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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Cost-effective, green approach to the 
nanocomposite synthesis. 

• Usage of biowaste derivates and inor-
ganic materials for green development. 

• Hybrid approach of combining adsorp-
tion and size exclusion with optimized 
formulations for outstanding 
performance. 

• The nanocomposite achieved up to 
98.7% removal of Ni ions and 100% 
removal of Congo red (CR) dye. 

• Efficient removal of heavy metals (Cd, 
Ag, Al, Fe, Hg, Mo, Li, Se) and other 
elements (Ba, Be, P, Zn) from real-world 
municipal wastewater.  
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A B S T R A C T   

Nanocomposites have emerged as promising materials for pollutant removal due to their unique properties. 
However, conventional synthesis methods often involve toxic solvents or expensive materials. In this study, we 
present a novel ternary nanocomposite synthesized via a simple, cost-effective vacuum filtration method. The 
composite consists of calcium phosphate (CaP), biowaste-derived nanocellulose (diameter <50 nm) (NC), and 
chitosan (CH). The nanocomposite exhibited exceptional pollutant removal capabilities due to the hybrid 
approach of combining adsorption and size exclusion that widens and accelerates pollutant removal. When tested 
with synthetic wastewater containing 10 ppm of Ni ions and 10 ppm of Congo red (CR) dye, it achieved 
impressive removal rates of 98.7% for Ni ions and 100% for CR dye. Moreover, the nanocomposite effectively 
removed heavy metals such as Cd, Ag, Al, Fe, Hg, Mo, Li, and Se at 100%, and Ba, Be, P, and Zn at 80%, 92%, 
87%, and 97%, respectively, from real-world municipal wastewater. Importantly, this green nanocomposite 
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membrane was synthesized without the use of harmful chemicals or complex modifications and operated at a 
high flux rate of 146 L/m2.h.MPa. Its outstanding performance highlights its potential for sustainable pollutant 
removal applications.   

1. Introduction 

Increasing human activities for enhancing agricultural and industrial 
production and lifestyle changes have resulted in increased pollutant 
deposition in the water bodies (Nayak and Bhushan, 2021). These pol-
lutants ending up in the water resources forced the authorities such as 
the United Nations to introduce sustainability policies that aim to ensure 
the availability and management of water and sanitation (“Water and 
wastewater treatment technologies,” n. d.). Depending on the nature, 
type, and concentration of the pollutants in the water bodies and their 
degradation pathways, different pollutants exhibit different toxicity ef-
fects on the environment and living organisms (Huang et al., 2020; 
Kumar et al., 2020) Heavy metals like arsenic originated from industries 
related to glass, pigments, textiles, paper, and metal adhesives are class 
1 carcinogens (Altowayti et al., 2021; Li et al., 2021). Nickel is a heavy 
metal commonly found in wastewater derived from industries of coal, 
diesel, and fuel oil, and the incineration of waste and sewage. Over-
exposure to nickel can cause nausea, vomiting, diarrhea, headache, 
cough, and shortness of breath and up to death (Costa et al., 2022; 
Khadim et al., 2019). Other than heavy metals, organic pollutants like 
synthetic dyes are also among the most common pollutants that can be 
found in wastewater (Thirunavukkarasu et al., 2020). Global con-
sumption of synthetic dyes is roughly 7 × 105 tons per year, of which the 
textile industry consumes about two-thirds. Consumption of synthetic 
dyes produces large volumes of wastewater discharged into aquatic 
ecosystems. For example, Congo red (CR), is a known carcinogenic 
compound that produces toxic effects in the hydrations, reduces light 
penetration, and alters the photosynthetic activity, causing oxygen 
depletion, among other effects in water bodies (Akhtar et al., 2020; 
Hernández-Zamora and Martínez-Jerónimo, 2019). Moreover, the 
textile industry wastewater has emerged as a pressing environmental 
concern due to its composition, which includes organic dyes, suspended 
solids, dissolved solids, and heavy metals. When synthetic textiles are 
used and discarded, they release microfibers into the environment, often 
measuring less than 5 mm (and sometimes as small as 1 mm). Further-
more, microplastics—resulting from the degradation of larger plastic 
items—pose a real threat by potentially fouling membranes. Although 
coagulation/flocculation processes serve as pretreatment measures to 
prevent fouling, some pollutants still manage to evade these processes. 
Consequently, efficient treatment options like membrane filtration play 
a crucial role in addressing this issue (Aragaw and Bogale, 2023; Ram-
asamy et al., 2022). 

Other common pollutants found in wastewater include suspended 
particles like sand, personal care products, plastic additives, anticorro-
sives, flame retardants, detergents, chemicals excreted from urine and 
feces, pesticides, hydrocarbons, and biological pollutants like bacteria, 
viruses, and fungi (Madeira and de Araújo, 2021). This pollutant 
deposition in the water bodies needs to be controlled and eliminated to 
improve environmental safety. 

The current wastewater treatment techniques can be categorized into 
three classes such as physical, chemical, and biological methods (Ashraf 
et al., 2021). Physical methods include techniques like sedimentation 
and membrane separation. These techniques are characterized by 
physical activity resulting in the elimination of the non-dissolved pol-
lutants in the wastewater. This method is suitable for the removal of 
biological pollutants like bacteria, viruses, fungi, and suspended parti-
cles (Ali, 2012; Zhang et al., 2016). However, the removal of dissolved 
pollutants is ineffective in the physical approach (Barman et al., 2021). 
Chemical methods include techniques such as precipitation, coagula-
tion, ion exchange, adsorption, neutralization, and solvent extraction. 

