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ABSTRACT: Amidoxime surface functionalized bacterial cellulose
(AOBC) has been successfully prepared by a simple two-step
method without obviously changing the morphology of bacterial
cellulose. AOBC has been used as the reducing agent and carrier for
the synthesis of gold nanoparticles (AuNPs) that distributed
homogeneously on bacterial cellulose surface. Higher content in
amidoxime groups in AOBC is beneficial for the synthesis of AuNPs
with smaller and more uniform size. The AuNPs/AOBC nano-
hybrids have excellent catalytic activity for reduction of 4-
nitrophenol (4-NP) by using NaBH4. It was found that catalytic
activity of AuNPs/AOBC first increases with increasing NaBH4
concentration and temperature, and then leveled off at NaBH4 concentration above 238 mM and temperature above 50 °C.
Moreover, AuNPs with smaller size have higher catalytic activity. The highest apparent turnover frequency of AuNPs/AOBC is
1190 h−1. The high catalytic activity is due to the high affinity of 4-NP with AuNPs/AOBC and the reduced product 4-
aminophenol has good solubility in water in the presence of AuNPs/AOBC. The catalytic stability of the AuNPs/AOBC was
estimated by filling a fluid column contained AuNPs/AOBC and used for continuously catalysis of the reduction of 4-NP by
using NaBH4. The column works well without detection of 4-NP in the eluent after running for more than two months, and it is
still running. This work provides an excellent catalyst based on bacterial cellulose stabilized AuNPs and has promising
applications in industry.
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■ INTRODUCTION

Gold nanoparticles (AuNPs) have attracted increasing interest
for their fascinating optical, electronic, and chemical proper-
ties,1−3 which offer promising applications in many fields such
as catalysis.4−7 The catalytic activity of AuNPs definitely
depends on their size, shape, and surface functionality. A great
deal of effort has been directed toward controlling the size and
shape of AuNPs in the literature.8−12 However, direct
introduction of AuNPs into reaction systems tends to lead to
aggregation due to the large specific surface area. On the other
hand, separation and recovery of AuNPs from the reaction
solution media are commonly difficult. Therefore, AuNPs are
better loaded in polymer matrix13,14 or porous inorganic
materials15,16 to prevent their aggregation. Polymeric supports
are attractive due to a greater number of active sites and
designation in the structure and function.17,18 Using polymers
as the support for AuNPs is beneficial for controlling particle
growth as well as stabilizing the resulting AuNPs.
Eco-friendly polymers from renewable resources have been

used as AuNP supports for their biodegradability and
biocompatibility.19−21 As the most abundant natural polymer,
cellulose can be easily chemically modified through the
hydroxyl groups.22,23 Many efforts have been devoted to the

deposition of AuNPs on cellulose matrix. Huang et al.24

fabricated a AuNPs-containing cellulose membrane by
introduction of AuNPs onto cellulose fibers precoated with
titania gel. However, this approach was rather complicated and
5-cycle deposition of titania gel was performed first, and then
positively and negatively charged polymers and KAuCl4 were
alternatively deposited on the titania gel film many times. The
film was finally treated with NaBH4 aqueous solution to reduce
AuCl4

− into AuNPs. Moreover, poly(ethylenimine) (PEI)25

and poly(diallyldimethylammonium chloride) (PDDA)26 were
coated onto the surface of the cellulose matrix to enhance the
interaction between cellulose and AuNPs. Some researchers
reported directly deposited AuNPs obtained from reducing
products by NaBH4 on the surface of modified cellulosic
substrates with functional groups, e.g., −HS,27 −COOH,28 or
−NH3

+.29 He et al. utilized the porous structure in cellulose to
adsorb AuCl4

− ions and then reduced in NaBH4 aqueous
solution to prepared AuNPs with the size less than 10 nm.30,31

