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bDepartment of Materials and Environm

Stockholm University, SE-106 91 Stockholm
cWallenberg Wood Science Center, KTH R

Stockholm, Sweden

† Electronic supplementary information (
acid digestion of MNPs/CNF samples pr
SAXS tting procedure and mathemati
proposed silver reduction mechanisms
characterization of cellulose nanobers (F
catalysts measured by ICP-OES (Table
metallic and bimetallic NPs (Fig. S2); T
reducing agent (Fig. S3); HRTEM images
distribution of Ag, Ag@Au and Ag@Pt NP
distribution parameters (Table S2); F
cross-linked lms (Fig. S5). See DOI: 10.1

Cite this: RSC Adv., 2020, 10, 12460

Received 17th February 2020
Accepted 19th March 2020

DOI: 10.1039/d0ra01528h

rsc.li/rsc-advances

12460 | RSC Adv., 2020, 10, 12460–
borate-functionalized cellulose
nanofibers and noble-metal nanoparticles as
sustainable catalysts for environmental
applications†

Vicente Esquivel-Peña, a Valentina Guccini,bc Sugam Kumar,b German Salazar-
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Polymeric supports from renewable resources such as cellulose nanomaterials are having a direct impact

on the development of heterogenous sustainable catalysts. Recently, to increase the potentiality of these

materials, research has been oriented towards novel functionalization possibilities. In this study, to

increase the stability of cellulose nanofiber films as catalytic supports, by limiting the solubility in water,

we report the synthesis of new hybrid catalysts (HC) based on silver, gold, and platinum nanoparticles,

and the corresponding bimetallic nanoparticles, supported on cellulose nanofibers (CNFs) cross-linked

with borate ions. The catalysts were prepared from metal precursors reduced by the CNFs in an aqueous

suspension. Metal nanoparticles supported on CNFs with a spherical shape and a mean size of 9 nm

were confirmed by TEM, XRD, and SAXS. Functionalized films of HC-CNFs were obtained by adding

a borate solution as a cross-linking agent. Solid-state 11B NMR of films with different cross-linking

degrees evidenced the presence of four different boron species of which the bis-chelate is responsible

for the cross-linking of the CNFs. Also, it may be concluded that the bis-chelate and the mono-chelates

modify the microstructure of the film increasing the water uptake and enhancing the catalytic activity in

the reduction of 4-nitrophenol.
1. Introduction

Noble metals form excellent and versatile catalysts used in
several important reactions applied in industrial processes.
However, since their natural abundance is limited, they are
extremely expensive, increasing the need to develop more effi-
cient and innovative catalysts.1 Using a very thin layer of a noble
metal over a non-noble metal nucleus not only reduces the
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amount of noble metal used, but has also been proved tomodify
the catalytic properties, which in many cases are enhanced as
a result of the synergistic effects in the crystalline and electronic
structures of the materials.2–4 In the case of Fe/Pt nanoparticles
(NPs), when iron is used as the crystal nucleus, the obtained
catalysts display multiple advantages such as lower cost and
easy recoverability due to the magnetic properties of Fe. Zhang
et al. have obtained catalysts with a nucleus of amorphous iron
coated with a thin layer of Pt (core/shell NPs), supported on
carbon. They further reported that the amorphous iron nucleus
contains a higher amount of defects in the network, which
allows the modulation of the electronic structure to increase the
catalytic activity.5,6

Heterogeneous catalysis is an important approach to envi-
ronmental remediation because it reduces the cost and energy
requirements of chemical processes. However, the recovery and
recyclability of the catalysts from the reaction medium avoiding
contamination of the products and preserving the activity are
key issues.7,8 The critical role of the support in the catalytic
mechanism has been of great importance in the development of
heterogeneous catalysts due to the synergistic effects between
the metal and its support.7 Cellulose, the most abundant
natural biopolymer, has recently been proposed as a promising
support because of its enormous potential. Efforts have been
This journal is © The Royal Society of Chemistry 2020
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directed toward the use of much smaller constituents such as
nanobers (NFs) and nanocrystals for cutting-edge applications
because of their remarkable properties including high specic
surface area, low density, excellent mechanical properties,
thermal stability, low cost, biocompatibility, and biodegrad-
ability.8–24 Cellulose nanobers (CNFs) are long exible nano-
bers with widths of 5–50 nm and lengths in the micron-to-
submicron scale (50–3000 nm).18 Selective oxidation of the
hydroxyl groups to carboxylate groups on the surface of each
crystalline cellulose bril, mediated by 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) and subsequent
mechanical treatment allows the formation of CNFs with
increased capacity to immobilize catalytic metal species.16,25–27

Consequently, the combination of metal nanoparticles (MNPs)
and nanocellulose as the support gives rise to a new multi-
functional material based on a renewable component.14,28–31

that facilitates the removal and recovery of the catalyst from the
reaction media.