The main advantage of this approach is the removal of targetted, dis-
solved, and a wide pollutant spectrum. However, the approaches often 
involve complex reaction that creates requirements for secondary 
treatment (Ahmad et al., 2015; Tang et al., 2016). Biological methods 
are suited mostly for very large-scale wastewater treatment however 
lack flexibility in operation (Meena et al., 2019). While the current 
wastewater treatment approaches can remove conventional pollutants 
like suspended particles, clays, bacteria, and other microorganisms, to 
eliminate the wider pollutants from the wastewater, it is necessary to 
develop a hybrid system that combines multiple mechanisms (Dhangar 
and Kumar, 2020). Emerging approaches such as electrocoagulation are 
also being studied as effective wastewater treatment methods. Electro-
coagulation combines coagulation, flotation, sedimentation, and elec-
trochemistry. It outperforms traditional approaches due to its simplicity, 
reduced sludge production, low maintenance requirements, and 
cost-effectiveness. Specifically suited for oil-containing wastewater, 
electrocoagulation is promising. However, as a relatively new process, it 
requires further research to optimize its overall performance and 
address any limitations such as high dependence on parameters such as 
pH, electrode material and configuration, oil concentration, electrolyte 
concentration, etc. (Kadier et al., 2022; Al-Qodah et al., 2024). Another 
approach involves combining hybrid materials by pairing. One such 
pairing involves metal-organic frameworks (MOFs) with naturally 
occurring hierarchical diatom biosilica. The adsorbent has yielded 
promising results, including 99.02 ± 1.3% degradation efficiency 
against malachite green (MG) and efficient removal of Pb2+ ions (96.45 
± 2.1% removal efficiency). However, the degradation process was 
carried out in 60 min, and the outcomes for a wider range of dyes varied 
from 75% to 98%, indicating both potential and room for improvement 
(Uthappa et al., 2020). Another avenue explored the extraction of 
Casein, a protein-based biopolymer derived from cow’s milk. Casein 
exhibited electrostatic interactions, hydrogen bonding, hydrophobic 
interactions, and π-π interactions, highlighting its potential as a biobased 
green material. Nevertheless, its performance across a broader spectrum 
of dyes remained between 70% and 85%, suggesting promising results 
but still leaving space for enhancement (Hegde et al., 2024). 

This paper describes the synthesis of a highly efficient green ternary 
nanocomposite for wastewater treatment. The approach combines 
adsorption and size exclusion mechanisms to remove pollutants. The 
nanocomposite formulations include biomass-derived nanocellulose 
(NC), chitosan (CH), and calcium phosphate (CaP). Nanocellulose, 
abundant in nature, provides a fibrous matrix for filtration-based 
structures due to its toughness and linearity (Deepu A Gopakumar 
et al., 2019a; Peter et al., 2022). Chitosan, another natural poly-
saccharide, exhibits strong adsorption capacity for anionic and cationic 
dyes, and heavy metal ions, and acts as an anti-bacterial agent (Peter 
et al., 2020; Zhu et al., 2010). Calcium phosphate, an environmentally 
friendly material, effectively adsorbs heavy metals, dyes, and organic 
pollutants (Lyczko et al., 2014a, 2017). Additionally, it imparts me-
chanical properties to the membrane. By combining these socially and 
environmentally friendly materials, the nanocomposite addresses key 
challenges in wastewater treatment, targeting dissolved pollutants and 
larger particles. The wastewater used in this study was collected from 
the wastewater treatment plants in Graulhet, France. These treatment 
plants handle wastewater from households, hospitals, and industries. 
Before filtration, the wastewater was centrifuged at 20,000 rpm for 10 
min to remove suspended particles. The wastewater was collected before 
the buffering step to avoid any sewage stabilization that could change 
the polluted water characteristics (Zhang et al., 2016). Table 1 presents 
recent research on wastewater treatment applications. While efforts 
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have been made to enhance filtration membrane performance as evident 
from the works cited, many of these studies rely on toxic chemicals, 
complex procedures, and expensive materials, leading to high capital 
and operational costs. We have opted for striking a balance between 
cost-effectiveness and eco-friendliness while not compromising on per-
formance. This approach also aligns with the UN’s sustainability goals. 

2. Materials and methods 

2.1. Materials 

Calcium phosphate powder (CaP) is provided by PRAYON. The 
nanocellulose suspension (NC) and chitosan powder (CH) were pur-
chased from a Canadian-based NC supplier named Cellulose Lab. The 
chitosan powder was in powder form with 90% deacetylation and was 
commercialized by the name Chitosan. The Chitosan was used as chi-
tosan powder (Po-CH) and as dissolved chitosan (Dis-CH) where 1 g of 
chitosan powder was dissolved in 1 wt% acetic acid solution (100 ml) to 
obtain a concentration of 1 wt% of dissolved chitosan (Thomas et al., 
2016). 

2.2. Ternary nanocomposite fabrication 

The fabrication of ternary nanocomposite was done following an 
already reported vacuum filtration method with modification (Lin et al., 
2021). The components were introduced into a standard flask of 250 ml 
volume (CaP and Po-CH), NC suspension (3 wt% NC), and solution 
(Dis-CH = 1 wt % of chitosan powder). After collecting each component 
in specified quantities, distilled water was added. The concentration of 
nanocellulose (X) and calcium phosphate (1.5×) has been kept constant. 
The samples used in the studies are: NC: CaP, NC: CaP: Po-CH (0.25×), 
NC: CaP: Dis-CH (0.1×), NC: CaP: Dis-CH (0.15×). The components 
were introduced into the water were homogenized at room temperature 
using a homogenizer (IKA T 25 digital Ultra-Turrax) at 12,000 r.p.m. for 
15 min to ensure good dispersion. The homogenized suspension was 
immediately vacuum filtrated using a filtration setup followed by drying 
for 24 h under load at room temperature as shown in Fig. 1. 

