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Bacterial cellulose nanofibers (BCNFs) produced from freeze-dried bacterial cellulose (BC) exhibit unique
properties such as low cost, flexibility, environmental friendliness, and structural stability. In this study, a novel
catalyst, BCNF-CPTMS-Gu-Cu(i), was successfully fabricated by modifying BCNFs with 3-(chloropropyl)-
trimethoxysilane (CPTMS) and guanidine hydrochloride (Gu) to create ligand-functionalized BCNFs, followed
by the stabilization of copper() nanoparticles on guanidine groups. This synthesis process maintained the
original morphology of BCNFs. The BCNF-CPTMS-Gu-Cu(i) catalyst demonstrated excellent catalytic activity
for the rapid reduction of 4-nitrophenol (4-NP) and methylene blue (MB) in the presence of sodium
borohydride (NaBH,). For the reduction of 4-NP to 4-aminophenol (4-AP), the catalytic activity of BCNF-
CPTMS-Gu-Cu(i) was optimized by increasing NaBH, concentration and reaction temperature. It was
observed that higher temperatures positively affected the reaction rate. Similarly, for the reduction of MB to
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leuco-methylene blue (LMB), the catalytic efficiency was enhanced by increasing the NaBH, concentration
and optimizing the pH, with the best catalytic performance achieved at pH 6. The reduced products, 4-AP
and LMB, are highly soluble in water and have potential utility in various applications. This study introduces an
effective and low-cost catalyst based on bacterial cellulose nanofibers, with promising applications in industrial
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1. Introduction

Today, the increasing contamination of water sources substan-
tially threatens ecosystems and human health."” Concurrently,
the wastewater industry is transforming owing to the emer-
gence of pollutants such as pharmaceuticals, antibiotics, pes-
ticides, heavy metals, toxic dyes, and organic compounds.®™
Recent reports highlight the remediation of toxic dyes and
organic compounds in water.®'® 4-NP is an organic phenolic
compound known to be released in the aquatic environment
through various industries and chemical processing.*™** Tox-
icological tests have indicated the presence of 4-NP in the
effluents of commercial coloring industries, which can cause
nephrotoxic impacts, serious sensitivities, dermatitis, shaking,
and cerebral pains, and it is just as harmful to the kidneys,
liver, and nervous system.’>'” However, some harmful dye
pollutants include azo dyes such as MB, which can release
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carcinogenic aromatic amines.'®° Hence, the development of
methods such as designing conversion catalysts and adsor-
bents as well as photocatalytic degradation is a valuable strat-
egy for converting dangerous materials into harmless
compounds in wastewater.'®**2® Catalytic conversion is the
most preferred method to reduce wastewater pollution and
can convert harmful materials to less harmful compounds
with high efficiency.'®>”*® Therefore, finding more green and
sustainable materials with multifunctional applications is
imperative.”>*° Nowadays, the utilization of natural resources
as engineering materials has aroused great interest owing to
their intrinsic advantages, including environmental friendli-
ness and inexpensiveness.’’** Cellulose nanofibers (CNFs)
represent a remarkable and emerging class of nature-derived
nanomaterials distinguished by their extraordinary mechanical
properties.®®> CNFs are web-like structures made of flexible,
entangled fibril strands with diameters of 10-50 nm and
lengths of a few micrometers, which are influenced by the
cellulose source and extraction methods.*® Bacterial cellulose
(BC) is one of the most promising polysaccharides with a
microbial origin and a highly hydrated natural polymer cellu-
lose pellicle derived from the extracellular metabolic products
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Fig. 1

of certain bacteria.** It exhibits a superb 3D microfibril struc-
ture with notable advantages, including high purity, excellent
mechanical properties (flexibility and tensile strength), high
porosity, and significant water absorption capability.>***™*° In
addition, BC possesses hydroxyl functional groups, which
facilitate the formation of coordination and hydrogen bonds
with other metal nanoparticles that are used as catalysts in
catalytic hydrogenation, catalytic hydrodesulfurization, etc.*" It
has been reported as an excellent and strong support for
catalysts in the article published by Liu et al., who successfully
prepared AuNPs/AOBC from amidoxime-surface-functionalized
BC and an aqueous HAuCl, solution and used it to catalyze the
reduction of 4-NP.*> Because of their favorable properties,
transition metals such as Cu*’ and Ni'>** have recently gained
attention owing to their high catalytic activity and excellent
selectivity on catalyst surfaces.*> Aditya, A. Pal, and T. Pal
reviewed the NaBH,-mediated reduction of nitroarenes, parti-
cularly from 4-nitrophenol to 4-aminophenol, as a standard test
for nanoparticle catalysts. They examined various metal and
metal oxide nanocatalysts, discussed synthesis methods, and
analyzed catalytic performance. Their review highlighted
real-time UV-visible monitoring and kinetic models such as
Langmuir-Hinshelwood and Eley-Rideal, confirming the relia-
bility and widespread use of the reaction in -catalyst
evaluation.*® Two agarose (AG) materials, one coated with Ni
nanoparticles and the other with Cu nanoparticles, were
synthesized using polyurethane by Ali et al. Moreover, 20 mg
of either catalyst was able to reduce 0.13 mM of 4-NP and
0.08 mM of MB in the presence of 0.2 M NaBH, within more
than 5 minutes.”” Copper oxide nanoparticles synthesized
derived from apple peels and copper sulfate via microwave
methods by Rajamohan et al. catalyzed the reduction of methy-
lene blue with 80% efficiency within 6 min.*® Ni@luffa was
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produced from luffa fibers and NiCl, by Eisa et al. and was
shown to reduce the concentration of 0.08 mM 4-NP using
12 mM NaBH, within 160 s.*® These mentioned catalysts have
some problems such as being harmful to the environment and
requiring a long time to reduce 4-NP and MB. Because NaBH, is
toxic and carcinogenic for humans, its use is limited. One
of the problems of the mentioned studies is that low concen-
trations of 4-NP and MB require a large quantity of the
catalyst and a high concentration of NaBH, and greater time
to reduce.

