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Abstract Spherical selenium nanoparticles (Se 
NPs) were synthesized by green chemical reduc-
tion method using biocompatible chitosan (CS) or as 
reported herein for the first time, cationic cellulose 
nanofibers (CCNFs) as stabilizers. CNFs were cati-
onized using (3-chloro-2-hydroxypropyl) trimethyl-
ammonium chloride (CHPTAC), followed by high-
pressure homogenization. The anionic demand of 
the CCNFs was found to be 2000 ± 2  µeq/g and the 
degree of substitution was 0.25 ± 0.01. The optimi-
zation of Se NP synthesis was done using response 
surface methodology with controlled composite 
design. Two response surface models were developed 
to optimize the size and stability of CS-Se NPs and 
CCNF-Se NPs. Concentrations of  Na2SeO3, ascorbic 
acid, and CS or CCNFs were used as three variables, 
and their interaction was studied as a function of size 
and zeta potential. The results indicate that the vari-
ables fitted into the model and was validated using 
a combined contour plot of size and zeta potential. 
From the model, CS-Se NPs of size and zeta potential 

in the range between 10 and 70  nm and 30–40  mV 
were synthesized, while CCNF-Se NPs of size and 
zeta potential in the range between 50 and 85  nm 
and 30–35  mV were synthesized. EDX spectra con-
firmed elemental Se formation, and XRD pattern 
verified the presence of α-monoclinic Se crystallites. 
Additionally, the FTIR spectra confirmed the interac-
tion between the stabilizing agent and Se NPs. Thus, 
CS- and CCNF-stabilized Se NPs were sustainably 
synthesized making them suitable for incorporation 
into CNFs and can be used as an active agent in food 
packaging application.
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Introduction

Selenium (Se) is a crucial trace element in human 
physiology, significantly contributing to health and 
growth (Luo et al. 2020; Ndwandwe et al. 2021). Se 
is a major component of selenoenzymes, which pro-
tect animal cells from oxidative stress and has been 
extensively studied for its antioxidant activity. It is 
well-documented that Se possesses unique proper-
ties distinguishing it from other metals and metal-
loids. Researchers have chosen selenium for vari-
ous reasons, particularly because of its applications 
in ecological, ecotoxicological, and radioecologi-
cal sciences (Kapur et  al. 2017). Nanotechnology is 
a rapidly evolving field focused on the development 
of innovative materials (Vankudoth et  al. 2022; Ran 
et  al. 2024). Particles with dimensions from 1 to 
100  nm are known as nanoparticles (Prasad et  al. 
2017). Many scientists predict that nanotechnology 

will drive the next industrial revolution, significantly 
influencing society, the economy, and daily life 
(Hashem, Al-Askar, Haponiuk, et al. 2023). Recently, 
Se NPs have garnered increasing attention due to their 
high biocompatibility (Skalickova et  al. 2017), anti-
oxidant activities (Hu et al. 2021), low toxicity (Shak-
ibaie et  al. 2013), antimicrobial activity (Hashem, 
Al-Askar, Saeb, et  al. 2023) and unique therapeutic 
properties (Xiao et  al. 2023). Se NPs were found to 
show potential application because of their minimal 
toxicological effect and increased bioavailability 
along with their exceptional biocidal effect compared 
to other forms of selenium, such as selenate  (SeO4

2−) 
and selenite  (SeO3

2−) (Fatma et  al. 2019). Nano Se, 
which is bright orange-red color in the oxidation state 
of Se (0), is emerging as a novel source of selenium 
in the fields of food and pharmaceutical sciences 
(Hosnedlova et al. 2018).

Various approaches, including physical, biologi-
cal, and chemical processes (Kumar et al. 2021; Liu 
et  al. 2022), are used for the synthesis of nanopar-
ticles (Modrzejewska-Sikorska et  al. 2017; Bisht 
et al. 2022). The wide use of these metal/metal oxide 
nanoparticles are due to their ease of synthesis and 
large surface area (Rasool et  al. 2023). Chemical 
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wet processing is considered to be the most facile 
and effective method among all the others since it 
involves the use of reducing agents to convert metal-
lic salts into zero-valent metals, followed by capping 
and stabilizing the nanoparticles with surfactants 
and organic polymers (Sarwar et al. 2021). Reducing 
agents and capping agents play a major role in nano-
particle synthesis as the nanoparticle’s characteristics 
are influenced by them. Surfactants or reagents such 
as polyvinyl chloride (PVC) (Wang et al. 2013), poly-
vinyl alcohol (PVA) (Al Jahdaly et al. 2021) are used 
for the stabilizing effect in nanoparticles synthesis, 
but they are sourced from the petrochemical indus-
try. Likewise, a well-known and ubiquitous reduc-
ing agent, sodium borohydride, succeeds at quickly 
attaining NPs, but its biological hazards make it inad-
equate, e.g., for applications involving food contact 
(Xiong et  al. 2011). Here comes the role of green 
synthesis as it is an optimal method for preparing 
nanoparticles, offering significant advantages such as 
reduced toxicity, increased stability, eco-friendliness, 
and cost-effectiveness (Akram et  al. 2024). These 
methods are particularly beneficial for environmental 
and biomedical applications, providing a more sus-
tainable and safe approach compared to traditional 
techniques (Vijayaram et  al. 2024). These include 
synthesis using bacteria or plant extracts (Pyrzynska 
and Sentkowska 2022; Zhai et  al. 2024), microwave 
synthesis (Panahi-Kalamuei et  al. 2014), and elec-
trochemical methods (Ye et  al. 2017). These can be 
expensive or may not produce the desired products. 
Solution-phase chemical reduction methods offer an 
excellent route for fabricating selenium nanoparti-
cles, despite the availability of various conventional 
techniques for their synthesis (Zhang et al. 2004). The 
most commonly used reducing agent in green syn-
thesis of metal NPs is ascorbic acid because it allows 
the reaction to be performed at ambient tempera-
ture in water, besides being affordable and non-toxic 
(Štefanková et al. 2023).

Moreover, chitosan and cellulose nanofibers have 
excellent biocompatible properties and can be used as 
stabilizers in nanoparticles synthesis. Chitosan (CS) 
is a well-characterized, biodegradable, biocompat-
ible, hydrophilic, nonimmunogenic, non-toxic, and 
cost-effective polymer and find a wide range of appli-
cation in food, agriculture, and biotechnology (Negm 
et  al. 2020; Abdelhamid et  al. 2024). It is extracted 
from the exoskeletons of arthropods and the cell walls 