2.3. Characterization methods 

The morphology of the nanocomposites was observed using a Philips 
XL 30 ESEM FEG with an accelerating voltage of 15 kV. The local 
chemical formulations at a micro-scale were determined by using an 

energy-dispersive X-ray spectroscopy (EDX) module. Fourier Transform 
Infrared spectrophotometer Nicolet model IN10 MX Thermofisher was 
used. IR spectra of all samples from 500 to 4000cm-1 were measured. 
BET method (Brunauer, Emmett and Teller) was used to determine the 
specific surface areas and the porosity by Micromeritics BET Tristar II. 
HORIBA Jobin Yvon Ultima 2 inductively coupled plasma mass spec-
trometer (ICP-MS) was used for the elemental analysis of heavy metals. 
The Congo red analysis was carried out with HP 8452 UV-VIS Spectro-
photometer within the 400 nm–700 nm range where 498 nm was used as 
the identification peak. 

The flexibility test was carried out on a nanocomposite sample flexed 
up to 100 times with a nip gap of 20 mm distance. After the 100 cycles of 
flexing, the unbroken samples were tensile tested using equation (1.1). 

The tensile breaking test where a preload of 2 kN to the sample was 
later applied at a strain rate of 5 mm/min.  

Tensile strength σ max = Pmax /A0                                                   1.1 

where tensile strength (kN/cm2), Pmax = maximum load (kN), A0 =

original cross-sectional area (cm2). 

2.4. Pollutants removal experiments 

Pollutant (heavy metals and Congo red dye) removal experiments 
were conducted in a stirred cell filtration system (SterlitechTM HP4750, 
USA) (Lin et al., 2020). In the beginning, the nanocomposite membrane 
was wetted by dipping it in deionized water for 15 min. This procedure 
was used to prevent membrane compaction throughout the permeation 
or separation experiments. The temperature of the feed solution and 
pressure were maintained at room temperature (25 ◦C) and 10 bar 
(Selected from literature studies). 

The quantity of the pollutants removed was calculated from the 
following equation: 

Pollutant removal percentage=
(

Ci − Ct

Ci

)

x100 1.2  

where Ci and Ct are the pollutant ions concentrations in mg/L at the 
beginning of the experiment and as a function of time t in min with lower 
detection limit of 10 ppb. 

3. Results and discussions 

Morphological characterization was used to observe the interactions 

Table 1 
Comparison of our work with recent similar works.  

Materials Fabrication technology Claims Advantage of our work Reference 

Oleic acid, carbon nanotubes, 
Polyvinylidene fluoride 

Vacuum filtration High salt rejection (99.45%) high water flux (89 LMH) 
30% higher than unmodified PTFE membrane 

No sample preparation 
No use of fluoropolymers 
Careful selection of 
adsorbent instead of 
modification 
Green membrane 

Pouya et al. 
(2021) 

Two-dimensional graphene oxide 
(GO), phosphomolybdic acid 

multi-step process assisted 
with hydrothermal 
treatment 

water permeance of ~275 ± 10 L m− 2 h− 1 

separation efficiency (~99%) for salts 
Simple process 
Low cost 
Greener approach 
Scalability 

Soomro et al. 
(2023) 

Polysulfone (PSF), 
dimethylacetamide (DMA), 
polyvinylpyrrolidone (PVP) 

Solution casting Flux recovery ratio (95.8%), Reactive Green 19 dye rejection 
(99.6%), and tensile strengths of the PEI-SiO2/PSF 
membranes over the neat PSF and SiO2/PSF membranes 

Green membrane 
Cost-effectiveness 
Non-toxic chemical use 

Vatanpour et al. 
(2022) 

Polyvinyl alcohol, polyethersulfone, 
carbon nanotubes, graphene oxide 

Phase inversion Carbon nanotube and graphene oxide membrane showed 54 
% and 35 % higher flux compared to neat polyethersulfone 

Simpler process 
Cost-effective 
High flow Obtained via 
optimization 
Green membrane 

Behdarvand 
et al. (2021) 

Piperazine (PIP), noria, polyamide 
layer, glutaraldehyde 

Condensation reaction Na2SO4 rejection (~98%) and 147.6 L m− 2h− 1MPa− 1 of 
water permeability 

Simpler process 
Cost-effective 
Green approach 

Yang et al. 
(2021)  
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between raw materials in the nanocomposite which was also qualita-
tively evaluated and conclusive observations were made using FTIR 
analysis. Fig. 2(a) presents the internal morphological structures NC: 
CaP where nanocellulose (yellow arrow) and calcium phosphate (blue 
arrow) can be seen. The CaPs appear as agglomerated particles in 
different shapes and sizes based on the agglomerations. The nano-
cellulose appears in fiber-like shapes and entrapping the calcium phos-
phate particles. Fig. 2(b) shows a magnified image of a portion presented 
in Fig. 2(a), here the calcium phosphate particles are entrapped and 
deposited over the nanocellulose structures can be observed. This in-
dicates there is an interaction between the components in the nano-
composite. Moreover, various pores/spaces created between CaP and 
nanocellulose can be observed. These inter and intra-particle spaces can 
potentially play an important role in pollutant entrapment. Fig. 2(c) and 
(d) correspond to the SEM and EDX images of the nanocomposite 
namely NC: CaP at 100 μm of magnification. The non-uniformity (het-
erogeneity) in the surface of the green nanocomposite membrane 
derived from the agglomerated calcium phosphate (CaP) particles can be 
observed. EDX analysis was made in a portion (Fig. 2(c), red box), the 
presence of calcium phosphate on the surface of the composite can be 
observed from the peaks of Ca, P. The presence of nanocellulose is evi-
denced by the peaks of C, and O. The different images demonstrated that 
the green ternary nanocomposite is a flexible material that has nano-
cellulose as the main matrix. Fig. 2(e) illustrates the FTIR spectrographic 
image of the nanocomposite where peaks of 3424 cm− 1 are attributed to 
the OH stretching vibration, 2921 cm− 1 corresponds to the C–H asym-
metric and symmetric tensile vibration in the pyranoid ring. The peak at 
1636 cm− 1 originates from the bending mode of the absorbed water. The 
band at 1372 cm− 1 is due to the OH bending vibration. For NC specif-
ically, the absorption peaks at 1433 cm− 1, 1164 cm− 1, 1114 cm− 1, 1058 
cm− 1 and 896 cm− 1 relate to the CH2 symmetric scissoring in the pyr-
anoid ring, C–O antisymmetric bridge stretching, the crystal absorption 
peak of cellulose I, C–O–C pyranoid ring skeletal vibration and the 
-glycosidic linkages. In the case of CH specifically, intensities of the 
(CO–NH2) band at 1641 cm− 1 and the (NH2) band at 1598 cm− 1 are 
observed. Whereas for CaP, peaks at 1038 cm− 1, attributed to the PO4