In this research article, we designed a novel catalytic mate-
rial based on bacterial cellulose nanofibers (BCNFs). It was
obtained by first freeze-drying bacterial cellulose (BC) and
subsequently freezing it with liquid nitrogen to enhance its
stability, flexibility, and lightweight properties. The BCNF was
chosen as the support material owing to its environmental
friendliness. Fig. 1 shows that the BCNF maintains its struc-
tural integrity after folding and rolling, demonstrating its
lightweight, flexible, and superior mechanical properties. A
sample of this material was prepared as a low-cost, highly
active catalyst for the reduction of 4-NP and MB. The catalyst,
which was functionalized with guanidine hydrochloride (Gu)
and copper acetate, efficiently converted 4-NP and MB to 4-AP
and LMB, respectively, in a short period with high efficiency, as
confirmed by UV-visible spectroscopy. One of the main advan-
tages of this catalyst is its easy separation from the reaction
solution, making it an ideal candidate for applications requir-
ing recyclability. The composite properties of the BCNF were
characterized by various analytical techniques, including X-ray
diffraction (XRD), field-emission scanning electron microscopy
(FE-SEM), Fourier transform infrared (FT-IR) spectroscopy,
energy-dispersive X-ray spectroscopy (EDS), inductively coupled
plasma (ICP) spectroscopy, and zeta potential ({) measure-
ments. The study also demonstrated that altering the pH of
the reaction medium could significantly enhance -catalyst
activity.

2. Experimental

2.1. Materials

Kombucha, tea, and sugar were procured from a local confec-
tionery in Tehran Province, Iran. 4-Nitrophenol (4-NP) (99%,
Sigma-Aldrich), methylene blue (MB) (99%, Sigma-Aldrich),
sodium borohydride (NaBH,) (>98%, Sigma-Aldrich), sodium
hydroxide (NaOH) (96%, Sigma-Aldrich), 3-(chloropropyl)-
trimethoxysilane (CPTMS) (>97%, Sigma-Aldrich), toluene dis-
tilled for 48 h before using (99.5%, Sigma-Aldrich), guanidine
hydrochloride (Gu) (>99.5%, Sigma-Aldrich), sodium carbo-
nate (Na,CO3) (99.999%, Sigma-Aldrich), potassium iodide
(KI) (99.8-99.9%, Sigma-Aldrich), ethanol for washing (70%
solution, Sigma-Aldrich), methanol (CH;OH) (99.85%, Sigma-
Aldrich), and a salt of copper(u) acetate hydrate [Cu(OAc),-H,O]
(+99%, Sigma-Aldrich) were used.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.2. Preparation of BC

To grow bacterial cellulose (BC), bacteria from tea and sugar are
required. For this process, 10 g of Iranian tea was brewed in a
teapot, and the strained tea was added to 3000 mL of boiled
water in a 5000-mL beaker. Then, 180 g of sugar was dissolved
in this solution and stirred for 1 hour. Once the solution
reached ambient temperature, 0.2 g of a Kombucha culture
was added. Then, the beaker was covered with a clean cloth and
placed in a dark, clean, and dry location. After 30 days, 10 g of
bacterial cellulose (BC) was formed and ready for use.>°

2.3. Preparation of the BCNF

The BCNF is an excellent support for catalysts and possesses
amazing stability and flexibility. Ten grams of grown bacterial
cellulose were cut into small pieces and washed with deionized
water several times. Then, the pieces of BC along with 1000 mL
of a NaOH solution (0.25 mol L") were placed in a 2000-mL
Erlenmeyer flask and stirred using a shaker for 4 h. The BC
washed with NaOH was soaked with distilled water several
times to reach a neutral pH.*' The washed BC, after freezing
in liquid nitrogen at —96 °C, was put into a freezer for 24 h and
then freeze-dried at —70 °C for 48 h to prepare 3 g of the BCNF.

