground into powder using a blender. 
The resulting powder biomass was used for preparing 
nanocellulose through a chemical method. The chemicals 
used in this study i.e., All the chemicals are of analy-
tical grade. 
 
2) Preparation of nanocellulose 
 In order to prepare the nanocellulose, the biomass 
was subjected to two stages of chemical treatment, the 
first stage involved the treatment with dilute NaOH 
solution and the second stage involved the treatment 
with dilute H2SO4 solution. The NaOH treatment breaks 
down the biomass structure to remove lignin and hemi-
celluloses from the biomass [30] and the process is called 
delignification or pulping, whereas the H2SO4 treatment 
breaks down the complex cellulosic structures into 
nanoscale cellulose particles [19]. The acid helps to 
hydrolyze or break down the hemicelluloses and amor-
phous regions of cellulose. Sulfuric acid is known for 
its effectiveness in breaking down complex polysac-
charide structures, making it a suitable choice for the 
hydrolysis of lignocellulosic biomass [19]. In the first 
stage of chemical treatment (pulping), 10 g of the powdered 
Tropical Almond (Terminalia catappa) leaves was taken 
in a beaker to which 2 wt% of NaOH was added, with 
a solid-to-liquid ratio of 1 by mass. The resulting mixture 
was mixed at a temperature of 80 °C for 2 h followed 
by filtration. The residue of the filtration was repeatedly 
washed with distilled water till neutralization and then 
dried. The dried pulped mass was further treated 
(hydrolyzed) with 20% H2SO4, with a solid-to-liquid 
ratio of 1 by mass by stirring in a magnetic stirrer in a 
similar condition to that of NaOH treatment for pulping 
of biomass. The resulting liquid suspension part was 
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subjected to centrifugation and the obtained solid 
centrifuged mass was repeatedly treated with distilled 
water followed by repeated centrifugation until the 
supernatant liquid became neutral. The resulting 
neutralized and centrifuged solid mass was air-dried to 
produce nanocellulose. 
 
3) Characterization 
3.1) FTIR analysis 
 The Tropical Almond (Terminalia catappa) leaves 
are a lignocellulosic biomass known to be made up of 
cellulose, hemicelluloses and lignin. Through FTIR, the 
chemical structure and the functional groups present 
in each sample were identified [26]. Such analysis can 
also provide information regarding structural changes 
that has been taken place during the formation of 
nanocellulose from the pristine biomass [9]. 
 The FTIR analysis of the resulting nanocellulose 
was carried out through a Thermo Scientific Nicolet 
iS5 FTIR Spectrometer in a wave number range from 
4000 cm-1 to 500cm-1. To confirm the removal of lignin 
and hemicelluloses during the preparation of nano-
cellulose, the FTIR spectra of the nanocellulose and 
NaOH-treated biomass sample are compared with 
that of the pristine biomass sample (powdered 
Terminalia catappa leaves) [9]. 
 
3.2) SEM Analysis 
 The surface morphologies of the biomass sample, 
NaOH-treated sample and nanocellulose sample were 
studied by using a scanning electron microscope 
(SEM) (Zeiss, EVO 18). The SEM micrographs help to 
determine the change in surface microstructure of the 
biomass sample due to nanocellulose formation. Such 
kind of information may assist in describing the 
surface adsorption behaviour of the produced nano-
cellulose [31]. 
 
3.3) XRD Analysis 
 X-ray diffraction pattern of prepared nanocellulose 
was recorded through an X-ray diffractometer (Bruker 
AXS D8 Advance), having X-ray source Co-Kα radiation 

source (λ = 1.79 Å) scanned with 2θ angle ranging 
from 10° to 80°, operated at a voltage of 20 kV. The X-
ray diffraction pattern provides information regarding 
the crystallinity of the produced nano-cellulose [31]. 
 