3−

respectively were observed in the nanocomposite demonstrating the 
wide range of functional groups that are present in the nanocomposite as 
predicted (Malik et al., 2020). Based on the SEM results, the 
non-uniform surface resulting from agglomerated calcium phosphate 
(CaP) particles impacts the filtration efficiency of the green ternary 
nanocomposite membrane. These irregularities create additional surface 
area, enhancing adsorption and particle entrapment. Additionally, the 

FTIR analysis reveals critical functional groups, such as OH stretching 
vibration, C–H tensile vibration, and the presence of NC, CaP, and CH. 
Overall, these observations contribute to the nanocomposite’s potential 
adsorption capacity, mechanical properties, and effectiveness in 
wastewater treatment. 

The physical properties of the raw materials and nanocomposites are 
presented in Table 2. Owing to the higher surface area and pore char-
acteristics of calcium phosphate (CaP), these features were also evident 
in the nanocomposite, particularly in the isotherm. All the samples 
exhibited a type IV isotherm as specified by IUPAC, with mesopores. 
This information is important, as it indicates that the nanocomposites 
exhibit multiple surface layer formation (Gotor et al., 2000; Hameed 
et al., 2008). The nanocomposite NC: CaP exhibited the highest physical 
properties (surface area, pore volume, and pore diameter), this was 
followed by NC: CaP: Dis-CH (0.1×), NC: CaP: Po-CH (0.25×) and NC: 
CaP: Dis-CH (0.15×). The pore diameter values show that the nano-
composites have mesoporous structures (2 nm < dpore< 50 nm) and pore 
diameter values similar to calcium phosphate. To understand the 
physical characteristics of the nanocomposite, the characteristics of the 
raw materials have to be compared and evaluated. The calcium phos-
phate used in the study has a surface area of 87.5 m2/g, pore volume of 
0.4 cm3/g, and pore diameter of 20.7 nm. Whereas the nanocellulose has 
a surface area of 11.7 m2/g, chitosan has a surface area of 7.8 m2/g and 
2.9 m2/g for powder form and film form respectively. This was directly 
reflected in the physical characteristics of the nanocomposites. For 
instance, NC: CaP nanocomposite exhibited the highest surface area of 
53.9 m2/g in comparison with the other nanocomposites that included 
chitosan. The incorporation of calcium phosphate increases the surface 
area and pore characteristics and chitosan reduces the surface area and 
pore characteristics of the nanocomposites (Fu et al., 2008; Park et al., 
2007). Szatkowski et al. (2015)reported a similar influence in a com-
posite fabricated with calcium hydroxyapatite and chitosan in a one-step 
process. The surface area of pure hydroxyapatite was 80 m2/g, and the 
pore volume was 0.4 cm3/g. In comparing different composite formu-
lations, the highest surface area (81.0 m2/g) was found for the sample 
containing the highest amount of hydroxyapatite and lowest chitosan in 
formulation (HAP/CS:85/15), whereas the lowest surface area (23.0 
m2/g) was found for the formulation HAP/CS:70/30 sample (Yanti and 
Pebrianti, 2021). The nanocomposite formulation, which includes 
biomass-derived nanocellulose (NC), chitosan (CH), and calcium phos-
phate (CaP), exhibits mesoporous structures with pore diameters be-
tween 2 nm and 50 nm. Notably, the NC: CaP nanocomposite 
demonstrates the highest surface area, pore volume, and pore diameter. 

Fig. 1. Schematic representation of the nanocomposite preparation.  
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Comparing raw materials, CaP contributes to increased surface area and 
pore characteristics, while chitosan reduces them. These insights are 
essential for optimizing nanocomposite design and enhancing their 
effectiveness in treating wastewater. 

The productivity of the nanocomposite depends on the flux rate, 
which was investigated using a dead-end filtration cell. The flux rate of 
the different nanocomposites is presented in Fig. 3(a). The difference in 
the flux rate in comparison to NC: CaP: Dis-CH (0.15×) is provided in the 
bracket since it had the lowest flux rate. The NC: CaP: Po-CH (0.25×) 
(145%) has the highest flux rate of 146 L/m2.h.MPa. This was followed 
by NC: CaP (115%) with 30% difference in flux rate of 125 L/m2.h.MPa. 
However the NC: CaP: Dis-CH (0.1×) (29%) and NC: CaP: Dis-CH 
(0.15×) have flux rates of 78 L/m2.h.MPa and 58 L/m2.h.MPa respec-
tively. The incorporation of dissolved chitosan reduced the flux rates 
and it can be explained by the fiber-thickening effect of dissolved chi-
tosan where the chitosan polymer chain adheres to the cellulose nano-
fibers and calcium phosphate particles resulting in reduced flow channel 
diameter (Ilyas et al., 2022; Nechyporchuk et al., 2020) Moreover, the 
incorporation of powder chitosan increased the flux rates since the 

Fig. 2. Nanocomposite NC: CaP: Po-CH (0.25×) a) SEM image at 5 μm (b) SEM image at 3 μm (c & d) SEM-EDX of selected areas in figure c (e) FTIR graph.  