2.4. Preparation of BCNF-CPTMS

The bond between the hydroxyl functional group of the BCNF
and guanidine ligand is a non-covalent bond of the hydrogen
bond type; this bond is not suitable for catalytic reactions.
Therefore, a linker such as CPTMS was used to establish strong
covalent bonds between BCNF and CPTMS as well as CPTMS
and guanidine. In a 50-mL round-bottom flask, 0.5 g of the
BCNF was added to 20 mL of dry toluene. Then, 2.5 mL
of 3-(chloropropyl)-trimethoxysilane (CPTMS), drawn using a
3-mL syringe, was added dropwise to the reaction solution and
refluxed at 110 °C for 24 h in a nitrogen atmosphere. Finally,

2.5 mL CPTMS, 20 mL dry toluene .
L 7
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the as-prepared sample of the BCNF was washed with dry
toluene twice and dried at 80 °C for 12 h.

2.5. Preparation of BCNF-CPTMS-Gu

A ligand such as guanidine was used to coordinate the copper
metal. In a 50-mL round-bottom flask, salts including 0.75 g of
guanidine hydrochloride, 0.17 g of Na,CO3, and 0.2 g of KI in
15 mL of a water: CH3;OH solvent (1:1, volume ratio) were
mixed. Then, 0.5 g of BCNF-CPTMS was dispersed in the as-
prepared solution and stirred at room temperature in a nitro-
gen atmosphere for 24 h. Finally, the semi-finished product was
washed with water and EtOH twice and dried at 80 °C for 12 h.

2.6. Preparation of BCNF-CPTMS-Gu-Cu(n)

A metal such as copper was used to carry out the catalytic
reaction. First, 0.5 g of BCNF-CPTMS-Gu was dissolved in a
50-mL round-bottom flask with 10 mL of distilled water. Then,
0.5 g of Cu(OAc),-H,0 was added and stirred at room tempera-
ture for 24 h. Finally, the product was washed with water and
EtOH three times and dried at 80 °C for 12 h (Fig. 2).

2.7. Catalytic activity of BCNF-CPTMS-Gu-Cu(n)

The reduction of 4-NP and MB by NaBH, was used to evaluate
the catalytic activity of BCNF-CPTMS-Gu-Cu(n). In a 50-mL
round-bottom flask, 10 mL of a freshly prepared NaBH,
solution (0.1 M) was added to 10 mL of a 4-NP solution
(0.7 mM), which turned the light yellow color of the 4-NP
solution into a deep yellow, indicating the formation of
4-nitrophenolate. Under stirring at room temperature (25 °C),
0.01 g of the BCNF-CPTMS-Gu-Cu(u) catalyst was added to the
4-nitrophenolate solution until it became colorless. The pro-
gress of the reaction was monitored by recording the UV-visible
spectrum at 80-second intervals. The absorption peak of 4-NP
appeared at 317 nm, and after the addition of NaBH,, a new

-— 2 ==
— Reflux for 24 h at 110 °C —
0.5 g BCNF BCNF@CPTMS
0.75 g Guanidine. HCI
0.17 g Na,CO4
0.2 gKI
g 15 mL H,O/CH,0H (1:1)
C“”NHZ {UNH, NH, stirring for 24 h at room
A HN= HN# E temperature
E HH LI under N, gas
HN HN
N /
S1 : G L
/5N N Ny
My Ly e
= o= L g~
e 0.5 g Cu(OACLH:0in ISMLE,0 o e S
S ¢ 4 :,»f —
stirring for 24 h at room temperature
BCNF@CPTMS@Gu-Cu(Il) BCNF@CPTMS@Gu

Fig. 2 Synthesis of the BCNF-CPTMS-Gu-Cu(i) catalyst.
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peak corresponding to 4-nitrophenolate was observed at
400 nm. The appearance of a peak at 296 nm indicated the
reduction of 4-NP. The rate of catalytic activity was affected by
the concentrations of NaBH, and 4-NP as well as the tempera-
ture of the reaction system. In another experiment, in a 50-mL
round-bottom flask, 20 mL of an aqueous solution adjusted to
pH = 6 was prepared by mixing 10 mL of a freshly prepared
NaBH, solution (0.05 M) and 10 mL of an MB solution
(2.2 mM). Then, 0.01 g of the BCNF-CPTMS-Gu-Cu(u) catalyst
was added to this blue solution and stirred at room tempera-
ture (25 °C) until it became colorless. The reduction process
was monitored by recording the UV-visible spectrum during the
46-second reaction. The appearance and disappearance of the
absorption peak at 663 nm indicated the presence of MB and its
reduced form (i.e., LMB), respectively. The effects of NaBH, and
MB concentrations as well as the pH of the reaction system
were also examined for their influence on catalytic activity.