of fungi and can also be synthetically produced by 
the deacetylation of chitin. It is found to be a good 
stabilizer in the synthesis of nanoparticles in several 
studies (Zeng et  al. 2018). Another most abundant 
biopolymer available on earth is cellulose, which is 
composed of β-1,4 linked glycosidic units (Peng et al. 
2019). On the other hand, cellulose nanofibers (CNFs) 
are garnering significant attention since they exhibit 
high surface ratio, low toxicity, and are renewable 
(Ahmadi et al. 2021). They have been incorporated as 
a stabilizer in the nanoparticles synthesis (Chen et al. 
2022). Surface functionalized CNFs have been used 
as a stabilizer in the synthesis of silver nanoparticles 
(Jang et al. 2014; Islam et al. 2018). They can be sur-
face functionalized using different cationic and ani-
onic reagents (Harper et al. 2016). These techniques 
primarily utilize the abundance of hydroxyl groups on 
the surface, enabling the straightforward conjugation 
of desired molecules. As far as the authors are con-
cerned, there is no previous study using CCNFs as a 
stabilizer in Se NP synthesis. In the case of CCNFs, 
it leverages the electrostatic interactions between cati-
onically modified cellulose surfaces and negatively 
charged metal nanoparticles or metal complex ions 
and play as a capping or a stabilizing agent for the 
negatively charged Se NPs. They can be applied to 
both porous and nonporous cellulose fibers. Thus, the 
negatively charged metal nanoparticles get deposited 
on the cationically modified cellulose substrate thus 
enabling stable nanoparticle suspension. The cati-
onization was done using (3-chloro-2-hydroxypropyl) 
trimethylammonium chloride (CHPTAC) and this 
introduces quaternary ammonium groups on the sur-
face of CNFs. It was reported that these cationic moi-
eties have intrinsic antibacterial properties (Pedrosa 
et al. 2022). Cationic cellulose nanofibrils have a high 
aspect ratio, large specific surface area, strong bio-
compatibility, excellent biodegradability, and superior 
mechanical strength, offering a renewable and sus-
tainable alternative to petroleum-based cationic nano-
materials in textiles, papermaking, packaging, and 
wastewater treatment applications (Long et al. 2024).

In order to reduce the time and cost, it is necessary 
to optimize the size and stability of the nanoparticles 
synthesized. Traditional one-variable optimization 
overlooks interactions, lacks comprehensive under-
standing, and increases experiments, costs, and research 
time. Here comes the role of response surface meth-
odology (RSM) in resolving these kinds of problems. 
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RSM is a foremost multivariate statistical technique 
extensively applied in optimizing experimental condi-
tions, particularly in food processes. RSM comprises 
a suite of statistical and mathematical methods rooted 
in fitting polynomial models to data, aiming to portray 
dataset behavior for statistical predictions (Saylam et al. 
2021). This approach proves invaluable in optimizing, 
designing, developing, and enhancing processes where 
multiple variables influence one or more responses 
(Yolmeh and Jafari 2017). Before applying the RSM 
approach, it is essential to select the appropriate experi-
mental design to determine which treatments should be 
conducted within the experimental region under study. 
Achieving Se NPs with the desired size and stability 
necessitates optimizing the synthesis factors through 
design of experiments (DOE) (Lalegani and Seyyed 
Ebrahimi 2020). It is a collection of valuable math-
ematical techniques applied to the statistical modeling 
and systematic analysis of problems where input varia-
bles or factors are used to optimize desired responses or 
output measures (Tsimpliaraki et  al. 2009). Examples 
of experimental designs include Central Composite, 
Box-Behnken, and Doehlert designs. The Box-Wilson 
second-order central composite design (CCD) is gain-
ing popularity as it optimally assigns operational vari-
ables for evaluations, using a rational number of design 
points and providing reliable curvature estimation, 
ensuring sufficient information for lack-of-fit testing 
(Ghelich et al. 2019).

This work involves the synthesis and optimization 
of Se NPs using two bio-based stabilizing and capping 
agents: CCNFs, not used before for this purpose, and 
CS. The other key contribution lies in the optimization 
strategy by response surface methodology (RSM). Two 
parallel methods were employed, one with chitosan 
and the other with CCNFs. The optimization of both 
CS-Se NPs and CCNF-Se NPs was conducted using 
RSM methodology. In this study, Se NPs were prepared 
via a green, low-cost chemical reduction method using 
 Na2SeO3 as the metal precursor, with CS and CCNFs 
as stabilizers, and L-ascorbic acid as the reducing 
agent. Data analysis was performed using DOE, and 
two response surface models were derived to optimize 
the size and stability of the synthesized Se NPs using 
CCD modeling. Ultraviolet–Visible (UV–Vis) spectro-
photometry was employed as a preliminary characteri-
zation technique to confirm the formation of Se NPs, 
followed by Dynamic Light Scattering (DLS) to meas-
ure particle size based on Brownian motion and the zeta 

potential (as stability measurement) of CS- and CCNF-
stabilized Se NPs. Characterization techniques such as 
determination of anionic demand, degree of substitu-
tion, quantification of hemicellulose and nano fibril-
lation yield of the CCNFs was tested. Field Emission 
Scanning Electron Microscopy (FESEM) in conjunc-
tion with Energy Dispersive X-ray (EDX) microanaly-
sis and X-ray diffraction (XRD) experiments were con-
ducted to determine the morphology (size and shape) 
and elemental composition of the synthesized Se NPs. 
Fourier Transform Infrared (FTIR) spectroscopy was 
used to confirm the Se NPs interaction with the stabi-
lizers. The optimization of Se NP synthesis using CCD 
aims to develop applications in active food packaging. 
Thus, this work demonstrates the sustainable synthesis 
of Se NPs, and this can be further used as an antioxi-
dant agent in the active food packaging application.

Experimental section

Materials

All the chemicals and reagents were of analytical 
grade and used without further purification. Sodium 
selenite  (Na2SeO3) anhydrous, 99% (metal basis) was 
purchased from Thermo-Scientific (Cornellà, Span-
ish branch office). CS with molecular weight in the 
50–190 kDa range and with a deacetylation degree of 
99% was purchased from Sigma-Aldrich (Barcelona, 
Spanish branch office), and so was L-Ascorbic acid 
with molecular weight 176.12 g/mol.  (C6H8O6).

The starting material for the production of CCNFs 
was bleached kraft eucalyptus pulp from industrial 
origin. The high-pressure homogenizer implied in 
this production was the PANDA 2  K-GEA, model 
NS1001L (GEA Niro Soavy, Parma, Italy). The water 
used throughout the experimental procedure was 
ultrapure Milli-Q water.

Production of cationic cellulose nanofibers (CCNFs)

Cationization of CNFs, preceded by PFI refining and 
alkalization, was performed as described by Giovana 
et. al (Signori-Iamin et  al. 2024). In brief, CCNFs 
were prepared from the mechanical refining of dis-
integrated bleached kraft eucalyptus pulp at 15,000 
PFI revolutions and was mercerized with NaOH, then 
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cationized with 3-chloro-2-hydroxypropyl trimeth-
ylammonium chloride. The reaction was carried out 
at 60 °C, with molar excess of cationizing agent, and 
without a filtration step between alkalization and cati-
onization. The pulp was then suspended at distilled 
water at 1  wt.% and the above solution was passed 
through the homogenizer at 3 passes each at 300 bar, 
600 bar and 900 bar.

Selenium nanoparticle synthesis using chitosan 
(CS-Se NPs) and cationic cellulose nanofibers 
(CCNF-Se NPs) as stabilizers

Se NPs using CS and CCNFs were prepared in the 
same way. 1  mL of  Na2SeO3 (metal precursor) was 
added dropwise with continuous stirring to the solu-
tion containing 100  mL of ascorbic acid (reducing 
agent) and chitosan or CCNFs (stabilizer and capping 
agent) drop by drop within 35 min and stirred again 
the whole solution for about 15 min. It was observed 
that the color changes from colorless to orange-red 
upon each drop added. This color change indicates 
the formation of Se NPs as all the reagents used in the 
reaction were colorless. The synthesized NPs were 
then stored at 4 °C for further analysis. Se NPs syn-
thesized using the two different stabilizers exhibited 
almost similar color which is a dark orange-red color.