Most approaches in the literature can prepare AuNPs with
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small size, but toxic or dangerous reducing agents such as
NaBH4 are generally used and the resultant AuNPs must be
stabilized by further surface modification.32 For pursuing an
eco-friendly process, synthesis of AuNPs in situ on paper sheets
was achieved without using a reducing agent.33 AuNPs were
synthesized on a cellulose matrix by a hydrothermal method, in
which hydroxyl groups of cellulose were used as the reducing
agent, but the size of AuNPs was usually not controllable and
adjustable.19 In our previous work, carboxymethyl cellulose
(CMC) was used as both the reducing and stabilizing agent for
preparing AuNPs. However, irreversible aggregation of AuNPs
occurred at low pH and cysteamine was needed to costabilize
AuNPs with CMC in aqueous solution.20 In the green approach
of preparing AuNPs, considering easy aggregation of these
particles, it is necessary to strength the interactions between
cellulose and AuNPs, which still remains a challenge.34

AuNPs loaded on cellulose have been used as the catalysts in
reducing 4-nitrophenol. AuNPs loaded on nanocellulose
showed a relatively lower catalytic reaction rate k = 2.06 ×
10−3 s−1 and apparent turnover frequency (TOFa) of 109 h−1,
which could be due to the uncontrollable size of AuNPs.19

AuNPs loaded on coated PEI showed good catalytic activity
with catalytic reaction rate of k = 5.1 × 10−3 s−1 and TOFa of
212 h−1.25 The AuNPs loaded on cellulose single nanofibers
using carboxylate groups as selective sites have k = 5.9 × 10−3

s−1 and TOFa of 563 h−1.28AuNPs deposited on the PDDA
surface-coated carboxylated nanocrystalline cellulose have k =
4.4 × 10−3 s−1 and TOFa of 540 h−1.26 However, the catalytic
activity of AuNPs supported by cellulose is still lower than that
of AuNPs supported by inorganic materials.35 Moreover, it still
remains a challenge to promote the catalytic activity35 and to
overcome the rapid loss of catalytic efficiency due to the
aggregation of cellulose supported AuNPs. We have proven
that the introduction of amidoxime groups on cellulose
backbones can excellently stabilize AuNPs on cellulose.21 The
amidoxime group contains hydroxyimino and amino groups,
which offer the fused features of amide, oxime, amidine, and
hydroxamic acid, and has strong chelation ability for metal ions,
which prevent the precipitation of metal nanoparticles.21,36

Bacteria cellulose (BC) contains highly crystalline ultrafine
nanofibers with width less than 100 nm and abundance in
hydroxyl groups on surfaces to be functionalized.37−40 More-
over, the higher tensile strength19,20 and lower axial thermal
expansion coefficient41 of BC are good for applications in
various fields. In this work, amidoxime groups were first
introduced on the surface of BC nanofibers (AOBC) to
enhance the interaction between BC and AuNPs. AuNPs were
synthesized in situ on the BC surface by a one-step
hydrothermal process in HAuCl4 aqueous solution by using
AOBC as both reducing and stabilizing agents. The catalytic
activity and stability of AOBC-loaded AuNPs were checked by
catalyzing the reduction of 4-nitrophenol (4-NP) using NaHB4
as the model reaction. We found that the AOBC-loaded AuNPs
have the excellent catalytic activity and stability. The effects of
temperature, the content of reducing agent, and AuNP size on
the catalytic activity were also investigated in detail.

■ EXPERIMENTAL SECTION
Materials. Bacterial cellulose (BC), a product of Gluconacetobacter

xylinum, was milled using a Supermasscolloider (Mini MKCA6−2) to
result in a BC nanofibril suspension with BC content of 0.9 wt %,
which was stored at 4 °C before use. Hydroxylamine hydrochloride
(NH2OH·HCl, 99.9%, Alfa Aesar), acrylonitrile (CH2CHCN, 98%,

Beijing Chem. Plant), NaOH (≥96%, Sinopharm Chem. Reagent Co.
Ltd.), chloroauric acid (HAuCl4·4H2O, 47.8 wt % Au, Jinke Reagent
Factory), NaBH4 (≥97%, Sinopharm Chem. Reagent Co. Ltd.), and 4-
nitrophenol (4-NP, ≥99%, Alfa Aesar) were used as received. Water
from Milli-Q Reference Water Purification System (Millipore) was
used.

