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Preparation and characterization of b-cyclodextrin capped magnetic 
nanoparticles anchored on cellulosic matrix for removal of cr(VI) from mimicked 
wastewater: Adsorption and kinetic studies

Lynda S. Mesoppirra, Evans K. Sutera,b, Wesley N. Omwoyoa,b , Nathan M. Oyaroa, and Simphiwe M. Nelanab 

aDepartment of Mathematics and Physical Science, Maasai Mara University, Narok, Kenya; bBiotechnology and Chemistry Department, Vaal 
University of Technology, Vanderbijlpark, South Africa 

ABSTRACT 
Hexavalent Chromium (Cr(VI)) is essential in many industrial processes. However, it finds its way into 
water bodies, posing health problems, including lung cancer and the inhibition of DNA and RNA in 
biological systems. Several chemical and traditional water purification methods have been developed 
in the past, but most are expensive, tedious and ineffective. This study aimed to prepare and charac-
terize a low-cost hybrid adsorbent, b-Cyclodextrin capped magnetic nanoparticles anchored on a cel-
lulosic matrix (CNC-Fe3O4NP-CD). The characterization techniques confirmed the integration of CNCs, 
Fe3O4NP and CD into the prepared CNC-Fe3O4NP-CD nanocomposite adsorbent. The adsorbent was 
employed in batch adsorption experiments by varying adsorption parameters, including solution pH, 
adsorbent dosage, initial Cr(VI) concentration, and contact time. From the findings, the nanocompo-
site adsorbent achieved a maximum Cr(VI) removal efficiency of 97.45%, while the pseudo-second- 
order kinetic model best fitted the experimental data with high linear regression coefficients (R2 >
0.98). The Elovich model indicated that the adsorption process was driven by chemisorption on het-
erogeneous surface sites, with initial sorption rates surpassing desorption rates. These findings estab-
lished that CNC-Fe3O4NP-CD presents high efficiency for Cr(VI) removal under acidic pH, offering the 
potential for optimization and application in real-world wastewater treatment.
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Introduction

Water is one of the most abundant features on Earth, cover-
ing up to 70% of Earth’s crust.[1] Unfortunately, less than 
1% of this water is fit for human consumption due to pollu-
tion.[2–4] Water pollution is the deterioration of water qual-
ity by organic and inorganic matter.[5] The inorganic 
pollutants include heavy metals, anions and ligands above 
permissible limits.[5] Heavy metals are metals with a density 
of about 4-7.5 g/mL and are toxic even at trace concentra-
tions.[6] They include mercury, lead, chromium, cadmium, 
copper, arsenic, etc. and are associated with bioaccumulation 
in biological organisms.[7]

Heavy metal contamination exists in aqueous wastes in 
many industries, such as metal plating, mining operations, 
tanneries, radiator manufacturing, smelting, alloy industries, 
and storage batteries industries.[8] Excessive release of these 
heavy metals into the environment due to industrialization 
and urbanization has posed a significant problem world-
wide.[9,10] Unlike organic pollutants, most susceptible to bio-
logical degradation, heavy metals do not degrade into 
harmless end products.[11] Various heavy metals have vary-
ing effects on humans; however, their presence in excess 
poses major concern due to their toxicity to many life 
forms.[12]

According to Hossini et al.[13] chromium (VI) is common 
in most plastic, leather and tannery industries, while chro-
mium (III) is an essential element in the human body, com-
monly used in supplements and drugs. However, Cr(VI) is 
very toxic and can enter the human system through inhal-
ation, ingestion or skin contact, causing lung cancer, nasal 
irritation, nasal ulcers, and hypersensitivity reactions, e.g. 
asthma and dermatitis.[11,13] It also inhibits biological sys-
tems’ DNA, RNA and protein synthesis, inducing cell 
death.[13] This thus calls for the development of water treat-
ment technologies that are efficient and inexpensive and can 
eliminate these heavy metals, especially chromium, even at 
trace levels.

Traditional wastewater treatment technologies, including 
distillation, chlorination, ion exchange resins, and membrane 
filtration, are commonly used to remove toxic metal ions 
from water. [14–17] However, these methods face several draw-
backs, such as their effectiveness only at high pollutant con-
centrations, low surface active sites, high operational costs, 
and applicability mainly to small-scale filtrations.[18–20] Ion 
exchange resins, while useful, are easily fouled by organic 
impurities in wastewater, reducing their efficiency.[21] 

Membrane filtration methods like nanofiltration, ultrafiltra-
tion, and reverse osmosis are efficient but capital-intensive 
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due to high maintenance costs associated with the necessary 
high pressures.[18,22]

Recently, physical heavy metals removal methods based 
on adsorption have been reported to be promising due to 
their simplicity, cost-effectiveness, and high adsorption cap-
acity.[23] Some reported effective adsorbents include acti-
vated carbon, alumina, calcite, and polyaniline.[24] However, 
due to their bulky size, these materials often show limita-
tions such as low adsorption capacities, expensive and lim-
ited regeneration, short lifespans, and high mass transfer 
resistance.[24] Therefore, designing cost-effective adsorbents 
like nanoparticles with high capacities and selectivity for 
specific pollutants is crucial for enhancing water treatment 
efficiency.[25]

Nanoparticles have been reported to be effective in 
removing heavy metals due to their high surface area-to-vol-
ume ratio, providing numerous adsorption sites.[25] 

However, nanoparticles, especially iron oxide nanoparticles, 
tend to agglomerate reducing their efficiency.[26] To prevent 
this, stabilizers, such as surfactants, bifunctional organic 
compounds, natural polymers, or biological materials, are 
used during the synthesis to prevent inter-particle interac-
tions and aggregation by modifying the nanoparticle surfa-
ces.[27] The choice of stabilizer, however, depends on the 
nanoparticle type and synthesis method. Proper surface 
modification with stabilizers ensures sufficient repulsive 
forces between particles, maintaining a stable suspen-
sion.[25,28,29] In this study, cyclodextrin was selected as the 
capping agent to enhance the stabilization of the magnetic 
iron oxide nanoparticles.

Cyclodextrin (CD) is a group of nontoxic polar cyclic oligo-
saccharides. They contain several glucose monomer units linked 
by a-(1,4) bonds, creating a cone-shaped compound.[30] 

Examples of CD include six-membered (a-cyclodextrin), seven- 
membered (b-cyclodextrin) and eight-membered (c-cyclodex-
trin) ring units. b-cyclodextrin, however, has a unique character-
istic of having both hydrophobic and hydrophilic sites and hence 
has the potential to be modified to adsorb a range of target pollu-
tants.[31] Consequently, due to the high cost of b-cyclodextrin, 
this study sought to include inexpensive material to act as a 
matrix to the adsorbent. Some recommended inexpensive mate-
rials include cellulosic materials, chitosan, etc.[32,33] According to 
a study by Solhi et al.[34], the improved surface area to volume 
ratio and quantum size of CNCs increases the number of adsorp-
tion sites and the molecular tuning ability to change their surface 
features, making it a good choice for the bulk part of the com-
posite matrix.