Table 2 
Surface area and porosities of green nanocomposites.  

Nanocomposites Surface area 
SBET (m2/g) 

Pore 
volume 
Vpore 

(cm3/g) 

Pore 
diameter dp 
(nm) 

Isotherm 
(IUPAC) 

CaP Powder 87.5 0.4 20.7 Type IV with 
mesopores NC film 11.7 – – 

Chitosan film 2.9 – – 
Chitosan powder 7.8 – – 
NC: CaP 53.9 0.2 18.7 
NC: CaP: Dis-CH 

(0.1×) 
46.3 0.2 20.0 

NC: CaP: Dis-CH 
(0.15×) 

39.2 0.2 20.4 

NC: CaP: Po-CH 
(0.25×) 

40.9 0.2 18.6  
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incorporation of powder forms increases the heterogeneity of the 
nanocomposite. The influence of increasing heterogeneity in reducing 
filtration time has been reported in other studies (“Effect of Process 
Related Factors on Filtration Rate - Labmonk,” n. d.; Jiang, 2003). These 
insights are essential for optimizing nanocomposite design and 
enhancing their operating time in treating wastewater. 

Vacuum filtration time during the fabrication of the nanocomposite 
has a direct correlation with the productivity of the nanocomposite. The 
vacuum filtration time presented in Fig. 3(b) shows that the nano-
composite that does not include dissolved chitosan has a faster vacuum 
filtration time of 5 min for both NC: CaP: Po-CH (0.25×) and NC: CaP. 
The vacuum filtration time for the other two nanocomposites that were 
synthesized with dissolved chitosan followed the order of NC: CaP: Dis- 
CH (0.1×) > NC: CaP: Po-CH (0.25×) where the vacuum filtration times 
are 22 and 35 min respectively. On comparing the vacuum filtration 
time of the different nanocomposites, the maximum vacuum filtration 
time was taken by NC: CaP: Dis-CH (0.15×) (35 min) compared with the 
NC: CaP (5 min). Whereas for the nanocomposites with dissolved chi-
tosan incorporation, with a 50% reduction of dissolved chitosan in the 
composition, a 37% reduction in vacuum filtration time was observed 
(between NC: CaP: Dis-CH (0.15×) and NC: CaP: Dis-CH (0.1×)). The 
incorporation of dissolved chitosan significantly increases the vacuum 
filtration time. This could be due to the thickening nature of the dis-
solved chitosan where the dissolution results in an increase of the sus-
pension viscosity as well as deposition over the nanocellulose fibers 
resulting in reduced flow channels that increase the vacuum filtration 
time (Jamshidifard et al., 2019a; Weiβpflog et al., 2021). These insights 
are essential for optimizing nanocomposite design and enhancing the 
fabrication of the nanocomposite. Because the understanding of these 
dynamics guides nanocomposite fabrication for optimal performance 
and fabrication. 

Mechanical testing was employed to evaluate the internal micro-
structural integrity of the synthesized nanocomposites. Fig. 3(c) corre-
sponds to the tensile strength of the nanocomposites before and after 
100 cycles of the flexing test (the difference is provided in the bracket). 
This approach of comparing the tensile strength before and after flexing 
enabled the evaluation of the flexibility as well as the strength of the 
nanocomposites. The nanocomposite NC: CaP (10.5%) exhibited the 
highest mechanical strength values. This was followed by NC: CaP: Dis- 
CH (0.1×) (7%) and NC: CaP: Po-CH (0.25×) (8%). The nanocomposite 

NC: CaP: Dis-CH (0.1×) (12%) exhibited the lowest mechanical 
strengths. Increasing the calcium phosphate and chitosan concentration 
introduced into the nanocellulose-based matrix resulted in the reduction 
of mechanical strength. This could be due to the hindrance caused by the 
incorporated particles to the nanocellulose fibers from forming a strong 
film. Hence, an increment in the quantity of the incorporated particles 
results in the reduction of mechanical performance proportionally (Shim 
et al., 2007; Zhao et al., 2019). In summary, understanding these re-
lationships guides nanocomposite design for optimal performance in 
membrane fabrication. These insights guide the composition of com-
ponents in the nanocomposite to enhance their effectiveness in treating 
wastewater. 

The performance of the synthesized nanocomposite membrane in 
filtration studies demonstrated that the synthesized nanocomposite ex-
hibits sufficient mechanical characteristics (flexibility of above 100 cy-
cles and tensile strength of about 50 N/mm2). The nanocomposite 
exhibited tensile strength values between 50 and 57 N/mm2 which are 
comparable to the literature values between 5 and 60 N/mm2 (Weng 
et al., 2017; Zhu et al., 2015). Similarly, the flow rate and filtration 
studies also indicate that the nanocomposite can be synthesized in a very 
short time (up to 5 min) and operated in a short time (up to 21 min). 
Moreover, the influences of the different concentrations of raw materials 
in the formulation have also been recognized as a function of the 
nanocomposite membrane performance outcomes. 

3.1. Pollutant removal studies from synthetic solutions and mechanism 

The work examined the removal of pollutants in synthetic waste-
water, specifically Ni ions and Congo red dye, using different nano-
composites and various concentrations of Ni ions and CR dyes mixed. 
The results are presented in Fig. 4(a) and (b), with the values in brackets. 
In Fig. 4(a), it can be seen that at a concentration of 10 ppm of Ni ions, 
the nanocomposite NC: CaP: Dis-CH (0.1×) achieved the highest 
pollutant removal of 98.7%. The nanocomposites NC: CaP: Dis-CH 
(0.15×) (98.4%) and NC: CaP: Po-CH (0.25×) (98.2%) showed similar 
pollutant removal values, while NC: CaP (95.8%) had the lowest 
removal values. At 50 ppm, the order of pollutant removal remained the 
same as at 10 ppm. However, the removal percentage decreased by 3% 
for all nanocomposites. As the pollutant concentration increased to 100 
ppm and 150 ppm, the order of maximum pollution removal by 