2.8. Characterization and measurements

Changes in the reduction of organic pollutants were measured
using a UV-visible spectrophotometer (UV-2550, Shimadzu
Company). The pH of various solutions was adjusted using a
Sat 401 automatic pH meter. FT-IR, FE-SEM, XRD, EDS, and ICP
analyses confirmed the structural and chemical properties of
BCNF-CPTMS-Gu-Cu(u). The FT-IR spectrum (Spectrum RX I,
PerkinElmer) was used to identify the functional groups in
the material. Field-emission scanning electron microscopy
(FE-SEM) images obtained using a ZEISS Sigma 300 microscope
revealed the particle size and surface morphology of BCNF-
CPTMS-Gu-Cu(u). X-ray diffraction (XRD) analysis (D8 Advance)
was used to determine the structural and chemical properties
of the synthesized materials, and energy-dispersive X-ray
spectroscopy (EDS) was performed using a MIRA3 system.
The amount of coordinated copper was determined by induc-
tively coupled plasma (ICP) mass spectrometry.

3. Results and discussion

3.1. Fourier transform infrared (FT-IR) spectroscopy

FT-IR spectra were studied to characterize the functional
groups of the BCNF, BCNF-CPTMS, and BCNF-CPTMS-Gu.
The pure bacterial cellulose nanofiber, having a hydroxyl func-
tional group (O-H), has a broad absorption in the region of
3200-3650 cm ™, which indicates the stretching vibration of the
O-H bond,”** and the peak at 1654 cm™* is related to the
bending vibrations of this bond.’>*® The absorption bands
caused by the symmetric and asymmetric stretching vibrations
of C-H can be seen at 2920 cm ' and those for CH, at
2852 cm ™ '.>* A band is observed at 1118 cm ™, which is related
to the ether functional group C-O-C of bacterial cellulose.’*
The bacterial cellulose nanofiber substrate, owing to its strong
gas absorption properties, absorbs CO, gas, and the absorption
band related to the asymmetric stretching of this gas can be
seen at 2370 cm ">’ To confirm the synthesis of BCNF-
CPTMS, the spectral signals related to the bonds present in
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Fig. 3 FT-IR spectra of each step in the synthesis of BCNF-CPTMS-Gu.

the CPTMS structure should be visible. The absorption band
near 800 cm ™' indicates the stretching vibration of the C-CI
bond, which is observed at 798 cm ™" for this composite.’® The
1032 cm™ ' and 1170 cm ™' peaks of the stretching vibrations of
Si-O-Si and Si-O-C bonds, respectively, were visible.>® The
presence of the broad absorption band from 3100 cm™" to
3600 cm ™' signifies the overlapping bands of symmetric and
asymmetric stretching vibrations of the O-H and H-N-H
bonds of the BCNF-CPTMS-Gu composite at the same
wavelength.?” The presence of an absorption spectral peak at
1114 cm ™ from the stretching vibrations of the aliphatic C-N
bond related to the molecular structure of guanidine indicates
that bacterial cellulose nanofibers are functionalized.*® In
addition, for more certainty, the wagging-bending vibration
of guanidine N-C-N-H bonds is observed at 618 cm™'.>” The
1638 cm ™' peak also shows the scissor-bending vibration of
H-N-C bonds (Fig. 3).>’

3.2. Crystal characterization

X-ray diffraction (XRD) analysis was used to investigate the
crystallographic nature of synthetic nanoparticles. Bacterial
cellulose nanofibers and their composites are semi-crystalline
polymers, and this crystallinity mainly results from the align-
ment and accumulation of linear chains within the polymer
structure. Several sharp peaks in the X-ray diffraction pattern
indicate the presence of crystalline regions, reflecting a high
degree of crystallinity. The observed peaks at 22.5° 16.59° and
14.3° correspond to the (200), (110), and (110) planes of
bacterial cellulose nanofibers, respectively.*> The decrease in
the intensity of the peaks of the synthesized composite
indicates the reduced crystal structure of bacterial cellulose,
indicating the successful formation of the nanofiber compo-
site. In addition, the broad peak at 9.9° shows that the
guanidine component is amorphous (Fig. 4).>°

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XRD patterns of the BCNF and BCNF-CPTMS-Gu-Cu(i).

3.3. Elemental composition

Energy-dispersive X-ray spectroscopy (EDS) is an analytical
technique used for the structural analysis and determination
of the chemical composition of a sample. EDS was employed to
confirm the elemental composition and successful formation
of the BCNF-CPTMS-Gu-Cu(u) composite. The presence of
silicon (Si) and chlorine (Cl) elements indicates that the
CPTMS linker is successfully attached to bacterial cellulose.
The detection of nitrogen (N) confirms the functionalization of
the substrate with guanidine. Finally, the presence of copper
(Cu) confirms the coordination of copper ions by guanidine

(Fig. 5).