In this study, cellulose was extracted from Cattail grass 
(Typhaceae angustifolia) and used to prepare cellulose nano-
crystals. Typhaceae angustifolia is a perennial wetland plant 
with a dense matrix of rhizomes and a well-developed aeren-
chyma system, allowing it to thrive in wetlands.[35,36] It is 
widely available in tropical wetlands and is often unused. Its 
fibrous and pulpy nature suggests a high cellulose content, 
making it a potential natural adsorbent for water pollution.[34]

This study thus prepared a hybrid nanocomposite adsorb-
ent, b-Cyclodextrin capped magnetic nanoparticles anchored 
on a cellulosic matrix that is chemically specific and capable 

of permanently sequestering Cr(VI) ions from aqua media. 
From the literature survey, no work was reported on develop-
ing cellulose nanocrystals/magnetic iron oxide/b-Cyclodextrin 
nanocomposite adsorbent for Cr(VI) ions removal from syn-
thetic, domestic and industrial wastewaters.

Materials and methods

Materials and chemicals

Typha angustifolia grass was harvested from the Maasai 
Mara University botanical garden in Narok, Kenya (1� 410
5.287200 N and 37� 200 27.09600 E) at an altitude of 1827 
meters above sea level. The approximately 4-meter-tall grass 
was cut, chopped into smaller pieces, washed with distilled 
water, and air-dried in the laboratory. It was then ground 
into fine powder and packed in sealed plastic bags, ready for 
dewaxing and delignification.[37]

Other chemicals and reagents used in the study were sodium 
hydroxide (NaOH � 98%), sulfuric acid (H2SO4, >98%), acidi-
fied sodium hypochlorite (NaOCl, �75%), acetic acid (� 99%), 
acetone (�99.9%), ammonium hydroxide (25%, NH4OH), iron 
(III) chloride hexahydrate (FeCl3.6H2O �99%), ferrous sulfate 
heptahydrate (FeSO4.7H2O) (�99.5%), methanol (�99.85%), 
distilled water, b-Cyclodextrin, potassium dichromate 
(K2Cr2O7 >99%), hydrochloric acid (HCl �32%) and nitric 
acid (HNO3 �55%). All the chemicals used were of analytical 
grade and were purchased from Sigma-Aldrich.

Methods

Extraction of cellulose from Typha angustifolia
The dewaxing and delignification of Typha angustifolia grass 
involved soaking 50 g of dried grass powder in 10% nitric 
acid at 80 �C for 2 h, followed by washing. An alkaline pre-
treatment was then conducted by mixing 50 g of the powder 
with 500 mL of 1.0 M NaOH in a reactor at 80 �C, stirred at 
800 rpm for 3 h. The resulting cellulose fibers were quenched 
with cold deionized water, washed until neutral, and then 
stored for purification. Purification involved refluxing the 
cellulose fibers with 350 mL of 7.35% sodium hypochlorite 
and 4 mL acetic acid, agitated for 2 h at 80 �C with constant 
stirring at 500 rpm. The chemically purified cellulose was fil-
tered, rinsed to neutral pH, treated with acetone in a 
Soxhlet chamber for 30 min to remove impurities, and dried 
at room temperature for three days.

Synthesis of nanocellulose
In a 500 mL conical flask, 20 g of chemically purified cellulose 
(CPC) was combined with 400 mL of 32% sulfuric acid, using a 
1:20 ratio, and heated in a water bath, first to 45 �C, then to 
55 �C with constant stirring at 600 rpm for 45 min. Hydrolysis 
was stopped by quenching with 200 mL of deionized water and 
repeated five times. The suspension was homogenized using a 
centrifuge at 10,000 rpm for 40 min, repeated five times until 
the supernatant was neutral. After drying for three days at 
room temperature, the resulting CNCs were packaged for char-
acterization and subsequent experimental steps.
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Functionalization of cellulose nanocrystals with iron oxide 
nanoparticles
For synthesizing Fe3O4 nanoparticles (Fe3O4NP), a co-pre-
cipitation method by Evans et al.[38] was adopted with slight 
modifications. First, an aqueous solution containing 
FeCl3�6H2O and FeCl2�4H2O in a 2:1 molar ratio was pre-
pared. The solution was heated to 80 �C under nitrogen gas, 
and a 25% ammonia solution was added dropwise until the 
pH reached 10, forming Fe3O4NP. The black residue was 
washed with deionized water and ethanol and dried. To 
functionalize CNC with Fe3O4NP, a suspension of CNCs 
was mixed with the Fe3O4NP under ultrasonic agitation for 
1 h to ensure uniform coating. The mixture was then stirred 
continuously at room temperature for 4 h. The resulting 
CNC iron oxide nanoparticle (CNC-Fe3O4NP) was separated 
using a magnet, washed with deionized water, and dried in 
a vacuum oven at 60 �C for 12 h.

Capping of cellulose nanocrystal/magnetic iron oxide 
nanoparticles with b-cyclodextrin
First, a solution of b-Cyclodextrin (b-CD) was prepared at 
room temperature by dissolving it in deionized water at 
10 mg/mL until fully dissolved. The CNC-Fe3O4NP nano-
composite was dispersed in deionized water and sonicated 
for 30 min to form a homogeneous suspension. The b-CD 
solution was then added to the CNC-Fe3O4NP suspension 
with constant stirring. 0.1 M NaOH was added dropwise to 
the mixture to ensure successful capping. The reaction was 
maintained at 70 �C for 6 h under continuous stirring. After 
the capping, the mixture was cooled to room temperature. 
The b-cyclodextrin capped cellulose nanocrystal/magnetic 
iron oxide nanoparticles (CNC-Fe3O4NP-CD) nanocompo-
site was separated using a magnet and washed several times 
with deionized water to remove any unreacted b-CD and 
other impurities. The CNC-Fe3O4NP-CD was then dried in 
a vacuum oven at 60 �C. The resulting CNC-Fe3O4NP-CD 
nanocomposite adsorbent was stored in airtight plastic bags 
for subsequent characterization and adsorption studies.

Characterization

Perkin Elmer Fourier Transform Infrared (FTIR) spectrom-
eter was used to analyze the functional groups present in 
CPC, CNC, Fe3O4NP, CNC-Fe3O4NP, and CNC-Fe3O4NP- 
CD. The spectra of the samples were recorded in the range 
of 4000 to 500 cm−1 wavelength range. The resolution was 
set to 4 cm−1, and 16 scans were accumulated for each spec-
trum. The spectrum was baseline corrected, normalized, and 
smoothened, and the key absorption peaks were identified.

Scanning electron microscopy- Energy Dispersive X-ray 
Spectroscopy (SEM-EDS, JEOL IT-7500LA) was employed 
to analyze the samples’ surface morphology and elemental 
composition. SEM images were captured at an accelerating 
voltage of 15-20 kV. The samples were first coated with a 
thin layer of gold using a sputter coater to enhance conduct-
ivity. The scanning magnification ranged from 1,000x to 
50,000x. The SEM images were mapped for elemental 

composition, and the spectra were collected at an accelerat-
ing voltage of 15 kV. The peaks corresponding to elements 
were then identified.

