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Nanofibrillated cellulose was isolated from banana pseudostem, a common agricultural waste, using acid hydrolysis 
and ultrasound irradiation and was thermochemically crosslinked with citric acid and used for the adsorption of Pb2+ 
and Cu2+ ions in an aqueous solution. The synthesized nanofibrillated cellulose was characterized using scanning 
electron microscopy (SEM), energy dispersive X-ray (EDX), Fourier-transform infrared spectroscopy (FTIR), and the 
analysis of the point of zero charges (PZC). The SEM data showed that nanofibrillated cellulose has a width of around 
69 nm and the EDX spectra depicted the successful removal of inorganic constituents. The linkage of citric acid to 
cellulose was confirmed by FTIR and the analysis of the PZC revealed that citric acid modification imparted negatively 
charged carboxyl groups to the cellulose surface. The optimization of the solution pH and adsorbent dosage showed 
that 99% of Pb2+ and Cu2+ ions were removed under optimum conditions of pH 5 and 2.5 g/L of adsorbent, with high 
recyclability and following the Freundlich isotherm model. In addition, it was found that the adsorption process is 
exothermic, reversible, and driven by physisorption. The maximum adsorption capacity was found to be 205.42 mg/g 
for Pb2+ and 56.04 mg/g for Cu2+, which makes CA-NFC comparable to existing citric acid modified agricultural 
wastes. 
 
Keywords: banana pseudostem, citric acid crosslinked nanofibrillated cellulose, adsorption of Pb2+ and Cu2+, Freundlich 
isotherm 
 
INTRODUCTION 

The release of heavy metal contaminants into 
the environment is a major global concern that 
has arisen because of irresponsible anthropogenic 
activities.1 Heavy metals are highly toxic 
environmental contaminants that can disrupt the 
body’s metabolic processes, even at extremely 
low concentrations.2 Lead, a common heavy 
metal, can damage the skeletal and central 
nervous systems.3 Copper, another heavy metal, 
can impair the brain, kidneys and liver.4 Exposure 
to high amounts of heavy metals can eventually 
lead to death.5 

With a view to removing heavy metal 
contaminants, various processes have been 
utilized, such as chemical precipitation, 
membrane processes, ion-exchange, filtration, and 
adsorption.1 Among these processes, adsorption is  

 
seen as the ideal method due to its effectiveness, 
low cost, and biocompatibility.6 However, 
because adsorption is a surface process, its 
efficiency may be limited by the adsorbent’s 
surface area. This limitation can be overcome 
using nanotechnology by the production of 
nanoadsorbents with higher specific surfaces that 
can result in higher adsorption efficiency.7 

Agricultural wastes are seen as ideal raw 
materials for the fabrication of nanoadsorbents 
because they have little economic value.8 Banana 
pseudostem is one of the most abundant 
agricultural wastes in our country. The 
Philippines, being the 5th largest banana producer 
worldwide, generates tons of pseudostem wastes, 
which are generally left to decompose by 
farmers.9,10 Banana pseudostem can be used as an 
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adsorbent for removing Pb2+ ions from aqueous 
solutions.11 Nevertheless, agricultural wastes 
contain soluble organic compounds that are 
released during the adsorption process. As such, 
chemical modification is necessary to circumvent 
this risk.1 The innate sorption ability of 
agricultural wastes results from the presence of 
numerous cellulosic groups found on the plant 
surface. Cellulose, a linear homopolysaccharide, 
is non-toxic, hydrophilic, and easily modified.12 
Furthermore, nanofibrillation and 
functionalization can greatly enhance the natural 
sorption ability of cellulose.13 Importantly, citric 
acid, a strong chelating agent, easily crosslinks 
with cellulose.14 Banana pseudostem has high 
cellulose content, making it a promising raw 
material for nanocellulose fabrication.15–17 In this 
work, nanofibrillated cellulose was extracted from 
the agricultural waste banana pseudostem, using 
acid hydrolysis and ultrasound irradiation, was 
thermochemically crosslinked with citric acid and 
further investigated for the adsorption of Pb2+ and 
Cu2+ ions in an aqueous solution. 