Characterization techniques

Ion chromatography

The quantification of the remaining hemicellulose 
was performed using ion chromatography to iden-
tify the various monosaccharides present after acid 
hydrolysis. The hydrolysis followed the two-step 
procedure outlined in NREL/TP-510–42618 (Sluiter 
et  al. 2008). Initially, a sample of cationized cellu-
lose nanofibers was subjected to depolymerization 
using 72 wt% aqueous  H2SO4 at 30° C for 1 h. Sub-
sequently, the mixture was diluted to a concentration 
of 4  wt%  H2SO4 and autoclaved at 121°  C for 1  h. 
The resulting hydrolysate was then analyzed using 
a Dionex ICS-5000 DP chromatograph (Sunnyvale, 
CA, USA) equipped with an anion exchange column 
and an amperometric detector.

Conductometric titration

The degree of substitution (DS) for cationic fibers 
was determined through conductometric titration of 
chloride counter-ions, based on the principle that each 
trimethylammonium group associates with one coun-
ter-ion, following the method outlined by Pei et  al. 
(2013) and Rol et al. (2019) (Pei et al. 2013; Rol et al. 
2019). Initially, 0.4  g of dry fiber was mixed with 
200  mL of distilled water. Conductometric titration 
was then carried out by incrementally adding 0.2 mL 
of a 0.06 M silver nitrate  (AgNO3) solution every 30 s 
to the mixture. The DS was calculated using the fol-
lowing equation:

where CAgNO3 is the molar concentration, VAgNO3 is 
the volume of  AgNO3 solution used to reach equiv-
alence, mcellulose is the dry weight of cellulose, and 
MAGU is the molar mass of an anhydroglucose unit 
(162 g/mol).

Potentiometric titration

The anionic demand of cationic cellulose nanofibers 
was assessed through potentiometric back titration 
(Serra-Parareda et  al. 2021) using a Mütek PCD-06 
particle charge analyzer (BTG Instruments, Wessling, 
Germany). In summary, 0.02  g of dry sample was 
soaked in an excess amount of sodium polyethylene 
sulfonate (PES-Na, 0.001  mol/L). Following this, 
the sample was centrifuged at 2,300  g for 20  min, 
and 10  mL of the supernatant was titrated with a 
0.001  mol/L solution of polydiallyldimethylammo-
nium chloride (polyDADMAC).

UV–Vis spectrophotometry

A Shimadzu UV-1280 spectrophotometer (Duisburg, 
European branch office) in the wavelength range 
200–800 nm was used to measure the UV–Vis spectra 
of the synthesized CS-Se NPs and CCNF-Se NPs. It 
was done to confirm their formation from their char-
acteristic surface plasmon resonance (SPR) band. 
Milli-Q water was used as the background. Absorb-
ance measurements were taken from 1:100 dilutions 
of Se NP solutions at room temperature.

(1)DS =

nAgNO3

ncellulose
=

CAgNO3 ∗ VAgNO3

mcellulose

MAGU
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Dynamic light scattering measurement (DLS)

The mean particle size of CS-Se NPs and CCNF-
Se NPs was determined by DLS using the Zetasizer 
Nano ZS device (Malvern Instruments, Malvern, 
United Kingdom), which employs the Mie theory 
and the Stokes–Einstein relation (Kapur et al. 2017). 
For that, 1 mL of the prepared Se NP dispersion was 
diluted to 100 mL and the measurements were taken 
using a polystyrene cuvette with 3 × 3 mm, 5 × 5 mm 
or 10 × 10 mm dimension at 25  °C. The zeta poten-
tial was directly measured from the synthesized Se 
NP dispersion using the same instrument, but with 
cuvettes comprising gold electrodes.

Fourier transform infrared spectroscopy (FT-IR)

Fourier Transform Infrared (FT-IR) spectra was 
recorded on Bruker Alpha FT-IR spectrophotometer 
(Karlsruhe, Germany) with a resolution of 2   cm−1 
to identify the functional groups and the interaction 
between Se NPs with chitosan, CCNFs, and other rea-
gents used in NP synthesis. The suspensions of syn-
thesized CS-Se NPs and CCNF-Se NPs were dried 
and ground to homogenous powder, before mounted 
on a diamond crystal plate ATR MIR single-reflection 
accessory and scanned at a wavenumber range from 
400–4000   cm−1. Analysis of spectra was performed 
using OPUS_7.5.18 software.

Field emission scattering electron microscopy 
(FESEM)

A TESCAN Clara (Brno-Kohoutovice, Czech Repub-
lic) field-emission scanning electron microscope was 
used to obtain FESEM images of the synthesized 
CS-Se NPs and CCNF-Se NPs to determine their size 
and shape. The images were taken in high vacuum 
and at an accelerating voltage of 15 kV.

Energy dispersive X-ray spectroscopy (Edx)

EDX spectroscopy was used in conjunction with the 
FESEM instrument at high vacuum, 20 kV to deter-
mine the elemental composition of the samples. EDX 
spectra of CS-Se NPs and CCNF-Se NPs were meas-
ured in conjunction with FESEM. The atom percent-
age of metal in EDX analysis aids in determining the 
sample’s purity and elemental composition.

X-ray diffraction analysis (XRD)

X-ray diffraction analysis (XRD) was used to distin-
guish the crystalline allotropes in Se NPs, employ-
ing a Brucker AXS D8 Advance powder diffrac-
tometer (Karlsruhe, Germany). Measurements were 
done from 5° to 100° using Bragg–Brentano (θ, 2θ) 
geometry and the reflection mode, involving Cu Kα 
radiation from an X-Ray tube with a wavelength of 
1.5418 Å. The scanning speed and step length were 
0.05° and 1  s, respectively. A secondary graphite 
monochromator and a scintillation NaI (Tl) point 
detector were included.

Experimental design and statistical analysis for 
optimization of size and stability

Response Surface Methodology (RSM) was used to 
optimize the size and stability of the Se NPs. Con-
tour plot, surface plots and main effect graphs for 
size and zeta potential were plotted using Minitab 
statistical software (Pennsylvania, USA). Different 
concentrations of ascorbic acid,  Na2SeO3, and CS or 
CCNFs were used as the independent variables and 
were plotted as a function of size and zeta potential. 
A face-centered central composite design (CCD) was 
used to perform the response surface methodology 
for the optimization of Se NP synthesis in our present 
work. CCD is a fractional factorial design with center 
points, augmented by a set of axial points. Accord-
ingly, 15 experimental combinations were randomly 
tested for each experiment set with the aid of Minitab 
statistical software. In these 15 points, the first 9 
points are known as factorial points and the subse-
quent 5 points are known as axial points and remain-
ing last one is known as center point. These 15 sets 
were derived from the Eq. 2:

where the number of factors (k) is 3, namely 
 Na2SeO3, chitosan or CCNFs, and ascorbic acid;  nc 
is the number of central points, i.e. 1 since we keep 
one variable constant while changing the other two 
variables.  Na2SeO3 and ascorbic acid concentrations 
ranged from 0.05 M to 0.95 M, while CS and CCNF 
concentrations varied between 1 and 2% and between 
0.05 and 1 wt%, respectively. The concentrations 
were selected based on previous experiments. The 

