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ABSTRACT: A synergistic effect of adsorption and photocatalysis provides a key role ensuring high degradation
efficiency. In this study, nanocellulose (nC) derived from oil palm empty fruit bunch (OPEFB) via delignification
followed by acid hydrolysis was combined with CuO for methylene blue (MB) removal through a two-stage process:
adsorption followed by photocatalysis. The nC content varied at 5%, 15%, and 25% by mass. Structural analyses revealed
successful extraction of nC from OPEFB, with particle sizes of 260–310 nm, a surface area of 2.3 m2/g, and a pore
diameter of 9.5 nm. The incorporation of nC improves CuO dispersion and stability while maintaining visible-light-
responsive bandgap characteristics, resulting in a significant increase in MB removal from 43.6% (pure CuO) to 99.7%
(CuO/nC 25%) within 60 min under UV irradiation. The nC contributes to rapid MB adsorption in the initial stage
(0–15 min), followed by enhanced photocatalytic degradation in the later stage (15–60 min). This study highlights
the potential of enhancing the adsorption and photocatalytic activities of CuO/nC composites for facile and efficient
MB removal.
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1 Introduction
The textile industry is considered one of the most polluting industries in the world due to its high

consumption of water, energy, and dyes, as well as its generation of solid waste and harmful byproduct [1,2].
Every year, approximately 280,000 metric tons of textile dyes are released into wastewater globally [3].
According to Indonesia’s Central Bureau of Statistics, in 2021, 10,683 villages/sub-districts experienced water
pollution, with approximately 20% of this pollution caused by activities in the textile sector [4]. One of the
most concerning liquid pollutants from textile processing is MB, a synthetic dye that is toxic, carcinogenic,
and non-biodegradable [5]. Textile industries frequently discharge large volumes of MB directly into water
bodies, resulting in destructive effects of ecosystems and posing serious health risks to humans [6]. Moreover,
MB contamination can hinder sunlight penetration in aquatic environments, inhibiting photosynthesis and
disrupting aquatic ecosystems [5,6].

To mitigate the environmental impacts of dye-containing wastewater, appropriate treatment prior to
discharge is essential. Among various methods, photocatalytic degradation has emerged as one of the most
efficient and widely studied approaches for removing MB because of its effectiveness and environmental
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compatibility [5]. Photocatalysis involves the light-induced acceleration of chemical reactions using photo-
catalyst materials, typically semiconductors, which absorb photons to produce reactive species without being
consumed in the process [7]. Semiconductor nanoparticle-based photocatalysts are particularly attractive
due to their low cost, eco-friendliness, and ease of use [8,9].

Copper (II) oxide (CuO), a p-type semiconductor with a narrow band gap of 1.2–2.0 eV [10], exhibits
visible-light-driven photocatalytic activity. Its small band gap allows rapid excitation of electrons from the
valence to the conduction band, thereby enabling the efficient generation of oxygen species, such as hydroxyl
(OH−) and superoxide (O2

−) radicals, which are essential for the breakdown of dye molecules [11,12].
However, CuO also presents challenges in practical applications, particularly regarding catalyst recovery and
separation after treatment [13]. Conventional techniques such as filtration, centrifugation, and coagulation
are energy-intensive and may not be sustainable at scale [14].

One promising strategy to overcome the limitations of CuO photocatalysts, particularly their tendency
to agglomerate and their difficult recovery after treatment, is the formation of heterostructure composites
by combining CuO with support materials that improve dispersion, stability, and photocatalytic perfor-
mance [15]. Although its specific surface area is moderate, nC provides abundant hydroxyl (-OH) groups
that facilitate strong interactions with CuO, improving nanoparticle dispersion and stability [16]. The nC has
been reported to exhibit good adsorption capacity toward organic dyes due to its polar surface and functional
groups, which enhances dye-catalyst interaction, whereas its hydrophilicity and optical transparency con-
tribute to better light absorption and scattering [17]. Additionally, nC aids in charge separation and interfacial
electron transfer, thereby enhancing the formation of reactive oxygen species during photocatalysis [18].
Previous studies have demonstrated the potential of cellulose-based composites in dye removal systems,
including bacterial cellulose/g-C3N4/polydopamine and CuO/cellulose-based materials, which showed high
degradation efficiencies for MB [19] and crystal violet [20,21], respectively. However, reports on CuO/nC
composites specifically for MB degradation remain limited. Therefore, this study introduces a CuO/nC
composite derived from OPEFB, aiming to exploit the synergistic effects of adsorption and photocatalysis.