4) Removal of Cr(VI) by nanocellulose 
 For adsorption study or removal of Cr(VI) by 
nanocellulose, 10 ml of standard Cr(VI) solution, 
Potassium dichromate (K2Cr2O7) was taken in a 100 
ml beaker to which 10 mg nanocellulose was added 
and the resulting mixture was stirred at room 

temperature for various time-periods with the help of 
magnetic stirrer. At different time-period intervals, 
nanocellulose-treated dichromate solution was analyzed 
for Cr(VI) concentration through standard gravimetric 
analysis using lead nitrate as a precipitating agent. For 
carrying out adsorption isotherm studies four different 
concentrations (100, 200, 400, 600 mg L-1) of Potassium 
dichromate (K2Cr2O7) solutions were used as a source 
for Cr(VI). 
 To estimate the amount of Cr(VI) removed (mg 
mg-1) from the aqueous solution the following equation 
was used:  
 

                          qe = 
𝐶𝐶𝑖𝑖−𝐶𝐶𝑒𝑒
𝑚𝑚

 V                                   (Eq. 1) 

 
 Where, Ci and Ce are the initial and equilibrium 
concentrations (mg L-1), m is the mass of nano-
cellulose (mg) and V is the volume of the solution (L) 
[24–25].  
 
 The percent adsorption (%) is calculated using the 
equation 
 

                 % adsorption = 
𝐶𝐶𝑖𝑖−𝐶𝐶𝑒𝑒
𝐶𝐶𝑖𝑖

 x 100                   (Eq. 2) 

 
Results and discussion 
1) Fourier transform infrared spectroscopy (FTIR) 
analysis  
 Figure 1 represents the FTIR spectra of the untreated 
biomass (a), NaOH-treated biomass (b) and the produced 
nanocellulose (c) respectively. For the three constituents 
of lignocellulosic biomass (cellulose, hemicellulose and 
lignin), hydroxyl stretching vibrations are found between 
3000 cm-1 and 3500 cm-1. Such a peak is found to be 
more intense in NaOH-treated biomass than that of 
the original biomass sample and nanocellulose sample. 
The more intense peak in the NaOH-treated sample 
may be attributed to the hydrolysis factor in the said 
sample [27]. The lowest peak intensity of such peak in 
nanocellulose sample may be due to the removal of 
lignin suggesting a structural change as a result of 
formation of nano-cellulose formation. Peak around 
1700–1730 cm-1, corresponds to aromatic groups in 
lignin. The peak at 1500–1600 cm-1 is attributed to the 
C=C stretching vibration of the aromatic ring in lignin. 
A peak around 1450 cm-1 represents an aromatic skeletal 
ring of lignin and such a peak is absent in synthesized 
nanocellulose suggesting removal of lignin due to 
formation of nanocellulose. Peak ranging from 1170–
1082 cm-1 corresponds to the C–O–C group of 
pyranose ring skeletal in cellulose. The peak in the 
range of 1047-900 cm-1 corresponds to deformation 
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vibrations of C-O bands in the primary alcohol of 
lignin. The lignin peaks are sharper and more apparent 
in the original biomass sample compared to the alkali-
treated sample and nanocellulose. In the same context, 
moreover, some lignin peaks visible in the original 
biomass sample are absent in nanocellulose, suggesting 
lignin removal due to hydrolysis of the pretreated 
biomass sample to produce nanocellulose. On the other 
hand, the peak at around 899 cm-1 is associated with the 
C–O stretching and C–H vibrations of hemicelluloses 
[19, 27–28]. 
 
2) Scanning electron microscope (SEM) study 
 Figure 2 (a-f) shows the surface morphologies of 
the untreated biomass samples (powdered Terminalia 
catappa leaves), NaOH-treated biomass and produced 
nanocellulose sample at two different magnifications. 
A continuous uniform surface morphology is observed 
in the case of untreated biomass (Figure 2a) showing 
cellulose structure is covered by an amorphous phase 
of lignin and hemicellulose. At higher magnification 
for the untreated biomass (Figure 2b) the morphology 
of biomass shows cavity-type morphology with clearly 
visible boundaries. After alkali (NaOH) treatment, the 
original surface morphology of the biomass sample is 
completely changed to fibrous morphology (Figure 2c) 
suggesting the removal of lignin that covers the 

cellulose microfibrils [19] and such features are more 
clearly visible in the higher magnification (Figure 2d). 
The SEM micrograph of the produced nanocellulose 
sample shows a quite heterogeneous and rough mor-
phology consisting of pores and particles of variable 
shapes such as elliptical, spherical, and irregular type, 
present independently as well as in clusters, with 
average particle diameter lies in the nanoscale range 
[32] (Figures-2e and 2f). Complete structural changes 
take place in the case of nanocellulose from that of the 
original biomass sample as well as from the NaOH-
treated biomass sample biomass sample observed in 
higher magnified morphology (Figure 2f). 
 