(2)N = 2K + 2k + nc
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model equation was formulated in terms of a multiple 
regression analysis. Its coefficients and their signifi-
cance were estimated by means of Minitab Statistical 
Software, choosing a stepwise procedure with back-
ward elimination. Significant coefficients resulted 
from fitting the experimental data to a second-order 
polynomial equation (Eq. 3):

(3)

Y = b0 +
∑

i

= 1nbiXi +

n−1
∑

i=1
j>1

n
∑

j=2

bijXiXj +

n
∑

i=1

biiX
2
i

where Y represents the response size and zeta poten-
tial to be modelled;  b0 is the constant coefficient 
(value of the fixed response at the centre point of the 
design),  bi is the coefficient of linear effect,  bij is the 
coefficient of interaction effect,  bii the coefficients of 
squared-effect, n is the number of variables and  Xi 
and  Xj define the independent variables (concentra-
tion of  Na2SeO3, ascorbic acid, chitosan, and CCNFs) 
(Amado et al. 2014). The data in Table 1 were used in 
the Minitab statistical software to derive the regres-
sion equation and in the design of the main effect 
plot, three-dimensional surface graphs, and the two-
dimensional contour plots which are detailed in the 
results and discussion section.

Results and discussion

Characterization of CCNFs

The degree of substitution of the CCNFs, determined 
by titration of chloride counter-ions, was 0.25 ± 0.01. 
Furthermore, the hydrolysate of the CCNFs was 
found to contain 87.85 wt% glucose and 12.01  wt% 
xylose, with arabinose, mannose, and glucuronic 
acids below the detection limit, indicating no exces-
sive damage to the fibers and preserved hemicel-
luloses. The anionic demand (charge density) of 
CCNFs was 2.0 ± 0.2  meq/g (Signori-Iamin et  al. 
2024). Additionally, the nano fibrillation yield was 
found to be greater than 95%. As the fibrillation pro-
cess increases, the surface area increases as there is 
an increased exposure to the quaternary ammonium 
groups because of the cationization and it has a high 
content of nanofibers. An image of the synthesized 
CCNFs is shown in Fig.  1S (Supplementary mate-
rial). It can act as a capping or stabilizing agent with 
the negatively charged Se NPs. They can cap the Se 
NPs by electrostatic interactions thus providing sta-
bility to the medium and generating a homogeneous 
suspension.

Qualitative analysis of stabilizing agents in the Se NP 
formation

Initially, to evidence the effect of stabilizing agents 
(CS or CCNFs) on the formation of Se NPs,  Na2SeO3 
was added to a solution containing ascorbic acid and 

Table 1  CCD matrix of different combinations of three inde-
pendent variables

Run Na2SeO3 (M) Ascorbic 
acid(M)

Chitosan(%) CCNF(%wt)

1 0.5 0.5 1.5 –
2 0.05 0.05 1 –
3 0.05 0.95 1 –
4 0.05 0.05 2 –
5 0.05 0.95 2 –
6 0.95 0.05 1 –
7 0.95 0.95 1 –
8 0.95 0.05 2 –
9 0.95 0.95 2 –
10 0.05 0.5 1.5 –
11 0.95 0.5 1.5 –
12 0.5 0.5 1 –
13 0.5 0.5 2 –
14 0.5 0.05 1.5 –
15 0.5 0.95 1.5 –
16 0.5 0.5 – 0.525
17 0.05 0.05 – 0.05
18 0.05 0.95 – 0.05
19 0.05 0.05 – 1
20 0.05 0.95 – 1
21 0.95 0.05 – 0.05
22 0.95 0.95 – 0.05
23 0.95 0.05 – 1
24 0.95 0.95 – 1
25 0.05 0.5 – 0.525
26 0.95 0.5 – 0.525
27 0.5 0.5 – 0.05
28 0.5 0.5 – 1
29 0.5 0.05 – 0.525
30 0.5 0.95 – 0.525
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CS or CCNFs, with the concentrations of each rea-
gent varying depending on the stabilizing agent. 
Figure  1 illustrates the notable effect of a stabiliz-
ing agent on the formation and stability of Se NPs 
in solution. In the absence of any stabilizers such as 
CS or CCNFs, the Se particles exhibited pronounced 
aggregation (Fig.  1a). This aggregation resulted in 
the formation of macro-sized particles that settled at 
the bottom of the container, indicating poor stability 
and homogeneity in the solution. One mL of (0.7 M 
or 0.3 M)  Na2SeO3 was added to the solution contain-
ing 100  mL of (0.7  M or 0.5  M) ascorbic acid and 
1.8% of CS or 0.3% wt of CCNFs, respectively. 0.7 M 
 Na2SeO3 and ascorbic acid was in the case of CS-Se 
NP synthesis whereas the concentration was 0.3  M 
and 0.5  M for  Na2SeO3 and ascorbic acid, respec-
tively, for the CCNF-Se NP synthesis. Both of them 
showed similar colour change and stabilizing effect, 
which is shown in Fig.  1. The introduction of sta-
bilizing agents led to a successful reduction in the 
nanoscale dimensions of Se particles. This change 
was visually evident as the solution became uni-
formly dispersed, with no visible settling or aggrega-
tion of particles (Fig. 1b).

CS contributed to Se NP stabilization through its 
ability to provide steric hindrance and electrostatic 
repulsion (Luesakul et  al. 2016). Its positive charge 
in an acidic medium can interact with the negatively 
charged surface of Se NPs, preventing close contact 
between Se NPs and thus preventing their aggre-
gation. This electrostatic stabilization is crucial in 
maintaining the colloidal stability of nanoparticles. 
Similarly, CCNFs offer stabilization through its high 
aspect ratio and large specific surface, which can 

adsorb selenium nanoparticles (Dong and Hinestroza 
2009). The CCNFs network provides a mechanical 
barrier that effectively prevents particle aggregation. 
Additionally, the cationic groups incorporated into 
the cellulose nanofiber surface during the cationiza-
tion process with CHPTAC further inhibit particle 
aggregation.

Fig. 1  Effect of stabiliz-
ing agents on the Se NP 
formation: a the solution 
without stabilizing agent, b 
the solution with stabilizing 
agent (CS or CCNFs)

Table 2  Determination of Se NPs size and zeta potential at 
different chitosan concentrations

Sample no Size (nm) Zeta potential 
(mV)

Mean SD Mean SD

1 17.8 4.6 36.5 0.2
2 34.0 3.7 46.8 0.6
3 37.2 0.4 39.7 1.8
4 31.4 6.6 38.9 0.3
5 37.8 17.1 34.0 0.6
6 161.0 3.3 31.1 0.8
7 42.9 0.6 28.1 0.2
8 206.0 5.0 32.8 0.2
9 27.7 15.1 28.6 0.3
10 15.3 3.9 49.4 1.0
11 23.6 3.4 35.2 0.6
12 37.2 2.4 36.0 1.0
13 19.4 4.4 37.6 0.6
14 46.1 2.9 38.3 0.2
15 18.0 2.7 30.5 1.4
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RSM model for the optimization of size and zeta 
potential of CS-Se NPs

CCD was used to determine the effect of 3 explana-
tory variables selected on size and zeta potential of 
the synthesized Se NPs. Table  2 shows the results 
obtained for each of the 15 tested formulations using 
CS as a stabilizing agent.