Indonesia generates significant amounts of agricultural waste, particularly OPEFB, with annual pro-
duction reaching tens of millions on tons [22]. OPEFB accounts for approximately 20%–25% of fresh fruit
bunch weight. This biomass contains up to 46.5% cellulose, making it a promising precursor for nanocellulose
production [23]. The use of OPEFB-derived nC in CuO/nC composites not only enhances photocatalytic
performance but also supports circular bioeconomy principles by converting low-value waste into functional
materials for environmental remediation, in line with sustainable development goal (SDGs), particularly
SDGs 6 (clean water) and 12 (responsible consumption and production). Building on this potential, this study
investigates the green synthesis and characterization of CuO/nC composites using OPEFB-derived nC, with
varying nC content to evaluate its effect on MB removal.

2 Method

2.1 Material Synthesis
The synthesis process comprised three steps: (i) preparing microcellulose from OPEFB through delig-

nification and bleaching, (ii) synthesizing nanocellulose from microcellulose via acid hydrolysis, and (iii)
preparing CuO/nC composites. An illustration of the material synthesis is shown in Fig. 1.

OPEFB powders were prepared from OPEFB fibers using a grinder and sieved with a 200-mesh sieve.
The process continued with delignification using 17.5% (w/v) NaOH (SAP Chemicals, >98%) at a solid-to-
liquid ratio of 1:10. The solution was stirred at 80○C for 30 min, then cooled to room temperature, washed
using distilled water, and dried at 110○C for 20 h. The delignified sample was then bleached using 10% (v/v)
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H2O2 (SAP Chemicals, 30%) at a solid-to-liquid ratio of 1:10. The solution was stirred at 80○C for 90 min
until it turned yellowish. It was then cool, washed with distilled water until neutral (pH = 7), and dried at
110○C for 20 h.

Figure 1: Illustration of synthesis procedures of CuO/nC composites from OPEFB.

Nanocellulose was synthesized via acid hydrolysis of microcellulose using 30% (v/v) H2SO4 (SAP
Chemicals, >98%) in a water bath at 50○C for 45 min. The process was followed by neutralization and
centrifugation at 4000 rpm for 30 min. The solution was then freeze-dried at −53○C for 24 h to obtain nC in
a form of cellulose nanocrystal (CNC).

To prepare CuO/nC composites, CuO (Merck, 98%) was dissolved into 30 mL of distilled water and
stirred for 10 min. nC was added to the CuO solution and sonicated for 1 h. The nC content varied at 5%,
15%, and 25%, and the corresponding samples were designated as CuO/nC 5%, CuO/nC 15%, and CuO/nC
25%, respectively. The solution was subsequently stirred for 30 min and dried at 110○C for 6 h.

2.2 Material Characterizations and Photocatalytic Tests
X-ray diffraction (XRD, PANAnalytical, CuKα, λ = 1.54056 Å) was used to analyze peak position

differences and identify crystalline phases from the diffraction patterns. The functional groups, elemental
composition, and morphology of the samples were examined using Fourier transform infrared (FTIR,
Nicolet iS10), energy dispersive X-ray (EDX), scanning electron microscopy (SEM, INSPECT S50), and
transmission electron microscopy (TEM, JEM-2100Plus JEOL), respectively. Additional characterizations
included Brunauer-Emmett-Teller (BET) analysis to determine the specific surface area and pore diameter
of nC, particle size analyzer (PSA) measurements to evaluate nC size distribution, and zeta potential analysis
to assess the stability of composite.

For photocatalytic tests, MB (C.I. 52015, Merck) solutions with concentrations of 2, 4, 6, 8, and 10 ppm
were prepared to generate MB standard curves using UV-Vis spectroscopy (Thermo Scientific, Genesys 150).
CuO and CuO/nC composites (0.2 g each) were added to 100 mL of 10 ppm MB solution and stirred in
the dark box for 30 min to establish adsorption-desorption equilibrium between the dye and the catalyst.
Subsequently, the suspension was irradiated under a 20-W UV lamp to initiate the photocatalytic reaction.
Solution samples were collected every 15 min for up to 60 min. The initial MB concentration of 10 ppm
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was selected as a controlled condition commonly used in preliminary studies for fundamental assessment
[24–26]. Under dilute conditions, diffusion is relatively fast, allowing the reaction to better reflect surface
reaction kinetics [27,28]. The samples were then analyzed using UV-Vis spectroscopy to determine the
maximum absorbance value of the MB solution after degradation.