Synthesis of Amidoxime Bacterial Cellulose. The amidoxime
surface functionalized bacterial cellulose (AOBC) was synthesized by a
two-step approach (Scheme 1). Typically, BC (0.36 g) was dispersed

in 40 mL NaOH solution (1 mol/L) and stored at room temperature
for 7 h for activation, and then acrylonitrile (0.30 mol, 20 mL) was
added dropwise under stirring. The reaction was performed at room
temperature for 12 h, then BC was separated from the reaction
mixture by centrifugation and washed with water several times to
remove all soluble components to obtain cyanoethyl surface
functionalized bacterial cellulose (CEBC). CEBC was then dispersed
in NaOH/NH2OH·HCl (1:1, mole ratio) aqueous solution (50 mL)
and stirred for 10 h at 50 °C, during which the cyano groups changed
into amidoxime groups to result in AOBC. AOBC was separated from
the reaction mixture by centrifugation, washed with water to remove
all the soluble components, and freeze−dried. AOBC with the content
of amidoxime groups of 13.6, 14.5, 15.9, and 16.8 wt %, which was
estimated by the elemental analysis, were used for the preparation of
AuNPs.

Preparation of AuNPs/AOBC Nanohybrids. AOBC (0.06 g)
was dispersed in 10 mL water and then 30 μL of HAuCl4 aqueous
solution (0.05 M) was added. The reaction vessel was then sealed and
transferred to an oil bath of 110 °C (the pressure in the vessel is about
143 kPa). The reaction was performed with continuously stirring at
110 °C for 2 h, during which the reaction mixture changed from light
yellow to pink purple. The reaction mixture was separated by
centrifugation. The precipitate was obtained by removing supernatant
and washed with water to result in AuNPs/AOBC.

Catalytic Activity of AuNPs/AOBC. The reduction of 4-NP by
NaBH4 was used as a model reaction to check the catalytic activity of
AuNPs/AOBC. Typically, AuNPs/AOBC aqueous suspension (1 mL)
was added into a mixed aqueous solution of 50 mL containing 4-NP
(0.30 mM) and NaBH4 (264 mM) under stirring at room temperature
(25 °C). The content of AuNPs in the mixture was 0.0286 mg/mL in
all experiments. The reduction process was monitored by recording
the UV−vis spectra of the reaction mixture at 2 min intervals during
the reaction. The reaction rate constant was determined by measuring
the absorbance intensity of the initially observed peak at 400 nm, from
the nitrophenolate ion, as a function of time. The effects of NaBH4
concentration or temperature on the catalytic activity for the reduction
were also investigated by varying the NaBH4 concentration or
temperature of the reaction system with the other parameters kept
the same. For checking the influence of the AuNPs size on the catalytic

Scheme 1. Surface Amidoxime Modification of Bacterial
Cellulose
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activity, the concentrations of 4-NP, NaBH4, and AuNPs in all reaction
mixtures were kept at 0.30 mM, 264 mM, and 0.0106 mg/mL,
respectively, under 25 °C.
Characterization and Measurements. Fourier transform infra-

red spectra (FTIR) were recorded on a Bruker-Equinox 55 FT-IR
spectrometer using KBr pellet. Each spectrum was obtained by 32
scans from 4000 to 400 cm−1 at a resolution of 4 cm−1. UV−vis spectra
were recorded on a Shimadzu UV-1601 PC spectrophotometer.
Scanning electron microscopy (SEM) observation was carried out on a
field emission scanning electron microscope (JEOL 6700, Japan)
operated at accelerating voltage of 5 kV and current of 10 μA.
Transmission electron microscopy (TEM) observation was carried out
on a transmission electron microscope (2200FS, JEOL, Japan)
operated at 200 kV. The size of AuNPs was determined from TEM
images by using Image-J software. X-ray diffraction (XRD) patterns
were collected using a Rigaku Analytical X’Pert X-diffractometer
(Rigaku, Japan), with Cu Kα radiation (λ = 0.154 nm) at an
accelerating voltage of 40 kV and a current of 200 mA. The data were
collected from 5° to 90° with a step interval of 0.02°.
Specific surface area of AuNPs/AOBC was measured on a surface