As observed in Table 2, the particle size of Se NPs 
synthesized under different conditions using CS as a 
stabilizing agent varies notably, ranging from 15 to 
206  nm. This wide range of sizes demonstrates the 
possibility to control particle size, achieving even 
extremely small sizes. In particular, a combination of 
1.5 wt % CS with a solution of 0.05 M  Na2SeO3 and 
0.5 M ascorbic acid produced Se NPs with a size as 
low as 15.35 nm. This ability to achieve such small 
sizes is crucial for applications requiring high specific 
surface area and unique properties at the nanoscale 
(Khan et  al. 2019). Furthermore, the zeta potential, 
which indicates the stability of the nanoparticles and 

consequently their no aggregation, ranged between 28 
and 50 mV.

The standardized effects of the independent vari-
ables and their interaction on the responses can be 
better visualized using Pareto chart. The length of 
each bar in the chart indicates the standardized effect 
of the factor on the responses. In this case, the factors 
selected here are the reagents used in this reaction 
and the responses are size and zeta potential. The bars 
corresponding to each factor protruding outside the 
reference line (which is marked as 1.559 in Fig.  2a 
and 2b) contribute more to the prediction of the parti-
cle size and zeta potential. In Fig. 2, the three factors 
were named A, B, C corresponding to concentrations 
of  Na2SeO3, chitosan, and ascorbic acid, respectively. 
Specifically, in the case of CS-Se NPs, it was found 
that the concentration of  Na2SeO3 (A) and ascorbic 
acid (C), that is the metal precursor and the reduc-
ing agent, respectively, have a significant effect on 
the variation in values of the responses (size and zeta 
potential).

Fig. 2  a Pareto chart for size; b Pareto chart for zeta potential of CS-Se NPs

Table 3  Analysis of 
variance of size and zeta 
potential of CS-Se NPs 
using the backward method

Analysis of Variance (Significant 
Values)

Size Zeta potential

F-Value P-Value F-Value P-Value

Model 14.13 0.000 16.88 0.000
Na2SeO3 14.63 0.003 41.15 0.000
Chitosan Neglected 3.77 0.081
Ascorbic acid 15.52 0.003 13.84 0.004
Chitosan*Chitosan Neglected Neglected
Ascorbic acid*Ascorbic acid 8.73 0.014 8.76 0.014
Na2SeO3*Ascorbic acid 17.64 0.002 Neglected
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The above observation can also be confirmed by 
the F-value from the Table 3 of analysis of variance. 
The significance of the effect of the concentration of 
respective variables and their interaction on the con-
sidered responses can be evaluated from the F-value.

The global Fischer’s F-test values of 14.13 for 
size and 16.88 for stability indicate that the model 
is significant. The only probability for the F-value 
to be this large is only 0.01%. In the analysis of the 
variance table, the highest F-values were observed 
for  Na2SeO3 (A) and ascorbic acid (C), hence prov-
ing their major contribution or effect in varying the 
size and stability of CS-Se NPs. The only interac-
tion that was deemed significant to size was the one 
between A and C. Hence, they cannot be considered 
to exert independent effects over nanoparticle size. In 
the case of zeta potential, no interaction was deemed 
significant, leaving all individual factors as independ-
ent variables.

Additionally, the p-value has also an effect on 
determining the significance of the model, i.e., the 
terms with corresponding p-values smaller than 
0.05 were considered significant in their impact on 
the response. The p-values of the model for size and 
stability were 0.000 and 0.000, respectively, which 
indicates that the model is statistically significant. 
The p-values for A  (Na2SeO3) and C (ascorbic acid) 
for zeta potential of CS-Se NPs indicate their major 
contribution in the reaction and the statistical signifi-
cance of the model. The coefficient of determination 
 (R2) value for the size of CS-Se NPs from the statisti-
cal report of the model summary was 0.85, while the 
 R2 value for zeta potential was 0.87, which indicates 
that the variables fitted into the model. This means 
that 85% and 87% of the variation in the size and zeta 
potential of the NPs was due to the change in the con-
centration of three variables. These values were close 
to 1 and it indicates a strong agreement between the 
experimental data and the model-predicted results. 
The model could be represented as Eq. 4 and 5 which 
are the regression equation in uncoded units for size 
and zeta potential for CS-Se NPs, where A-Na2SeO3, 
B-Chitosan, C-Ascorbic acid. This equation repre-
sents the interaction of the factors between them-
selves and with others. The regression coefficient’s 
magnitude reflects the potency of the different terms 
within the model.

To better understand the effects of independ-
ent variables and their interactions on the response, 
as well as the conditions yielding the optimum val-
ues for both responses, the experimental conditions 
were further analyzed. This was done by constructing 
three-dimensional response surface graphs and two-
dimensional contour plots derived from regression 
Eqs. 4 and 5.

In the case of CS-Se NPs, the concentration of CS 
was held at 1.5 wt% as it doesn’t have much influence 
in the variation of Se NPs size and stability. The non-
linear nature of all the three-dimensional response 
surfaces indicates significant interactions between the 
independent variables, showing that they had mutu-
ally dependent influences on the responses. The main 
effect plot of CS-Se NPs is shown in Fig.  2 Sa and 
1 Sb (Supplementary material) which illustrates the 
distribution of size and zeta potential at various con-
centrations of the reagents (Fig. 3).

The data presented in all the plots indicate the suc-
cessful synthesis of CS-Se NPs with small size and 
high stability. The stability of the nanoparticles is 
inferred from the zeta potential values, with higher zeta 
potential indicating greater stability. From the graphs, 
it is evident that the synthesized CS-Se NPs have sizes 
ranging from 10 to 70  nm and zeta potential values 
between 30 and 40  mV. These results were achieved 
when the concentration of  Na2SeO3 and ascorbic acid 
were between 0.5 M and 0.95 M, and the concentration 
of CS was between 1.5 and 2 wt %.

Validation of the combined RSM model of size and 
stability for CS-Se NPs

Figure  4 shows the combined contour plot of zeta 
potential and size with  Na2SeO3 and ascorbic acid as X 
and Y axis, keeping the concentration of CS at a con-
stant value.

From the RSM model of CS-Se NP, it was evident 
that concentration of  Na2SeO3 and ascorbic acid have a 
significant effect on the variation of its size and stabil-
ity while CS has not shown any influence. The white 

(4)
Size = 27.9 + 162.1A − 181.0C

+ 203.9C ∗ C − 187.0A ∗ C

(5)
Zeta potential = 49.34 − 13.78A − 3.75B

+ 16.49C + 24.48C ∗ C
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colored region in the combined contour plot of size and 
stability of CS-Se NPs is the area of interest and is used 
for the validation of the model. To do this, nanoparti-
cles of size and stability in between 10 and 70 nm and 
30–40 mV were synthesized. The size and stability of 
the NPs will be in this range when the concentration 

of  Na2SeO3 and ascorbic acid were 0.7  M while the 
concentration of CS was 1.8 wt %. The Se NPs were 
capped by the CS molecules giving the mentioned sta-
bility and size to the nanoparticles. The positive value 
of zeta potential is due to the fact that the nanoparticles 
were modified on the surface by the positively charged 

Fig. 3  For CS-NPs: a surface plot of size; b surface plot of zeta potential; c two-dimensional contour plot for size; d two-dimen-
sional contour plot for zeta potential

Fig. 4  Combined contour 
plot of zeta potential and 
size for CS-Se NPs
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CS molecules. This surface interactions resulted in the 
improved stability and smaller size for Se NPs.