A general approach to obtain MNPs supported on nano-
cellulose is based on the solution-phase synthesis of metal
nanoparticles via the chemical reduction of a metal salt by
a reducing agent in the presence of a stabilizer. For example,
Chen et al. obtained AuNPs immobilized on poly(amidoamine)
(PAMAM) dendrimer-cellulose nanocrystals, using sodium
borohydride and PAMAM dendrimers as reducing agents, that
had good catalytic activity in the reduction of 4-nitrophenol (4-
nip) to 4-aminophenol (4-amp).32 Koga et al. synthesized AuNPs,
AgNPs, and CuNPs over the crystal surfaces of TEMPO-oxidized
tunicate-derived cellulose nanobrils by using the carboxylate
groups as selective sites and sodium borohydride as the
reducing agent of the respective metal precursors.15,16 In addi-
tion, other authors have reported the formation of MNPs by
taking advantage of the reducing capabilities of nanocellulose
or functionalized cellulose.17,31,33

Selective TEMPO functionalization of cellulose nanobers to
form C6-carboxylate groups via C6-aldehyde groups25,26 also
helps to stabilize their suspensions in water because of the
electrostatic repulsion between the carboxylate groups in the
bers34,35 making them partially soluble in water. While this
modication is very useful for the stabilization of a suspension,
it is detrimental for applications where CNFs are used in the
form of an easily recoverable lm. To overcome this issue, Kim
et al.36 proposed the cross-linking of CNFs with maleic acid to
produce aerogels with water absorbency, noticing an improve-
ment in the network stability in a wet state along with a decrease
in the water uptake. Another common cross-linking agent is
1,2,3,4-butanetetracarboxylic acid (BTCA), which tends to create
a more glassy and fragile structure with cellulose.37,38 Both
maleic acid and BTCA require the use of sodium hypophosphite
as a catalyst and high temperatures. However, even though the
ability of borate ions to form esters and anhydrides with polyols
and saccharides is well-known, their use as a cross-linking
agent for cellulose nanomaterials has not been widely
studied. Borate ions reversibly react with alcohols to form
borate esters and water. Wicklein et al.22 have reported that the
complexation of borate with diols in CNFs is strongly inuenced
This journal is © The Royal Society of Chemistry 2020
by the pH, showing an increase in the degree of cross-linking
(DC) with an increase in the pH.

In this work, with the aim of obtaining sustainable catalysts,
mono- and bimetallic nanoparticles were supported on CNFs
cross-linked with borate ions and used in the reduction of 4-nip
as a model reaction. Metal (Ag, Au, and Pt) nanoparticles were
reduced in situ in an aqueous CNF suspension, and it was also
possible to obtain bimetallic Ag@Au and Ag@Pt NPs (BNPs) by
galvanic replacement. The size and form of the MNPs was
determined by TEM, SAXS, STEM, and XRD. The DC was
determined by solid-state 11B NMR. Cellulose NFs were char-
acterized by AFM. The best performance was obtained for the
catalysts in suspension with 95% conversion within 45 s. A
comparison of the catalytic results with previous reports10,16,39–41

indicated that the catalysts in the lm form retained acceptable
activity when the CNFs were cross-linked with 5 wt(%) borate
ions (95% of conversion in 8 min) and were easily recoverable.
These materials are good alternatives for green heterogeneous
catalytic processes and sustainable applications.
2. Materials and methods
2.1. Materials

