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ARTICLE INFO ABSTRACT

Keywords: This study presents a green, cost-effective, and dual-function approach for the colorimetric detection and
Adsorption removal of copper ions (Cu(Il)) in wastewater, utilizing a cellulose nanofiber-mesoporous silica nanoparticle
Cellulose nanofibers (CNF-MSN) composite in conjunction with the Griess reagent. The CNF-MSN composite was synthesized via a
gﬂ?ﬁB sol-gel process using cellulose nanofibers derived from natural biomass. Comprehensive characterization using
Image] FTIR, SEM, XRD, BET, TEM, and TGA confirmed the successful integration of CNF and MSN, with TEM revealing
8
Mesoporous silica nanoparticles a web-like nanofiber structure (~33 nm) and SEM showing mesoporous silica nanoparticles (2-50 nm).
Wastewater Hydrogen bonding between CNF hydroxyl groups and MSN silanol groups was indicated by O-H stretching shifts.

For Cu(Il) detection, the CNF-MSN composite produced a visible purple color change upon reaction with the
Griess reagent across 1-5 mg/L Cu(Il) standards. Color intensity and RGB values were quantified using ImageJ,
converted to CIEXYZ and CIELAB (Lab) values, resulting in a linear response (R*> = 0.9956) over the range of
0.01-5 mg/L, with a detection limit of 0.001521 mg/L. The UV-Vis spectrophotometric method validated the
ImageJ approach, yielding an R? value of 0.9993 and a detection limit of 0.006253 mg/L. For Cu(II) adsorption,
CNF-MSN removed nearly 100 % of Cu(II) within 45 min at pH 4-6, outperforming individual CNF and MSN with
an adsorption capacity of 0.0978 mg/g and 97.85 % removal efficiency. In real samples, removal efficiencies
ranged from 94.1 % to 99.1 %, with a maximum adsorption capacity of 38.9 mg/g. The adsorption data fit the
Dubinin-Radushkevich isotherm (R* = 0.980) and the pseudo-second-order kinetics (R* = 0.999). Overall, the
CNF-MSN composite offers a sustainable and efficient material for detecting and remediating Cu(Il) in water
systems.

remediation, particularly in water purification. However, these mate-
rials demonstrated drawbacks, including the partial removal of con-

1. Introduction

Cellulose nanofibers (CNF) have a variety of potential applications,
including biomedical and pharmaceutical uses (such as tissue engi-
neering), packaging, and the paper and film industries [1]. In environ-
mental management, the focus has shifted towards polymer
science-derived polymeric materials, such as cellulose, to solve envi-
ronmental problems, i.e., cleaning wastewater. Cellulose-based mate-
rials garner significant interest for their applications in environmental
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taminants from wastewater. To mitigate this problem, developing an
eco-friendly composite adsorbent through an environmentally friendly
process for detecting and removing metal ions from wastewater is ur-
gently necessary, as metal ions pose critical hazards to public health and
environmental safety [2,3]. This approach includes fabricating
organic-inorganic nanohybrids by coupling cellulosic material with
metal oxide, such as copper oxide (CuO), and silica oxide (SiO3)
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nanoparticles (NPs) [4]. This has demonstrated growth in the field of
biomedical materials [5,6], food packaging [7], textiles [8], and water
purification [9]. The unique properties of CNF, including a high aspect
ratio, lower density, and biocompatibility, have enabled them to excel
and have generated significant interest in various fields [1]. The pres-
ence of the OH-functional group in the CNF structure enables the
introduction of cationic groups, thereby enhancing their adsorption
capability as adsorbents. Cellulosic materials, and their derivatives,
coupled with inorganic nanoparticles, have shown promising results
[10].

The growing concern for sustainability and environmental preser-
vation has increased the demand for low-cost, fast-response, and reliable
devices to monitor the presence of heavy metals and toxins in water
bodies before they are removed [11-13]. Among various methods
studied for removing and monitoring heavy metals from water,
adsorption has been considered a suitable method. This is due to high
efficiency [14], simplicity, and low cost [15]. Numerous researchers
have investigated the use of eco-friendly adsorbents as alternatives to
traditional adsorbents [15-18]. Cellulose has recently gained consider-
able attention due to its eco-friendliness, cost-effectiveness,
non-toxicity, selectivity, and high efficiency [19]. However, cellulose
exhibits strong hydrogen bonding between hydroxyl groups, which in-
creases its crystallinity and thereby limits the adsorption capacity of
heavy metals in water [16]. To address these drawbacks, cellulose can
be modified to enhance the adsorption performance. Although the
modification of cellulose for heavy metals adsorption has been exten-
sively studied, to the best of our knowledge, there is little information in
the literature on the modification of cellulose nanofibers with meso-
porous silica nanoparticles for water purification. At the same time,
isotherms and isotherm models have not been thoroughly explored. This
study aims to synthesize cellulose nanofibers supported by mesoporous
silica nanoparticles as a promising detector and adsorbent of heavy
metals in wastewater. Furthermore, a novel detection method using
colour-space models will be explored.