RSM model for optimization of size and zeta 
potential of CCNF-Se NPs

The results of Table 4 indicate that CCNFs can sig-
nificantly influence the size and stability of Se NPs. 
Optimal concentrations seem to produce nanopar-
ticles in the 60–90  nm range with zeta potential 
values indicating good stability. However, some 
conditions lead to much larger sizes, likely due to 

aggregation. The high variability in some measure-
ments suggests that fine-tuning the concentration of 
CCNFs is crucial for obtaining consistent and stable 
nanoparticles.

Statistical analysis was conducted using CCD 
model for CCNF-Se NPs similar to that of CS-Se 
NPs. Different concentration of  Na2SeO3, CCNFs, 
and ascorbic acid was used as the three independ-
ent variables and the responses were size and zeta 
potential. 15 sets of experiments were conducted 
using different concentrations of the variables 
and their responses were noted and the model was 
plotted. A, B, C corresponds to concentration of 
 Na2SeO3, CCNFs, and ascorbic acid respectively. It 
was clear from the Pareto chart (Fig.  5a and b) of 
CCNF-Se NPs that A and C contribute significantly 
to the variation in size while almost all variables 
have a significant effect on the zeta potential. In the 
case of size of CCNF-Se NPs, interaction between 
A and C were significant whereas there were signifi-
cant interactions between A, B, and C for the zeta 
potential.

The model F-value for size and zeta potential 
was 5.76 and 34.32 respectively. Since the value 
exceeds 1, it indicates that the model was signifi-
cant. Additionally, the model p-value was found 
to be 0.013 and 0.00 for size and zeta potential, 
respectively. This small value proves again the sta-
tistical significance of the model. The p-value for 
A and C in the analysis of variance of size and A, 
B, C in the analysis of variance of zeta potential is 
less than 0.05 indicating that they contribute signifi-
cantly to the data variability. The F value is higher 
for A  (Na2SeO3) and C (ascorbic acid) for size 

Table 4  Determination of Se NP size and zeta potential at dif-
ferent CCNF concentrations

Run Size (nm) Zeta potential (mV)

Average SD Average SD

16 70.2 0.8 28.0 1.2
17 59.8 15.3 45.7 0.5
18 69.0 3.6 29.6 1.4
19 33.6 0.4 20.1 0.8
20 34.5 1.6 25.8 0.9
21 152.5 1.7 37.8 0.9
22 72.0 1.0 17.6 1.8
23 363.5 17.9 25.3 0.1
24 70.7 0.2 22.2 0.7
25 65.5 23.5 28.5 0.9
26 82.9 0.4 27.0 0.1
27 84.4 1.3 33.4 0.8
28 124.8 1.7 28.0 0.4
29 272.3 8.6 32.9 1.8
30 81.8 1.4 26.3 1.4

Fig. 5  Pareto chart of a size and b zeta potential of CCNF-Se NPs
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while it is higher for A  (Na2SeO3), B (CCNFs), and 
C (ascorbic acid) for zeta potential in the analysis 
of variance that is shown in Table 5. The F values 
were in accordance with the Pareto chart since the 
latter also exhibits the same trend. All the variables 
have a significant contribution in varying the zeta 

potential of the CCNF-Se NPs while only two for 
the size. The  R2 value from the model summary for 
the size and zeta potential of CCNF-Se NPs was 
found to be 0.61 and 0.97 respectively. So, from 
the F, P and  R2 value, it can be concluded that the 
model thus designed was statistically significant. 
Upon regression analysis we could obtain Eq. 6 and 
7 for size and zeta potential and the variables were 
then expressed using their coded values, where A, 
B, C represents  Na2SeO3, CCNFs, and ascorbic acid 
respectively.

To determine the optimum concentration 
required for the synthesis of small and highly stable 
NPs, surface response graphs, main effect, and con-
tour graphs were plotted using the software.

(6)Size = 66.5 + 215.0A − 14.5C − 225.2A ∗ C

(7)

Zeta potential = 46.24 + 1.63A − 26.68B

− 16.91C − 8.662A ∗ A + 12.61A ∗ B

− 7.97A ∗ C + 22.79B ∗ C

Table 5  Analysis of variance of size and zeta potential of 
CCNF-Se NPs

Analysis of Variance 
(significant values)

Size Zeta potential

F-Value P-Value F-Value p-Value

Model 5.76 0.013 34.32 0.000
Linear 6.60 0.013 46.29 0.000
Na2SeO3 5.19 0.044 14.14 0.007
CCNF Neglected 66.03 0.000
Ascorbic acid 8.01 0.016 58.69 0.000
Na2SeO3*Na2SeO3 Neglected 3.72 0.095
Na2SeO3*CCNF 21.12 0.002
Na2SeO3*Ascorbic 

acid
4.07 0.069 7.57 0.028

CCNF*Ascorbic acid Neglected 68.94 0.000

Fig. 6  Three-dimensional Surface plots of a size b zeta potential for CCNF-Se NPs. Two-dimensional contour plot for c size, d zeta 
potential of CCNF-Se NPs
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Figure  6a and b shows the three-dimensional 
surface plot of size and zeta potential of CCNF-Se 
NPs. Surface plots demonstrate the mutual inter-
action between two targeted variables on the size 
and stability of the CCNF-Se NPs by converting 
the data into a three-dimensional diagram. The 
two-dimensional (2D) contour plot (Fig. 6c and d), 
generated from the pairwise combination of vari-
ables while holding other variables at their center 
point level, demonstrates the mutual interaction of 
the independent factors. The fixed variables in all 
the surface and contour graphs were held constant 
at values 0.5 M for both  Na2SeO3 and ascorbic acid 
while it was 0.525% wt for CCNFs. From these 
graphs along with the two-dimensional contour 
plot, it can be partly assured that highly stable and 
small sized nanoparticles can be obtained if we use 
concentrations of ascorbic acid to be 0.5 M and that 
of  Na2SeO3 and CCNFs to be in the range between 
0.05 and 0.5 M and 0.05–0.5% wt respectively. The 
same results can be derived from the main effect 
plot of size and zeta potential of CCNF-Se NPs 
(Fig. 3 Sa and Sb).

Contour plot of zeta potential and size

The combined contour graph (Fig.  7) of zeta poten-
tial and size of CCNF-Se NPs were plotted using the 
values of size and zeta potential that we obtained by 
using different combinations of variables as the 15 
sets of experiments that we designed, and it was vali-
dated. From this validation it was observed that the 

stable Se NPs of size and zeta potential in between 50 
and 85 nm and 30–35 mV could be synthesized when 
the concentration of  Na2SeO3 and ascorbic acid were 
0.3 M and 0.5 M respectively. 0.3% wt of CCNFs was 
added to the above mixture which acts as a stabilizing 
agent to stabilize the Se NPs formed.