area and porosity analyzer (Micromeretics Ltd., ASAP 2020 HD88)
according Brunauer−Emmett−Teller (BET) method. 1H NMR
measurements were carried out with a Bruker DMX 400 NMR
instrument (1H NMR frequency = 400.13 MHz) using D2O as the
solvent. The content of Au in the samples was measured by using
inductively coupled plasma (ICP) analysis on an Inductively Coupled
Plasma Optical Emission Spectrometer (ICP-OES, iCAP-6300,
Thermo Fisher Scientific). Elemental analysis (CHN) was performed
on a Flash EA 1112 elemental analyzer.

■ RESULTS AND DISCUSSION
Synthesis of AOBC. Figure 1 shows the typical SEM

images of BC and AOBC nanofibers. The BC nanofibers have

diameter of about 30 nm with length of tens of micrometers
after grinding (Figure 1a). After surface modification by
amidoxime groups, AOBC has similar morphology to that of
BC (Figure 1b). The hydroxyl groups on BC nanofibers can be
activated under alkaline conditions, which can promote a
Michael addition reaction of the hydroxyl groups on BC
nanofiber surface with acrylonitrile.19 The activation conditions
and corresponding results of CEBC synthesis are listed in Table
S1. All the BC nanofibers (0.36 g) were treated in 40 mL
NaOH aqueous solution with different NaOH content, and
then desired amounts of acrylonitrile were added in the
reaction mixture. The results show that the content of cyano
groups in CEBC increases with the activation time and reaches
the highest value of 27.4% at the activation time of 7 h. A
further increase in activation time leads to a decrease in the
content of cyano groups in the resultant CEBC. Therefore, the
activation time was selected as 7 h for the synthesis of CEBC.
The conversion of cyano groups into amidoxime groups was
achieved by treating CEBC with NH2OH·HCl (Scheme 1).

Generally, the conversion of cyano groups into amidoxime
groups depends on the feeding hydroxylamine hydrochloride
with the other parameters kept the same. In this work, excess
NH2OH·HCl was used to ensure complete conversion of cyano
groups into amidoxime groups.
The typical FTIR spectra of CEBC and AOBC are shown in

Figure 2. The sharp band at 2252 cm−1 on the spectrum comes

from the stretching vibration of CN on the spectrum of
CEBC (Figure 2a), which confirms the success of the surface
modification of BC nanofibers with ethyl cyano groups via
Michael addition. After treatment with NH2OH·HCl/NaOH
aqueous solution, the characteristic absorbance band of C
N at 2252 cm−1 disappears and new absorbance bands at 1660
and 912 cm−1 appear on the FTIR spectrum of AOBC (Figure
2b), attributing to the stretching vibration of CN and 
N−OH, respectively.21,39 Moreover, the band at around 3348
cm−1 of the stretching vibration of −OH in the FTIR spectrum
of CEBC (Figure 2a) shifts to around 3351 cm−1 and becomes
broader than that of AOBC (Figure 2b), which is due to the
presence of −NH2 groups in AOBC.39 FTIR results confirm
that cyano groups in CEBC have been completely converted
into amidoxime groups, indicating the successful synthesis of
AOBC.

Preparation of AuNPs/AOBC Nanohybrids. We have
found that the hydroxyl and amidoxime groups on cellulose can
act as the reducing agent in the preparation of metal
nanoparticles and the amidoxime groups can act as the in situ
stabilizer for its characteristics of selective chelation of metal
ions in our previous work.21 In this work, AuNPs were
synthesized by a one-step approach by heating the mixed
suspension of AOBC and HAuCl4 to 110 °C, during which the
suspension changed quickly from light yellow to pink purple.
The characteristic peak at 524 nm on the UV−vis spectra of the
obtained samples comes from the surface plasmon resonance
(SPR) band of small AuNPs (Figure S1, Supporting
Information).42 Figure 3 shows the TEM images of AuNPs/
AOBC prepared by using AOBC with the amidoxime group
content of 16.8 wt %. The obtained AuNPs are spherical with
the diameter of 10.6 ± 2.9 nm and distribute equally on the
surface of the AOBC nanofibers (Figure 3a−c). High resolution
TEM (HRTEM) image of the obtained AuNPs shows the clear
lattice with average lattice spacing of 0.23 nm (Figure 3d),
which matches the d-spacing of the (111) plane of face-

Figure 1. SEM images of (a) BC and (b) AOBC with the amidoxime
group content of 16.8 wt %.