Tetraammineplatinum(II) nitrate (Pt(NH3)4(NO3)2, 99.995%),
gold(III) chloride (AuCl3, 99.99%), silver nitrate (AgNO3, $99%),
3-aminopropyl triethoxysilane (APTES, 99%), 4-nip (C6H5NO3,
spectrophotometric grade), sodium borohydride (NaBH4,
$98.0%), sodium tetraborate (Na2B4O7, 99%), sodium bicar-
bonate (NaHCO3, 99.0%), sodium hypochlorite (NaClO, reagent
grade), potassium iodate (KI, $99.0%), and ammonia solution
25% (NH3, HPLC grade) were purchased from Sigma-Aldrich.
Nitric acid 65% (HNO3), hydrochloric acid 35% (HCl) and
sodium hydroxide (NaOH, ACS reagent) were purchased from
VWR chemicals from the highest purity available. TEMPO
radical (free radical, 98%) was obtained from Alfa Aesar.
Deionized water (Milli-Q, resistivity 18.2 MU cm) was used in all
experiments.
2.2. Cellulose-nanober production

Cellulose nanobers were obtained from never dried wood pulp
supplied by Domsjö Fabriker AB (Domsjö, Sweden). The pulp
was oxidized following the protocol reported by Saito et al.27

First, the suspension was washed with HCl solution at pH 2.
Then, 40 g (dry content) of pulp was suspended in 2 L of
deionized water and mixed together with the TEMPO catalyst (4
mmol) and sodium bromide (0.04 mol). The pH of the
suspension was adjusted to 10 and kept constant during the
reaction by the addition of 0.5 mol L�1 sodium hydroxide
solution. Sodium hypochlorite (80 mmol) was slowly added to
the suspension to obtain medium-charged CNFs.

A microuidizer (M-110EH, Microuidics Corp, United
States), consisting of two large chambers connected in series
(400 and 200 mm) xed at 925 bar and two small chambers (200
and 100 mm) xed at 1600 bar, was used for the mechanical
homogenization of the oxidized celluloses. The cellulose was
rst passed 3 consecutive times in the large chambers at a ber
RSC Adv., 2020, 10, 12460–12468 | 12461
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concentration of about 1 wt(%). It was then passed 6 times in
the small chambers. The CNFs obtained were 1.7 � 0.5 nm in
height and 507 � 84 nm in length (see ESI Fig. S1†).

2.3. Synthesis of MNPs using CNFs as reducing agent

To synthesize MNPs, 13.7 mL of a 0.31 wt(%) CNF suspension in
water were mixed with 1.5 mL of a 0.05 mol L�1 buffer solution
(ammonia, pH 9.2, or carbonates, pH 6.3 and 10.3) in a 50 mL
round-bottom ask. Then a known volume of a 5 �
10�3 mol L�1 solution of the metal salt, AgNO3, AuCl3 or
Pt(NH3)4(NO3)2, was added to the mixture. For AgNPs and
AuNPs, the mixture was heated at 60 �C for 30 min, the reduc-
tion mechanism of metal salts by cellulose is presented in
Scheme S1.† For the PtNPs, two procedures were followed:
a CNF and Pt(II) suspension was either heated at 100 �C under
reux for 6 to 18 h, or the mixture was stirred at 60 �C, and aer
15 min, 1 mL of a 0.05 mol L�1 NaBH4 solution was added as
a reducing agent, aer which the suspension was continuously
stirred for a further 2 h. Finally, air bubbles were removed in
a vacuum chamber and 8 mL of the suspension was placed on
a Petri dish (inner diameter 3.5 cm) and dried in a climatic
chamber at 30 �C and 50% relative humidity for 3 days to form
a lm.

Once AgNPs had been synthesized, a known volume of Au(II)
or Pt(II) was added dropwise to the AgNPs/CNF suspension at
a 4 : 1 molar ratio of Ag : M under stirring. The reaction was
allowed to proceed until the Ag was replaced by the second
metal, thus forming BNPs.

2.4. Cellulose cross-linking with borate

To improve the mechanical properties of the CNF lms, cross-
linking with borates was carried out following a procedure
described elsewhere.22 Briey, the MNPs and BNPs supported
on CNFs were suspended and mixed with a sodium tetraborate
solution (pH 10) so the nal borate concentrations were 1, 3 and
5 wt(%) on dry basis, magnetically stirred for 30 min at room
temperature and then placed in a Petri dish to form the lms as
described before.

2.5. Characterization

The surface charge of the CNFs was determined to be 538 mmol
g�1 by a conductimetric acid–base titration of the oxidized pulp
following an established protocol.42 The length and height of
the CNFs were determined by atomic force microscopy (AFM)
under air using a Dimension 3100 SPM (Veeco, United States) in
tapping mode. One drop of a 0.0001 wt(%) CNF solution was
deposited over a freshly cleanedmica substrate modied with 3-
aminopropyl triethoxysilane and blow dried with air aer 15 s.