3 Results and Discussion

3.1 Structural Analysis of OPEFB-Derived Nanocellulose
The XRD patterns of OPEFB, microcellulose (mC), and nC are shown in Fig. 2a. These patterns align

with JCPDS-ICCD:50-2241 [29], exhibiting characteristic peaks of cellulose Iβ at 18○ and 22.7○ and cellulose
II at 16○ and 21.7○. The (200) and (020) peaks at 22.7○ and 21.7○, respectively, correspond to a crystalline
structure, whereas the peaks at 16○ and 18○ indicate an amorphous region. The crystallinity index (CI) of
each sample was calculated using the Segal method [30], as expressed in Eq. (1).

CI(%) = Ic − Ia

Ic
× 100% (1)

Ic and Ia represent the total intensities of the crystalline and amorphous peaks, respectively. The CI
increases in the order of OPEFB, mC, and nC, with estimated values of 32%, 58%, and 64%, respectively.
OPEFB primarily consists of three main components: lignin, hemicellulose, and cellulose. Lignin and
hemicellulose are amorphous polymers, whereas cellulose can exist in both amorphous and crystalline
forms [31]. The increased CI in mC compared to OPEFB is due to the synthesis process, which involves 17.5%
NaOH for delignification and 10% H2O2 for bleaching. The NaOH solution breaks the ether bonds (R-OR

′

)
that link lignin and cellulose and removes acetyl groups and uronic acids [32]. During the bleaching process
with H2O2, oxygen atoms react by binding to the carbon elements in the benzene ring of lignin. This reaction
causes the release of previous bonds, reducing the lignin content and decreasing its size [33]. Among the
other samples, nC exhibits the highest CI because its synthesis involves acid hydrolysis using 30% H2SO4.
During hydrolysis, the strong acid selectively attacks the amorphous regions while leaving the crystalline
regions intact due to their high resistance [34].

Figure 2: (a) XRD patterns and (b) FTIR spectra of OPEFB, microcellulose, and nanocellulose.
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Fig. 2b displays FTIR spectra of OPEFB, mC, and nC. The functional groups exclusive to OPEFB
appeared at 1725.90 and 1243.09 cm−1. The peak in the range of 1550–1870 cm−1 corresponds to C=O
stretching, which is associated with hemicellulose and lignin [35,36]. Meanwhile, the peak at 1243.09 cm−1

represents a C=C (aromatic ring) functional group, a characteristic component of lignin [37]. The absence of
C=O and C=C functional groups in mC and nC is attributed to the delignification and bleaching processes
involved in their synthesis. These processes are designed to remove lignin and hemicellulose; primarily
through dissolution and the de-esterification of intermolecular ester bonds [38]. A previous study by [39]
reported that the C=C functional group present in OPEFB disappears after bleaching. Additionally, a C-O-C
functional group was observed at 1158 cm−1, indicating the presence of a pyranose ring in cellulose [40].
The C-H stretching functional group within the 690–900 cm−1 range corresponds to glucose, which forms
glycosidic bonds in cellulose [41]. The FTIR analysis confirms that after delignification and bleaching, lignin
and hemicellulose are effectively removed, resulting in the production of pure cellulose.

The surface morphology transformation of OPEFB into mC and nC, as observed via SEM, is presented
in Fig. 3. OPEFB exhibits a relatively smooth surface without visible pores. The presence of irregular waxy
substances, lignin, and other inorganic materials coats the OPEFB fiber surface, giving it a smoother
appearance [42]. The resulting mC has a rougher surface, with exposed fibers due to the removal of
waxy substances and lignin through interactions with sodium ions during delignification process [43].
Additionally, the fibers appear to be agglomerated, likely because of Van der Waals attraction forces. However,
this agglomeration is significantly reduced in nC after acid hydrolysis, resulting in a more dispersed and
porous structure. These findings confirm the removal of non-cellulosic components and the progressive
structural refinement of OPEFB fibers, facilitating the transition from raw fiber to mC and ultimately to nC.
Furthermore, EDX analysis estimates the atomic percentages (at%) of carbon (C) and oxygen (O) in nC to
be approximately 54 at% and 46 at%, respectively.

Figure 3: Surface morphologies of (a) OPEFB, (b) microcellulose, and (c) nanocellulose.