Figure 2. Typical FT-IR spectra of (a) CEBC and (b) AOBC with the
amidoxime group content of 16.8 wt %.
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centered cubic (fcc) Au and confirms the formation of AuNPs
crystals.
Figure 4 shows the XRD curves of BC and AuNPs/AOBC.

The peaks at 14.3°, 16.7°, and 22.6° correspond to the (11 ̅0),

(110), and (200) reflections of crystalline cellulose I,
respectively.43 On the XRD curve of AuNPs/AOBC, additional
peaks located at 38.1°, 44.4°, 64.7°, 77.7°, and 81.8° (Figure
4b) appear, corresponding to the diffraction of (111), (200),
(220), (311), and (222) planes of fcc Au, respectively.44 XRD
results confirm the success in the synthesis of AuNPs.
Meanwhile, it also indicates that the modification and reducing
procedures for preparing AuNPs and the presence of AuNPs
have no obvious effect on the crystallography of BC.
AOBC samples with different content of amidoxime groups

were used for in situ synthesis of AuNPs. Figure 5 shows the
UV−vis spectra of synthesized AuNPs/AOBC suspensions
prepared by using AOBC with different contents of amidoxime
groups and the typical TEM images. The absorption peak of
the SPR band of AuNPs shifts from 548 to 524 nm with the
increase in the amidoxime group content in AOBC (Figure 5a).
The color of the final suspensions changes from purple to pink

purple accordingly (inset photos, Figure 5b−d). TEM
observation indicates AuNPs are well distributed on the surface
of the AOBC nanofibers without any aggregation (Figure 5b−
d). Moreover, the size and shape of AuNPs depend on the
content of amidoxime groups used in AOBC. In the case of
using AOBC with low amidoxime group content (e.g., 13.6 wt
%), the obtained AuNPs are not uniform in size and shape.
AuNPs in sphere, triangle, and square can be observed with an
average size of 25.8 ± 4.6 nm (Figure 5b). The size of AuNPs is
reduced and the morphology simultaneously changes with the
increase in amidoxime group content in AOBC. In the case of
using AOBC with the amidoxime group content of 16.8 wt %,
the AuNPs obtained are mainly spherical with the average size
of 10.6 ± 2.9 nm (Figure 5d). This is because the amidoxime
groups on the cellulose nanofibers act as nucleation sites on BC
surfaces by chelating Au3+ ions and reducing them to Au0. It is
reasonable that more nucleation sites on BC surface resulted in
AuNPs of smaller size. Moreover, the content of AuNPs in the
AuNPs/AOBC also decreases with the increase in the
amidoxime group content in AOBC that was used for the
preparation of AuNPs, and the particle size frequency
distribution of the obtained AuNPs by different contents of
amidoxime groups in AOBC (Table 1 and Figure S2). The
reason for the decrease in AuNP content with the increase in
amidoxime groups on the BC surface is still unclear. One
possibility could be the loss of AuNPs during the wash of the
resultant AuNPs/AOBC nanohybrids.

Figure 3. TEM images of AuNPs/AOBC with different magnifications
(a−c) and HRTEM image of AuNPs (d).

Figure 4. XRD patterns of (a) BC nanofibers and (b) AuNPs/AOBC.

Figure 5. UV−vis spectra (a), and TEM images of AuNPs synthesized
by AOBC wih (b) 13.6 wt %, (c) 14.5 wt %, and (d) 16.8 wt %
amidoxime groups. Inset images are the photos of the suspension
solutions.