Solid-state 11B high performance decoupling magic angle
spinning nuclear magnetic resonance (HPDEC-MAS NMR)
spectra of the cross-linked CNF lms were recorded with
a Brucker Avance-II 300 NMR spectrometer at 96.29 MHz
frequency and a spinning rate of 3 kHz. Chemical shis were
referenced externally to boric acid.

The water uptake of the CNF lms was measured at room
temperature by immersing the lms in water for 30 min,
12462 | RSC Adv., 2020, 10, 12460–12468
removing the excess water with lter paper, and weighing the
lm on a balance with 0.01 mg precision. The water uptake was
calculated with eqn (1).

W% ¼ Wwet �Wdry

Wdry

� 100 (1)

XRD patterns were recorded on an X-ray powder diffrac-
tometer (Panalytical X'Pert) using Cu-Ka1 radiation (0.154060
nm) at 45 kV and 40 mA at diffraction angles in the range of 10–
80�. The average MNP crystallite size was calculated from the
full width at half maximum (FWHM) of the peaks using the
Scherrer equation (2), where s is the average crystallite size, K is
a constant with a value of 0.9, l is the X-ray wavelength, b is the
FWHM in radians, and q is the diffraction angle.

s ¼ Kl

b cos q
(2)

Scanning transmission electron microscopy (STEM) and
TEM were used to determine the size and shape of the MNPs
and their distribution along the CNFs. Following the dilution
and homogenization of the samples, one drop of the suspen-
sion was placed on a 300-mesh carbon-coated Cu grid and
allowed to dry overnight. STEM images were recorded with
a JEOL JSM-7401F instrument at a 20 kV accelerating voltage.
TEM images were acquired using a JEOL JEM-2010 TEM with
a eld emission gun at an accelerating voltage of 200 kV.

The metal content in MNPs/CNF catalyst was measured by
inductively coupled plasma-optical emission spectroscopy (ICP-
OES) aer acid digestion with an iCAP 6000 series ICP spec-
trometer according to the conditions established by the
manufacturer (details in the ESI†).

UV-vis spectroscopy was used to determine the surface
plasmon resonance (SPR) properties of the MNPs and to
quantify the yield of the reduction of gold using the extinction
coefficient of AuNPs.43,44 The spectra were recorded using
a PerkinElmer Lambda 19 UV-vis spectrophotometer. The
AuNPs/CNF suspension was placed in a quartz cuvette of 1 cm
path length and the spectra were recorded against a blank of
CNF suspension.

The size distribution of the nanoparticles was probed by the
small-angle X-ray scattering (SAXS) experiment carried out
using GALAXI (Gallium Anode Low-Angle X-ray Instrument),
a small angle X-ray diffractometer at Jülich Centre for Neutron
Science (JCNS), Germany. GALAXI utilizes a Bruker AXS Metal
Jet as the laboratory X-ray source while the scattered X-rays are
collected using a Dectris Pilatus 1M detector. A monochromatic
X-ray beam (wavelength � 0.13414 nm) was made incident on
the samples and the scattering data were measured at two
sample-to-detector distances (83 cm and 353 cm) to cover a wide
scattering vector (magnitude) range of about 0.04 to 10 nm�1.

2.6. Catalytic activity test

The reduction of 4-nip to 4-amp was used as a model reaction to
determine the catalytic activity of the MNPs supported on CNFs.
2 mL of a freshly prepared aqueous solution of 4-nip (5 �
This journal is © The Royal Society of Chemistry 2020
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10�5 mol L�1) was mixed with 200 mL of NaBH4 (0.22 mol L�1) in
a quartz cuvette, then 10 mL of the MNPs/CNF suspension was
added. The samples were stirred, and the concentration of 4-nip
was determined as a function of time by UV-vis spectrometry (n
¼ 3). Several blank experiments were performed under the same
conditions with a sample containing the same components but
without the MNPs. To evaluate the catalytic activity of the lms
the procedure was performed using 20 mL of the 4-nip solutions
mixed with 2 mL of the NaBH4 solution, then 2 to 3 mg of the
selected lms as the catalyst were immersed in the solution and
the samples were stirred in an orbital shaker at 250 rpm (n¼ 3).
3. Results and discussion
3.1. Synthesis and characterization of MNPs using CNFs as
reducing agent