CS-Se NPs and CCNF-Se NPS were prepared 
based on the concentrations obtained from the vali-
dated model. From the synthesis of Se NPs using 
two different stabilizers, it was found that the size of 
CCNF-Se NPs was a little bit larger than the CS-Se 
NPs. It was proved that we can obtain CS-Se NPs 
of size and zeta potential in the range 10–70 nm and 
30–40  mV, respectively, when the concentration of 
 Na2SeO3 and ascorbic acid were 0.7 M and CS was 
1.8 wt %. In the case of CCNF-Se NP, it was found 
that we could obtain size and zeta potential between 
50 and 85  nm and 30–35  mV, respectively, when 
the concentrations of  Na2SeO3, ascorbic acid, and 
CCNFs were 0.3 M, 0.5 M, and 0.3% wt respectively.

Synthesis of optimized Se NPs

Experimental validation of optimized parameters 
was carried on. In the case of Se NPs using CS as a 
stabilizer, 100  mL of 0.7  M ascorbic acid, 1  mL of 
1.8 wt % CS solution were used. Contrary, for the Se 
NPs using CCNFs as a stabilizing agent, 100 mL of 
0.5  M ascorbic acid, 0.3  g of CCNFs, and 1  mL of 
0.3 M  Na2SeO3 were used. Their formation was con-
firmed by the SPR band in the UV–Vis spectra which 

Fig. 7  Combined contour 
plot of zeta potential and 
size of CCNF-Se NPs
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was done after their synthesis. DLS of the above pre-
pared CS-Se NP and CCNF-Se NP solution was done 
to determine its size and zeta potential. The colour 
of the solution will change from colourless to dark 
orange-red upon the addition of the precursor which 
indicates the formation of nanoparticles.

UV–Vis spectrophotometry

The initial confirmation of CS-Se NPs and CCNF-
Se NP formation was achieved through plasmon 
resonance using UV–Visible spectrophotometry. The 
color change from colorless to bright orange red was 
an indication for the reduction  Na2SeO3 to elemen-
tal Se, that is, Se (0) and was due to the excitation of 
surface plasmon resonance (SPR). The UV–Vis spec-
trum of the synthesized CS-Se NPs and CCNF-Se 
NPs were given in Fig. 8. Also, an inset image of the 
Se NPs synthesized using CS and CCNFs is provided 
in the UV–Vis spectra.

For CS-Se NPs, the SPR band was obtained at 
253.31  nm while it was at 255.22  nm for CCNF-Se 
NPs. The band in this range confirms the formation of 
Se NPs, consistent with previous studies. Lunko et al. 
(Lunkov et al. 2023) synthesized Se NP stabilized by 
quaternized chitosan derivatives and observed SPR 
band at 262–293 nm. A SPR band at 217 and 278 nm 
was observed by Elsayed et al. for the synthesized Se 
NPs (Elsayed, Hasanin, and Abdelraof 2022). Gunti 

et al. (Gunti et al. 2019) prepared Se NPs from Embil-
ica officinalis fruit extract and observed SPR band at 
270 nm. Similarly, an UV–Vis absorption maximum 
at 261  nm was obtained through the green synthe-
sized Se NPs from Diospyros montana leaf extract 
(Kokila et al. 2017). It was found that when the size 
of the Se NPs is above 100 nm it will show a band 
above 300  nm (Shah et  al. 2010). So, the peak that 
was obtained in this study proves the formation of 
nanoparticles of smaller size. Se NPs synthesized 
using two different stabilizers (CS, CCNFs) exhibit 
almost similar color and characteristic SPR band.

Dynamic light scattering measurements (DLS)

The size and zeta potential of the synthesized and 
RSM-optimized nanoparticles were determined 
using DLS measurements. Zeta potential was a 
crucial property for evaluating the current state of 
nanoparticles and their stability in solution (Molina 
et  al. 2011). DLS measurements confirmed that Se 
NPs synthesized using CS as a stabilizer have size 
ranging from 10 to 70 nm and zeta potential between 
30 and 40 mV (Fig. 3S a and b). In comparison, Se 
NP stabilized with CCNFs exhibit size between 50 
and 85 nm and zeta potential of 30–35 mV (Fig. 4S 
c and d). The positive zeta potential is attributed to 
the presence of positively charged CS and CCNFs 
on the surface of the Se NPs. These positively 
charged molecules cap the nanoparticles, inducing 

Fig. 8  Normalized and 
shifted UV–Vis spectra of 
Cs-Se NPs and CCNF-Se 
NPs
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stability and preventing aggregation. Higher zeta 
potential values correlate with increased nanopar-
ticle stability due to greater electrostatic repulsion 
between nanoparticles. CS and CCNFs surface 
modified Se NPs remain stable and monodispersed 
in the medium due to the positive charge imparted 
by the stabilizing agents. This positive charge gen-
erates repulsive forces, which prevent nanoparticle 
aggregation. Narrow peaks in the DLS spectra of 
CS-Se NPs and CCNF-Se NPs indicate that the nan-
oparticles are monodispersed, also they have poly-
dispersity index of 0.21 for CS-Se NPs and 0.16 for 
CCNF-Se NPs, which suggests minimum particle 
aggregation. The primary focus of this work was 
the synthesis of stable, small-sized nanoparticles, 
which was successfully achieved in this experi-
ment. It was found that the size and zeta potential of 
both CS stabilized and CCNFs stabilized nanoparti-
cles were very much alike. Thus, the production of 
nanosized, stable nanoparticles has been confirmed 
by DLS measurements.

FESEM

FESEM analysis confirmed the morphology of the 
synthesized Se NPs. These images reveal that CS-Se 
NPs and CCNF-Se NPs were spherical in shape. 
Figure 9a show the FESEM images of Se NP stabi-
lized by CS while Fig. 9b shows Se NP stabilized by 
CCNF with marked sizes of NPs. The Se NPs were 

uniformly dispersed in the medium without any 
aggregation. CCNFs demonstrates similar stabiliz-
ing properties to CS, ensuring uniform dispersion in 
the medium. This confirms that both CS-Se NPs and 
CCNF-Se NPs are almost identical, spherical, and 
highly stable, as indicated by their high zeta potential.

CS and CCNFs serve as both stabilizing and cap-
ping agents, significantly affecting the size and stabil-
ity of synthesized Se NPs under consistent conditions. 
Their capping action results in a uniform distribution 
of nanoparticles due to the positively charged CS and 
CCNF molecules, which impart a positive charge to 
the nanoparticles. This positive charge induces repul-
sive forces, preventing aggregation and promoting 
uniform distribution. The size and shape of the nano-
particles synthesized using both stabilizers were very 
much alike and spherical. Additionally, the synthe-
sized nanoparticles fall within the range specified in 
the RSM model, validating the model’s accuracy and 
error-free performance based on the size and stabil-
ity of the nanoparticles. The results obtained from 
FESEM images were consistent with the DLS anal-
ysis, although the sizes of the Se NPs were slightly 
larger in the DLS measurements. This discrepancy 
could be attributed to the hydrodynamic coating of 
water molecules around the CS-Se NPs and CCNF-Se 
NPs in the case of DLS measurements.