Table 1. AuNPs Synthesized by Using AOBC with Different
Contents of Amidoxime Groups

samples WAm
a (wt %) AuNPs sizeb (nm) WAuNPs

c (mg/g)

AuNPs/AOBC1 13.6 25.8 ± 4.6 19.0
AuNPs/AOBC2 14.5 16.3 ± 4.3 11.6
AuNPs/AOBC3 15.9 13.6 ± 3.0 4.9
AuNPs/AOBC4 16.8 10.6 ± 2.9 4.8

aContent of amidoxime groups in AOBC estimated by elemental
analysis. bDiameter of AuNPs statistically estimated by TEM images.
cContent of AuNPs in AuNPs/AOBC that measured by ICP analysis.
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The chemical structure of AOBC during the preparation of
AuNPs has been investigated by FTIR. However, the chemical
change of AOBC is undetectable by FTIR, which could be due
to a small change of AOBC. In the preparation of AuNPs, both
hydroxyl and amidoxime groups can take part in the reaction
during AuNPs synthesis. It has been proven that the oxidation
of cellulose by Au(III) occurred at the hydroxyl groups in AuNPs
synthesis by hydrothermal method in the presence of
nanocellulose.19 To clarify the role of amidoxime groups of
AOBC in the preparation of AuNPs, polyamidoxime (PAO)
was used as a model polymer to synthesize AuNPs by
hydrothermal method (details are shown in Supporting
Information). By comparing the FTIR spectra of PAO and
PAO/AuNPs (Figure S3, Supporting Information), the new
bands at 1689 and 1216 cm−1 on FTIR spectrum of PAO/
AuNPs correspond to CO and −CO− stretching
vibrations, respectively. Moreover, the band of CN
stretching vibration at 1652 cm−1 of PAO splits into two
peaks (Figure S3, inset, Supporting Information), indicating
that amidoxime groups have been partially oxidized into
−CONH2 or −COOH groups during AuNPs preparation. All
the amidoxime, −CONH2, and −COOH groups in the system
have a strong chelation ability and can act as the anchor points
to immobilize AuNPs on BC surface through complexion or
electrostatic interactions,39,45,46 which prevent the aggregation
of AuNPs.
The interactions between AOBC and AuNPs were

investigated by XPS. In the XPS spectra of the Au 4f core of
AuNPs/AOBC (Figure S4, Supporting Information), the peaks
at the binding energy of 84.3 and 87.9 eV correspond to Au
4f7/2 and Au 4f5/2 electrons, respectively.

47 The binding energy
of Au 4f core level shifts from 83.8 to 84.3 eV. The shifting of
the peaks as compared to the literature value may also be due to
the interactions between the deposited AuNPs and AOBC.48

The XPS spectra of the C 1s, O 1s, and N 1s are shown in
Figure S5 (Supporting Information) and the binding energies
of the corresponding peaks are listed in Table S2. In AOBC, C
1s, C 1s1, C 1s2, and C 1s3 bond forms, corresponding to C−C
or C−H at 284.8 eV, C−OH at 286.3 eV, and O−C−O at
287.6, respectively. O 1s contains O 1s1 and O 1s2 bond forms,
corresponding to C−OH···O at 532.3 eV and C−OH at 532.9
eV, respectively. The contents of C 1s1 and O 1s1 decrease in
AuNPs/AOBC comparing with that in AOBC (Figure S5 and

Table S2, Supporting Information), which could be due to the
interactions between C−H or C−OH of AOBC and AuNPs.
The N 1s XPS spectra of AOBC can be fitted with two peaks
with the binding energies at 399.6 and 400.5 eV (Figure S5c,
Supporting Information), corresponding to H2N−C and −C
NOH, respectively. After the preparation and loading of
AuNPs, only one peak at 399.6 eV can be observed on the N 1s
XPS spectrum of AuNPs/AOBC (Figure S5c′, Supporting
Information), confirming that amidoxime groups took part in
the reducing reaction and could be changed into H2NCO.