 
EXPERIMENTAL 
Materials and reagents 

Banana (Musa acuminata x balbisiana) pseudostem 
samples were provided by the Philippine Textile 
Research Institute (PTRI), the Department of Science 
and Technology (DOST). Analytical grade NaOH, 
H2O2, HCl, H2SO4, HNO3, NaOCl, Na2SO3, 
CH3COONa, CH3COOH, Na2EDTA, citric acid, Pb 
(II) nitrate and Cu (II) nitrate were purchased from 
Sigma, and used in this study without purification.  
 
Synthesis of nanofibrillated cellulose modified with 

citric acid (CA-NFC) 

Isolation of α-cellulose 

The outer part of the banana pseudostem was 
stripped by hand and the fiber component was 
extracted using a decorticating machine. The extracted 
fiber was degummed by boiling in 12% NaOH for 2 
hours and then in 8 g/L peroxide solution. The samples 
were neutralized using 1% HAc and treated again in 
6% NaOH and peroxide. The samples were neutralized 
and washed 3 times with hot water. The particle size of 
the fiber was reduced by milling in a Thomas 
Scientific Wiley mill with a 20 mesh sieve. The fiber 
was delignified by boiling in 2% Na2SO3 for 10 
minutes and bleaching in a 10% sodium hypochlorite 
and 10% sulfuric acid solution for 10 minutes before 
washing with hot water. The delignification process 
was repeated twice until the fiber became completely 
white. The delignified fiber was soaked in 17.5% 
NaOH for 35 minutes and in 8% NaOH for 30 minutes. 
The fiber was then neutralized with 10% HAc and 

washed with distilled water before drying. The process 
was repeated several times to purify the isolated α-
cellulose.  
 
Nanofibrillation of α-cellulose 

The dried α-cellulose was hydrolyzed at 45 °C in 
HCl, with concentrations of 12 M for 1 hour, 7.5 M for 
2 hours, and 6 M for 1 hour. The solution was 
quenched with NaOH and washed with distilled water 
until the pH became neutral. The α-cellulose was 
sonicated (Chromtech UC-20500BDT Ultrasonic 
Cleaner) at 60 kHz for 1 hour, followed by 
centrifugation (Hermle Z206A centrifuge) at 6000 rpm 
for 15 minutes and dried for 48 hours at 80 °C. 
 
Thermochemical crosslinking with citric acid 

Nanofibrillated cellulose (NFC) was mixed with 
1.2 M citric acid and stirred at 500 rpm for 3 hours. 
The solution was filtered to remove excess citric acid 
and dried for 48 hours at 60 °C. The fiber was then 
heated for 3 hours at 150 °C and 400 mBar, and 
washed with hot distilled water until the pH of the 
washings became neutral. The washings were mixed 
with an equal amount of 20 mM Pb (II) nitrate 
buffered to pH 4.8 in a buffer solution of 0.03 M acetic 
acid and 0.07 M sodium acetate until no turbidity or 
cloudiness from the formation of lead (II) citrate due to 
unreacted citric acid was observed. The modified fiber 
was then dried for 72 hours at 60 °C. The product is 
from here on referred to as CA-NFC or citric acid 
crosslinked nanofibrillated cellulose. 
 
Characterization 

Energy dispersive X-ray (EDX)  

The elemental composition of the fibers was 
investigated using a Phenom XL Energy Dispersive 
Spectroscopy Detector. 

 
Fourier transform infrared spectroscopy (FTIR)  

The functional groups present in the fibers were 
analyzed with a Bruker Tensor 27 Fourier-Transform 
Infrared Spectrometer with a crystal Attenuated Total 
Reflectance attachment in the range from 400 cm-1 to 
4000 cm-1. 
 
Scanning electron microscopy (SEM)  

To analyze the surface morphology, degummed 
banana fiber and cellulose were sieved and analyzed 
using a Phenom XL Scanning Electron Microscope. 
NFC was coated in gold nanoparticles, using a JEOL 
JFC-1200 Fine Coater and analyzed using JEOL 5310 
SEM. 
 
Point of zero charge (PZC) 

The point of zero charge (PZC) was analyzed to 
determine the surface charge of the adsorbent.11,18,19 
Deionized water was boiled for 20 minutes to remove 
dissolved CO2 and 15 mL was transferred to vials 
containing 0.2 grams of NFC and CA-NFC. The vials 
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were quickly capped to prevent the dissolution of CO2 
and agitated for 3 days. Using a HORIBA LAQUA 
PC1100 Water Analyzer, the pH of the solutions was 
measured and recorded as the PZC. 
 