A vibrating sample magnetometer (VSM- Quantum 
Design PPMS VSM) was used to measure the magnetic 
strength of Fe3O4NP, CNC-Fe3O4NP and CNC- Fe3O4NP- 
CD. Approximately 50 mg of the sample was placed in a 
VSM sample holder. The magnetic hysteresis loops were 
recorded at room temperature, applying a magnetic field 
ranging from −15,000 Oe to þ15,000 Oe.

X-ray diffraction (XRD- Shimadzu XRD-7000) was uti-
lized to examine the crystalline structure of the materials. 
The powdered samples were placed on a sample holder, and 
XRD patterns were recorded. The diffractometer operated 
with Cu Ka radiation (k¼ 1.5406 Å) at 40 kV and 30 mA. 
The scanning range (2h) was set from 10� to 80� at a scan-
ning rate of 2�/min. The obtained diffraction patterns were 
used to calculate the average particle sizes using the Scherrer 
equation (Eq. 1).[39]

Crystal size Dð Þ ¼
Kk

b Cos h
(1) 

where K(0.89) is the crystal structure factor, k is the length 
of a light wave (1.54056 Å), b is the full width at half max-
imum (FWHM) in radians, and h is the angle of diffraction 
in degrees.

Adsorption studies

Batch studies were conducted at 25 ± 1 �C to examine the 
adsorption behavior of CPC, CNC, CNC-Fe3O4NP and CNC- 
Fe3O4NP-CD toward removing Cr(VI) from aqueous media. 
Briefly, 100 mL of the known Cr(VI) solution and a known 
quantity of adsorbents were combined over time in a shaker 
operating at 200 rpm. The adsorption experiments were inves-
tigated at a pH range of 1.0–12.0. To adjust the solution pH, 
1 M NaOH/HNO3 was used. The influencing variables were 
tested throughout the experiment at 25 ± 1 �C and 200 rpm 
shaking speed using a thermostatic shaker with a contact time 
(5–120 min), starting Cr(VI) concentration (10–200 ppm), 
and adsorbent mass (0.1–1.0 g). After adsorption experiments, 
Cr(VI) concentrations were analyzed spectrophotometrically 
following the Diphenyl Carbazide procedure at a wavelength 
of 540 nm using UV-Vis.[40] The difference between Cr(VI) 
removed and Cr(VI) remaining in the solution was used to 
calculate the quantity of Cr(VI) removal.

Equations (2) and (3) below were used to determine the 
removal capacity at any time (qt) and equilibrium (qe) (mg/g).

qt ¼
ðCo − CtÞV

m
(2) 

qe ¼
ðCo − CeÞV

m
(3) 

The adsorbent removal efficiency was calculated using 
Eq. (4)

% RE ¼
Co − Ceð Þ

Co
�100% (4) 
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where V- is the working solution volume (L), Co and 
Ct-represent the starting concentration and concentration at 
any time (t) in (mg/L), m- is the mass of adsorbent, (g), and 
Ce-is the concentration at equilibrium.

Data analysis

The kinetics of the experimental data was evaluated using 
linear kinetic models, namely, Lagrangian pseudo-first-order 
(PFO) kinetic (Eq. 5), Pseudo-second-order (PSO) kinetic 
(Eq. 6), Elovich kinetic model (Eq. 7), and Intraparticle dif-
fusion model (Eq. 8) as summarized in Table 1 below.

Regeneration of the adsorbents

To evaluate the regeneration capability of the functionalized 
cellulose nanocomposite, adsorption-desorption cycles were 
performed. After the initial adsorption of Cr(VI), the used 
adsorbent was separated from the solution and washed with 
deionized water to remove loosely bound ions. The adsorb-
ent was then treated with deionized water, 0.1 M HCl and 
0.1 M NaOH, separately and stirred for 1 h to release the 
adsorbed Cr(VI) ions. The desorbed Cr(VI) was quantified, 
and the adsorbent was thoroughly rinsed with deionized 
water until neutral pH was achieved. The regenerated 
adsorbent was dried at 60 �C in an oven and reused in a 
new batch of Cr(VI) solution under the same conditions as 
the initial adsorption experiment. This process was repeated 
for multiple cycles to assess the stability and reusability of 
the adsorbent. The adsorption efficiency after each regener-
ation cycle was calculated to determine the extent of per-
formance retention over repeated uses.

Results and discussions

Functional group analysis (FTIR)

Figure 1a illustrates the FTIR spectra for the precursor 
materials (Typha angustifolia, CPC, and CNC), while Figure 
1b show the spectra for Fe3O4NP, CNC-Fe3O4NP and CNC- 
Fe3O4NP-CD nanocomposites. From Figure 1a, the broad 
peak at around 3309 cm−1 is linked to intramolecular hydro-
gen bond O−H stretching, and the peaks at around 2892 
and 2915 cm−1 are linked to C−H stretching of the cellulosic 
materials.[41] The wavenumber around 898 cm−1 is attribu-
ted to the C−H rocking vibration of cellulose. The peak at 
1730 cm−1 was only observed in the Typha angustifolia grass 
powder due to the esters and acids only present in the lig-
nin. Similarly, the bands at 1034 cm−1, 1730 cm−1 and 

1632 cm−1 are due to C−O−C of the pyranose ring, carboxyl 
groups found in esters and acids that are primarily found in 
lignin and O−H bending vibrations, respectively [42,43]. The 
peak was not seen in CPC and CNC samples, which is a 
clear indication that the esters and acids were successfully 
removed. At around 1157 cm−1, a peak of O−H associated 
with C−O−H was present and was more extensive and 
more well-defined in cellulose than the rest of the samples, 
indicating a purer sample.[42] The O−H peak associated 
with absorbed water at around 1632 cm−1 was constant for 
all the samples.

The FTIR spectra for Fe3O4NP, CNC-Fe3O4NP and 
CNC-Fe3O4NP-CD are shown in Figure 1b. The spectrum 
for Fe3O4NP exhibited a significant band at 546 cm−1, corre-
sponding to the Fe−O stretching vibrations. This band con-
firmed the presence of magnetic Fe3O4NP within the 

Table 1. Kinetic Models.

Kinetic model Non-linear equation Linearised form Plots Eqs.