3.4. FE-SEM micrographs

Scanning electron microscopy (SEM) is one of the most effective
techniques for studying the surface morphology of synthesized
materials. Field-emission SEM (FE-SEM) was used to investigate

7 Elt Line Int Error K Kr W% A%
20000—{

- C Ka 158.1 14.5761 0.2721 0.0856  30.32 39.34
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cl Ka 38.0 15.8406 0.0756 0.0238  2.93 1.29

Counts

T Cu Ka 67.7 0.9796 0.1764 0.0555 7.24 1.78

1.0000 0.3145 100.00  100.00

Cula

L L

5000— O Ka
N Ko
CIKB
0 SiKa ClKa Cuka oykp
- - - - ; - - - T
0 5 10

keV
Fig. 5 EDS analysis results of BCNF-CPTMS-Gu-Cu(i).
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Fig. 6 FE-SEM images of the (a) surface and (b) cross section of BCNFs
and (c) and (d) BCNF-CPTMS-Gu-Cu(n).

the morphology of the bacterial cellulose nanofiber (BCNF)
composite. Fig. 6a shows the surface of pure BCNFs, with fiber
diameters measuring less than 100 nm. Fig. 6b presents the
cross-sectional morphology of BCNFs, where the layered struc-
ture—an important feature contributing to the mechanical
stability of the BCNF network—is evident. Fig. 6¢c and d display
the morphology of the BCNF-CPTMS-Gu-Cu(i1) composite, con-
firming that the fibrous structure of BCNFs is preserved after
functionalization. These images also demonstrate the success-
ful synthesis of the BCNF-based composite. Overall, the SEM
images in Fig. 6 highlight the structural integrity and robust-
ness of BCNFs, supporting their suitability as an effective
substrate for catalytic applications.

3.5. Inductively coupled plasma (ICP) mass spectrometry

Elements such as carbon (C), hydrogen (H), oxygen (O), nitro-
gen (N), and halogens cannot be detected by inductively
coupled plasma (ICP) methods. Therefore, the only element
in the bacterial cellulose nanofiber (BCNF) composite mea-
sured using ICP was copper (Cu). To quantify the copper
content, the catalyst substrate was decomposed using a strong
acid solvent. Then, the remaining copper was measured by
inductively coupled plasma mass spectrometry (ICP-MS),
which indicates that the composite contains 7.1% copper by
weight.

3.6. Zeta potential ({)

Because the catalytic activity of BCNF-CPTMS-Gu-Cu(u) is
dependent on pH, its behavior at different pH results in
changes in the absorption and reduction processes, and using
zeta potential measurements of the catalyst system, these
processes between the adsorbent and adsorbate can be com-
prehended. It can be seen in Fig. 7 that these measurements
were carried out under different conditions (pH = 3-11) on
BCNF-CPTMS-Gu-Cu(u). Due to the pH-sensitive nature, pH
changes influence the protonation and deprotonation of het-
eroatoms (N-H and O-H) existing on the catalyst surface;
hence, the catalyst surface exhibits a wide range of negative,

Mater. Adv., 2025, 6, 5701-5712 | 5705
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Fig. 7 The zeta potential as a function of pH for BCNF-CPTMS-Gu-Cu(i).

positive, and neutral charges with changing pH values. At a pH
value of <6 (acidic), the catalyst shows the maximum zeta
potential at pH 3, with positive charges present on the catalyst
surface because the N-H group is protonated.’’ As the pH
increases, its zeta potential gradually decreases, reaching pH 6,
where positive charges remain on the surface of the catalyst. In
a highly acidic environment, the N-H group is in a protonated
state, leading to the expansion of the powerful intermolecular
hydrogen bond. By exceeding the pH beyond 6, the zeta
potential decreases owing to the presence of O-H on the sur-
face of the catalyst causing deprotonation and accepting nega-
tive charges.*

Protonated state: -NH + H" — -NH,"

Deprotonated state: -OH + OH™ — -O~ + H,O
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3.7. BCNF-CPTMS-Gu-Cu(u) for the catalytic reduction of 4-NP
and MB

The reduction of 4-nitrophenol (4-NP) by NaBH, was significantly
accelerated upon the addition of the BCNF-CPTMS-Gu-Cu(u)
catalyst. The influence of the temperature, NaBH, and
4-NP concentrations, and catalyst amount on the reaction
efficiency and rate was examined, as summarized in Table 1.
Initially, the light-yellow 4-NP solution (0.7 mM) turns deep
yellow after adding a fresh NaBH, solution (0.1 M), forming 4-
nitrophenolate ions. Upon the addition of 0.01 g of the catalyst
at room temperature, the solution becomes colorless within 80
seconds, indicating complete reduction. Throughout the reac-
tion, aliquots were withdrawn using an insulin syringe at
15-second intervals. After equal dilution, samples were placed
in a UV-visible spectrophotometer cell, and their absorbance
was measured. As shown in Fig. 8a, the initial absorbance peak
of 4-NP appears at 317 nm. After the addition of NaBH,, a new
peak corresponding to 4-nitrophenolate emerges at 400 nm,
which gradually decreases over time with catalyst addition. The
appearance of a peak at 296 nm confirms the formation of
the reduced product. Table 1 further demonstrates the effect of
the temperature: the reduction of a more-concentrated 4-NP
solution (2.1 mM) at room temperature requires 296 seconds to
reach 40% efficiency. However, when the reaction is conducted
at 65 °C, 95% reduction is achieved within just 67 seconds. This
increase in the reaction rate with the temperature is consistent
with the Arrhenius equation (eqn (1)), which predicts that
higher temperatures enhance the reaction kinetics and overall
efficiency.®”