Adsorption studies 

Batch sorption experiments (triplicates) were 
conducted at a room temperature of 25 °C and the 
contact time was set to 3 hours to ensure equilibrium 
was reached. Deionized water was used in all 
adsorption experiments and dilute nitric acid and 
sodium hydroxide solutions were used for pH 

adjustment. The solutions were vacuum-filtered using 
a 40-µM Gooch glass crucible filter. The 
concentrations of metal ions were measured using a 
Shimadzu AA-7000F Flame Atomic Absorption 
Spectrophotometer (F-AAS). 

The removal efficiencies (%) and adsorption 
capacities (mg/g) were calculated using the equations 
in Table 1, where: Co and Ce are the initial and 
equilibrium metal ion concentrations, respectively 
(mg/L), V is the volume (L), and W is the adsorbent 
weight (g). 

 
 

Table 1 
Adsorption equations 

 

Removal efficiency (%) 
 

Adsorption capacity (mg/g) 
 

 
Effect of pH 

To investigate the influence of pH on metal ion 
adsorption, experiments at an initial pH of 3, 4, and 5 
were conducted. In a conical flask, 0.25 g of NFC and 
CA-NFC were mixed with 100 mL of separate 
solutions containing 20 mg/L of Pb2+ and Cu2+. The 
solutions were magnetically stirred at 200 rpm and 25 
°C before filtration and F-AAS analysis. 
 
Effect of adsorbent concentration 

The influence of adsorbent concentration was 
investigated using concentrations of 0.5, 1.5, and 2.5 
g/L of adsorbents. The appropriate concentrations of 
NFC and CA-NFC were mixed with 100 mL of 
separate solutions containing 20 mg/L of Pb2+ and Cu2+ 
at pH 5. The solutions were magnetically stirred at 200 
rpm and 25 °C before filtration and F-AAS analysis. 
 
Adsorption isotherm 

The isotherm model gives an insight into the 
mechanism of the adsorption process. It was 
determined by plotting the adsorption capacity of CA-
NFC against solutions of increasing metal ion 
concentrations. For this study, the Freundlich, 
Langmuir, and Temkin isotherm models were 
evaluated using linear curve-fitting. The R2 values of 
the models were compared and a Chi-square test was 
conducted to determine which model fits best. 

Solutions with concentrations of approximately 20, 
50, 100, 250, and 600 mg/L were prepared to properly 
model the adsorption process. 0.125 g CA-NFC was 
mixed in a polypropylene centrifuge tubes with 50 mL 
metal ion solution at pH 5 and shaken in a Daihan 

Scientific shaking water bath at 150 rpm and a 
temperature of 25 °C ± 0.1 °C for 3 hours. The 
solutions were filtered and analyzed using F-AAS. 

The isotherm was determined using the linearized 
form of the Freundlich, Langmuir, and Temkin models 
and evaluated by conducting Chi-square (χ2) statistical 
test. The equations used are shown in Table 2, where 
the Freundlich constant KF represents the relative 
adsorption capacity of the adsorbent, 1/n is a measure 
of the adsorption intensity,5 KL represents the 
Langmuir energy constant, qm is an estimate of the 
adsorbent’s maximum adsorption capacity,20 KT is the 
Temkin constant, bT is the constant related to the heat 
of adsorption through bT = -∆H, T is the absolute 
temperature (K), R is the universal gas constant (8.314 
J/mol),21 Ce is the equilibrium metal ion concentration, 
qe is the experimental adsorption capacity, and qe,m is 
the adsorption capacity calculated by the model.5 
 

Regeneration and desorption 
To investigate the regeneration of the adsorbent, 

0.25 g of CA-NFC was mixed in a 100-mL conical 
flask with 100 mL of 20 mg/L metal ion solution. It 
was magnetically stirred for 3 hours before vacuum 
filtration. The adsorbent was recovered and underwent 
desorption in 100 mL of 0.05 M of NA2EDTA for 90 
minutes. The mixture was filtered and the adsorbent 
was washed with 100 mL of distilled water. The 
adsorbent was recycled twice and the removal 
efficiency (%) in each cycle was calculated. 
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Table 2 
Isotherm equations 

 

Freundlich model 
 

Langmuir model 
 

Temkin model 
 

Chi-square test 
 

 

 
 

Figure 1: Stages of the physicochemical treatments 
 
 

RESULTS AND DISCUSSION 

Isolation, nanofibrillation and modification of 

cellulose  

Isolation of cellulose 

A combination of physical and chemical 
treatments was used to fully remove organic and 
inorganic constituents from the fiber and isolate 
cellulose.  