Pseudo first order dqt
dt ¼ K1ðqe − qtÞ ln qe − qtð Þ ¼ lnqe − K1t (qe − qtÞvs t (5)

Pseudo second order dqt
dt ¼ K2ðqe − qtÞ

2 t
qt
¼ 1

K2 q2
e
þ t

qe

t
qt

vs t (6)

Elovich qt ¼ blnt þ blnaÞ qt ¼
1
b

lnð1þ abtÞ qt vs lnt (7)

Intraparticle diffusion qt ¼ Kidt1=2 qt ¼ Kidt1=2 þ C qt vs t1=2 (8)
� K1 is the PFO rate constant, K2 is the PSO rate constant (g/mg.m); a (mg.g−1min−1) is the rate of chemisorption at zero 

coverage; b (g.mg−1) is the Elovich desorption constant; t1=2 is the square root of time (min0:5) and Kid is the Intraparticle 
diffusion coefficient (mg/g.min0.5).
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Figure 1. (a) FTIR spectra for Typha angustifolia, CPC, and CNC; (b) Fe3O4NP, 
CNC-Fe3O4NP and CNC-Fe3O4NP-CD nanocomposites.
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nanocomposites.[44] Additionally, the spectrum of CNC- 
Fe3O4NP and CNC-Fe3O4NP-CD nanocomposites showed 
peaks around 1421 cm−1 and 892 cm−1, associated with the 
cellulose structure, indicating that the cellulose backbone 
remained intact after nanoparticle incorporation.[45] In add-
ition, the peaks at around 3323 cm−1 are linked to intramo-
lecular hydrogen bond O−H stretching. The peaks around 
2895 and 2976 cm−1 represent the C−H stretching of the 
cellulosic materials, with only minor shifts and variations in 
intensity compared with that of CNCs. When functionalized 
with b-cyclodextrin (CD), the FTIR spectrum of CNC- 
Fe3O4NP-CD displays new peaks at 1022 cm−1 and 
1155 cm−1, corresponding to C−O−C and C−H bending 
vibrations from CD.[46] These additional peaks confirm the 
successful attachment of b-cyclodextrin to the CNC- 
Fe3O4NP nanocomposite. The inclusion of CD enhances the 
nanocomposite’s capability to form host-guest complexes 
with various pollutants, improving its adsorption efficiency 
for hexavalent chromium (Cr(VI)).[47]

Crystalline structure analysis X-ray diffraction (XRD) 
analysis

Figure 2a shows the XRD patterns for the precursor materi-
als (Typha angustifolia, CPC, and CNC), while Figure 2b
show the spectra for Fe3O4NP, CNC- Fe3O4NP and CNC- 
Fe3O4NP-CD nanocomposites. From Figure 2a, the (101) 
crystalline planes correspond to hemicellulose,[48] while the 
(002) planes correspond to the monoclinic structure of cel-
lulose I.[49] Similarly, the third XRD reflex, which appears as 
a blurred band, confirms the presence of the (040) crystal 
phases from the amorphous regions (primarily lignin and 
hemicellulose). It is reported that for cellulose I and II, the 
2h peak intensity values of crystal cellulose are linked to 
22.5� and 20.1�, respectively. The highest intensity value of 
amorphous cellulose is located at 18� for cellulose I and 
16.3� for cellulose II.[50] The CNC peak pattern at 22.64�
corresponds to the crystalline cellulose I structure, while the 
amorphous cellulose II corresponds to 2h at 15.83�. For 
CPC, crystalline cellulose II and crystalline cellulose I show 
peak intensity values at 16.23� and 22.58�, respectively. The 
powdered Typha angustifolia showed peaks with intensity 

values of 2h of 16.11�, 21.00�, and 22.89� representing 
amorphous cellulose I, amorphous cellulose II, and crystal-
line cellulose II.[50,51]

From Figure 2b, the XRD patterns of CNC-Fe3O4NP 
exhibit peaks corresponding to cellulose and Fe3O4, confirm-
ing the presence of magnetic nanoparticles. The distinct peaks 
at 2h values of around 30.0�, 35.4�, 43.2�, 57.0�, and 62.7� cor-
respond to the (220), (311), (400), (422), (511), and (440) 
reflections of Fe3O4, respectively.[52] The functionalization 
with b-cyclodextrin resulted in XRD patterns that show add-
itional broad reflection profiles centered at 22.5�, attributed to 
the amorphous nature of CD. These results indicate that the 
crystalline structure of the Fe3O4NP is retained while intro-
ducing the amorphous CD, enhancing the nanocomposite’s 
functionality for Cr(VI) adsorption. These XRD findings are 
consistent with the research by Ding et al.[53], who highlighted 
the importance of XRD in verifying the crystalline phases of 
incorporated nanoparticles. The presence of crystalline and 
amorphous components ensures a balance between structural 
features and functional flexibility, which might enhance CNC- 
Fe3O4NP-CD removal efficiency for Cr(VI).

Scanning electron microscopy (SEM) analysis

Figure 3(a–c) presents SEM images showing the surface 
morphology of Fe3O4NP, CNC-Fe3O4NP, and CNC-Fe3O4NP- 
CD nanocomposites. The SEM analysis provides crucial 
insights into the structure and distribution of the components 
within these materials. In the case of Fe3O4NP (Figure 3a), the 
image reveals the presence of large aggregates, which are com-
mon due to the magnetic nature of Fe3O4, which causes its 
particles to attract each other and form clusters. This agglom-
eration can reduce the surface area available for adsorption, 
potentially limiting the efficiency of the nanoparticles in 
adsorbing contaminants like chromium (Cr(VI)) from aque-
ous solutions.[54] For the CNC-Fe3O4NP nanocomposites 
(Figure 3b), the SEM images display a significant reduction in 
agglomeration, with the particles forming more uniform and 
attached to the CNCs rod-like structures. Introducing cellulose 
nanocrystals (CNCs) appears to help disperse the Fe3O4NP 
more evenly. CNCs, naturally fibrous and possessing abundant 
hydroxyl groups, interact with the nanoparticles, providing a 
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steric hindrance that mitigates their tendency to clump 
together.[55] The improved dispersion increases the surface 
area and exposes more active sites, enhancing the material’s 
adsorption capacity.[55]

The further modification to CNC-Fe3O4NP-CD (Figure 3c) 
shows an even more homogeneous dispersion without signifi-
cant agglomeration like the one for the Fe3O4NP. The pres-
ence of b-cyclodextrin appears to enhance this dispersion 
further. b-CDs’ unique toroidal structure and the ability to 
form inclusion complexes likely contributed to the stabilization 
of the nanoparticles, preventing them from agglomeration. The 
uniform distribution observed in these nanocomposites indi-
cates a higher availability of active sites, which can enhance 
the efficiency of Cr(VI) adsorption. The presence of b-CD also 
provided additional functional groups that can interact with 
Cr(VI), potentially increasing this contaminant’s adsorption 
capacity and selectivity.[56]

The enhanced dispersion and reduced agglomeration 
observed in CNC-Fe3O4NP and CNC-Fe3O4NP-CD suggest an 
increased surface area and uniform distribution of active sites 
for effective adsorption of metal ions. Similar results were 
reported by Marcelo et al.[56], and Zhao et al.[57], who found 
that there was an improvement in the adsorption capacity of 
nanocomposites incorporated stabilizers and dispersion agents.