E,
RT 1)

Inkypp =InA —

In the Arrhenius equation, T represents the reaction tempera-
ture, R is the universal gas constant, E, is the activation energy
of the reaction, and A is the Arrhenius constant. As shown in

Table 1 Optimization of the conditions for the reduction reaction of 4-NP

Mass of the Concentration of Concentration of
catalyst (g) NaBH, solution (M) 4-NP solution (mM) Temperature (°C) Time (s) Yield (%)
1 0.01 0.1 0.35 25 25 95
2 0.01 0.1 0.47 25 45 95
3 0.01 0.1 0.7 25 80 95
4 0.01 0.1 0.875 25 165 90
5 0.01 0.1 1.05 25 290 90
6 0.01 0.1 1.4 25 296 60
7 0.01 0.1 2.1 25 296 40
8 0.01 0.05 0.7 25 460 88
9 0.01 0.15 0.7 25 46 95
10 0.01 0.1 0.7 45 40 95
11 0.01 0.1 0.7 55 26 95
12 0.01 0.1 2.1 45 180 57
13 0.01 0.1 2.1 55 98 83
14 0.01 0.1 2.1 65 67 95
15 0.005 0.1 0.7 25 280 920
16 0.02 0.1 0.7 25 10 95
17 0.01 0.15 0.7 25 46 95
18 0.01 0.05 0.7 25 460 88

Reaction conditions: 4-NP (10 mL, 0.7 mM), catalyst (0.01 g), NaBH, (10 mL, 0.1 M) and room temperature.
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Fig. 8 (a) Time-dependent UV-visible spectra of the reduction of 4-NP

(0.7 mM) and (b) plot of In(Ai/Ao) versus time for the reduction of different
4-NP concentrations using NaBH,4 (0.1 M). The mass of BCNF-CPTMS-Gu-
Cu(i) was 0.01 g.

Table 2 Optimization of the conditions for the reduction reaction of MB
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Fig. 8b, the plot of In(4/A,) versus time was used to analyze the
reduction of 4-NP at concentrations of 0.35 mM, 0.47 mM, and
0.7 mM, each reduced using a 0.1 M NaBH, solution. 4, and
A, are the initial and final absorption intensities of 4-
nitrophenolate at a wavelength of 400 nm, respectively. The
kapp is a reaction rate constant obtained from eqn (2).%'

A
In (A—;> = —happ - £ )

In eqn (2), t represents the reaction time. A higher value
of k., indicates a faster reaction rate. In this study, it
was observed that at lower concentrations of 4-NP, the
reduction reaction occurred more rapidly and within a
shorter time.

A Dblue solution of methylene blue (MB) was reduced by a
freshly prepared NaBH, solution, resulting in a colorless
solution. The catalyst played a key role in accelerating the
reaction. The concentrations of MB and NaBH,, the amount
of the catalyst, and the pH of the solution were optimized.
According to Table 2, the reduction of a 2.2 mM MB solution
using 0.05 M fresh NaBH, and 0.01 g of the catalyst at pH = 6
and room temperature is completed within 46 seconds. The
reduction process was monitored using UV-vis spectroscopy.
Initially, an absorption peak is observed at 663 nm, which
gradually decreases in intensity and disappears after 46 sec-
onds, indicating the successful reduction of MB (Fig. 9a). In
Fig. 9b, the plot of In(4,/A,) for the reduction of MB (2.2 mM)
under optimized conditions is shown.

3.8. Mechanism of the reduction reaction on the catalyst
BCNF-CPTMS-Gu-Cu(n)

The catalytic reduction process is governed by a redox cycle, in
which Cu® (E° ~ +0.34 V)* plays a central role as an electron
mediator. Although Cu® is initially responsible for accepting

Mass of the Concentration of Concentration of
catalyst (g) NaBH, solution (M) MB solution (mM) Temperature (°C) pH Time (s) Yield (%)
1 0.01 0.05 0.94 25 6 9 95
2 0.01 0.05 1.1 25 6 17 95
3 0.01 0.05 1.26 25 6 23 95
4 0.01 0.05 1.41 25 6 28 95
5 0.01 0.05 1.57 25 6 34 95
6 0.01 0.05 1.9 25 6 39 95
7 0.01 0.05 2.2 25 6 46 95
8 0.01 0.05 2.5 25 6 77 76
9 0.01 0.025 2.2 25 6 100 95
10 0.01 0.10 2.2 25 6 30 95
11 0.005 0.05 2.2 25 6 298 88
12 0.02 0.05 2.2 25 6 4 95
13 0.01 0.05 2.2 25 3 113 84
14 0.01 0.05 2.2 25 4 110 89
15 0.01 0.05 2.2 25 5 76 95
16 0.01 0.05 2.2 25 7 60 95
17 0.01 0.05 2.2 25 8 180 88
18 0.01 0.05 2.2 25 9 169 88
19 0.01 0.05 2.2 25 10 121 80
20 0.01 0.05 2.2 25 11 115 78