Fig. 3. Different physical characterization graphs:(a) Operating time (b) Vacuum filtration time and (c) Mechanical performance where A: NC: CaP, B: NC: CaP: Po- 
CH (0.25×), NC: CaP: Dis-CH (0.1×), NC: CaP: Dis-CH (0.15×). 
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nanocomposites changed. The nanocomposite NC: CaP: Dis-CH (0.1×) 
(93.5%) exhibited the highest percentage of pollutant removal, followed 
by NC: CaP: Dis-CH (0.15×) with 92.5%. NC: CaP: Dis-CH (0.1×) and 
NC: CaP: Dis-CH (0.15×) had pollutant removal percentages of 91.8% 
and 91.5% respectively. For the synthetic solution of CR dye with a 
concentration of 10 ppm, all four nanocomposites completely removed 
the dye (Fig. 4(b)). A similar trend to the Ni ion removal was observed 
for the synthetic solutions of CR dye with concentrations of 50 ppm, 100 
ppm, and 150 ppm. 

Three significant findings have emerged from the research on 
pollutant removal using synthetic polluted solutions. The initial dis-
covery is the notable disparity in the removal rates of CR dye and Ni ions 
at varying pollutant concentrations. The larger particle size of CR dye 
molecules (2.7 nm in length) compared to Ni ions (0.065 nm or 0.085 
nm in diameter) likely explains the preference for a filtration-based 
approach to removing pollutants (Ueno et al., 1983; Wanyonyi et al., 
2014). Furthermore, the diverse surface groups present in the nano-
composite, such as Ca2+, NH3+, OH-, and PO4

3− , interact more effectively 
with CR dye (due to the presence of various functional groups like NH2

+, 
SO3− , and Na+) than with Ni2+, which consists of only a single atom 
(Gopi et al., 2019; Pasquini et al., n.d.). Another observation pertains to 
the maximum pollutant removal percentage between 10 ppm and 50 
ppm is attributed to the physical characteristics of the nanocomposites. 
At lower pollutant concentrations, the nanocomposite interacts more 
efficiently with the pollutants due to the slower saturation of surface 
functional groups (Huang et al., 2012; Jamshidifard et al., 2019b). 
Additionally, the smaller pore size (pore volume and diameter) facili-
tates better entrapment through size exclusion. This is evident in the 
ranking of nanocomposites based on pollutant removal percentage, with 
NC: CaP: Dis-CH (0.1×) and NC: CaP: Dis-CH (0.15×) demonstrating 
superior removal rates compared to NC: CaP. The third observation in-
volves the shift in the ranking of nanocomposites based on pollutant 
removal percentage at concentrations of 100 ppm and 150 ppm. As the 
concentration of pollutants in the synthetic solutions increases, the 
surface functional groups saturate more rapidly, leading to more effi-
cient pollutant removal by nanocomposites with superior physical 
properties (Ma et al., 2000). 

The pollutants removal (both CR dye and Ni ions) was further 

investigated using scanning electron micrography coupled with energy- 
dispersive X-ray spectroscopy to compare the morphological and 
elemental composition before and after filtration experiments to un-
derstand the mechanism. The NC: CaP: Po-CH (0.25×) nanocomposite 
with 50 ppm concentration of both CR dye and Ni ion in the synthetic 
solution was characterized as shown in Fig. 5. On evaluating the SEM 
images, Fig. 5(a), shows calcium phosphate are in agglomerated in the 
nanocomposite. The corresponding EDX (Fig. 5(b) shows the Ca and P 
peaks which are characteristics of calcium phosphate along with C and O 
peaks which are characteristics of nanocellulose and chitosan. Fig. 5(c) 
and (d) present the SEM images and EDX of NC: CaP: Po-CH (0.25×) at 
100 μm after filtration. From Fig. 5(c), the topography of the SEM image 
derived from the CR dye deposition appeared darker in comparison with 
Fig. 5(a). The EDX of Fig. 5(b) shows increased peaks of C, followed by 
O, and then new peaks of Ni, S, and P also appeared. The presence of Ni 
ions and S are characteristics of pollutants used in synthetic solutions. 
The deposition of Ni and CR dyes on the surface, as well as the reduction 
of oxygen and calcium, also indicates hydrogen bonding, surface 
complexation, and ion exchange reaction mechanisms (van Rijt et al., 
2021). Another potential mechanism is electrostatic interactions since 
all the nanocomposite components are reported to exhibit surface 
charge. 

The internal structure of the NC: CaP was examined by introducing a 
transverse cut into the nanocomposites as shown in Fig. 6. Fig. 6(a) 
shows the difference between both the internal structure and external 
surface to which pollutants were introduced. Fig. 6(b) presents the 
magnified image of the top surface where the deposition of pollutants 
can be observed in the marked areas (red square). In Fig. 6(c), the in-
ternal structure of the nanocomposite can be observed. The yellow ar-
rows point toward the agglomerated calcium phosphate particles and 
the blue lines point toward the fibrilar network formed by nanocellulose 
fiber. This image does not present any characteristic patterns of CR dye 
which is evident in Fig. 6(b), (d), and 6(f). Fig. 6(f) presents the 1 μm 
magnified image of the portion indicated in Fig. 6(d). The image shows 
the thick and agglomerated deposition of a chip-like structure indicative 
of CR dye pollutants on the surface of the nanocomposite. This particular 
image indicated that the main pollutant removal mechanism involved in 
the process is size exclusion. The bigger CR dye molecules were mostly 

Fig. 4. Pollutants removal using different nanocomposites (a) Ni ions and (b) CR dye, (c) Ni ion removal using NC: CaP at (10, 50, 100 and 150 ppm), (d) CR dye 
removal using NC: CaP at (10, 50, 100 and 150 ppm). 
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Fig. 5. NC: CaP: Po-CH (0.25×) top surfaces before filtration (a) SEM image (b) EDX. NC: CaP: Po-CH (0.25×) top surfaces after filtration (c) SEM image (d) EDX.  