Various detection methods have been formulated for quantifying
colour and expressing colour numerically [2,20]. A colour space defined
by the International Commission on Illumination (CIE) represents colour
using three values: L* (lightness), a* (red-green), and b* (yellow-blue)
(CIE L*a*b*). This colour space has also emerged for quantifying
effluent colours in wastewater [21]. Most instruments used for deter-
mining heavy metals are spectroscopic instruments, such as atomic ab-
sorption spectrometry, X-ray fluorescence, plasma emission
spectroscopy, dispersive liquid-liquid microextraction, UV-visible
spectrophotometry, solid-phase extraction, and Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES) [20,22,23]. The
application of CIE L*a*b*/Yxy colour space based on the combination of
TRPIDA_CH3-AuNPs to quantify Cr(VI) in wastewater effluent was
investigated by Muthwa et al. 2020. The synthesised colorimetric sensor
exhibited high sensitivity to Cr(VI) in aqueous solutions and demon-
strated pleasing selectivity over the investigated metal ions [24]. This
colour space enabled the detection of subtle colour changes that were
not visible to the naked eye [25]. The sensing approach has also been
employed in the detection of Cu(II), Ni(II), Zn(II), Cd(II), and Pb(II) ions
in natural water using PVC membranes, and in potable water through
nanocomposites incorporating multi-walled carbon nanotubes
(MWCNTSs) and polylactic acid (PLA) nanofibers [26,27]. In another
study, the colorimetric method was further optimised for detecting gold
nanoparticles in water using polyDADMAC, with colour analysis per-
formed through the CIE Lab*/Yxy colour space system [28]. Sado-
llahkhani et al. conducted a study on the detection of copper using a
fabricated ZnO@ZnS core-shell nanoparticle-based paper sensor [29,
30]. The paper sensor was tested on real river water with turbulent flow
and showed a maximum relative error of 5 % in determining the con-
centration of Cu(Il) ions. This confirmed that the paper sensor can
efficiently detect complex solutions with high selectivity. Additionally,
colour-space models can quantify colours in various ways, including
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CIELAB, CMYK, RGB, HSL, and XYZ [31,32].

ImageJ has emerged as a critical tool in the analysis of heavy metal
contamination, particularly in environmental studies, and its applica-
tion in detecting and quantifying Cr(VI), Mn(II), and Co(II) [28]. Kub-
heka et al. (2025) employed ImageJ software to quantify lead ion (Pb
(II)) concentrations in environmental water using gold nanoparticles
(AuNPs) as a colorimetric probe [33]. Similarly, Kant et al. highlighted
advances in developing portable chemical sensing devices for detecting
heavy metals, anions, and biomolecules. Therefore, this study focused
on environmental concerns by creating a colorimetric sensor and an
adsorbent composite from cellulose derived from agricultural
by-products, wood pulp, coupled with mesoporous silica nanoparticles,
to address the pollution of Cu(II) metal ions in municipal wastewater. In
this study, cellulose nanofibers were extracted mechanically, and mes-
oporous silica nanoparticles (MSNs) and MSN—CNFs were synthesized
using an in-situ sol-gel technique. Fourier transform infrared spectros-
copy (FTIR), scanning electron microscopy (SEM), X-ray diffraction
(XRD), Brunauer-Emmett-Teller surface area analysis (BET), trans-
mission electron microscopy (TEM), and thermogravimetric analysis
(TGA) were then used to analyse the samples.

2. Materials and methods

CNF derived from wood pulp was supplied by the Council for Sci-
entific and Industrial Research (CSIR), South Africa. Sodium hydroxide
(NaOH) pellets (99.9 %), potassium hydroxide (KOH) pellets (98 %),
and sodium chlorite (NaClO2, 99.9 %) were obtained from Minema and
used without further purification. Cetyltrimethylammonium bromide
(CTAB) and tetraethyl orthosilicate (TEOS) were purchased from Sigma-
Aldrich. Ethanol, methanol, and nitric acid (HNOs) were also used as
received from Minema. Copper nitrate [Cu(NOs)2-3H-0] was obtained
from Sigma-Aldrich. All materials were of high purity and were used as
received without further purification.

2.1. Preparation of CNF from wood pulp supplied by CSIR

A suspension of 1 wt.% pulp was made by first dispersing the pulp
fibres in water using a mechanical stirrer (Lorentzen & Wettre Pulp
Disintegrator, Sweden) set at 2000 rpm for 30 min. The pulp suspension
was passed through a super-mass colloider (Masuko Sangyo Co., Ltd,
Japan) set at 2507 rpm for 200 passes in the contact mode to obtain the
nanofibers.

2.2. Synthesis of mesoporous silica nanoparticles

The in situ sol-gel method described by [34] was modified to syn-
thesise MSNs. Tetraethyl orthosilicate (TEOS) was used as a silica pre-
cursor, and cetyltrimethylammonium bromide (CTAB) as a surfactant.
Mesoporous silica nanoparticles were synthesized from the addition of
ethanol (EtOH), water (H30), and catalyst 2 M NaOH (1:4:4:3.5 mol
ratio), respectively, followed by the addition of CTAB (1 g), and the
reaction was maintained under vigorous stirring for 30 min at 60 °C
(Fig. 1). The removal of the surfactant was achieved by stirring a 1:1
ratio of water and methanol overnight.

2.3. Synthesis of CNF-MSN composite

The CNF-MSN composite was synthesised using an in-situ sol-gel
approach. CNFs (1 wt.%) were dispersed in deionised water using
ultrasonication for 30 min. The MSN precursor solution, prepared as
described in Section 2.1, was added dropwise to the CNF dispersion
under constant stirring at 80 °C for 3 h (Fig. 2). The hybrid CNF-MSN
material was then centrifuged, washed with ethanol, and dried at 60
°C for 12 h. The surfactant was removed by stirring a 1:1 ratio of water
and methanol overnight.
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Fig. 1. Schematic diagram for the synthesis of MSN by the sol-gel method.

CNF-MSN

Fig. 2. Preparation process of CNF-MSN composite.

2.4. Characterization of CNF, MSN, and CNF-MSN

2.4.1. Transmission electron microscope (TEM)

The dimensions of CNF were measured using a JEOL JEM 2100
HRTEM (JEOL, Tokyo, Japan). CNF were imaged at a voltage of 200 kV,
and the images were captured using a Gatan Ultra scan camera and
Digital Micrograph software (Gatan, Pleasanton, CA, USA).

2.4.2. Scanning electron microscope (SEM)

The surface morphology of MSN was investigated using a scanning
electron microscope (SEM; JEOL JSM 7500F, Tokyo, Japan). The MSN
was imaged at an accelerating voltage of 3 kV, and the images were
captured using image analysis software (ImageJ, National Institute of
Health, Bethesda, MD, USA).

2.4.3. Attenuated total reflection Fourier transform infrared (ATR-FTIR)
The ATR-FTIR spectra of the CNF, MSN, and CNF-MSN were deter-
mined by an ATR-FTIR 4000 spectrophotometer (PerkinElmer, Wal-
tham, Massachusetts, United States of America). All materials were
analysed over a range of 4000-500 cm™! with an average of 32 scans

and a resolution of 4 cm™?.