Decortication is a common technique used in 
the processing of natural fibers, such as banana, 
abaca, pineapple and water hyacinth. It was used 
to remove the non-fibrous components of the 
pseudostem, such as the cortex, gums, waxes and 
natural dyes.22 

The alkali-based degumming process removes 
and solubilizes natural gums, waxes, resins, and 
other impurities from the fiber.23 Peroxide 
bleaching whitens the fiber by oxidizing and 
decolorizing natural dyes and other impurities that 

were not removed during the initial alkali 
treatment. During scouring, non-cellulosic 
constituents are removed by the breakdown of 
residual phenolic compounds.15,24 After 
degumming and bleaching, the fiber changed in 
color from brown to a yellowish-white, indicating 
removal of impurities.25  

Delignification was accomplished by 
combining sulfite pulping with hypochlorite 
bleaching to solubilize lignin by cleaving lignin 
bonds. The fiber turned white as a result of the 
decolorization of lignin and oxidation of the 
lignin chromophores.26 

The treatment of delignified fibers with 17.5% 
NaOH separates the high-molecular-weight 
cellulose, known as α-cellulose, from 
hemicelluloses and other short-chain 
carbohydrates entangled in the fiber matrix.12 The 
resulting cellulose isolate was pure white and 
powdery in appearance. 
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Nanofibrillation of cellulose 

Under controlled conditions, the treatment 
with a strong acid, such as HCl, at high 
temperatures, solubilizes the disordered and 
amorphous regions in the polymer structure of 
cellulose and leaves behind the crystalline 
regions, which have a higher resistance to acid.12 
Acid hydrolysis yielded shorter fibers as a result 
of acid protons attacking cellulosic oxygens, 
resulting in slow cleavage of the glycosidic 
bonds.27 

Ultrasound irradiation is a mechanical process 
that uses oscillating sound waves to produce 
acoustic cavitation or the creation and violent 
collapse of vacuum bubbles in a liquid. Acoustic 
cavitation generates shockwaves and microjets 
that isolate cellulose nanofibrils upon impact by 
the scission and disintegration of the weak van 
der Waals forces holding the fiber bundles 
together. This results in the individualization of 
the nanofibrils, molecular weight reduction, and a 
higher surface area, which makes it ideal for 
nanoadsorption.12,28 After ultrasound irradiation, 
cellulose lost its cotton-like texture and became 

more crystalline and granular, indicating a 
reduction of the amorphous regions.27 
 
Thermochemical crosslinking with citric acid 

The reaction of citric acid with cellulose is 
described as a thermochemical reaction because 
of the necessity of using heat to form an ester 
bond between citric acid and the cellulose 
hydroxyls. The application of heat dehydrates the 
citric acid and condenses it into an anhydride 
derivative. The highly-reactive citric acid 
anhydride will then form an ester linkage with the 
cellulose hydroxyl groups and, upon further 
heating, condenses again to crosslink two 
cellulose molecules.29,30 Crosslinking also 
attaches negatively charged carboxyl groups into 
the cellulose backbone and increases the 
material’s capacity to bind metal cations.19,31,32 
After crosslinking, the color of the nanofiber 
became the characteristic yellow that is associated 
with natural fibers linked with citric acid.33 Its 
effect on the adsorption efficiency of cellulose 
was investigated in the succeeding adsorption 
experiments. 