The surface area of the resulting nC, as determined using the BET method, was approximately 2.3 m2/g,
similar to the value previously reported by [44]. The relatively low surface area is likely due to the morphology
of nC, which consists of coarse fiber-shaped structures. Fig. 4a shows the adsorption-desorption isotherm
curve for nanocellulose, which corresponds to a type-IV isotherm according to the IUPAC classification.
Type-IV isotherms are characteristic of mesoporous materials with pore sizes ranging from 2 to 50 nm [45].
The presence of hysteresis in the curve indicates a difference between the adsorption and desorption rates,
further confirming the mesoporous nature of the nC. The pore size of nC was ~9.6 nm. PSA analysis
confirmed that nC has particle sizes ranging from 200 to 400 nm. These values fall within the typical size
range of nC as reported in [46]. The nC particles predominantly ranged in size from 260 to 310 nm, as
illustrated in the size distribution (Fig. 4b).
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Figure 4: (a) Adsorption–desorption isotherm curve of nanocellulose. (b) Particle size distribution of nanocellulose
analyzed using PSA.

3.2 Structural, Morphology, and Stability Analysis of CuO/nC Composites
Fig. 5a shows the XRD patterns of the CuO/nC composites, indicating the presence of CuO peaks

corresponding to the JCPDS card No. 01-080-1268 [47], for a monoclinic structure. When nC is added,
a different peak appears at 22.5○ and becomes more significant with increasing nC content. The absence
of any secondary phases indicates the successful formation of the CuO/nC composites. The crystallite
size of CuO, estimated using the Scherrer equation from the (110) peak at 2θ = 35.5○, gradually decreases
with increasing nC content. CuO and CuO/nC (5%, 15%, and 25%) exhibits crystallize sizes of ~34, ~29,
~25, and ~23 nm, respectively, indicating that the carbon matrix suppresses crystal growth and enhances
nanoparticle dispersion.

Figure 5: (a) XRD patterns of CuO and CuO/nC composites with varied nC contents. (b) FTIR spectra of the
composites.

The FTIR spectra of the composites (Fig. 5b) display characteristic bonds of both nC and Cu-O
stretching vibrations at ~513 and ~622 cm−1 [48]. The nC-related functional groups, including broad -OH
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stretching, C-H, and C-O-C linkages, are consistent with those observed in Fig. 2b, indicating that the
cellulose structure is preserved after composite formation. No new covalent bond signatures are detected,
suggesting that the interaction between CuO and nC is primarily electrostatic in nature [49]. These
interactions promote strong interfacial adhesion within the CuO/nC composites [50].

SEM images of the composites are shown in Fig. 6, revealing agglomerated quasi-spherical particles
alongside layered fibrous structures. The former corresponds to CuO particles, as reported in a previous
study [51], whereas the latter indicates the presence of nC. At low nC content, CuO particles dominate and
appear densely agglomerated with limited fibrous features. With increasing nC loading, fibrous structures
become more evident, indicating improved dispersion of CuO particles within the nC matrix and confirming
the nC role in enhancing particle distribution. EDX analysis estimated the atomic percentages (at%) of Cu
and O in CuO to be 78.6% and 21.4%, respectively. In the CuO/nC composites, an additional EDX peak
corresponding to carbon (C) was observed. The at% of C increased with the amount of nC added, confirming
the successful incorporation and increased presence of nC within the composites. In contrast, the variation in
O content likely arises from the combined contributions of CuO and nC, as well as differences in dispersion
and surface coverage. A summary of the EDX analysis for the composites is presented in Table 1.

Figure 6: SEM images of the composites: (a) CuO/nC 5%, (b) CuO/nC 15%, and (c) CuO/nC 25%.

Table 1: The observed elements and their relative percentages of CuO/nC composites examined by EDX analyses.

Composite Element wt% at%

CuO/nC 5%
C 14.4 38.5
O 12.1 24.3
Cu 73.5 37.2

CuO/nC 15%
C 20.4 49.4
O 10.4 18.9
Cu 69.2 31.7

CuO/nC 25%
C 24.4 50.5
O 17.2 26.7
Cu 58.4 22.8

TEM analysis was performed to elucidate nanoscale morphology, particle distribution, and dispersion
of CuO within the nC, as shown at Fig. 7a–c. The contrast difference between electron-dense CuO and the
low-density nC is clearly observed. TEM images show that CuO nanoparticles appear as dark, electron-dense
agglomerates due to the higher atomic number of Cu, while the nC is observed as a lighter, low-contrast
background. CuO particles are distributed on the nC surface, although partial agglomeration is evident
(Fig. 7b,c), indicating that nC acts as a supporting material for CuO dispersion.
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(a) (b)

(c)

Figure 7: TEM images of the CuO/nC 25% at different magnifications, showing: (a) transparent low-density region of
nC and a darker high-density of CuO particles. Closed views (b, c) clearly show agglomerated CuO particles mixed
with nC.