2.4.4. X-ray diffraction (XRD)

The XRD profiles of CNF, MSN, and CNF-MSN were obtained using
an Anton Paar SAXSess (Anton Paar, Graz, Austria) operating at 40 kV
and 50 mA in line collimation. The XRD radiation was Cu Ka radiation of
wavelength 0.154 nm, and the exposure time of each material was 10
min. The scattering radiation was detected at a 20 range of 5-80° at a
rate of 1 s per step.

2.4.5. Thermogravimetric analysis (TGA)

TGA analysis of CNF, MSN, and CNF-MSN was performed on a
thermogravimetric analyzer (PerkinElmer, Buckinghamshire, UK) at a
heating rate of 10 °C/min using nitrogen as the purge gas. The TGA
temperatures increased linearly from room temperature to 900 °C under
nitrogen flow. The temperature of the sample was monitored, and the

sample’s weight loss was presented as a percentage weight loss.

2.4.6. Brunauer-Emmett-Teller (BET) analysis

The surface area, average pore size, and pore volume of CNF, MSN,
and CNF-MSN were measured by Brunauer-Emmett-Teller (BET,
Micromeritics TriStar I, Germany) analyzer.

2.5. Preparation of colorimetric sensor (Griess reagent)

A method previously employed for fabricating a nitrite sensor based
on the adsorption of the Griess reagent onto MSN [35] was adopted in
this study to prepare a Griess reagent composite using CNF-MSN (Fig. 3).
The original procedure was optimized to achieve maximum colour in-
tensity with minimal reagent usage. For this study, the Griess reagent
was prepared by dissolving sulphanilamide (50-500 mg), N-(1-naph-
thyl) ethylenediamine dihydrochloride (NED) (5-50 mg), and 85 %
phosphoric acid (1.0-2.0 mL) in 10 mL of ultrapure water. The
CNF-MSN composite (0.5 g) was then introduced into 10 mL of the
Griess reagent solution and stirred at room temperature for 2 h to ensure
effective adsorption of the reagent onto the nanocomposite. The loaded
composite was filtered using a vacuum pump and stored in a brown
bottle within a desiccator to protect it from light degradation.

2.6. The effect of different operational parameters on the removal
efficiency of Cu(ii)

The effect of varying operating conditions on the removal rate of Cu
(I) ions using the CNF-MSN composite is defined in the sections below.

The adsorption performance was evaluated by computing the
adsorption capacity (Q), and the removal efficiency ( %) was calculated
using the respective Equations [2]:

_(Co—Ce) x V
B m

Qe

Where Q. is the adsorption capacity, Co is the initial concentration of
analyte, Ce is the final concentration at the equilibrium, V is the volume
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Fig. 3. Reaction mechanism for the formation of Azo dye, N-(1-naphthyl) ethylenediamine (NED), which has a maximum absorbance at 540 nm [35].

of the sample extracted, and m is the mass of the adsorbent dosage.
R% = < co *Ce> x 100
Co

And where R % is the percentage removal efficiency, Co is the initial
concentration, and Ce is the concentration of an analyte at equilibrium.

2.6.1. The effect of initial metal ion concentration

The effect of initial Cu(II) concentration on adsorption efficiency was
studied by preparing solutions of varying concentrations: 5.0, 3.0, 1.0,
0.5, 0.1, 0.05, and 0.01 mg/L. Each solution was passed through a solid-
phase extraction (SPE) cartridge packed with a fixed amount of CNF-
MSN composite under identical experimental conditions conducted in
triplicate. The analyte was collected after a fixed contact time of 45 min
and analysed for residual Cu(I) content. The results showed that 0.1
mg/L was the optimum initial concentration, yielding the highest
removal efficiency, beyond which saturation of active sites limited
further uptake.

2.6.2. The effect of adsorbent dosage at a constant time

The effect of adsorbent dosage on Cu(Il) ion removal was assessed
using SPE techniques, where MSN, CNF, and CNF-MSN composites were
packed into SPE cartridges. A 0.1 mg/L Cu(Il) solution was passed
through the cartridges, allowing a contact time of 45 min to enable
sufficient interaction between the metal ions and the adsorbent surfaces.
Various adsorbent dosages were tested, ranging from 0.01 g to 0.5 g, in
triplicate. The results indicated that 0.5 g was the optimum amount for
maximum adsorption efficiency under the given conditions.

2.6.3. The effect of pH

The influence of pH on Cu(Il) adsorption was examined over a pH
range of 1.0 to 9.0 to prevent metal hydrolysis and ensure accurate
adsorption behaviour. Experiments were conducted at room tempera-
ture using a Cu(II) concentration of 0.1 mg/L, which is in line with WHO
and regional regulatory guidelines (e.g., Economic Partnership Agree-
ment - European Union (EPA-EU)). The pH was adjusted using 0.1 M HCL
or NaOH, and adsorption was evaluated through batch experiments with
a fixed adsorbent dose conducted in triplicate. The maximum Cu(Il)
removal was observed at pH 6.20, indicating the optimal pH for
adsorption under the given conditions.

2.6.4. The effect of contact time
The effect of contact time on Cu(Il) adsorption was investigated
using a 0.1 mg/L copper solution passed through SPE cartridges packed

with the CNF-MSN composite. The contact time was varied at intervals
of 15, 30, 45, 60, and 90 min at room temperature. For each interval, the
solution was allowed to pass slowly through the SPE cartridge, and the
eluate was collected for analysis after the designated contact time in
triplicate. The highest Cu(II) removal efficiency was observed at 45 min,
beyond which no significant improvement occurred, indicating equi-
librium had been reached. Therefore, 45 min was selected as the opti-
mum contact time and was used for all subsequent adsorption
experiments.