3) X-ray diffraction (XRD)study 
 Figure 3 shows the XRD pattern of the resulting 
nanocellulose. The peaks at 16.70, 34.60 correspond to 
the characteristic peaks of cellulose [33]. Cellulose has 
amorphous and crystalline parts, where the amorphous 
part is more vulnerable to the acid hydrolysis process 
for which the concentration of acid during hydrolysis 
has a significant effect on the crystallinity characteristics 
of the resulting nanocellulose. However, higher acid 
concentration can have an impact on both breaking 
the amorphous region as well as destroying the 
crystalline region of the produced nanocellulose [1]. 
 

 

 
Figure 1 FTIR spectra of (a) untreated biomass, (b) NaOH treated biomass, (c) resulting nanocellulose. 
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Figure 2 SEM micrograph at two different magnifications: (a&b) untreated biomass,  

(c&d) NaOH-treated biomass, and (e&f) resulting nanocellulose. 
 

 
Figure 3 XRD pattern of the produced nanocellulose. 
 
 For nanocellulose, the high-intensity peak at 34.6° 
describes the crystalline character of the substance, and 
the intensity value illustrates the degree of crystalline 

structure. The crystallinity index was calculated through 
the integration method by using Eq 3. 
 

           Crystallinity = 
𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐴𝐴𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

 x 100                          (Eq. 3) 

 
 Where, Acrys area under the crystalline peaks and 
Atotal is the area under all the peaks. The crystallinity 
index of the produced nanocellulose is found to be 
42.08%. The value is quite lower than the reported one 
[1], which may be due to the varying concentration of 
H2SO4 during hydrolysis. The decreased value of 
crystallinity of nanocellulose will facilitate more 
hydroxyl groups exposed to improve the availability 
and accessibility of cellulose, to enhance the overall 
novel properties of nanocellulose [33]. 
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4) Chromium (VI) removal by nanocellulose 
 The efficacy of the produced nanocellulose in terms 
of Cr(VI) removal from aqueous medium has been 
studied concerning the time period of treatment and 
through adsorption isotherm and kinetic studies. 
 
4.1) Effect of the time period of treatment of nano-
cellulose on Cr(VI) removal 
 Figure 4 shows the effect of the time period of 
treatment/contact of nanocellulose on Cr(VI) removal. It 
has been found that at room temperature (36°C) with 
an increase in the time period, there is a gradual 
increase in chromium removal and a maximum Cr(VI) 
removal of 98.4% is achieved for a treatment period of 
75 min. The increase in Cr(VI) removal with an 
increase in time is due to the greater interaction 
between the nanocellulose adsorbent and Cr(VI) ions 
[34]. Upon further increase in time period to 90 min 
there is no significant change in chromium removal 
observed, suggesting almost complete adsorption of 
the metal ions, i.e. equilibrium is achieved due to the 
non-availability of active sites on the nanocellulose 
surface [34–35]. 
 

 
Figure 4 Effect of the time period of treatment of 

nanocellulose on Cr(VI) removal. 
 

4.2) Adsorption isotherm 
 The adsorption isotherm represents the relationship 
between the amount of adsorbate adsorbed by a unit 
weight of adsorbent and the amount of solute 
remaining in the solution at equilibrium and such 
kind of study shows the particular adsorbent suit-
ability in the application of water pollution control 
[35]. In this regard, Langmuir and Freundlich iso-
therm studies were found to be suitable for describing 
short-term and mono-component adsorption of 
metal ions by different adsorbents [36]. 
 
Freundlich model 
 The Freundlich isotherm in linear form is given as 
follows: 
 

                   ln q = ln K + 1/n ln Ce                         (Eq. 4) 
 
 where Ce is the equilibrium concentration of 
adsorbate in the solution and q is the amount of 
adsorbate adsorbed per unit mass of adsorbent 
(nanocellulose), K and 1/n are constants, representing 
adsorption capacity and adsorption intensity or 
surface heterogeneity respectively [34, 37]. A plot of q 
vs. produces a straight line with a slope = 1/n and 
intercept = ln K. When 0 < 1/n < 1, the adsorption is 
favourable, and when 1/n > 1, the adsorption is 
unfavourable [37]. 
 