Fig. 6. SEM images of NC: CaP top and inside images after filtration.  
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excluded by size exclusion resulting in a thick layer formation with CR 
dye on the surface to which the synthetic solution was introduced. 
Moreover, the cross-section images (Fig. 6(c) and (e) do not show any 
morphological features of CR dye particles. Since the Ni ions cannot de 
size excluded and identified by the SEM analysis, the removal could be a 
function of various physical and chemical mechanisms. 

The results indicate that there are various mechanisms involved in 
pollutant removal. The hybrid membrane pollutants removal mecha-
nism involves a combination of filtration and sorption processes, where 
the nano cellulose membrane filters out larger pollutants (greater than 
20 nm) while active sites are utilized to eliminate dissolved or smaller 
pollutants. Different mechanisms, either single or multiple, can impact 
the efficiency of pollutant removal. The initial phase involves the 
movement of pollutants from the feed bulk to the membrane interface 
(size exclusion), followed by the diffusion of pollutants through the 
membrane and into the pores or active sites. The predominant mecha-
nisms driving this diffusion phase may include electrostatic interaction, 
ion exchange, surface complexation, and hydrogen bonding, which are 
characteristics of the material used in the nanocomposite synthesis 
(Hokkanen et al., 2016; Zhang and Wang, 2015). In summary, the 
mechanism of pollutants diffusion can be outlined as: 

3.1.1. Congo red dye removal 
The main removal mechanism is size exclusion because of its size 

(2.1 nm) and SEM-EDX has also proven higher deposition on the surface 
compared to inside (Fig. 6). The electrostatic interaction and hydrogen 
bonding (Hou et al., 2012). 

Strong electrostatic interaction between positively charged sorbent 
surface and negatively charged CR dye  

≡HPO4Ca2+ + –O6S2C32H22N6Na2 →≡HPO4Ca +

——————-O6S2C32H22N6Na2                                                            

-NH+
3 + –O6S2C32H22N6Na2 + H2O→ (RNH2) +

n——————-O6S2C32H22N6Na2 + OH-                                               

Hydrogen bonding between hydroxyl groups and the pollutant (Here R 
can be CaP, CH or NC)  

R–OH– + O6H22S2C32H22N6Na2 → nR—OH O6H22S2C32H22N6Na2           

3.1.2. Ni ion removal 
The Ni ion removal mechanism can be surface complexation, elec-

trostatic interaction, and ion exchange. 
Surface complexation between the sorbent and Ni ion:  

≡CaOH2
+ + Ni2+→≡CaOHNi+

≡OP2H− + Ni2+→≡OPO3Ni+ +H+

Electrostatic interaction between positively charged sorbent surface 
hydroxyl group and Ni ion  

≡CaOH + 2H3O+ + Ni2+→≡CaOH− ——————Ni+ + 2H2O                

R–OH– + Ni2+→ R-O-—————— Ni2+

The ion-exchange reaction between positively charged sorbent sur-
face and Ni ion  

≡Ca10(PO4)6(OH)2 + Ni2+→≡(Ca9)Ni(PO4)6(OH)2+Ca2+

-NH3
+ + Ni2+ ↔ R–NH2 -6 Ni2+ + H+

3.2. Pollutant removal from municipal wastewater 

The pollutant removal efficiency of the nanocomposite membrane 

using municipal wastewater permeation experiments was conducted in a 
stirred cell filtration system. The identification and quantification of 
pollutants are presented in Table 3. 

From the results shown in Fig. 7, the heavy metal Cd was removed 
completely (100%) from the wastewater (violet bars). The transition 
metals (black bars) such as Ag, Al, FE, Hg, Mo were completely removed 
whereas the Zn was removed 97%. The alkali earth metals such as Ba 
and Be were removed by 80 and 92% respectively. The alkali metal Li 
(green bar) was completely removed. The nonmetal (marron bars) P was 
removed 87% whereas the Se was removed completely. The nano-
composite membrane overall demonstrated a pollutant removal effi-
ciency of 97% for all the elements in the wastewater. Moreover, it was 
observed that the pollutant removal was arbitrary. Multiple possibilities 
could be provided to explain the outcomes such as the complexity of 
pollutants that were removed, pore saturation, complexation and 
competition between the elements. From the literature, it was seen that 
the adsorption preference can be altered by both pollutants and the 
adsorbents (Mubarak et al., 2014). The ionic radius and ionic strength of 
pollutants could interact differently with different functional groups in 
the nanocomposite membrane (negatively charged groups like OH− , 
PO4

3− and positively charged groups like NH2
+, Ca2+). The surface 

complexation mechanism would also generate secondary complexes 
that can interact with pollutants leading to the pollutant’s removal 
(Dabrowski et al., 2004; Qasem et al., 2021). Another possible mecha-
nism is the pore saturation phenomenon, where the pollutants occupy 
the pores within the nanocomposite blocking the upcoming pollutants 
that can cause pore saturation. This mechanism was detailed in a study 
where Yurekli et al. (Yurekli, 2016) reported the mechanisms of 
adsorption in a multielement polluted system are related to the satura-
tion membrane surfaces with the penetration of pollutants into pores. 
Based on the pollutant concentration of feed, the rate can be changed. 
That is, when the feed has a higher concentration of pollutants, the pore 
saturation can occur faster and the functional groups on the membrane 
can interact efficiently. Finally, the complexation occurring at the 
adsorption sites (top and borders of flow channels) within the nano-
composite causes increased hindrance since, in the case of NC: CaP 
nanocomposite, the raw materials like NC and CaP could perform mul-
tiple pollutant removal mechanisms such as surface complexation, 
electrostatic interaction, ion exchange (Deepu A. Gopakumar et al., 
2019b; Gopi et al., 2019; Lyczko et al., 2014b). In summary, based on 
the results obtained, the nanocomposite could be used for the treatment 
of water in remote areas where the pollution concentration of heavy 
metals is a concern. Also, the green nanocomposite has performed 
outstandingly against Congo red dye indicating the potential of the 
nanocomposite to be used for the removal of dyes and organic pollut-
ants. Moreover, the performance of the nanocomposite membrane is 
compared in Table 4 where the nanocomposites are made with unsus-
tainable materials and complex techniques. However, the nano-
composite exhibited comparable and even superior pollutant removal 
capabilities. 