2.7. Colorimetric detection procedure

2.7.1. ImageJ analysis (intensity measurements)

An iPhone 8 Plus smartphone was utilized to capture images of the
observed color change in quartz cuvettes. The photos were uploaded to
an HP laptop for processing utilizing ImageJ (National Institutes of
Health, USA, http://imagej.nih.gov./ij) software. The mean intensity
(grayscale) of each standard concentration was quantified by delin-
eating a rectangle around each unobstructed area of the cuvette, and the
Measure Analysis tool was selected from the ImageJ toolbar. The mean
grayscale obtained was further converted to absorbance using the
Equation below.

A = —log (é)

Where I is the intensity of light transmitted through the Cu(Il)
standard, and I, is the intensity transmitted through a blank (Griess-
CNF-MSNs). This was conducted to quantify the amount of Cu(Il) in the
standards using Beer’s Law analysis from a cellphone camera, and to
provide the amount of Cu(Il) based on the relationship between the
colour information and the Cu(Il) concentration [36,37]. The analysis
was conducted in triplicate (n = 3) for statistical purposes.

2.7.2. ImageJ analysis (RGB measurements)

Photograph image of the CNF-MSNs and different Cu(II) concentra-
tions, 0.01-5 mg/L, were analysed using ImagelJ software. Initially, the
photographed images were processed by eliminating the background
light effect to highlight the actual colour of solutions in the cuvettes.
This was followed by analysing the histogram of RGB, and the obtained
RGB values for each cuvette were recorded. The obtained RGB values
were also transferred into the “More fill” colour tab on the MS Power-
Point for further processing. The resultant colour hues were used to
produce the rectangular colour patterns and were placed under the
photograph image of the obtained colours in the cuvettes. Image
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processing was conducted in triplicate to calculate the mean RGB values
and standard deviations, which were used to calculate the error bars.

2.7.3. Chromaticity measurements

The attained RGB values were used to calculate the Yxy coordinates
using https://colormine.org/convert/rgb-to-yxy. The obtained Yxy
values were then used to plot the chromaticity diagrams from the
photograph images of the CNF-MSNs and varying Cu(II) concentrations,
ranging from 0.01 to 5 mg/L.

2.7.4. XYZ measurements

The obtained RGB values were then utilised to calculate the XYZ
values using the equation [38] below, derived from the photograph
images of the CNF-MSNs and different Cu(II) concentrations, 0.01-5
mg/L. XYZ measurements were performed in triplicate for mean XYZ
values and standard deviation calculation for error bars.

X =0,4303R + 0,3416 G + 0,1784B
Y = 0,2219R + 0,7068 G + 0,071B
Z = 0,0202R + 0,1296 G + 0,9393B

2.7.5. L*a*b* measurements

The calculated XYZ values were then used to estimate the L*a*b*
values using the equation [39] below, derived from the photographs of
the CNF-MSNs and different Cu(II) concentrations, ranging from 0.01 to
5 mg/L. L*a*b* measurements were conducted in triplicate for mean
L*a*b* values and standard deviation calculation for error bars.

L*= 116 (Y/Yo)/? —16
b*= 200 (Y/Yo)""* - (Z/Zo)"?)
a*= 500 ((X/X0)"> - (Y/Y0)"®)

X, Y, Z, Xo, Yo, and Zo are the coordinates of the CIE XYZ colour
space, where Xo, Yo, and Zo are values of the blank (Griess-CNF-MSNs).

2.7.6. Colour difference (AE) measurements

The calculated L*a*b* values were then used to calculate the AE
values using the equation [40] below of the CNF-MSNs and different Cu
(I) concentrations, 0.01-5 mg/L. AE measurements were conducted in
triplicate for mean AE values and standard deviation calculation for
error bars.

AE= \/(AL? + (8@ + (Ab)®

2.7.7. Hue angle measurements

Hue angle measurements of the CNF-MSNs and different Cu(II)
concentrations, 0.01-5 mg/L were calculated using the equation [40]
below. Hue angle measurements were conducted in triplicate for mean
hue angle values and the standard deviation calculation for error bars.

h= tan™ (b—>
P

2.7.8. Chroma measurements

Chroma measurements of the CNF-MSNs and varying Cu(II) con-
centrations, 0.01-5 mg/L, were calculated using Equation [41] below.
Chroma measurements were conducted in triplicate to calculate the
mean chroma values and standard deviations, which were used to
determine the error bars.

C = /(@ + (b)?

This approach enabled the detection and differentiation of Cu ions
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through chromatic attributes such as hue and chroma. The methodology
applied aligns with the procedures reported by [28] and [42], sup-
porting the reliability and reproducibility of the image-based colori-
metric detection strategy.

2.8. Adsorption isotherms and kinetics

To comprehend how adsorbents adsorb heavy metal ions from water,
different adsorption isotherm models, namely the Langmuir [43], the
Freundlich [44], and the Dubinin-Radushkevich (D-R) [45] models,
were employed to understand how metal ions interact with the adsor-
bent. Each isotherm model has specific constants that describe the sur-
face properties and the extent to which the adsorbent attracts ions.
Furthermore, experimental data were analysed using the pseudo-second
order model [46] for the optimisation of the process and a better insight
into the adsorption mechanism:

The Langmuir model pertains to adsorption, where a monolayer
forms on the surface with a finite number of uniformly dispersed sites, as
shown in Equation [42] below.

Cyq 1 n Ceq

Qog Kdmaxr  Qmax

Where C,q is the equilibrium concentration in the solution, g4 is the
amount of Cu(II) ions adsorbed when equilibrium is reached, K is the
adsorption equilibrium constant, and gpqy is the maximum adsorption
capacity. Plotting Ceq/qeq against C,q yields a straight line with a slope of
1/qmax and an intercept of 1/Kqmqax-

The Freundlich model, which characterizes adsorption on a hetero-
geneous surface, addresses non-identical and/or non-uniform binding
sites, as shown in Equation [43].

1
Ing.q = InKy + n InC,q

Where Kr represents the adsorption capacity, and n indicates the
adsorption intensity. Plotting Inq.q against InC,q helps determine Kr and
1/n.

The pseudo-second-order model was employed to investigate the
adsorption of Cu(Il) ions onto the CNF-MSN composite, as described by
Equation [45] below.