 

 
 

Figure 2: Reaction mechanism of crosslinking of citric acid with cellulose 
 
Characterization results 

Energy dispersive X-ray (EDX) 
Energy dispersive X-ray analysis was used to 

determine the elemental composition of fibers. It 
was found that degumming successfully removed 
inorganic constituents from the fiber, such as 
potassium and calcium. The isolated cellulose 
fiber was found to contain only carbon and 
oxygen, which corresponds to the composition of 
cellulose.34

 

 

Fourier-transform infrared spectroscopy (FTIR) 
Figure 4 shows the change in functional 

groups with each pretreatment process. The strong 

peaks from 1200 cm-1 to 1500 cm-1 are due to the 
C=C stretching of aromatic rings. The strong peak 
at 1000 cm-1 is due to C-O-C vibrations. The peak 
at 2800 cm-1 is due to the vibration of sp3 carbons. 
The broad peak from 3000-3600 cm-1 is due to the 
stretching of the hydroxyl groups. The OH stretch 
shortened with each treatment stage as a result of 
the removal of the hydroxyl-rich lignin and 
hemicelluloses. The peak at 1700 cm-1 is 
attributed to the C=O stretching of the acetyl and 
ester groups of hemicelluloses and lignin, which 
visibly shortened with each pretreatment.11,23,34,35 
Citric acid crosslinking was confirmed by the 
strong C=O stretch on CA-NFC.29,30,33 
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Figure 3: EDX profile and elemental composition of a) banana fiber, b) degummed fiber and c) banana cellulose 

 
 

Figure 4: FTIR spectra of the a) raw banana fiber, b) degummed banana fiber, c) banana cellulose, d) 
nanofibrillated cellulose, and e) citric-acid modified nanofibrilated cellulose 

 
Scanning electron microscopy (SEM) 

Scanning electron microscopy showed that 
with each pretreatment step, a decrease in fiber 
width was observed due to the disentanglement of 
fiber bundles and stripping away of non-cellulosic 
impurities. The initial width of the untreated 
banana pseudostem fiber was around 148 µm. 
After degumming, the fiber width visibly 
decreased to around 12.9-19.1 µm. The cellulose 
that was isolated after delignification and alkali 
treatment had fibrils with widths of around 8.05-
15.9 µm. Nanofibrillation using acid hydrolysis 
and ultrasound irradiation drastically reduced the 
fiber width to around 69 nm. Fibers with widths 
below 100 nm are known as nanofibrillated 
cellulose.36 

Point of zero charge (PZC) 

The PZC was found to be 5.42 for NFC and 
3.27 for CA-NFC. The PZC is the pH at which 
the surface charge of the material is neutral or 
equal to zero. When pH = PZC, there is no 
electrostatic interaction between the adsorbent 
surface and cations in the solution. At a pH higher 
than the PZC, the adsorbent is negatively charged 
and has a high affinity for metal cations. As such, 
chemically modified adsorbents with lower PZC 
are more ideal because they can adsorb metal ions 
at a greater pH range.11,18,19 The lower PZC of 
CA-NFC means that its surface is more negatively 
charged than NFC and contains a higher number 
of acidic sites due to the presence of weakly 
acidic oxygens.1,18,37   



Cellulose derivatives 

 409 

 

 

 

Figure 5: SEM images of a) banana fiber, b) degummed banana fiber, c) banana cellulose, 
and d) nanofibrillated cellulose 

 
Adsorption experiments 

Effect of solution pH 

Solution pH can directly affect the surface 
charge of the adsorbent, the ionization of the 
functional groups, and the phase of the adsorbate. 
From Figure 6, it can be seen that the adsorption 
efficiency increased at higher pH levels. The low 
efficiency at low pH results from mobile H+ ions 
competing with Pb2+ and Cu2+ for binding sites.38 
At higher pH, the unionized COOH group in CA-
NFC deprotonates into the negatively charged 
COO-, which has a higher affinity for metal 
cations.39 Furthermore, surface charge also plays a 
key role in adsorption efficiency. At a pH lower 
than the PZC, the adsorbent has a low surface 
negative charge, which constrains metal ion 
adsorption because of electrostatic repulsions. It 
has also been observed that the initial solution pH 
decreases after contact time. This signifies that 
the ion-exchange mechanism also occurs on the 
adsorbent surface due to the release of H+ 
ions.18,37,40 
 
Effect of adsorbent concentration 

From Figure 7, it can be seen that increasing 
the adsorbent concentration results in an increase 

in removal efficiency. For both adsorbents, 
maximum efficiency was achieved at an 
adsorbent concentration of 2.5 g/L with Ca-NFC 
exhibiting 99% removal for Pb2+ and Cu2+. This is 
attributed to the greater number of active sites 
available for metal sorption due to the increase in 
adsorptive surface area.5,11,41 
 