Energy Dispersive Spectroscopy (EDS)

EDS was further employed to confirm the elemental com-
position of Fe3O4NP, CNC-Fe3O4NP, and CNC-Fe3O4NP- 

CD nanocomposites (Figure 4a–c). The data reveal signifi-
cant changes in the elemental composition with the addition 
of Fe3O4 and b-cyclodextrin to cellulose nanocrystals. The 
EDS analysis of Fe3O4NP showed the predominant 
presence of iron (Fe), carbon (C) and oxygen (O) with mass 
percentages of 70.41%, 17.81% and 11.77%, respectively 
(Figure 4a). The high concentration of iron is due to Fe3O4, 
primarily composed of iron oxide. The carbon (C) content 
is relatively low, indicating minimal contamination or the 
presence of organic material in the sample [58]. The atom 
percentages reflect a similar distribution, with iron being the 
dominant component. As seen in Figure 4b, the EDS data 
reveal an increase in the C content, indicated by a mass per-
centage of 25.32%. This increase in carbon content is attri-
buted to the organic nature of CNCs. The O content also 
increased slightly (36.75%), which can be associated with the 
CNCs and the Fe3O4NP. Notably, the Fe content decreased 
to 37.70%, reflecting the partial coating of the nanoparticles 
with CNCs, which is consistent with the reduction in the 
surface density of iron due to the presence of the organic 
CNC matrix.[59]

Further functionalization with b-cyclodextrin to form 
CNC-Fe3O4NP-CD (Figure 4c) showed a slight increase in 
carbon content to 39.78%, highlighting the organic nature of 
b-cyclodextrin. Oxygen content also increased to 36.75%, 
likely due to the abundant hydroxyl groups in CNCs and 
b-CD. The iron content decreased further to 21.90%, which 
could be attributed to the introduction of b-cyclodextrin, 
which contributed more organic material, reducing the rela-
tive amount of iron detected. The changes in the elemental 

Figure 3. SEM images for Fe3O4NP, CNC-Fe3O4NP, and CNC-Fe3O4NP-CD nanocomposites.
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composition suggested successful incorporation of Fe3O4NP, 
b-CD, and CNCs in the nanocomposite adsorbent.

Vibrating sample magnetometer (VSM) analysis

The hysteresis loops in Figure 5 reveal significant insights 
into the magnetic behavior of Fe3O4NP, CNC-Fe3O4NP and 
CNC-Fe3O4NP-CD, confirming their superparamagnetic 

nature. The VSM data indicates that pure Fe3O4NP exhibits 
high magnetization values of 77.14239 emu/g at an applied 
magnetic field (H) of ±15,000 Oe. This high magnetization is 
expected for Fe3O4NP due to their strong magnetic proper-
ties. The coercivity and remanence values are close to zero, 
indicating superparamagnetic behavior. This is advantageous 
for applications requiring quick magnetic response and easy 
re-dispersion once the external magnetic field is removed. A 
slight reduction in magnetization is observed upon incorpo-
rating Fe3O4NP into cellulose nanocrystals to form CNC- 
Fe3O4NP. The magnetization value decreases to 
64.56152 emu/g at the same applied field of ±15,000 Oe. This 
reduction can be attributed to the dilution of magnetic 
Fe3O4 content by the non-magnetic CNC matrix. However, 
the composite retained a significant portion of its magnetic 
properties, which is substantial for targeted adsorption and 
separation in wastewater treatment processes.

Further functionalization with b-cyclodextrin to form 
CNC-Fe3O4NP-CD resulted in a further reduction in mag-
netization, with values reaching 34.97082 emu/g at 
±15,000 Oe. The additional layer of b-cyclodextrin could 
have contributed to this decrease, as it introduces more 
non-magnetic material into the composite.[60] Despite this 
reduction, the CNC-Fe3O4NP-CD nanocomposite remained 
superparamagnetic, as evidenced by the low coercivity and 
remanence values. This superparamagnetic property ensures 

Figure 4. EDS data for (a). Fe3O4NP, (b). CNC-Fe3O4NP and (c). CNC-Fe3O4NP-CD nanocomposites.
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the composite can respond quickly to an external magnetic 
field and be easily separated from aqueous Cr(VI) solutions.

Batch adsorption studies

Effect of pH on removal of Cr(VI)
Figure 6 shows the removal efficiency of Cr(VI) metal ions 
using CPC, CNC, CNC-Fe3O4NP, and CNC-Fe3O4NP-CD 
adsorbents across pH 1 to 12. The findings reveal a signifi-
cant influence of pH on adsorption efficiency owing to the 
metal ion’s pH-dependent behavior. At pH 1, the removal 
efficiencies are 60.21%, 68.45%, 80.45%, and 94.45% for 
CPC, CNC, CNC-Fe3O4NP and CNC-Fe3O4NP-CD, respect-
ively. At pH 2, removal efficiency is seen to increase for all 
adsorbents, with CNC-Fe3O4NP-CD reaching 97.45%, which 
could be attributed to the optimal balance between the posi-
tively charged adsorbent sites and Cr(VI) metal ion species. 
The observed significant efficiency at low pH could be attri-
buted to protonation, which increases the positive charge on 
the adsorbent surface, enhancing electrostatic attraction with 
negatively charged Cr(VI) species (HCrO4

− and Cr2O7
−).[61] 

Furthermore, the improved removal efficiency in CNC- 
Fe3O4NP nanocomposite could be attributed to iron oxide 
nanoparticles, which provided more active sites, while CNC- 
Fe3O4NP-CD’s superior performance is due to b-cyclodex-
trin’s ability to form inclusion complexes with Cr(VI) ions. 
However, as the pH was increased from 3 to 4, a slight 
decline in removal efficiency was observed, which can be 
attributed to reduced Hþ availability and positive charge 
density on the adsorbent surface.[61] At pH 4, the removal 
efficiency was found to be 55.25%, 60.65%, 88.98%, and 
90.12% for CPC, CNC, CNC-Fe3O4NP and CNC-Fe3O4NP- 
CD, respectively. This decline is more pronounced for CPC 
and CNC due to their lower ability to maintain a positive 
charge than the modified nanocomposites. At pH 5 and 
above, removal efficiencies further declined, with CNC- 
Fe3O4NP-CD maintaining a relatively high efficiency of 
64.78% even at pH 12, suggesting enhanced resistance to pH 
changes.

According to Li et al.,[62] bulk metal ions occur in aque-
ous solutions with a pH range of 2.0-8.5 as Mþ=2þ or 
MðOHÞþ ions. The majority of metal ions precipitate 
because they create MðOHÞ2þ above this pH (basic character 
of the solution). Thus, it is usually safe to do adsorption 
tests below pH 9.0 in order to avoid metal ion precipitation. 
Similarly, at very low pH levels, the concentration of H3Oþ

ions is significantly greater and surpasses that of metal ions. 
The overabundance of H3Oþ ions surrounds the adsorbent’s 
active sites, permitting unhindered metal ion mobility in the 
solution.[63] This results in competing reactions involving 
the H3Oþ ions of the adsorbate metal ions. Positively 
charged metal ions adhere to the accessible binding sites on 
the adsorbent when the solution’s pH rises due to less 
competition.[64,65]

Based on several adsorption processes, the adsorption of 
hexavalent chromium (Cr(VI)) by CNC-Fe3O4NP-CD nano-
composite adsorbent may be explained by the following 
reaction mechanisms: complexation, reduction, electrostatic 
attraction, and host-guest interactions with b-cyclodextrin 
(CD) as shown in Eqs. (9–13).[61,66–71]

CNC-Fe3O4NP-CDþðsÞ þ HCrO−
4 ðaqÞ !