1 -1
q:93 — <a + k2t>

Where g, and g, (mg/g) are the adsorption capacity at equilibrium
and at time t (min), and k2 (g/mg min) is the pseudo-second order rate
constant.

3. Results and discussion

3.1. Transmission electron microscope (TEM) and scanning electron
microscope (SEM) analysis

The TEM micrographs of cellulose nanofibers (CNF) are shown in
Fig. 4a and b, extracted from wood pulp, while the SEM micrographs are
depicted in Fig. 4c and d. From the TEM analysis, a distinctive web-like
structure depicting nanofibers was observed (Fig. 4a), with an average
diameter of ~33 nm (Fig. 4b). The CNF web-like structure suggests an
interconnected and intricate network of nanofibers because of defibril-
lation. The SEM images showed the typical characteristics of meso-
porous silica nanoparticles, confirmed by their spherical shape (Fig. 4c
and d). The average particle size of MSN ranges from 2 to 50 nm
(Fig. 4e), and the particles were relatively uniform. According to Dha-
neswara et al., the type of silica produced in this study is referred to as
heterogeneous mesoporous silica [47]. The brighter surfaces represent
amorphous silica, while the darker surfaces indicate the pore cavities
[47].
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Fig. 4. TEM micrographs of CNF (a and b), SEM microscopy of MSN (c and d), and particle side distribution of MSN (e).

3.2. Attenuated total reflection Fourier transform infrared (ATR-FTIR)
analysis

The ATR-FTIR analysis was used to identify the functional groups
associated with CNF, MSN, and CNF-MSN composite. Fig. 5 shows the
CNF spectrum, which exhibits a broad band at ~3330 em’), attributed to
the O—H stretching vibration of the hydroxyl group in cellulose, as
confirmed by a hydrogen bonding peak between 1600 and 1650 cm ™. A
peak at ~2900 cm™! due to the C—H aliphatic axial deformation of

CH,/CHj is also observed. Two peaks observed at ~1050-1150 cm™?
and 897 cm ! indicated the C-O stretching and C—H deformation of
cellulose [48], confirming p-glycosidic linkages in cellulose [48,49]. For
MSN, the structure was confirmed by typical firm peaks at ~1100 cm ™!
and 800 cm ™, attributed to the asymmetric and symmetric stretching of
the Si-O-Si group, respectively [50]. Further peaks were observed at
~450-500 cm’l, associated with the Si-O bending vibrations, and a
weak peak at ~803 cm™!, indicating surface silanol groups (Si-OH)
[51], due to unreacted TEOS. The CNF-MSN composite spectrum
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exhibited combined features of CNF and MSN, with notable shifts or
changes that confirmed the interaction of the materials, as indicated by
the weak O-H stretching, suggesting hydrogen bonding between the
hydroxyl groups in CNF and the surface silanol groups of MSN. The
Si-O-Si peaks remain visible, albeit with reduced intensity, due to their
incorporation into the cellulose matrix. On the other hand, the C—O-C
and C—H bands from CNF are still present, confirming that the organic
structure remains intact. Shifts or changes in peak intensity around

1000-1100 cm™! indicate chemical interactions or physical mixing of
the two-phase components, which suggests a successful fabrication of
the composite.

3.3. X-ray diffraction (XRD) analysis

The XRD diffractograms of CNF, MSN, and CNF-MSN composite are
shown in Fig. 6, where the CNF shows a sharp peak at 20 = 15° and 20 =

50
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Fig. 6. X-ray diffractograms of CNF, MSN, and CNF-MSN composite.
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22°, corresponding to the crystallographic planes (101) and (002)
associated with the amorphous and crystalline structure of cellulose,
respectively. The XRD patterns for MSN exhibit a broad hump and a
distinct peak, typically located around 20 = 22-24°, characteristic of
amorphous silica materials. The peak aligns with a previous study on
mesoporous silica nanoparticles [49,51]. The incorporation of silica into
cellulose significantly diminished its crystallinity by disrupting the
orderly chain structure, as indicated by the CNF-MSN peak at 20 = 22°.
Similar results were reported by Mazibuko et al. (2024) for
amine-functionalized cellulose-silica composites used in the remedia-
tion of hexavalent chromium (Cr(IV)) in contaminated water [52]. The
incorporation of amorphous silica disrupts the orderly alignment of
cellulose chains, decreasing overall crystallinity, as confirmed in
Table 1.

3.3. Thermogravimetric analysis (TGA) analysis

The TGA and differential thermogravimetric (DTG) curves for CNF,
MSN, and CNF-MSN composite are depicted in Fig. 7a and b, respec-
tively. The thermal degradation steps of CNF and CNF-MSN composite
show similar decomposition patterns at 100 °C, 250 °C, and 350 °C due
to evaporation of absorbed moisture and the degradation of the cellulose
main chain, respectively. On the other hand, the inclusion of MSN in
CNF significantly decreased the thermal stability of cellulose (CNF-
MSN) (Fig. 7b), which can be attributed to poor interaction between the
cellulose and silica nanoparticles. In normal circumstances, the incor-
poration of metal oxides in composite materials tends to improve the
thermal stability of the composite due to their ability to form a barrier
network and char formation, which hinders the transfer of volatile
products during heating. In this case, due to poor interaction, the
nanoparticles accelerated the degradation of cellulose. At the same time,
at high temperatures, an increase in thermal stability was observed due
to char formation, which delayed the degradation of CNF-MSN. Large
amounts of char (80 %) were observed (Fig. 7a). As anticipated, MSN
remained stable at baseline within 900 °C.