Reaction conditions: MB (10 mL, 2.2 mM), catalyst (0.01 g), NaBH, (10 mL, 0.05 M), pH = 6 and room temperature.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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time for the reduction of MB (2.2 mM) using NaBH,4 (0.1 M). The mass of BCNF-
CPTMS-Gu-Cu(i) was 0.01 g.

electrons from BH, ™ (E° &~ —1.24 V)°® and transferring them
to the target molecules, such as methylene blue (MB) or
4-nitrophenol (4-NP), it may undergo partial oxidation to
Cu**, possibly forming CuO under the reaction conditions.
The standard reduction potentials (E°) indicate that MB
(E° ~ +0.011 V)** can be readily reduced by Cu®, while 4-NP
(E° —0.76 V)® cannot. Therefore, in the presence of
NaBH,, the BH, ions act as the primary electron source,
and Cu’® merely facilitates electron transfer. During this
process, Cu’ is transiently oxidized and then regenerated
by BH, , completing a redox cycle; hence, the color of the
catalyst changes from light blue to black, and after conver-
sion to Cu®', the catalyst color changes back to blue. This
dynamic transition between Cu® and Cu®*/CuO is crucial for

~

~
~
=~

sustaining the catalytic activity. The mechanism is schema-
tically illustrated in Fig. 10a and b, and this redox interaction
is now discussed in detail to clarify the electron transfer
pathway. The catalyst recovery diagram confirms this oxida-
tion-reduction cycle (Fig. 12a and b). NaBH, and
water act as the reducing agent and hydrogen source,

5708 | Mater. Adv., 2025, 6, 5701-5712
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respectively.®® Initially, the reaction between BH,~ and water
releases hydrogen anions (H™), which are adsorbed onto the
catalyst surface. In the presence of NaBH,, neither 4-NP nor
MB is efficiently reduced without a catalyst. The catalyst acts
as a redox mediator in this reduction reaction. After disper-
sing the negative charge of BH, , the copper species in the
catalyst facilitate hydrogen anion (H™) transfer.®”°® Copper
ions (Cu®") initially accept the hydrogen anion (H™) and are
reduced to metallic copper nanoparticles (Cu®). Then, these
Cu® species transfer the hydrogen anion (H™) to 4-NP and MB
molecules and are oxidized back to Cu®**. Due to the reso-
nance structures in the molecular frameworks of 4-NP and
MB, atoms such as oxygen, nitrogen (in the nitro group) and
sulfur (in the MB molecule) act as hydrogen anion (H™)
acceptors. 4-Nitrophenol (4-NP) is initially reduced to 4-
nitrophenolate in the presence of NaBH,. Subsequently, the
oxygen and nitrogen atoms in the nitro group accept a
hydride ion (H™) from the catalyst surface, leading to its
partial reduction. First, one of the oxygen atoms in the nitro
group receives a hydride (H™) from the catalyst surface.
Then, the double bond shifts to the nitrogen atom.
In the next step, the lone pair on one of the hydroxyl groups
forms a double bond between oxygen and nitrogen, while the
other hydroxyl group, after receiving a hydrogen atom, leaves
as a water molecule. Subsequently, the nitrogen atom of the
nitro group receives another hydride from the catalyst sur-
face, and its double bond shifts to the oxygen atom. The
oxygen atom, after accepting two hydrogen atoms, is released
as a water molecule.®® Finally, 4-nitrophenolate is reduced to
4-aminophenol. Similarly, the sulfur atom in MB accepts
hydrogen, and the molecule is reduced to leuco-methylene
blue (LMB). Fig. 10a and b illustrate the proposed reduction
mechanisms of 4-NP and MB over the BCNF-CPTMS-Gu-Cu(u)
catalyst, respectively.

3.9. Effective ambient pH on the catalyst BCNF-CPTMS-Gu-
Cu(n) in the reduction reaction of MB

The highest rate of the reduction reaction at pH = 6 is due to the
absence of charges on the surface of the catalyst. As mentioned
in the Zeta potential section, in an acidic environment
(pH < 6), the protonation of the NH group in the composite
leads to a positive charge on the surface of the catalyst.
Consequently, the cationic dye methylene blue is repelled,
resulting in a decrease in the reaction rate and efficiency
compared to those under the conditions at pH = 6.*" In a
basic environment (pH > 6), the deprotonation of OH groups
on the substrate leads to a negative charge on the surface of the
catalyst, which repels BH,  ions from the NaBH, solution.
Under more basic reaction conditions, similar to acidic envir-
onments, the rate of the reaction and its efficiency decrease
compared to those under the conditions at pH = 6.”° Fig. 11
shows the reduction of methylene blue at different pH values.