Thermal activation was necessary to synthesize MNPs using
CNFs as a reducing agent; aer mixing the metal precursor with
CNFs no changes were observed until the temperature reached
50 �C. At this point, a change in the color indicated the reduc-
tion of the metal precursor (red for gold and yellow for silver).
Controlling the pH during the synthesis was also very impor-
tant. If the pH decreased below 5, due to the release of CO2 from
the buffer, it caused the CNFs to start to agglomerate, which
facilitated the aggregation of the MNPs as can be seen in the
changes in SPR (Fig. S2†). The particle sizes of the AgNPs and
AuNPs determined by TEM were 9.0 � 1.2 nm and 25.1 �
9.5 nm, respectively (Fig. 1). For a xed reaction time of 30 min
and under the conditions stated in section 2.3 (Synthesis of
MNPs using CNFs as reducing agent), a faster reduction was
observed for Au than for Ag. The larger particle size and broader
Fig. 1 (a) Representation of the synthesis of metallic and bimetallic nano
annular dark-field image of Ag@Au NPs/CNF, and (d) STEM-in-SEM ima

This journal is © The Royal Society of Chemistry 2020
size distribution of the Au may be a consequence of nuclei
growth over time.45

To obtain PtNPs using CNFs as the reducing agent, the
reaction needed to proceed for a longer time, and the use of an
NH4

+/NH3 buffer solution (pH 9.3) was required to prevent the
formation of platinum(II) hydroxide and promote the formation
of amine complexes. Aer 6 h of reaction at 100 �C, only 30% of
the total Pt was reduced; a small improvement in the yield was
achieved aer a reaction time of 18 h. XRD measurements
revealed the formation of the metallic phase with a mean crystal
size of 10 � 2 nm. Sodium borohydride was used as a reducing
agent to improve the reduction yield, leading to instant and
complete reduction of Pt(II). A dendrite morphology of the
PtNPs was observed when the reduction was performed at room
temperature, and spheroidal nanoparticles were obtained when
the reduction was performed at 60 �C (Fig. S3†).

Galvanic replacement of silver was carried out to minimize
the amount of platinum and gold used in the bimetallic cata-
lysts. The reaction proceeded at room temperature, under
magnetic stirring with the dropwise addition of the second
metal to the AgNPs/CNF suspension. No signicant changes
were observed in particle size by TEM and a log-normal size
distribution for the AgNPs was obtained. This is typical for the
reduction of metal ions with green agents28,46–49 (Fig. S4†). This
distribution did not change aer galvanic replacement, indi-
cating that AgNPs were the main component of the MNPs.50,51

The chemical composition of the BNPs was determined to be
3.87 � 0.47 Ag/Au molar ratio for Ag@Au NPs/CNF, and 5.25 �
0.17 Ag/Pt molar ratio for Ag@Pt NPs/CNF by ICP-OES
(Table S1†).

SAXS was used to obtain statistical size distribution data to
estimate the turnover frequency (TOF) values needed for the
particles with CNFs, (b) TEM image of AgNPs/CNF, (c) STEM high-angle
ge of AuNPs supported on CNFs.

RSC Adv., 2020, 10, 12460–12468 | 12463
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Fig. 2 Small-angle X-ray scattering intensity profiles for the Ag, Ag@Au and Ag@Pt NPs/CNF catalysts analyzed by considering the existence of
(a) polydispersed spherical particles only (the fitted curves do not reproduce the experimental data forQ values lower than 0.2 nm�1, dotted line)
and, (b) isolated nanoparticles together with small nanoparticles aggregates of mass-fractal morphology. Empty symbols are experimental data
and black solid lines are the fitting results. The curves are vertically shifted (Ag@Au � 5 and Ag@Pt � 25) so that each system can be clearly
observed.
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precise determination of the catalytic activity. The data for the
three nanoparticle systems were rst analyzed by considering
the presence of isolated individual polydisperse spherical
nanoparticles (un-aggregated, Fig. 2a). The tting model
reproduced the scattering proles in the intermediate- and
high-Q region (Q > 0.2 nm�1) but did not account for the low-Q
scattering intensity (Fig. 2a). In contrast, assuming the presence
of isolated nanoparticles together with a small fraction of
nanoparticle aggregates, as was observed in the TEM images,
allowed a good correlation between the experimental data and
the tting model for the three systems analyzed (Fig. 2b). The
details of the tting procedure including mathematical
expressions are provided in the ESI† and the tted mean size
Fig. 3 (a) Solid-state 11B NMR spectra for CNF films cross-linked with
a function of the degree of cross-linking.