3.4. Brunauer-Emmett-Teller (BET) analysis

The BET analysis provides crucial insights into the surface properties
and porosity, which are essential for understanding the adsorption ca-
pabilities of the investigated materials. The synthesised materials
exhibit Type IV isotherms, typical for mesoporous materials (Fig. 8a),
with an average pore diameter ranging from 2 to 50 nm (Fig. 8b),
confirming that the porosity is composed of mesopores. This classifica-
tion aligns with the characteristics of mesoporous materials [51,53-55].
CNF shows the highest nitrogen uptake, indicating the availability of
accessible pores. This is followed by MSN with moderate adsorption,
showing characteristics of mesoporous silica. In contrast, the CNF-MSN
composite exhibits the lowest adsorption, indicating that the combina-
tion of CNF and MSN results in a lower accessible surface area. This may
be attributed to reduced nitrogen accessibility, pore blocking, or struc-
tural rearrangements during the synthesis of the composite. Further-
more, pore size distribution derived from desorption indicates that CNF
has a narrow mesopore distribution ~3 nm, and MSN shows a broader
mesoporous profile ~ 6-10 nm. In comparison, CNF-MSN exhibits a
broad and shifted distribution toward macropores (>50 nm), suggesting
agglomeration during synthesis and pore expansion formation. Table 2
also indicates the observed behaviour of CNF (3.529 m?/g), MSN (5.777

Table 1

Summary of particle size and crystallinity index determined from XRD.
Samples Particle size/nm CI %
CNF 22.3 47.1
MSN _ B
CNF-MSN 20.5 37.8

Next Research 2 (2025) 100983

m?/g), and CNF-MSN (14.77 m?/g), with a significant shift in the
average pore diameter of 68.19 nm, respectively. These findings support
the results obtained through nitrogen sorption, where the synthesized
xerogels were found to be type IV silica with a mesoporous structure
[51].

3.5. Optimisation of loading volume for colorimetric detection

To determine the optimum loading volume for the colorimetric re-
action, varying volume ratios of the blank (Griess-CNF-MSN) and 0.01
mg/L Cu(Il) solution were evaluated. The tested volume ratios (uL)
included 900:100, 800:200, 700:300, 600:400, 500:500, (Griess-CNF-
MSN:Cu(Il)) solution. The 600:400 pL ratio produced the most distinct
and intense colour change among these. It produced the highest absor-
bance at a wavelength of 520/540 nm, as shown in the bar graph in
Fig. 9, indicating the optimal volume ratio for effective colorpment and
sensor performance. The optimised volume ratio of 600:400 uL was
subsequently employed to analyze varying Cu(Il) concentrations
ranging from 0.01 to 5 mg/L. This ratio was selected based on its ability
to produce the most pronounced colour response, ensuring consistent
and reliable results across the tested concentration range.

The photograph of Cu(Il) concentration ranging from 0.01 to 5 mg/L
(from right to left), including a blank (Griess-CNF-MSN), as shown in
Fig. 10a, depicts an apparent colour change from pale pink to deep
purple as the concentration of copper ions increases. Fig. 10b also
revealed that the red and blue curves followed a similar pattern, indi-
cating a colour transition to the green region with increasing Cu(II)
concentration. The colour transition implies the aggregation of the
Griess reagent composite in the presence of Cu(II) ions or the binding of
Cu(Il) ions onto the composite. Similar observations were reported on
the colorimetric assay for Cu(II) using a multiple antibiotic resistance
regulator (MarR) [56,57], where in the presence of Cu(Il), the Griess
reagent composite aggregated with a change in colour from pale pink to
deep purple, visually by the naked eye, as the copper concentration
increased. In addition, due to aggregation, the intensity of the surface
plasmon resonance band at 540 nm decreased, and a new peak appeared
at 520 nm from 1 to 5 mg/L. Furthermore, the obtained RGB values, as
shown in Fig. 10b, were utilized to get the More Fill colour patterns, as
shown in Fig. 10a (below the cuvettes). This was achieved by filling in
the RGB values for each standard, which resulted in colours corre-
sponding to those depicted in each cuvette. The observed colours vali-
dated the efficiency of the ImageJ approach. Subsequent chromaticity
analysis was carried out using the CIE system, as shown in Fig. 10c. This
approach involved defining the three standard primary colors X, Y, and
Z, which can be combined to form all perceivable colors, also known as
imaginary colors. The CIE Yxy diagram in Fig. 10c, which has a horse-
shoe shape, confirms the aggregation of Griess reagent composite, evi-
denced by a visible shift from the pink region typical of dispersed
nanoparticles towards a purple shade upon aggregation. The results
from the chromaticity diagram corresponded with the colour changes
observed by the naked eye. Moreover, the apparent colour changes
agreed with the region in the chromaticity diagram, further validating
the novel ImageJ approach for detecting Cu(II) using CNF-MSNs and a
Griess reagent. At varying concentration levels, the red and blue com-
ponents of the colour model aligned almost parallel to one another,
producing a range of deep purple shades [58]. These variations were
influenced by the intensity of the solution, which played a crucial role in
accurate colour determination.

The XYZ values shown in Fig. 11a did not show any notable trend.
However, the depicted trend for the three variables corresponded to the
RGB values in Fig. 11b Thus, this validates the efficiency of the ImageJ
approach. Further studies were conducted to investigate the behaviour
of the L*a*b* values, and the obtained results are illustrated in Fig. 11b
The L* curve exhibited a similar trend to the G curve (Fig. 10b), indi-
cating a shift in the standards from lighter to darker shades, reflected by
the decreasing L* values. Meanwhile, a significant increase was
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ble 2 observed as the Cu(II) concentration increased from the blank (1 mg/L),
Table

Summary of BET surface analysis.

Sample Surface area m?/g Average pore size nm Pore volume cm®/g
CNF 3.529 3.29 0.002961

MSN 5.777 6.79 0.009810
CNF-MSN 14.77 68.19 0.02911

observed in the a* curve from 0.5 to 5 mg/L, with the a* values
increasing from hostile to positive values (moving from green to red),
corresponding to the observed colour changes from pale pink to dark
purple. A rapid increase in the b* values was observed from the blank to
0.5 mg/L (increase from -b* to +b*), followed by a rapid decrease from
+b* to -b* from 0.5-1 mg/L, corresponding to the significant colour
change from pale pink to dark purple.