Adsorption isotherm 
Equilibrium isotherm is an important 

parameter used in the determination of the 
possible mechanism of adsorption. It is also used 
to further understand the behavior of the 
adsorbent and its maximum adsorption capacity.42 
 

Freundlich isotherm model 

The Freundlich isotherm model assumes that 
the adsorption process follows a multilayer 
mechanism on a heterogeneous adsorbent surface. 
A 1/n value between 0 and 1 indicates favorable 
adsorption capacity.5 A high KF value indicates 
high adsorption capacity.39 The 1/n and KF values 
obtained show that the adsorption is favorable for 
both metals, but it is more favorable for Pb2+ than 
for Cu2+. The high R2 value obtained indicates 
high linearity. 

a) b) 

c) 
d) 
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Figure 6: Effect of initial pH on Pb2+ and Cu2+ adsorption 

  
 

 

Figure 7: Effect of adsorbent concentration on Pb2+ and Cu2+ adsorption 

 
Langmuir isotherm model 

The Langmuir isotherm model is based on the 
assumption that the adsorption process follows a 
monolayer mechanism on a homogenous 
surface.37,40

 As with the Freundlich model, it was 
found that the adsorption process favors Pb2+ 
more than Cu2+, as evidenced by the higher qm 

value for Pb2+.  
 
Temkin isotherm model 

The Temkin isotherm model studies the heat 
of adsorption based on surface interaction 
between the adsorbent and the adsorbate. Similar 
to the Langmuir model, the adsorption process for 
the Temkin model occurs in a monolayer 
mechanism.21 Because bT is positive, the 
adsorption process was determined to be 
exothermic. Additionally, bT values less than 8 
kJ/mol indicate weak adsorbate–adsorbent 
interactions. Hence, it is concluded that the 
adsorption process is reversible and driven by 
physisorption.43 

Chi-square (χ2) test 

The Chi-square statistical method was used to 
evaluate the fit of the isotherm by comparing the 
equilibrium capacities of the experiment and the 
model. If the experimental qe is close to the value 
calculated by the model, the resulting χ2

 value 
will be small. Unlike the analysis of linearity 
using R2, the Chi-square test compares data points 
based on the same abscissa and ordinate. Through 
this, the best-fitting model can be determined.44

 

The obtained χ2
 values are shown in Table 6. The 

order of the χ2
 values was Langmuir > Temkin > 

Freundlich. This indicates that the Freundlich 
isotherm is the best-fitting model as it has the 
lowest χ2 value.5 Thus, the Freundlich isotherm is 
determined to be the best-fitting model and that 
the adsorption process follows a heterogenous, 
multilayer mechanism. 
 

Regeneration and desorption 
The adsorbent’s regeneration was investigated 

because high regeneration is a characteristic of an 
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excellent adsorbent.45 EDTA was used for 
desorption because its formation constants with 
Pb2+ and Cu2+ (logKPb-EDTA = 18.04; logKCu-EDTA = 
18.8) are higher than those of citric acid (KPb-CA = 
4.1; KCu-CA = 6.1).46 This means that EDTA can 
easily regenerate CA-NFC by removing metal 
ions bound on the adsorbent surface.  

From Figure 11, it can be seen that the 
adsorbed metal ions were desorbed by EDTA and 

CA-NFC has high regeneration due to the 
removal efficiency still being above 90%, even 
after the third cycle. The easy removability of the 
adsorbed metals also confirms the assessment that 
the process is reversible and driven by 
physisorption.32 The high regeneration shows CA-
NFC to be superior to activated carbon, which 
loses around 50% of its activity after the first 
regeneration.7 

 

  
Figure 8: Freundlich plots for Pb2+ and Cu2+

 

 
 

Table 3 
Freundlich values 

 
Freundlich isotherm model 

Metal KF 1/n R2 
Pb2+ 14.85 0.47 0.997 
Cu2+ 10.81 0.25 0.891 

 

  
Figure 9: Langmuir plots for Pb2+ and Cu2+ 

 

Table 4 
Langmuir values 

 
Langmuir isotherm model 

Metal qm (mg/g) KL (L/mg) R2 
Pb2+ 205.42 0.034 0.915 
Cu2+ 56.04 0.028 0.930 
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Figure 10: Temkin plots for Pb2+ and Cu2+ 