To evaluate the stability of CuO and CuO/nC 25% as photocatalyst, the zeta potential test conducted
using water as medium at pH 7. The results clearly indicate an improvement in colloidal stability after
incorporation of nC into CuO. The pure CuO exhibits a zeta potential of −8.01 mV (Fig. 8), which lies
in the range of incipient instability, meaning that the electrostatic repulsion between particles is weak
and aggregation is highly likely, as reported [52]. This is consistent with typical behavior of metal oxide
particles in aqueous media, where insufficient surface charge leads to rapid coagulation [53]. In contrast,
the CuO/nC 25% composite shows a significantly more negative zeta potential of −20.34 mV, indicating
enhanced surface charge and stronger electrostatic repulsion among particles. Although this value still falls
within the moderate stability regime which is generally from ±20 to ±30 mV [54], it represents a substantial
shift toward improved dispersion stability compared to pure CuO.

Figure 8: Zeta potential of pure CuO and CuO/nC 25%.
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3.3 Two Stages (Adsorption-Photocatalytic) Performance of Methylene Blue Removal
Fig. 9 shows the optical bandgap values obtained from the Tauc plot analysis [55]. Pure CuO (Fig. 9a)

exhibits a bandgap of 1.30 eV, consistent with the reported values and confirming its visible-light photocat-
alytic activity [56,57]. In contrast, nC (Fig. 9b) shows a wide bandgap of 3.85 eV, indicating its insulating
nature with absorption mainly in the UV region [58]. This suggests that nC supports roles in dispersion
and dye adsorption rather than direct photoexcitation [59,60]. The CuO/nC composites shows intermediate
bandgaps of 2.75, 2.86, and 2.99 eV for 5%, 15%, and 25% nC, respectively. This increase compared to pure
CuO indicates that nC modifies the electronic structure through improved dispersion, reduced crystallite
size, and interfacial interactions. Despite their wider bandgap, the composites remain active under visible
light, with the modified electronic structure likely suppressing electron-hole recombination.

Figure 9: Tauc plot and optical bandgap estimation for (a) pure CuO, (b) nC, and (c) the composites.

Fig. 10a shows the change in maximum absorbance with irradiation time for CuO and CuO/nC
composites. All samples exhibit a gradual decrease in absorbance, indicating progressive dye removal, with
more pronounced decline observed as the nC content increases. The corresponding MB concentration
(Fig. 10b) was calculated from the absorbance from the MB standard curve. During the initial stage
(0–15 min), a significant decrease in MB concentration was observed. The MB concentration in pure CuO
decreased from 10 to ~5.64 ppm, whereas CuO/nC 5%, 15%, and 25% decreased to ~2.99, ~1.71, and
~0.69 ppm, respectively. This rapid decrease in the early stage indicates that adsorption dominates the
removal process, which becomes more significant with increasing nC content due to enhanced surface
interaction and adsorption sites. In the subsequent irradiation stage (15–60 min), the decrease in absorbance
and MB concentration became slower and more linear. Pure CuO showed limited degradation, with the
MB concentration decreasing from ~5.64 to ~4.36 ppm after 60 min. In contrast, CuO/nC 5%, 15%, and
25% reduced MB to ~2.75, ~0.98, and ~0.025 ppm, respectively, with the CuO/nC 25% exhibiting the best
performance. These results suggest the role of nC not only as an adsorbent but also as an electron transfer
mediator that suppresses electron-hole recombination in CuO, as reported in [61].