CNC-Fe3O4NP-CD-HCrO−
4 ðsÞ ðElectrostatic attractionÞ (9) 

3Fe2þ
ðaqÞ þ CrO2−

4 ðaqÞ þ 8HþðaqÞ 3Fe3þ
ðaqÞ þ Cr3þ

ðaqÞ

þ 4H2O ðlÞ ðReductionÞ (10) 

CNC-OHðsÞ þ CrO2−
4 ðaqÞ ! CNC-O-CrO2−

4 ðsÞ ðComplexationÞ

(11) 

Fe-OHðsÞ þ CrO2−
4 ðaqÞ ! Fe-O-CrO2−

4 ðsÞ ðComplexationÞ
(12) 

CDðsÞ þ HCrO−
4 ðaqÞ ! CD-HCrO−

4 ðsÞ

ðHost-Guest interaction via b-CyclodextrinÞ (13) 

Adsorbent mass on the removal of Cr(VI)
The influence of adsorbent mass on Cr(VI) removal was 
studied by varying the mass of CPC, CNC, CNC-Fe3O4NP, 
and CNC-Fe3O4NP-CD adsorbents from 0.2 g to 1.4 g, with 
other parameters constant. The results showed an overall 
increase in removal efficiency with higher adsorbent mass 
for all materials (Figure 7). At a low adsorbent mass of 
0.2 g, removal efficiencies were relatively low: 16.45% for cel-
lulose, 18.43% for CNC, 27.94% for CNC-Fe3O4NP, and 
35.67% for CNC-Fe3O4NP-CD. This low efficiency could be 
attributed to the limited active sites available for adsorption. 
As the adsorbent mass increased to 0.4 g and 0.6 g, the 
removal efficiency improved significantly, particularly for 
CNC-Fe3O4NP-CD, reaching 49.7% and 68.45%, respect-
ively. This improvement could be attributed to increased 
adsorption sites, with the Fe3O4NP and b-cyclodextrin pro-
viding additional surface area and functional groups. At 
0.8 g, CNC-Fe3O4NP-CD achieved nearly complete removal 

0 2 4 6 8 10 12

40

50

60

70

80

90

100

C
r(

V
I)

 %
 R

em
ov

al

Solution pH

 CPC
 CNC
 CNC-Fe3O4NP
 CNC-Fe3O4NP-CD

Figure 6. The influence of pH on the removal of Cr(VI) using different 
adsorbents.

8 L. S. MESOPPIRR ET AL.



with 97.98% efficiency, and CNC-Fe3O4NP showed a signifi-
cant increase to 64.61%. This suggests that active site avail-
ability was not yet limited to the adsorption process. 
Cellulose and CNC also improved, with maximum removal 
efficiencies of 37.87% and 40.19%, reflecting their lower sur-
face area and active site availability. At 1.0 g, the maximum 
removal efficiencies were observed: 98.34% for CNC- 
Fe3O4NP-CD, 82.62% for CNC-Fe3O4NP, 40.44% for CNC, 
and 38.76% for CPC. This indicates that at this dosage, par-
ticularly for CNC-Fe3O4NP and CNC-Fe3O4NP-CD, suffi-
cient active sites were available to adsorb nearly all Cr(VI) 
ions. Beyond 1.0 g, 1.2 g and 1.4 g, the increase in removal 
efficiency plateaued, especially for CNC-Fe3O4NP and CNC- 
Fe3O4NP-CD. CNC-Fe3O4NP-CD showed a slight increase 
from 98.45% at 1.2 g to 98.61% at 1.4 g, indicating that the 
adsorption reached equilibrium, where additional adsorbent 
did not significantly enhance efficiency due to saturation of 
active sites.

From the findings, CNC-Fe3O4NP-CD was the most 
effective adsorbent, achieving the highest removal efficiency 
across all dosages. Its superior performance is due to 
enhanced surface area, magnetic properties, and b-cyclodex-
trin, which provided additional binding mechanisms for 
Cr(VI) ions, increasing adsorption site accessibility and 
efficiency

Varying pollutant concentration
The influence of initial Cr(VI) concentration on the removal 
of Cr(VI) ions was evaluated using CPC, CNC, CNC- 
Fe3O4NP, and CNC-Fe3O4NP-CD in mimicked wastewater, 
with concentrations ranging from 10-60 mg/L (Figure 8). 
From the findings, at the lowest Cr(VI) concentration 
(10 mg/L), all adsorbents showed significant removal effi-
ciencies, with CNC-Fe3O4NP and CNC-Fe3O4NP-CD 
achieving 97.21% and 97.31%, respectively. This significant 
adsorption efficiency could be attributed to the ample avail-
ability of active sites relative to the Cr(VI) ions present, 
allowing effective adsorption. As the concentration of 
Cr(VI) ions increased to 20 mg/L, removal efficiency 

declined across all adsorbents. CNC-Fe3O4NP-CD main-
tained a relatively high efficiency of 87.56%, while CNC- 
Fe3O4NP achieved 84.67%. At 30 mg/L, removal efficiencies 
continued to drop, reaching 80.57% for CNC-Fe3O4NP and 
83.54% for CNC-Fe3O4NP-CD, indicating that active sites 
were nearing full occupancy and competition for these sites 
is intensified. Further increases in concentration to 40 mg/L 
and beyond led to more significant declines in the removal 
efficiency. At 60 mg/L, CNC-Fe3O4NP and CNC-Fe3O4NP- 
CD exhibited similar efficiencies of approximately 60.32% 
and 61.53%, respectively, indicating that the adsorbents had 
reached saturation and could not effectively adsorb add-
itional Cr(VI) ions. In contrast, CNC maintained lower but 
stable removal efficiencies of around 40% across all 
concentrations.

CNC-Fe3O4NP-CD nanocomposite adsorbent consistently 
outperformed other adsorbents, especially at lower concen-
trations, due to its enhanced surface area, higher number of 
active sites, and better dispersibility caused by Fe3O4NP and 
b-CD. The decline in efficiency with increasing Cr(VI) con-
centration offers a significant advantage over maintaining 
high adsorption capacity under high pollutant concentra-
tions, which is critical for practical wastewater treatment 
applications.