A rapid increase in the colour difference was noted as the Cu(II)
concentration increased from blank to 0.5 mg/L, followed by a signifi-
cant decrease from 0.5 to 1 mg/L due to the intense colour change from
light pink to dark purple, as depicted in Fig. 12(a). This was followed by
another rapid increase from 1 to 5 mg/L of Cu(Il). The observed results
suggested that the AE values increased proportionally with increasing
Cu(II) concentrations, indicating a positive correlation between colour
change and analyte concentration. A significant decrease in hue was

indicating a shift from the red to the blue region in Fig. 12b (red line).
These results corresponded to the perceived colour change from light
pink to dark purple. Subsequently, a significant increase was noted from
1-3 mg/L, followed by a decrease at 5 mg/L (Fig. 12b, blue line). A rapid
rise in chroma was observed from the blank to 0.5 mg/L, followed by a
rapid decrease from 0.5 to 5 mg/L. The decline in chroma values indi-
cated a shift in the colour response from vivid to more subdued tones,
reflecting a reduction in colour intensity as chromaticity decreased.
The sensitivity of the synthesised CNF-MSN composite in the pres-
ence of the Griess reagent to Cu(Il) was investigated by the addition of
400 uL of varying concentrations of Cu(Il) standards in the range of
0.01-5 mg/L to 600 pL of Griess-CNF-MSN. The intensity of each stan-
dard was measured, corrected, and converted to absorbance using
Equation 2.3. A calibration plot was created, yielding a linear correla-
tion between the absorbance and concentration of Cu(Il) in a range of
0.01-5 mg/L, as shown in Fig. 13. Based on the lowest standard con-
centration of 0.01 mg/L, the ImageJ method’s limit of detection (LOD)
was found to be 0.001521 mg/L. The analysis was performed in tripli-
cate, a standard deviation was calculated, a slope was taken from the
calibration plot, and the LOD was calculated as follows: LOD = 3xSD/M,
where SD: standard deviation and M: the slope of the calibration graph.
The Griess-CNF-MSN solution colour changed from pale pink to dark
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purple with increasing Cu(Il) concentration from 1-5 mg/L, as observed
in Fig. 14a, with an absorption peak at 540 nm as depicted in Fig. 14a. A
significant decrease in the absorption peak at 520 nm was noted as Cu
(II) concentration increased, resulting in a new absorption peak at 520

10

nm. The absorbance at 520/540 nm was calculated. A calibration plot
was constructed, yielding a linear correlation between the absorbance at
520/540 nm and the concentration of Cu(Il) in a range of 0.01-5 mg/L
(Fig. 14b). The limit of detection was 0.006253 mg/L, calculated using
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the lowest standard of 0.01 mg/L. The analysis was conducted in trip-
licate, a standard deviation was calculated, a slope was taken from the
calibration plot, and the LOD was calculated as follows: LOD = 3xSD/M,
where SD is the standard deviation. M is the slope of the calibration
graph.

The synthesized colorimetric sensor demonstrated the detection
operation and feasibility of a low detection limit. This method proved to
be inexpensive, rapid, and sensitive to Cu(Il) ions at optimum experi-
mental conditions, compared to other traditional methods [59,60].

3.6. Adsorption isotherms and kinetics

The effect of different operational parameters on the removal effi-
ciency of Cu(Il) ions using CNF-MSN composite is shown in Fig. 15a-d.
For the effect of initial Cu (II) concentration, it is observed that as the
initial Cu (II) concentration increased from 0.01 to 5.0 mg/L, a gradual
decrease in removal efficiency (85-40 %) was observed (Fig. 15a). This
decline suggests saturation of the available active adsorption pore sites
at higher metal ion concentrations [9,61]. Despite this, the optimum
removal efficiency (~90 %) at 0.1 mg/L was observed, demonstrating
the composite’s efficiency in removing Cu(II) ions up to concentrations
of 0.3 mg/L. The effect of adsorbent dosage results showed that
increasing the dosages of CNF-MSN increases the removal efficiency

(~0.9-80 %) of Cu(Il), with a maximum at 0.5 g (Fig. 15b). This dem-
onstrates that greater amounts of adsorbent provide more active binding
sites, enhancing removal efficiency. It can be stated that the higher Cu
(II) concentration brings a driving force to defeat the mass transfer
obstacle in the aqueous phase and at the surface of the solid material
[51,54,62]. The effect of pH significantly influenced the removal effi-
ciency (~85 %), with optimum adsorption occurring at pH 6.20
(Fig. 15¢). This implies that removal at pH 6 is due to favourable elec-
trostatic interactions between Cu(II) species and the adsorbent surface
[63,64]. The effect of contact time was also investigated; the Cu(II)
removal efficiency increased with contact time, reaching equilibrium at
approximately 45 min, as shown in Fig. 15d However, it also demon-
strated high removal efficiency after 45 min. This indicates sufficient
interaction between the adsorbent and Cu(Il), resulting in more effective
adsorption. Similar adsorption behaviour is reported in other literature
[13,65-68], where rapid adsorption was reported due to the availability
of active sites to form complexes on the adsorbent surface. On the
contrary, the slow adsorption was observed because the active sites of
the adsorbent were limited, and the gradual sorption process eventually
reached equilibrium. Hence, for real samples, these optimum conditions
— 0.1 mg/L, pH 6.20, dosage 0.5 g, and 45 min contact time — were
further used for Cu(Il) removal in tap water, deionized water, and
wastewater.
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Table 3 outlines the results of the adsorption of copper by CNF, MSN,
and CNF-MSN. CNF-MSN exhibited the highest adsorption capacity of
97.8 mg/g and a higher metal removal efficiency of 97.9 % compared to
CNF and MSN. The high surface area and active functional groups (like
hydroxyl and carboxyl) on CNF provided a more active site for the
adsorption of copper ions. This suggests its potential as a bio-based
adsorbent for copper removal from aqueous solutions. Conversely,
MSN demonstrated an adsorption capacity of 92.2 mg/g and a metal
removal efficiency of 92.2 %. CNF showed the lowest adsorption ca-
pacity (19 mg/g) and metal removal efficiency (1.9 %). These results
correlate with BET analysis, which suggests that the adsorbents with a
high surface area tend to have high adsorption capacity. These results
indicate that MSN and CNF have limited availability of active adsorption
sites for copper ions compared to CNF-MSN. CNF-MSN outperformed
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both individual components, achieving an adsorption capacity of 97.8
mg/g and a metal removal efficiency of 97.9 % (Table 3).