Fig. 11 shows the variation in the normalized concentration (Ct/C0) and MB removal efficiency with
irradiation time. In the initial stage (0–15 min), all samples exhibit a rapid decrease in the Ct/C0, indicating
adsorption-dominated removal. Pure CuO decreases from 1.0 to ~0.56, while CuO/nC 5%, 15%, and 25%
drop more significantly to ~0.29, ~0.17, and ~0.07, respectively, highlighting the strong influence of nC in
enhancing early-stage removal through improved adsorption and interfacial interaction. In the subsequent
stage (15–60 min), the decrease in the Ct/C0 becomes more gradual, indicating that this process was primarily
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controlled by photocatalytic degradation. Pure CuO shows limited activity (Ct/C0 ~0.43 at 60 min), whereas
the composites achieve much lower values of ~0.27, ~0.09, and ~0.0025 for 5%, 15%, and 25% nC, respectively,
with CuO/nC 25% approaching a complete removal.

Figure 10: (a) Relationship between the maximum absorbance and (b) MB concentration with irradiation time.

Figure 11: Relationship between (a) the normalized concentration, Ct/C0 and (b) the relative percentage of MB removal
with irradiation time.

The MB removal efficiency (Fig. 11b) follows a similar two-stage trend. After 15 min of irradiation,
CuO achieves only 43.6% removal, while CuO/nC 5%, 15%, and 25% reach ~70.1%, ~82.8%, and ~93.0%,
respectively, indicating rapid adsorption enhanced by nC. With extended light exposure up to 60 min,
CuO shows limited improvement (up to ~56.4%), and CuO/nC 5% reaches a plateau (~72.5%). In contrast,
CuO/nC 15% and 25% continue to increase, reaching ~90.2% and ~99.7%, respectively. This trend confirms
the synergistic role of nC in providing adsorption sites and facilitating electron transfer, thereby suppressing
electron-hole recombination [61]. Overall, increasing nC content significantly enhances both rate and extent
of MB removal, with CuO/nC 25% demonstrating the best photocatalytic performance.

Fig. 12 shows the UV-Vis absorbance spectra of MB, illustrating both the effect of nC content after 60 min
irradiation and the time evolution for the most active composites. In the left panel, all samples exhibit a
decrease in the characteristic MB peak at 664–668 nm, confirming dye removal. Pure CuO retains the highest



J Renew Mater. 2026;14(9):2 11

absorbance, indicating incomplete removal, while the intensity decreases progressively with increasing nC
content. This trend is consistent with the visual color change from deep blue to nearly colorless. In the
right panel, the CuO/nC 25% sample shows a sharp drop in absorbance within the first 15 min, followed
by a slower decrease up to 60 min. The rapid initial decline indicates adsorption-dominated removal, while
the subsequent gradual decrease reflects ongoing photocatalytic degradation. The unchanges spectral shape
suggests true degradation rather than peak shifting.

Figure 12: Absorbance curves of all samples after 60 min of irradiation (left) and absorbance curve for CuO/nC 25%
with variation in irradiation time (right).

The initial stage (0–15 min) of MB removal is dominated by rapid adsorption of MB molecules at the
nC-CuO interface, leading to a sharp decrease in concentration that deviates from conventional kinetic
models and becomes more pronounced with increasing nC loading. In the second stage (15–60 min), the
process is governed by photocatalytic degradation, which follows a pseudo-first-order kinetic model based
on the Langmuir-Hinshelwood mechanism [62]. At this stage, CuO absorbs light, and charge separation
(enhanced by nC) drives the degradation of adsorbed MB. Excluding the initial adsorption stage, the kinetic
data show good agreement with the pseudo-first-order model (Fig. 13), with correlation coefficients (R2) of
0.803–0.983. This supports a two-step mechanism consisting of rapid adsorption followed by photocatalytic
surface reactions.

Figure 13: Pseudo-first-order kinetic plots for all samples.
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The slope of the linear graph of ln(C0/Ct) vs. irradiation time directly corresponds to the apparent
pseudo-first-order rate constant (k) [63]. This constant represents the intrinsic rate of the photocatalytic
degradation after the initial adsorption equilibrium is reached, where C0 is the dye concentration at the
start of the second stage. Physically, k reflects the efficiency with which the catalyst converts adsorbed dye
molecules into degradation products under irradiation, considering the combined effects of surface reaction
kinetics, adsorption strength, charge separation efficiency, and reactive species formation. A higher k value
indicates faster photocatalytic degradation and higher catalyst efficiency [64]. Among the samples, CuO/nC
25% exhibited the highest k value of (0.07676 ± 0.01293) min−1, indicating the most effective charge transfer
and surface reaction dynamics during the photocatalytic stage. Additionally, the R2 value for the CuO/nC
25% sample was also the highest among the other composites, as summarized in Table 2, indicating the best
fit criteria.