Table 3 
Pollutant concentrations found in the wastewater collected.  

Elements WWTP Concentrations (mg/L) 

Heavy metals Cd 0.30 
Transition metals Ag 0.52 

Al 0.08 
Fe 1.19 
Hg 1.6 
Mo 0.07 
Zn 0.45 

Alkali earth metals Ba 0.12 
Be 0.6 

Alkali metal Li 0.52 
Non-metals P 4.5 

Se 0.21  
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4. Conclusions 

This research aimed to create an environmentally friendly nano-
composite with exceptional pollutant removal capabilities in a simple 
method. By combining renewable resources (cellulose nanofibers and 
chitosan) with material calcium phosphate, we developed a ternary 
green nanocomposite. Notably, this formulation required no complex 

modifications or costly procedures. The nanocomposite operates at a 
very high flux rate of 146 L/m2.h.MPa. Combines both adsorption 
(capturing heavy metals, dyes, and suspended particles) and size 
exclusion (selectively excluding contaminants based on size). In per-
formance evaluations using synthetic and real-world wastewater, it 
achieved outstanding results: 100% removal of heavy metals like Cd, Ag, 
Al, Fe, Hg, Mo, Li, and Se, as well as significant removal rates for Ba, Be, 
P, and Zn. Importantly, its green synthesis approach avoids harmful 
chemicals. Looking ahead, exploring gradient-based strategies and 
scaling up for potable water production hold promise for practical ap-
plications. The main takeaways from the studies are as follows: The 
study demonstrated that a green ternary nanocomposite from renewable 
resources (cellulose nanofibers, chitosan) and material calcium phos-
phate without complex modification or expensive procedures. The green 
nanocomposite combines both adsorption and size exclusion that effi-
ciently remove different heavy metals (proven based on real-world 
wastewater-based studies) and could be used to remove emerging 
pollutants. 

However, this work also opens new questions and perspectives 
requiring further investigation. Open areas for future research include: 
The nanocomposite demonstrated impressive pollutant removal effi-
ciency, achieving up to 98% removal of Ni ions and 100% removal of CR 
dye at lower pollution concentrations. Considering that natural water 
bodies typically have fewer pollutants than the synthetic polluted water 
used in this study, a remote drinking water solution could be proposed 
based on the results. The fabrication process is simple and requires 
minimal capital investment, making it an affordable and green option 
for remote areas facing water scarcity. Beyond wastewater treatment, 
the nanocomposite has potential for other applications. One avenue is 
pollutant recovery, where valuable materials trapped during the 
removal process could be reclaimed. Desorption experiments could 
efficiently recover elements that were inadvertently adsorbed by the 
nanocomposite. The nanocomposite’s outstanding adsorption capacity 
for organic pollutants warrants further investigation. Specifically, 
studying its effectiveness in removing micropollutants such as dissolved 
antibiotics and hormones would be valuable due to its mesoporous 
structure. 

In summary, this work not only provides a practical green solution 
for wastewater treatment but also opens doors for future research and 
applications in the field of green nanocomposites in various sectors. 
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Fig. 7. Pollutant removal from industrial wastewater.  

Table 4 
Pollutant removal from different wastewater treatment studies.  

Composite 
material 

Pollutants 
removed 

Initial pollutant 
concentration 

Pollutant 
removal (%) 

Reference 

Halloysite 
nanotubes on 
polyvinylidene 
fluoride 

Dyes and 
Heavy 
metals 

100 ppm of Red 
28, 5 ppm 
Cu2+, Cd2+ and 
Cr6+ solution 

94.9% for 
Red 28, 
Cu2+,Cd2+

and Cr6+ for 
M3 were 
47.9%, 
44.2% and 
52.3% 

Zeng 
et al. 
(2016) 

Polyvinylidene 
fluoride 
(PVDF) 
membrane 

Synthetic 
emulsified 
oily 
wastewater 

Not specified 95% removal 
of organic 
contaminants 

Wang 
et al. 
(2009) 

Commercial poly- 
vinylidene 
fluoride 
(PVDF) 
polymer 

Inorganic 
materials 

2500 mg/L and 
5000 mg/L 

75% of 
organic 
matter 

Lateef 
et al. 
(2013) 

PAN/MOF-808 
membrane 

Heavy 
metals 

50 ppb Zn2+ (54%) 
> Cd2+

(50%) > Pb2+

(46%) >
Hg2+ (34%) 
Pb2+ ion 
100% in 
mono-ion 
solutions 

Efome 
et al. 
(2019) 

polyacrylonitrile 
(PAN)/ 
polyaniline 
(PANI)-nylon 
core-shell 
nanofiber 
membrane 

Heavy 
metals 

50 mg/L 96.77% and 
95.11% for 
Pb2+ and 
Cd2+

Almasian 
et al. 
(2018) 

Nanocellulose, 
chitosan and 
calcium 
phosphate 

Dyes and 
Heavy 
metals, 
Industrial 
wastewater 

10,50,100,150 
ppm for both 
CR dye and Ni 
ion 

97% for 
heavy metals 
and 100% for 
CR dye at 10 
ppm. 
Upto 100% 
for multiple 
heavy metals 

This work  
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