 

Table 5 
Temkin values 

 
Temkin isotherm model 

Metal bT (J/mol) KT (L/mg) R2 
Pb2+ 100.162 1.93 0.809 
Cu2+ 432.97 7.08 0.772 

 
Table 6 

Chi-square values 
 

χ
2
 values 

Metal Freundlich Langmuir Temkin 
Pb2+ 22.36 93.05 48.75 
Cu2+ 6.64 159.13 19.53 

 

 
 

Figure 11: Adsorbent regeneration 
 

Adsorbent affinity  

The adsorption of metal ions in solution is 
governed by intrinsic properties such as ionic 
potential and the hydrated ionic radii. An ion’s 
radius is inversely proportional to its ionic 
potential. Consequently, ions with small radii 
attract more water molecules. This results in an 
inverse relationship between the ionic radius and 
the hydrated ionic radius, as the ions grow 
substantially larger due to attraction to the 
surrounding water molecules.44,47 The ionic radii 

and hydrated ionic radii of Pb2+ and Cu2+ are 
shown in Table 7.  

It was initially observed that the adsorption 
process exhibited a greater affinity for Pb2+ than 
Cu2+. This is explained by the respective intrinsic 
properties of the metals. The smaller hydrated 
ionic radius for Pb2+ means that it is absorbed 
more easily compared to Cu2+ due to the relatively 
small distance between the metal ion and the 
adsorbent surface.44,47 
 



Cellulose derivatives 

 413 

Comparison with different adsorbents 

The Langmuir qm values of various adsorbents 
are summarized in Table 8. It can be seen that 
CA-NFC is comparable to different agricultural 

and cellulosic adsorbents reported in the 
literature. For adsorbents that utilized both metals, 
the qm values for Pb2+ are always consistently 
higher than the values for Cu2+. 

 
Table 7 

Ionic radius of metal ions 
 

Ion Ionic radius (Å) Hydrated ionic radius (Å) 
Pb2+ 1.19 4.01 
Cu2+ 0.73 4.19 

 
Table 8 

Maximum uptake (qm) of various adsorbents 
 

Adsorbent Modification 
Pb2+ uptake 

(mg/g) 
Cu2+ uptake 

(mg/g) 
Nanofibrillated cellulose from banana 
pseudostem (this study) 

Citric acid 205.42 56.04 

Corncobs19 Citric acid 118.104 42.58 
Pine wood48 Citric acid 82.64 23.70 
Sawdust49 Citric acid 38.332 11.18 
Banana peels43 – 2.18 – 
Banana pseudostem11 – 34.21 – 
Newspaper40 Citric acid 34.6 – 
Cellulose32 Citric acid 41.67 – 
Soybean hulls31 Citric acid – 108 
Orange peels18 Citric acid – 77.53 
Soybean straw39 Citric acid – 48.81 

 
CONCLUSION 

Nanofibrillated cellulose was crosslinked with 
citric acid through a facile thermochemical 
method to produce an adsorbent capable of 
removing 99% of Pb2+ and Cu2+ at optimum 
conditions of pH 5 and 2.5 g/L concentration. 
SEM analysis revealed that nanofibrillation was 
successful, as the cellulose nanofibrils exhibited a 
width of around 69 nm. The removal of inorganic 
constituents during the pretreatment process was 
confirmed by EDX analysis. FTIR spectroscopy 
revealed the removal of functional groups 
associated with organic impurities and the linkage 
of citric acid with cellulose by the intense 
carbonyl peak at 1700 cm-1. Isotherm studies 
showed that the adsorption process followed the 
Freundlich model, indicating multilayer 
adsorption. The adsorption process was also 
found to be exothermic, reversible, and driven by 
physisorption. The maximum adsorption capacity 
was found to be 205.42 mg/g for Pb2+ and 56.04 
mg/g for Cu2+, making CA-NFC comparable to 
existing agricultural wastes modified with citric 
acid for adsorption applications. The analysis of 
adsorbent regeneration showed that CA-NFC 
exhibited a minimal change in efficiency, even 

after 3 cycles. The adsorption process was found 
to greatly favor the removal of lead over copper 
as a result of their hydrated ionic radius. Overall, 
the total results prove that CA-NFC is an ideal 
nanoadsorbent. 
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