Table 2: Summary of the fitting results for the pseudo-first-order kinetic model.

Sample Fitting Equation k (min−1) R2

CuO y = 0.0055t − 0.07 0.00547 ± 0.00050 0.983
CuO/nC 5% y = 0.0019t − 0.02 0.00187 ± 0.00045 0.892
CuO/nC 15% y = 0.0114t + 0.07 0.01135 ± 0.00398 0.803
CuO/nC 25% y = 0.0767t − 1.49 0.07676 ± 0.01293 0.946

The reusability of CuO/nC 25% was evaluate for five cycles. After each reaction cycle, the photocatalyst
was recovered by centrifugation, thoroughly washed with ethanol and deionized water to remove residual
dye species, and dried prior to reuse. As shown in Fig. 14, CuO/nC 25% catalyst demonstrates good stability,
maintaining MB removal efficiencies above 90% for up to four consecutive cycles. A slight decline in
performance is observed in the fifth cycle, where the removal efficiency decreases to approximately 87%,
indicating minor deactivation while still retaining satisfactory photocatalytic activity.

Figure 14: Reusability test: Ct/C0 vs. time for 5 consecutive cycles (left) and percentage of MB removal at the end of
each cycles (right).

A two-way ANOVA with interaction test was employed to evaluate the effects of catalyst type and irradi-
ation time on MB concentration and to determine whether these factors act independently or synergistically.
This approach is particularly suitable because the experimental design involves two independent variables,
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each expected to influence the removal process. For this calculation, the replication number is 3 and the level
of significance (α) is 0.05. Table 3 presents a summary of the calculation results.

Table 3: Results of a two-way ANOVA with interaction analysis.

Source SS df MS F p-Value Decision
Catalyst Type 119.052 3 39.684 1290.22 8.04 × 10−40 Reject H0 (Significant)

Time 566.88 4 141.72 4607.63 1.08 × 10−52 Reject H0 (Significant)
Catalyst Type × Time 30.759 12 2.563 83.34 2.21 × 10−24 Reject H0 (Significant)

Error 1.23 40 0.0308 – – –
Total 717.921 59 – – – –

Note: SS: Sum square, df: Degrees of freedom, MS: Mean square.

The ANOVA result indicates that both catalyst type and irradiation time significantly influence MB
concentration (p < 0.05). A significant interaction effect was also observed, confirming that the degradation
kinetics depend on the catalyst composition. To analyze which sample is significantly different with others,
the Tukey HSD post-hoc analysis was also conducted, and the result is summarized in Table 4.

Table 4: Tukey HSD post-hoc analysis result.

Comparison Mean Diff. p-Value Decision
CuO vs. CuO/nC 15% −2.985 0.071 Not significant
CuO vs. CuO/nC 25% −3.706 0.015 Significant
CuO vs. CuO/nC 5% −1.697 0.492 Not significant

CuO/nC 15% vs. CuO/nC 25% −0.721 0.93 Not significant
CuO/nC 15% vs. CuO/nC 5% 1.288 0.704 Not significant
CuO/nC 25% vs. CuO/nC 5% 2.009 0.342 Not significant

The Tukey HSD post-hoc analysis (α = 0.05) revealed that only the CuO/nC 25% shows a statistically
significant difference compared to pure CuO (p = 0.015). Other pairwise comparisons were not statistically
significant, indicating that lower nC loadings (5% and 15%) do not produce a sufficiently distinct effect within
the experimental variability.

Fig. 15 illustrates the proposed mechanism for MB removal by the CuO/nC system, which proceeds
via a two-phase process: adsorption followed by photocatalytic oxidation. In phase I (0–15 min), rapid
adsorption dominates, driven by nC. The abundant -OH groups and polar surface enable strong interactions
with MB through hydrogen bonding, electrostatic attraction, and possibly π-π interactions, resulting
in a sharp decrease in dye concentration. In phase II (15–60 min), photocatalytic degradation occurs
under UV irradiation. CuO absorbs photons (hν ≥ Eg), generating electron-hole pairs, while nC facilitates
electron transfer and suppresses recombination, enhancing charge separation. The produced electrons in
the conduction band (CB) react with dissolved O2 to form superoxide radicals (⋅O2

−), while holes in the
valence band (VB) oxidize surface-adsorbed water to generate hydroxyl radicals (⋅OH). These reactive
species attack the adsorbed dye molecules, converting them to intermediate products (e.g., formaldehyde
and formic acid) and ultimately to mineralization products. Nanocellulose enhances charge separation
and suppresses electron-hole recombination by facilitating electron transport, thereby accelerating the
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degradation kinetics. Consequently, the second stage follows pseudo-first-order kinetic consistent with the
Langmuir-Hinshelwood mechanism.