This suggests a significant interaction effect between CNF and MSN,
resulting in increased surface area, pore size, and pore volume, as
confirmed by BET analysis. The composite exhibited the properties of
both materials, such as MSN’s high surface area and CNF’s functional
groups, thereby enhancing the adsorption properties, due to the avail-
ability of active sites and large surface area for the adsorption of copper
ions. Furthermore, the CNF-MSN composite application in different
water samples, including tap water, deionized water, and wastewater,
demonstrated effective and efficient removal of copper ions, achieving a
removal efficiency ranging from 95 to 99 % and a high adsorption ca-
pacity of 37.5-39.8 mg/g (Table 4).

The adsorption of Cu(Il) ions onto the CNF-MSN composite was



A.M. Ninela et al.

Cu(ll) removal / %

001 01 02 03 050551015 20 3.0 50

Concentration (mg/L)

<)

100 4

60 4

40 4

Cu(ll) removal / %

Fig. 15.

Table 3
Adsorption of copper by different types of materials.

Samples Adsorption capacity (mg/g) %Removal efficiency
CNF 19 1.9
MSN 92.2 92.2
CNF-MSN 97.8 97.9
Table 4

Adsorption of copper using an effective material type, CNF-MSN, on wastewater,
tap water, and deionised water.

Samples Removal efficiency ( %) Adsorption capacity (mg/g)
Wastewater 99.1 39.8
Tap water 94.5 37.5
Deionised water 98.1 39.6

evaluated using Langmuir, Freundlich, and Dubinin-Radushkevich (D-
R) isotherm models, and the pseudo-second order (PSO) model results
are depicted in Fig. 15a-d and summarised in Table 3. For the Langmuir
model, the data showed a poor fit with the model having a value of R* =
0.546, indicating poor adsorption for a monolayer on a homogeneous
adsorbent surface (Fig. 16a). A moderate fit R* = 0.8852 was observed
for the Freundlich model, which suggests that the adsorption of Cu(Il)
postulates a heterogeneous adsorption process occurring on a multi-
layer CNF-MSN surface (Fig. 16b). Similar findings were reported by

Cu(ll) removal | %
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Hemdan et al., in activated carbon thin film-zeolitic imidazolate
framework-8 (ACTF@ZIF-8) nanocomposite for efficient methylene
blue removal [65]. This implies that the elevated R? value signifies that
the Freundlich model accurately represents the complexity of the
adsorption process, suggesting the involvement of multiple types of
binding sites on the composite material [14,65,69,70]. On the other
hand, the highest value of R* = 0.9795 and a better fit were observed for
the p-R isotherm, which suggests that the adsorption mechanism is
pore-filling rather than surface binding and energetically heterogeneous
(Fig. 16¢). This implies that the porous nature of MSN in the CNF-MSN
composite influenced the adsorption via the pores of the mesoporous
silica, while CNF influenced multi-layer adsorption. This means that the
adsorption mechanism for CNF involves multilayer adsorption on a
heterogeneous surface. At the same time, CNF-MSN followed pore-filling
and heterogeneous, accompanied by chemisorption, as indicated by the
kinetic studies, which suggest that the primary mechanism followed the
pseudo-second-order model, R? = 0.9994 (Fig. 16d). Mazibuko et al.
conducted a similar analysis for the adsorption of hexavalent chromium
Cr(VI), using amine-functionalized cellulose-silica composites [52].
Their findings showed that the composite’s adsorption behaviour to-
wards Cr(VI) exhibited a higher regression coefficient for the PSO ki-
netic parameter [52]. The adsorption of Cu(Il) ions by CNF-MSN is
influenced by several factors, including surface area, pore volume,
active sites, reduced crystallinity, adsorbate-adsorbent interaction, and
time dependence, which follow the PSO model.
Table 5
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Table 5
Summary of linear fits.

Isotherm model ~ R%value  Fit quality ~ Adsorption type
Langmuir 0.546 Poor Monolayer (not suitable)
Freundlich 0.885 Good Multilayer on a heterogeneous surface
D-R 0.980 Excellent Chemisorption
Conclusion
This study demonstrated that a novel cellulose nanofiber-

mesoporous silica nanoparticle (CNF-MSN) composite is a sustainable,
sensitive, and efficient material for both the detection and removal of Cu
(II) ions from aqueous environments. Comprehensive characterization
revealed a distinctive web-like structure of the nanofibers (average
diameter, 33 nm), as well as uniform mesoporous silica nanoparticles
(average particle size, 2 to 50 nm). Successful integration of CNF and
MSN, with notable shifts and changes of the materials from the weak
O-H stretching, which indicated hydrogen bonding between hydroxyl
groups in CNF and surface silanol groups of the MSN in the CNF-MSN
composite. The Griess-CNF-MSN composite enabled rapid and distinct
colorimetric detection, achieving a linear response from 0.01 to 5 mg/L
and an ultralow detection limit of 0.001521 mg/L, as determined using
ImageJ. The results were validated by UV-Vis spectrophotometry. In
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terms of remediation, the CNF-MSN composite achieved nearly 100 %
Cu(II) removal within 45 min at pH 4-6, outperforming its individual
components. It reached a maximum adsorption capacity of 38.9 mg/g,
with the adsorption equilibrium well described by the Dubinin-
Radushkevich isotherm (R®> = 0.980) and kinetics fitting a pseudo-
second-order model (R? = 0.999). Real water sample tests confirmed
its high removal efficiency, achieving 94.5 % in tap water, 98.1 % in
deionized water, and 99.1 % in industrial wastewater. Overall, the CNF-
MSN composite proves to be a green, low-cost, and multifunctional so-
lution with excellent analytical performance and adsorption capacity,
providing a powerful solution for the real-world detection and mitiga-
tion of heavy metal contamination in aquatic environments.
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