 According to this isotherm, the adsorption of metal 
ions takes place on heterogeneous surfaces with 
multilayer adsorption and the adsorption increases 
with an increase in concentration [37]. 
 
Langmuir adsorption isotherm 
 Langmuir adsorption isotherm suggests that the 
adsorption takes place with monolayer adsorption on 
specific homogeneous surfaces containing a finite 
number of adsorption sites. The linear form of this 
isotherm is given as 
 

                 
𝐶𝐶𝑒𝑒
𝑞𝑞

 =  1
𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞 𝑘𝑘

 +  𝐶𝐶𝑒𝑒
𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞

                           (Eq. 5) 

 
 Where Ce (mg L-1) is the equilibrium concentration 
of adsorbate, qe (mg g-1) is the amount of adsorbate 
adsorbed per unit mass of adsorbent, qmax(mg g-1) is 
the maximum adsorption capacity, k (L mg-1) is 
Langmuir constant related to the energy of adsorption 

[34, 37]. A plot of 
𝐶𝐶𝑒𝑒
𝑞𝑞

 vs. 𝐶𝐶𝐶𝐶is a straight line with slope 

1
𝑞𝑞 𝑚𝑚𝑚𝑚𝑚𝑚

 and intercept 
1

𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞 𝑘𝑘
 [37] and from the slope, 

qmax can be calculated. 
 
 Table 1 represents the adsorption parameters of 
Freundlich and Langmuir for Cr(VI) removal by 
producing nanocellulose adsorbent. The 1/n value 
0.865 for the present adsorption study in Freundlich 
adsorption isotherm suggests that the nanocellulose 
adsorbent for Cr(VI) removal is effective due to its 
greater affinity for this metal ion [34–35, 37]. 
 The ‘k’ value of Langmuir adsorption isotherms 
indicates the interaction between adsorbate and the 
surface. If the value of ‘k’ is relatively greater it 
indicates that there is a strong interaction between the 
adsorbate and adsorbent [34] and hence greater 
removal of the solute from the aqueous system. In the 
present case, the ‘k’ value is found to be 0.833(L mg-1). 
Also from this study, the maximum adsorption 
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capacity, qmax is found to be 0.222 mg mg-1. Upon 
comparison to the R2 value, as provided in Table 1, it 
can be said that the present adsorption process pre-
ferentially follows the Freundlich adsorption, involving 
multilayer heterogeneous adsorption of Cr(VI) on 
nanocellulose [38]. 
 
Table 1 Adsorption isotherm parameters of Cr(VI) 
removal by produced nanocellulose 

Isotherm Adsorption parameters Cr(VI) 

Freundlich 

1/n 0.865 

K (mg g-1) 1.882 

R2 0.999 

Langmuir 

qmax (mg mg-1) 0.222 

k (L mg-1) 0.833 

R2 0.992 

 
4.3) Adsorption kinetics 
 The kinetic behaviour of the Cr(VI) removal using 
nanocellulose was determined with the pseudo-first 
and pseudo-second-order kinetic model. The pseudo-
first-order kinetic model and pseudo-second-order 
kinetic model equations are presented in Equations (6) 
and (7), respectively [39]. 
 The first-order kinetic equation can be expressed as: 
 

           𝑙𝑙𝑙𝑙(𝑞𝑞𝑒𝑒 − 𝑞𝑞𝑡𝑡) = 𝑙𝑙𝑙𝑙 𝑞𝑞𝑒𝑒 − 𝑘𝑘1𝑡𝑡                       (Eq. 6) 
 
 The second-order kinetic equation can be 
expressed as: 
 

             
𝑡𝑡
𝑞𝑞𝑡𝑡

= 1
𝑘𝑘2𝑞𝑞𝑒𝑒2

+ 𝑡𝑡
𝑞𝑞𝑒𝑒

                                 (Eq. 7) 

 
 Where, qt and qe are the adsorption capacity (g/g) 
at a particular time period ‘t’ and equilibrium 
respectively, k1 (L min-1) and k2 (mg mg-1 min-1) is the 
pseudo-first-order and pseudo-second-order adsorption-
rate constant [40]. 
 