Varying adsorption contact duration
The influence of contact time on Cr(VI) removal efficiency 
was studied over 1-35 min (Figure 9). Initially, at the first 
minute, slight adsorption occurred, with CNC-Fe3O4NP-CD 
showing the highest removal efficiency (10.56%), followed 
by CNC-Fe3O4NP (10.23%), CNC (6.7%), and CPC (2%). 
This rapid initial adsorption is due to the abundant active 
sites on the adsorbents. After 5 min, removal efficiencies 
increased significantly, with CNC-Fe3O4NP-CD reaching 
40.56%, CNC-Fe3O4NP (31.98%), CNC (17.99%), and CPC 
(15%). By 10 min, CNC-Fe3O4NP-CD attained 60.89% 
removal efficiency, CNC-Fe3O4NP (50.56%), CNC (20.55%), 
and CPC (18%), indicating that adsorption was progressing 
toward equilibrium. From 15 to 20 min, CNC-Fe3O4NP-CD 
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and CNC-Fe3O4NP exhibited substantial increases in effi-
ciency, reaching 89.23% and 70.56%, respectively, while 
CNC and CPC increased more gradually. By 25 min, CNC- 
Fe3O4NP-CD attained 92.56% removal efficiency and CNC- 
Fe3O4NP 78.56%, with CNC and CPC recording lower 
efficiencies of 36.98% and 23.45%. Within 30 min, the 
adsorption for CNC-Fe3O4NP-CD and CNC-Fe3O4NP pla-
teaued, recording 93.01% and 78.88% removal efficiency. At 
35 min, CNC-Fe3O4NP-CD and CNC-Fe3O4NP attained 
93.2% and 78.95%, while CNC and CPC reached equilib-
rium with lower efficiencies. The results highlight the super-
ior performance of CNC-Fe3O4NP-CD, attributed to its 
enhanced surface area and active site availability, which 
facilitate rapid and effective Cr(VI) adsorption.

These findings suggest that the contact time significantly 
influences the adsorption efficiency, with optimal adsorption 
occurring within the first 20 min for CNC-Fe3O4NP-CD. 
For practical applications, this implies that using CNC- 
Fe3O4NP-CD can achieve efficient removal of Cr(VI) in a 
relatively short contact time, making it an effective adsorb-
ent for rapid water treatment processes.

Comparative study on the adsorbents
The effectiveness of CPC, CNC, CNC-Fe3O4NP, and CNC- 
Fe3O4NP-CD adsorbents toward the removal of Cr(VI) from 
mimicked aqueous media was assessed under a range of 
influencing parameters, including temperature, pH, adsorb-
ent dose, pollutant concentration, and contact time (Figure 
10). From the findings of the study; the results consistently 
demonstrated the superior performance of CNC-Fe3O4NP- 
CD, particularly at low pH levels, which is critical for effi-
cient Cr(VI) removal, which can be attributed to the positive 
charge on the adsorbent surface that enhances electrostatic 
attraction with negatively charged Cr(VI) ions. The incorp-
oration of Fe3O4NP and b-cyclodextrin in CNC-Fe3O4NP- 
CD not only increased the surface area and provided add-
itional active sites for adsorption but also enhanced the 
material’s stability and dispersibility, leading to higher 
removal efficiencies compared to the other adsorbents.

Regarding adsorbent dosage, CNC-Fe3O4NP-CD achieved 
nearly complete removal at lower masses, indicating a higher 
number of accessible active sites and efficient binding mech-
anisms, further supported by the functional groups present 
as evidenced by FTIR analysis. At varying initial Cr(VI) con-
centrations, CNC-Fe3O4NP-CD maintained high removal 
efficiencies, particularly at lower concentrations, demonstrat-
ing its capacity to effectively adsorb Cr(VI) even as the pol-
lutant concentration increases. The study also highlighted 
the rapid adsorption kinetics of CNC-Fe3O4NP-CD, reach-
ing equilibrium quickly, which is advantageous for practical 
water treatment applications where time efficiency is crucial.

Given these findings, CNC-Fe3O4NP-CD is this study’s 
most effective adsorbent for Cr(VI) removal, offering high 
efficiency, rapid kinetics, and stability across various condi-
tions. Its unique composition, combining the benefits of cel-
lulose nanocrystals, Fe3O4NP, and b-cyclodextrin, provides 
multiple interaction mechanisms, making it ideal for kinetic 
studies. CNC-Fe3O4NP-CD was, therefore, chosen for kinet-
ics studies.

Table 2 provides several materials and methods related to 
adsorption toward hexavalent chromium removal for water/ 
aqua medium using cellulose-based and iron oxide nanopar-
ticle adsorbents. According to the listed investigations in 
Table 2, the current study’s adsorbent showed excellent 
sorption efficiency comparable to other research work. As a 
result, it has a boundless potential for optimization and 
application in acidic wastewater purification.

Kinetics studies of adsorption

Pseudo-first-order kinetic models
To investigate the kinetic behavior and mechanism of 
Cr(VI) adsorption onto the CNC-Fe3O4NP-CD nanocompo-
site adsorbent, the linear regression coefficient (R2) was used 
to demonstrate the applicability of the pseudo-first-order 
kinetic model across several experimental data sets. The 
study findings are provided in Figure 11 and Table 3

The results led to relatively low linear regression coeffi-
cients (R2) ranging from 0.55538 to 0.94783. This indicates 
that the model was inappropriate, given the current 
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adsorption system on the CNC-Fe3O4NP-CD nanocomposite 
adsorbent. Furthermore, owing to the poor linear regression 
coefficient (R2), the extremely low values of (qcal) further 
confirm the model’s failure.

Pseudo-second-order kinetic model
The findings on the applicability of the pseudo-second-order 
kinetic model for the study are presented in Figure 12 and 
Table 3. The experimental data under various physio-chem-
ical conditions fitted well to the second-order kinetic linear 
model. The model displayed high linear regression coeffi-
cient values (R2>0.98). This demonstrates that electron shar-
ing between the solute and adsorbent occurred. 
Furthermore, lower values of the second-order kinetic con-
stant K2 were obtained because there was less competition 
between the metal ions and the adsorption site at the higher 
initial concentration. Numerous studies on the removal of 
heavy metals, including zinc (Zn2þ), copper (Cu2þ), and 
nickel (Ni2þ), demonstrated that these systems also followed 
pseudo-second-order kinetics.[80–82] These results imply that 
a single-step process governs Cr(VI) ion adsorption on the 
CNC-Fe3O4NP-CD nanocomposite adsorbent and entails 
several steps.[83]

Elovich model
The kinetics of chemisorption on heterogeneous adsorbents 
were quantified using the Elovich model. The model predicts 

the existence of heterogeneous active surface sites with vari-
ous activation energies.[84] Figure 13 and Table 3 illustrate 
how the model’s linear fit to the experimental data allowed 
for the derivation of the Elovich constants and linear correl-
ation coefficient. According to the Elovich model’s adsorb-
ent coefficient of determination, the adsorption of Cr(VI) 
onto the CNC-Fe3O4NP-CD nanocomposite adsorbent was 
chemically guided (R2 > 0.93). Furthermore, the CNC- 
Fe3O4NP-CD nanocomposite adsorbent effectively adsorbed 
the metal ions owing to the initial sorption rates exceeding 

Table 2. Several materials and methods related to the adsorption of Cr(VI).

Adsorbent % Removal efficiency Reference

CNC-Fe3O4NP-CD 97.45% Current work
Polypyrrole magnetic nanocomposite 99.2% [72]

Sodium carboxymethyl cellulose stabilized zerovalent iron nanoparticles 88.5% [73]

Iron Oxide Particles 82% [74]

Cellulose Nanocrystal–Magnetic Iron Oxide Nanocomposite 91.78% [65]

Cellulose biochar 
supported iron nanoparticles

97.23% [75]

Chitosan-coated superparamagnetic iron oxide nanoparticles >92% [76]

Stabilized iron sulfide nanoparticles 82.23% [77]

Bio-based iron oxide nanoparticles 98.71% [78]

Carboxymethyl Cellulose–Stabilized Sulfidated Nano Zerovalent Iron 85.08% [79]
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Figure 11. Pseudo-first-order kinetic model linear fit.