Figure 15: Postulated mechanism of MB removal by the CuO/nC composite.

The comparative summary in Table 5 demonstrates that the CuO/nC composite developed in this study
exhibits competitive and, in some cases, superior photocatalytic performance relative to previously reported
materials. The incorporation of nC significantly enhances removal efficiency compared to pure CuO, which
can be attributed to improved dispersion, enhanced surface interaction, and increased accessibility of active
sites [65]. A high degradation efficiency of CuO/nC for MB aligns with performance trends observed in
CuO/cellulose-based systems for other dyes, such as crystal violet (CV) [20,21]. This comparison reinforces
the potential of the proposed composite as an efficient and sustainable photocatalyst within the current
research landscape.

Table 5: Comparison of CuO- or cellulose-based photocatalyst for degradation of MB, and some cases are of crystal
violet as indicated by CV.

Photocatalyst Light
Source

Degradation
Efficiency

MB Con-
centration k (min−1) Source of

Cellulose Ref.

CuO
nanoparticles

6 W UV
light

47.8%
(20 min)

17.11 ppm
(53.5 μM) n.a. – [66]

Zn-doped CuO 500 W
Xenon lamp

~63%
(60 min) n.a. n.a. – [67]

γ-Al2O3/CuO 100 W bulb 91.0%
(120 min) 25 ppm 1.91 × 10−2 – [15]

Fe2O3/graphene/
CuO

100 W
visible lamp

94.3%
(40 min) 20 ppm 7.25 × 10−2 – [14]

TiO2-loaded
cellulose UV-C lamp 98.5%

(40 min) 50 ppm 18.8 × 10−2 Cotton
powder [65]

(Continued)
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Table 5 (continued)

Photocatalyst Light
Source

Degradation
Efficiency

MB Con-
centration k (min−1) Source of

Cellulose Ref.

Au-TiO2/bacterial
cellulose

150 W UV
lamp

89%
(360 min) 1.28 ppm n.a.

Komagataeibacter
xylinus
bacteria

[68]

Bacterial
cellulose/g-C3N4/

Polydopamine

100 W LED
lamp

95.4%
(150 min) 10 ppm 2.12 × 10−2 Nata de coco [19]

CuO-cellulose
hydrogel n.a. 93.6%

(18 min)
10 ppm
of CV 18.08 × 10−2

Typha
angustifolia

plant
[20]

Colemanite/CuO/
Cellulose UV-A lamp 97%

(180 min)
10 ppm of

CV 1.51 × 10−2
Commercial

(Sigma-
Aldrich)

[21]

CuO/nC 25% 20 W UV
lamp

99.7%
(60 min) 10 ppm 7.67 × 10−2 OPEFB This

work

Note: n.a.: data are not available.

4 Conclusion
OPEFB-derived nanocellulose (nC) was successfully synthesized via delignification and acid hydrolysis

and incorporated into CuO for MB removal through a two-stage process: adsorption and photocatalysis. The
nC content varied at 5%, 15%, and 25% by mass. The obtained nC exhibited a higher crystallinity index than
micro-cellulose and raw OPEFB fibers, with particle sizes of 260–310 nm, a surface area of 2.3 m2/g, and a pore
diameter of 9.5 nm. Incorporation of nC suppressed CuO crystal growth, improved dispersion and stability,
while maintaining the composite bandgap within the visible range. The addition of nC significantly enhanced
MB removal under UV irradiation, increasing from 43.6% (CuO) to 99.7% (CuO/nC 25%) after 60 min.
The CuO/nC 25% also demonstrated good reusability, maintaining removal efficiencies ~90% over four
cycles. Statistical analysis further confirms the significant role of nC in improving removal performance. MB
removal proceeds via rapid nC-drived adsorption (0–15 min), followed by UV-induced CuO photocatalysis
(15–60 min) enhanced by nC-facilitated charge separation. These results demonstrate the potential of
CuO/nC as an efficient and sustainable photocatalyst for MB removal. Further evaluation using mixed dye
systems is essential to assess performance under realistic wastewater conditions, while investigation of higher
nC loadings is required to identify the optimum composition for adsorption-photocatalytic synergy.
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