 Based on the findings presented in Table 2, the 
correlation coefficient (R2) value suggests that the 
adsorption kinetic data were more fitted with the 
pseudo-2nd-order model than the pseudo-1st-order 
model [41]. This indicates that the pseudo 2nd order 
model is better suited for explaining the adsorption 
mechanism of Cr(VI) ions onto the surface of the 
prepared nanocellulose. These results also imply that 
the Cr(VI) sorption on the nanocellulose surface is  
through  chemisorption.  Moreover, prior studies on 
Cr(VI)  adsorption  have  also demonstrated the supe-
riority of the pseudo 2nd order model over other 

kinetic models for describing the Cr(VI) removal 
mechanism [41]. 
 
Table 2 Adsorption kinetics parameters of Cr(VI) 
removal by produced nanocellulose 

Kinetics model Parameters Values 
Pseudo first order Qe 35.67 

K1 -0.0236 

R2 0.9162 

Pseudo second order Qe 35.67 

K2 0.030 

R2 0.9933 

 
4.4) Adsorption mechanism 
 After chromium adsorption, the XRD pattern of 
nanocellulose is shown in Figure 5, which shows 
attenuation and reduction in the peak intensities of all 
the characteristic peaks of the nanocellulose before 
adsorption (Figure 3). Such kind of observation may 
be attributed to the binding of chromium ions on the 
nanocellulose surface, which results in alteration of the 
XRD pattern after Cr(VI) adsorption [42]. 
 

 
Figure 5 XRD pattern of the produced nanocellulose 

after adsorption. 
 

 The sorption behaviour of nanocellulose for Cr(VI) 
can be described due to the presence of ultrafine pores, 
high surface area, and heterogeneous morphology 
along with phenomena like ion exchange and chemical 
complexation. The ion exchange mechanism involves 
the adsorption of hazardous metal ions by replacing 
other ions (K+, Na+, H+) already associated with the 
nanocellulose surface. The chemical complexation 
involves the interactions of various groups such as the 
carboxyl (-COO–) and hydroxyl (-OH) groups of the 
nanocellulose with the particular hazardous metal 
ions. For this reason, increasing surface area, ultrafine 
pores, surface heterogeneity and surface function-
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alization are necessary for greater adsorption of 
hazardous metal ions [38, 43–44]. 
 From the studies like FTIR, SEM and XRD, the 
probable mechanism of Cr(VI) adsorption on nano-
cellulose surface can be explained as follows: 
 (i) The presence of a functional hydroxyl group 
(Figure 1(c)) in nanocellulose can adsorb Cr(VI) ions by 
electrostatic means. The hydroxyl groups are negatively 
charged and exhibit electrostatic attraction toward 
cationic wastewater pollutants. 
  (ii) The presence of ultra-fine pore, nano-size 
particles resulting in high surface area, along with 
rough surface morphology as evidenced from SEM 
micrographs (Figure 2 (e&f)) corresponds to the greater 
adsorption capacity of Cr(VI) on the produced nano-
cellulose. 
 (iii) The peak intensities difference in XRD patterns 
of the produced nanocellulose before and after 
adsorption suggests Cr(VI) adsorption through the 
combined effects of presence of –OH functional groups 
as well as by surface adsorption due to the availability 
of ultra-fine pores, nanoparticles and surface roughness. 
 
Conclusion 
 The study reveals the successful preparation of 
nanocellulose from defoliated Tropical almond (Terminalia 
catappa) leaves highlights for its application in Cr(VI) 
removal from water stream. The study also reveals a 
substantial structural and morphological change 
happened in the biomass sample due to nanocellulose 
preparation. With a crystallinity degree of 42% deter-
mined by XRD, the resulting nanocellulose emerges as an 
effective adsorbing agent, demonstrating a remarkable 
~98% Cr(VI) removal from aqueous streams. The 
adsorption of Cr(VI) is assisted by the electrostatic 
interaction between the –OH groups of the nano-
cellulose as well as due to the high adsorption capacity 
of porous, rough surface containing nano size materials 
of the produced nanocellulose. This research signifies 
an innovative approach to utilize abundantly available 
waste plant biomass for sustainable applications in 
heavy metal removal from the water stream, alternatively 
encouraging the concept of a circular bioeconomy. 
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