Table 3. Summary of kinetic model parameters.

Kinetic model/ Adsorbate

Parameters

10 mg/L 20 mg/L 30 mg/L 40 mg/L 60 mg/L

Pseudo-first kinetic model
qe (exp)(mg/g) 4.361 8.426 16.412 28.983 35.509
qe (model) (mg/g) 4.234 7.897 15.028 27.671 34.280
k1(mg/g) 0.00814 0.01284 0.00127 0.00196 0.01205
R2 0.91513 0.55538 0.93332 0.9333 0.94783

Pseudo second kinetic model
qe (model) (mg/g) 4.154 7.3043 15.419 26.881 34.114
K2(g/mg.min) 0.52803 0.29292 0.15689 0.10498 0.09251
R2 0.9925 0.99747 0.98417 0.99781 0.98051

Elovich kinetic model
a(mg/g.min) 0.19591 0.75835 0.42567 1.88423 1.52761
b(g/mg) 0.07228 0.27979 0.1101 0.15705 0.69519
R2 0.93083 0.9362 0.95093 0.96044 0.93083

Intraparticle kinetic model
Kid(mg/g.min0.5) 0.50892 0.98097 0.5805 1.3161 3.39731
C 1.46329 1.99285 8.83463 10.15689 19.73795
R2 0.98776 0.92505 0.99342 0.95541 0.98776
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Figure 12. Pseudo-second-order kinetic model linear fit.
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their corresponding desorption constants.[85] In the Elovich 
model, active surface sites are assumed to be heterogeneous 
and to have a range of activation energies.[86]

Intra-particle diffusion model
The intraparticle diffusion model sometimes referred to as 
the Webber-Morris model, is crucial for understanding the 
behavior of any adsorption process.[80] Understanding the 
adsorption mechanism and how it underlies the system’s 
apparent dynamic behavior is vital for designing and con-
trolling any large-scale adsorption system. According to the 
results of this study, as shown in Figure 14 and Table 3, the 
Cr(VI) ions adsorb pretty quickly at first before slowing 
down. The rate-limiting step is frequently predicted using 
this model for an adsorption system involving porous mate-
rials. The model states that an entire system is controlled by 
intraparticle diffusion when the plot between qt and t0.5 

results in a straight line that goes through the origin. 
However, the plot in this study did not result in a single 
straight line passing through the origin. As a result of the 
observation, the adsorption mechanisms can be listed as 
metal ion transport from the bulk solution to the adsorbent 

surface, diffusion across the adsorbent surface’s boundary 
layer, adsorption on the adsorbent surface’s active site and 
through intra-particle diffusion into the adsorbent’s pores. 
The slowest step, external film diffusion, or pore diffusion, 
regulates the total adsorption rate.[87]

Regeneration of CNC-Fe3O4NP-CD

Figure 15 illustrates the regeneration efficiencies achieved 
using different eluents across multiple cycles. The regener-
ation of the CNC-Fe3O4NP-CD nanocomposite is a crucial 
aspect of its practical application in water treatment. 
Effective regeneration allows for multiple cycles of use, 
thereby reducing operational costs and enhancing sustain-
ability. The regeneration process involved the desorption of 
adsorbed metal ions using deionized water, HCl, and NaOH 
as eluents.

From the findings of this study, the regeneration proc-
ess’s efficiency decreased with subsequent cycles due to 
potential surface modification or fouling of the adsorbent. 
Initially, HCl and NaOH achieved desorption efficiencies 
above 90%, but this efficiency declined with each cycle 
(Figure 15). NaOH provided the highest desorption effi-
ciency over multiple cycles. The decrease in efficiency is 
likely due to changes in the surface chemistry of the CNC- 
Fe3O4NP-CD, such as the possible formation of insoluble 
complexes or the irreversible binding of some ions.

From the findings CNC-Fe3O4NP-CD nanocomposite 
exhibited good potential for reuse in multiple adsorption- 
desorption cycles, especially when using NaOH as an eluent. 
However, the gradual decline in efficiency suggests that peri-
odic regeneration and potential chemical treatments may be 
necessary to maintain high performance. The adsorbents sta-
bility under various pH conditions and its ability to maintain 
significant adsorption capacity make it a promising sorbent 
for practical water treatment applications, where cost-effect-
iveness and sustainability are critical considerations.

Safe disposal of the Cr(VI)-loaded CNC-Fe3O4NP-CD 
nanocomposite adsorbent

Heavy metal ions loaded adsorbents disposal in the open air 
is not recommendable because of metal ions leaching. As a 
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result, the heavy metal ions-loaded CNC-Fe3O4NP-CD 
nanocomposite adsobent was incinerated at a temperature of 
680-700 �C to produce ash, which was then mixed with 
25 mL of deionized water to yield a liquid-solid ratio of 
5:1.[88–90] After 24 h of continuous stirring, the metal ion 
concentration was determined using filtrates. It was found 
that Cr(VI) ions were found to be 0.00963 mg/L, which is 
way below the permissible limits (water � 0.05 mg/L, soil �
64 mg/kg, and air � 5 mg/m3) in the leach solutions.[91–93] 

However, Fe(II) was detected, which could be attributed to 
Fe3O4 nanoparticles. As a result, the ash is suitable for use 
as a catalyst in various industrial processes involving iron 
catalysts.

Conclusion

This research work successfully prepared and characterized a 
novel adsorbent of b-cyclodextrin capped magnetic nanopar-
ticles anchored on cellulosic matrix (CNC-Fe3O4NP-CD) for 
the effective removal of hexavalent chromium (Cr(VI)) from 
synthetic wastewater. The work involved a multi-step process, 
including the extraction of cellulose from Typhacaea angusti-
folia, preparation of cellulose nanocrystals via acid hydrolysis, 
incorporation of Fe3O4NP, and functionalization with 
b-cyclodextrin through shear homogenization. Combining 
cellulose nanocrystals, magnetic Fe3O4 nanoparticles, and 
b-cyclodextrin provided a robust, efficient, easy-to-recover 
adsorbent. The CNC-Fe3O4NP-CD nanocomposite exhibited 
the highest adsorption efficiency, particularly at pH 2, with a 
removal efficiency of 97.45%. The high efficiency of CNC- 
Fe3O4NP-CD at low pH can be attributed to the protonation 
of the adsorbent surface, which increased the positive charge 
density and enhanced the electrostatic attraction between the 
adsorbent and the negatively charged Cr(VI) species. This 
characteristic makes CNC-Fe3O4NP-CD particularly suitable 
for treating acidic wastewater, where Cr(VI) removal is often 
challenging due to the competition between Hþ ions and 
Cr(VI) for active sites. This study supports further explor-
ation and optimization of CNC-Fe3O4NP-CD for practical 
applications in industrial wastewater treatment, where effi-
ciency, sustainability, and cost-effectiveness are critical 
considerations.[94]
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