12464 | RSC Adv., 2020, 10, 12460–12468
distribution parameters (mean diameter and dispersity) are
listed in Table S2.†

3.2. CNF cross-linking with borate ions

To obtain a non-soluble CNF lm in water, avoiding the
disaggregation of the bers, the cross-linking with borates was
performed, following the methodology described by Wicklein
et al.,22 by forming borate esters with the hydroxyl groups of the
cellulose nanobers, as evidenced by FTIR spectroscopy
(Fig. S5†). Fig. 3a shows the spectra of solid-state 11B NMR for
lms with different content of borate as cross-linker. Aer
deconvolution of the signals, we propose the presence of four
boron-species: the unreacted borate ion/boric acid (B(OH)4

�/
different content of borate, and (b) water uptake of the CNF films as

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Results for the reduction of 4-nip (4.5 � 10�5 mol L�1) with NaBH4 (0.2 mol L�1): (a) UV-vis spectra in the presence of 10 mL of a Ag@Au
NPs/CNF 0.26 wt(%) suspension of the catalyst; (b) apparent rate constants for the suspensions of the obtained catalysts (empty symbols) and
CNF-borate cross-linked films of bimetallic catalysts (Ag@Au NPs/CNF-B(1%) and Ag@Pt NPs/CNF-B(1%), filled symbols) fitted to a pseudo-first-
order kinetic model; (c) profile of the catalytic performance of Ag@Au NPs/CNF-B films as a function of the cross-linker content; (d) pseudo-
first-order kinetic model fitting of Ag@Au NPs/CNF-B films as a function of the cross-linker content; (e) consecutive catalytic cycles for the
Ag@Au NPs/CNF catalyst suspension, and (f) consecutive catalytic cycles for the Ag@Au NPs/CNF-B(5%) film.
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B(OH)3, around �3.7 ppm); a bis-chelate (L–B–L, around �7.6
ppm) and two mono-chelates, alpha-beta mono-chelate (L–Ba,b,
around �11.2 ppm) and a small contribution of the alpha-
This journal is © The Royal Society of Chemistry 2020
gamma mono-chelate (L–Ba,g, around �12.6 ppm). Chemical
shis are in good agreement with the literature.22,52–56 The DC,
dened as the molar ratio between the bis-chelate and the
RSC Adv., 2020, 10, 12460–12468 | 12465
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Table 1 Comparison of the catalytic activity of recent reports of MNPs/cellulose nanomaterial catalysts for the reduction of 4-nip

Catalyst
Molar ratio NaBH4/4-nip/M
(mol/mol/mol) TOF (h�1) kapp (s�1) Reference

Pt NPs/CNF suspension 14 353/30/1 1038 � 203 0.0046 � 0.0010 This work
Au NPs/CNF suspension 8553/18/1 2403 � 285 0.0111 � 0.0010 This work
Ag NPs/CNF suspension 2241/45/1 10 205 � 350 0.0277 � 0.0012 This work
Ag@Pt NPs/CNF suspension 17 738/36/1 42 202 � 647 0.0642 � 0.0038 This work
Ag@Au NPs/CNF suspension 22 087/47/1 45 079 � 540 0.0536 � 0.0030 This work
Ag@Pt NPs/CNF-B(1%) lm 1774/4/1 352 � 34 0.0023 � 0.0009 This work
Ag@Au NPs/CNF-B(1%) lm 2209/5/1 461 � 42 0.0028 � 0.0006 This work
Ag@Au NPs/CNF-B(3%) lm 2209/5/1 576 � 57 0.0052 � 0.0007 This work
Ag@Au NPs/CNF-B(5%) lm 2209/5/1 811 � 66 0.0077 � 0.0003 This work
Au NPs/CNF suspension 150000/150/1 563 0.0059 Koga et al.16

Au NPs/CNF suspension 36 000/180/1 657 0.0026 Azetsu et al.10

Au NPs/CNC suspension 9720/30/1 109 0.0020 Wu et al.40

Au NPs/CNC suspension 9794/3093/1 641 0.0147 Yan et al.41

Au NPs/CNC lm 12/0.3/1 531 0.0033 Eisa et al.39

Ag NPs/CNC lm 9/0.23/1 420 0.0040 Eisa et al.39
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monomer (glucose), increased as the total borate content
increased. In addition, the amount of the mono-chelates raised
signicantly. An increase in the water uptake of the CNF lms
was observed aer cross-linking (Fig. 3b) from �350% for non-
cross-linked CNF lms to �700% for the lms with the highest
DC (0.037). Moreover, the disaggregation of the bers in
aqueous solution was no longer observed aer the cross-linking
as determined by UV-vis spectrometry.