Moreover, the synthesized Se NP stabilized by 
CS and CCNFs showed greater stability and smaller 
size compared to the nanoparticles synthesized 

Fig. 9  FESEM image of a CS-Se NPs and b CCNF-Se NPs. Numbers indicate particle diameter



935Cellulose (2025) 32:919–940 

Vol.: (0123456789)

through non-green methods. Xia et  al. (Xia et  al. 
2018) synthesized Se NPs decorated with the polyca-
tionic polymers like polyethyleneimine (PEI) linked 
with folic acid (FA). The size of the modified NPs 
were ~ 115 nm and a zeta potential of 19.4 mV. Gan-
gadoo et al. (Gangadoo et al. 2017) used poly sodium 
4-styrenesulfonate (PSSS) as a stabilizer to synthesize 
Se NPs of size 46 nm and zeta potential of 0.8 mV. 
Polyvinyl alcohol (PVA) stabilized Se NPs of size 
20–80 nm was synthesized by Shah et.al (Shah et al. 
2007). Se NPs synthesized using CS and CCNFs as 
stabilizer represent a sustainable and green method, 
as we could obtain Se NPs with smaller, compara-
ble size, and improved stability when compared with 
the former studies mentioned above. The stabilizing 
agents used in the former studies are not sustainable 
materials when compared with the stabilizers used in 
this work. The key aspect is that we could prepare Se 
NPs of comparable size and improved zeta potential 
value compared to those synthesized using non-eco-
friendly method. The method we used was low cost, 
efficient and green.

Energy dispersive X-ray spectroscopy (EDX)

EDX spectra were measured in conjunction with 
FESEM. The strong peaks in the EDX spectra con-
firmed that the spherical nanoparticles are selenium. 
Figure  10 depicts the EDX spectra of CS-Se NPs 
and CCNF-Se NPs, showing a distinct peak for Se. 
This confirms the formation of elemental Se NPs 
which being spherical in shape. The synthesized Se 
NPs showed characteristic absorption peaks of Se at 

1.37 keV and 11.22 keV (Sharma et  al. 2014). Car-
bon (C) and oxygen (O) peak in the spectra confirms 
the presence of stabilizers which were composed of 
alkyl chains. So, these peaks confirm the formation of 
elemental selenium and their interaction with CS and 
CCNFs.

X-ray diffraction analysis (XRD)

The XRD patterns of CS-Se NPs and CCNF-Se NPs 
are displayed in Fig. 11. Sharp Bragg peaks indicate 
the presence of selenium crystallites. Out of the dif-
ferent allotropes that elemental selenium may adopt, 
α-monoclinic Se is generally favored for nanoparti-
cle synthesis from a selenium(IV) precursor (Lin and 
Wang 2005). In any case, the occurrence of conduc-
tive hexagonal Se crystals is neglected in light of the 
color of the Se NPs presented here (orange to deep 
red, not metallic grey) (Ruiz-Fresneda et  al. 2023), 
the failure to observe hexagonal rods by electronic 
microscopy, and the XRD patterns themselves.

α-Se has been reported to have lattice constants 
of values a = 11.60  Å, b = 9.08  Å, and c = 14.82  Å 
(Cherin and Unger 1972). Crystallographic planes 
(020), (101), (200), (31–2), (30–1), and (122) were 
assigned to the diffraction peaks of 2θ = 19.9°, 20.9°, 
25.2°, 27.8°, 29.8°, and 35.5°, respectively. That said, 
given the multiplicity of diffraction peaks, the pres-
ence of other monoclinic or amorphous phases should 
not be disregarded.

Fig. 10  EDX spectra of a CS-Se NPs, b CCNF-Se NPs



936 Cellulose (2025) 32:919–940

Vol:. (1234567890)

Fourier transform infrared spectroscopy (FT-IR)

FTIR analysis was used to find the functional groups 
by measuring the vibrational frequencies of chemical 
bonds present on the surface of the synthesized Se 
NPs. The intense peak at 3540.04   cm−1 of ascorbic 
acid (Fig. 12 a) was shifted to 3524.85  cm−1 of CS-Se 
NPs (Fig. 12b), which indicate that the Se has inter-
acted with the hydroxyl group of ascorbic through 
hydrogen bonding and facilitated in the Se NP 

synthesis. Peaks at 1653.94   cm−1 and 1320.60   cm−1 
correspond to the stretching vibration of C–C double 
bond and the peak of enol-hydroxyl respectively of 
L-ascorbic acid. The bands at 714 and 551.45   cm−1 
indicate the binding of Se NPs with hydroxyl groups, 
forming Se-O bonds. This suggests the presence of 
coordination bonds between selenium and ascorbic 
acid. 869.81  cm−1 and 1266  cm−1 peaks in the CS-Se 
NPs correspond to the saccharide structure of chi-
tosan and it indicate the presence of chitosan on the 

Fig. 11  XRD patterns of 
synthesized CS-Se NP and 
CCNF-Se NP

Fig. 12  a FT-IR spectra of all the reagents used; b combined FT-IR spectra of CS-Se NP and CCNF-Se NP
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surface of the Se NPs. Thus, it can be proved that Se 
NPs were surface functionalized by the CS molecules.

The peak at 3282.82  cm−1 is due to the O–H group 
of CCNF and it was shifted to 3213.03  cm−1 in CCNF-
Se NPs which suggest that the Se has interacted 
with hydroxyl groups in cationic cellulose nanofib-
ers and has been surface functionalized. The peak at 
1153.55   cm−1 is due to the C–C ring stretching band 
in the CCNFs. The peak at 2927.94  cm−1 is due to C-H 
moieties of cellulose in the CCNFs and was shifted to 
2916.80 indicating that Se interacted with CCNFs and 
has been surface functionalized. These results confirm 
the role of the reducing and stabilizing (CS & CCNFs) 
agents in the synthesis of Se NPs.

Conclusions

In the present study, Se NPs were successfully syn-
thesized using a green chemical reduction method 
employing CCNFs for the first time or CS as stabi-
lizing agents while  Na2SeO3 as the metal precursor 
and L-ascorbic acid as the reducing agent. The Se 
NPs aggregation was eliminated by the presence of 
the stabilizing agents like CCNFs or CS. The posi-
tively charged CCNFs or CS act as a capping agent 
for the negatively charged Se NPs providing a steric 
hindrance and electrostatic repulsion which prevented 
their particle aggregation. The anionic demand of 
CCNFs was 2000  µeq/g and nano fibrillation yield 
was found to be greater than 95%. An experimental 
design was used to optimize nanoparticles size and 
stability, focusing on reagent concentrations as three 
independent variables. The RSM model for CS and 
CCNFs stabilized nanoparticles was validated using 
the CCD approach. The  R2 value obtained for size 
and stability for both CS-Se NPs and CCNF-Se NPs 
were close to 1 indicating that the variables really fit-
ted into the model and the model was error-free and 
significant. The model was optimized and CS-Se NPs 
of size and zeta potential in between 10 and 70  nm 
and 30–40 mV was synthesized when the concentra-
tion of  Na2SeO3 and ascorbic acid were 0.7  M and 
1.8%wt. of CS. While CCNF-Se NPs of size and zeta 
potential value between 50 and 85 nm and 30–35 mV 
were synthesized when the concentration of the pre-
cursor, reducing agent, and CCNFs (stabilizer) were 
0.3 M, 0.5 M, and 0.3%wt. The uniform distribution 
and spherical shape of the synthesized CS-Se NPs 

and CCNF-Se NPs was proved by FESEM, and their 
size was measured by DLS. The interaction between 
the stabilizing agent and Se NPs was confirmed using 
the FTIR technique. The formation of elemental Se 
and their crystalline nature was established by the 
EDS and XRD spectra. Thus, in this work, small and 
stable CS-Se NPs and CCNF-Se NPs were effica-
ciously synthesized and optimized using RSM-CCD 
modeling.
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