3.10. Catalyst recyclability after 4-NP and MB reduction

Catalyst recyclability is known as one of the most influential
parameters in any reduction reaction system and directly

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Proposed mechanism for the reduction reactions of (a) 4-NP and (b) MB performed using the novel BCNF-CPTMS-Gu-Cu(i) catalyst.

pH<6
Cationic catalyst

pH=6
Neutral catalyst

pH>6
Anionic catalyst

o
o ©

Fig. 11 Effect of ambient pH on the BCNF-CPTMS-Gu-Cu(i) catalyst in the MB reduction reaction.
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Fig. 12 Recyclability of BCNF-CPTMS-Gu-Cu() in the reduction reac-
tions of (a) 4-NP and (b) MB. (c) FT-IR analyses of fresh and used BCNF-
CPTMS-Gu-Cu(n).

affects the final cost of the process. Therefore, the performance
of BCNF-CPTMS-Gu-Cu(n) in catalytic cycles was investigated.
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After the easy separation of composite bacterial cellulose nano-
fiber pieces following each cycle, the catalyst is washed several
times with water and ethanol and retains >60% of its efficiency
after five cycles. The main reason for the decrease in the
reaction efficiency and rate after five cycles is the inactivation
of copper ions following its transformation into copper nano-
particles. Another reason is that the catalyst BCNF-CPTMS-Gu-
Cu(u) is a solid piece, and after recovery, it is removed with
forceps, maintained, and used in the same amount for the next
reaction; hence, a slightly lower yield is observed after five
cycles. Fig. 12a and b show catalyst recyclability after 4-NP and
MB reduction, respectively. To further ensure the stability of
the functional groups of the catalyst after five cycles, FT-IR
analysis was used. Fig. 12c exhibits that all peaks related to the
guanidine functional group and CPTMS linker are preserved
after five cycles; hence, this catalyst is stable.

3.11. Comparison of the BCNF-CPTMS-Gu-Cu(u) catalyst
with previous reported catalysts for the reduction
reaction

According to the structure of the BCNF, it possesses excellent
specific surface area properties, and the activity of the copper
metal accelerates the reduction reaction. Table 3a and b
demonstrate that this catalyst provides an optimal
reaction time and high efficiency for the reduction of 4-NP
and MB, respectively. Additionally, it offers significant
advantages, such as environmental friendliness and easy
separation from the reaction solution, compared to other
catalysts.

4. Conclusions

In this study, the catalyst BCNF-CPTMS-Gu-Cu(u) was synthe-
sized by coordinating copper onto functionalized bacterial
cellulose nanofibers (BCNFs) modified with 3-(chloropropyl)-
trimethoxysilane (CPTMS) and guanidine. This catalyst was
characterized and utilized for the reduction reactions of
4-nitrophenol (4-NP) and methylene blue (MB), as identified
using a UV-vis spectrophotometer. Using just 0.01 g of
the catalyst, the reduction of 4-NP and MB was achieved
with excellent efficiency (95%) within 80 and 46 seconds,
respectively.

The optimization of reaction conditions revealed that the
reduction of 4-NP is fastest at an ambient temperature of
65 °C. During pH optimization, it was determined that the
surface charge of the BCNF-CPTMS-Gu-Cu(u) catalyst is neu-
tral at pH = 6. At this pH, the reduction rate of MB is the
highest because, in the absence of charges on the catalyst
surface, the cationic dye MB can be more easily reduced by
NaBH,.

This catalyst offers several advantages, including good
performance, high efficiency (95%), novelty of applications,
reusability, easy separation, low cost, and environmental
friendliness.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 (a) Comparison of the BCNF-CPTMS-Gu-Cu(n) catalyst with previously reported catalysts on the 4-NP reduction reaction. (b) Comparison of
the BCNF-CPTMS-Gu-Cu(i) catalyst with previously reported catalysts on the MB reduction reaction

Concentration of Mass of Time kapq
Catalyst 4-NP solution (mM) catalyst (g) (s) (s Ref.
1 Fe;0,/CS-Me@Pd 0.007 0.012 300 0.0165 51
2 CuBDC.DMF 0.25 0.05 960 0.0151 52
3 Sulfurized graphene (SG) 0.001 0.001 3600 0.00048 71
4 Ag/TP 1 0.01 360 0.0052 72
5 Cu-AG-sponge 0.13 0.02 660 0.0054 47
6 BCNF-CPTMS-Gu-Cu(n) 0.7 0.01 80 0.025 This work
(b)
Concentration of Mass of Time k“PE
Catalyst MB solution (mM) catalyst (g) (s) (s Ref.
1 CuO@CS 0.125 0.025 480 0.0027 55
2 AgNC 0.045 0.01 720 0.0026 56
3 Ag/SiO, 0.125 0.01 180 0.0354 57
4 Cu-AG-sponge 0.08 0.02 300 0.0096 47
5 BCNF-CPTMS-Gu-Cu(n) 2.2 0.01 46 0.062 This work
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