The increase in water uptake can be attributed to the
hydrophilicity of borate ions and the mono-chelates, which can
interact with water molecules by solvation mechanisms.57 These
water molecules can form channels that allow the interaction
between reactants and MNPs in the interior of the lms, facil-
itating the mass transfer from the solution to the lm and vice
versa. It is also important to note that the cross-linked lms
retain water for a much longer time. These features are very
important for heterogeneous catalysis because they allow the
interaction between the metal nanoparticles in the interior of
the lm with the reagents.

3.3. Catalytic activity tests

The catalytic tests were carried out as indicated in the Experi-
mental section. The progress of the reaction was monitored by
UV-vis spectroscopy. A decrease in the absorption band of 4-nip
was observed as a function of time at 400 nm while an
absorption band at 298 nm appeared, indicating the formation
of 4-amp (Fig. 4a). The results were tted to a rst-order kinetic
model for the conversion of 4-nip (Fig. 4b). It can be seen that
the suspended catalysts had a higher activity for the conversion
of 4-nip than the borate-cross-linked lms. This result can be
explained on the basis of a decrease in the number of active
sites accessible to the reactants. It is also remarkable that
bimetallic systems are more active than the monometallic. This
can be attributed to the interaction between the two metals or
the galvanic displacement procedure, which tends to create
porous structures when the metals have non-equal valences.58

The best results were obtained with the Ag@Au NPs/CNF
12466 | RSC Adv., 2020, 10, 12460–12468
system. Fig. 4c and d show the catalytic activity for the lms
as a function of the DC. It is important to note that in the lm
formed without cross-linking, TOF values for the reduction of 4-
nip were very low, while the TOF values for the cross-linked
lms were enhanced at least 10 times. Three independent
catalytic cycles were performed to evaluate the stability of the
catalyst in suspensions and in lms. No statistically signicant
changes were found for the suspensions and a small decrease in
the rate constant (around 20%) was observed for the lms
(Fig. 4e and f). As can be seen, no evidence of poisoning of the
catalyst was observed, consistent with the preservation of the
kinetic model for more than 3 half-life times.

A comparison of similar recently reported catalytic systems
with those synthesized in this work is presented in
Table 1.10,16,39–41 For the suspensions, the rate constants and TOF
values were higher for the studied bimetallic systems, likely
because of the good distribution of the catalyst in the CNFs and/
or the small nanoparticle size. Even though the catalytic activity
was lower in the lm form, it was still comparable with those in
the suspended form. The great advantage of the lm form is the
possibility to easily recover the catalyst from the reaction
medium and thus prevent the contamination of the product.
4. Conclusions

Metallic (Ag, Au, and Pt) and bimetallic (Ag@Au and Ag@Pt)
nanoparticles were successfully obtained on cellulose nano-
bers by a facile and controlled procedure. Small nanoparticles
with a log-normal size distribution were obtained. Electron
microscopy indicated the formation of spherical nanoparticles
with a mean diameter of ca. 9.0 nm. These metal and bimetallic
nanoparticles were highly active for the reduction of 4-nip to 4-
amp at room temperature under mild conditions, retaining the
same performance for at least 3 cycles. The materials obtained
by cross-linking the MNPs/CNF catalysts with borate ions were
used to prepare lms that demonstrated an upgraded perfor-
mance because of the improved stability and water uptake
This journal is © The Royal Society of Chemistry 2020
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which can be attributed to the borate mono-chelate species that
can interact with water molecules by solvation mechanisms.
The procedure allowed the production of catalysts in a control-
lable and reproducible manner by adjusting the pH and
temperature of the aqueous reaction media without the use of
organic solvents supported on an abundant, renewable material
with high specic surface area. The catalysts can be easily
recovered aer use without contamination of the products or
reaction media, and, consequently, are potentially applicable in
other green heterogeneous catalytic processes.
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