Catalytic Activity of AuNPs/AOBC Nanohybrids. The
reduction of 4-NP by NaBH4, a standard model reaction for
estimating catalytic activity of AuNPs,28,49,50 was used to
evaluate the catalytic properties of AuNPs/AOBC. The
catalytic reaction was monitored by UV−vis spectroscopy.
The aqueous solution of 4-NP in faint yellow changed into
yellow-green with the addition of NaBH4 due to the formation
of 4-nitrophenolate ion. The maximum absorption peak of 4-
NP aqueous solution located at 317 nm shifted to 400 nm after
the addition of NaBH4 (Figure S6a, Supporting Information).
Moreover, no obvious changes in the absorbance intensity at
400 nm can be detected within 50 min (Figure S6a, Supporting
Information). A similar result can be found for the 4-NP/
NaBH4 aqueous solution in the presence of AOBC (Figure S6b,
Supporting Information). These results suggest that 4-NP
cannot be reduced by NaBH4 or the reduction cannot be
detected during the time scale of the experiments. The results
confirm that AOBC has no obvious catalytic activity for the
reduction of 4-NP by using NaBH4. With the addition of
AuNPs/AOBC in 4-NP/NaBH4 aqueous solutions, the color of
the reaction solution faded from yellow-green to transparent
with time, and small bubbles released continuously from the
surface of AuNPs/AOBC, which indicates the occurrence of the
reduction reaction in the system. Figure 6 shows the typical
time dependent UV−vis spectra of 4-NP/NaBH4 aqueous
solutions in the presence of AuNPs/AOBC. At low NaBH4
concentration, e.g., 37.5 mM, the absorbance intensity at 400
nm decreases slowly with reaction time and a new peak at 300
nm appears simultaneously, corresponding to the characteristic
absorption of 4-aminophenol (4-AP). The reducing reaction is
rather slow and only part of 4-NP can be reduced after 1 h
(Figure 6a). With the increase in NaBH4 concentration in the
reaction mixture, the absorbance intensity at 400 nm decreases

Figure 6. Time dependent UV−vis spectra of the reduction of 4-NP at NaBH4 concentration of (a) 37.5 and (b) 344 mM. The concentrations of 4-
NP and AuNPs were 0.30 mM and 0.0286 mg/mL, respectively.
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much faster (Figure S7, Supporting Information), which
indicates the increase in the reaction rate. On the contrary,
the reducing reaction is fast at high NaBH4 concentration (e.g.,
344 mM) and the 4-NP can be completely reduced within 25
min (Figure 6b).
The reaction kinetics can be depicted by plotting absorbance

at 400 nm on the UV−vis spectra of the solutions as a function
of reaction time, by which the catalytic activity of AuNPs/
AOBC was estimated. Figure 7a shows the plot of ln(At/A0)
versus reaction time, where At is the absorbance at reaction
time t and A0 is the initial absorbance. The results indicate that
ln(At/A0) decreases linearly with reaction time, which is
consistent with the pseudo-first-order kinetics of 4-NP
reduction by NaBH4 using AuNPs as catalyst.49 The apparent
reaction rate constant kapp (s−1) was estimated by the linear
fitting of the experimental results as shown in Figure 7a and kapp
as a function of NaBH4 concentration is shown in Figure 7b.
The results indicate that kapp depends on NaBH4 concentration
in the system. At NaBH4 concentration below 238 mM, kapp
increases with the increase in NaBH4 concentration. At NaBH4
concentration above 238 mM, kapp is independent of NaBH4
concentration. Suitable stoichiometric ratio of 4-NP and
NaBH4 that ensures completely reduction of 4-NP should be
selected in practical applications.

The catalytic activity of AuNPs/AOBC in the reducing
reaction of 4-NP also depends on AuNPs size. The time
dependent UV−vis spectra of the reducing reaction of 4-NP
catalyzed by AuNPs/AOBC with different size of AuNPs are
shown in Figure S8 (Supporting Information). The results
indicate that all the reduction reaction can be finished within 25
min. Especially, catalytic reduction reaction using the smallest
AuNPs (10.6 ± 2.9 nm) is the fastest, in which the reduction
reaction can be finished within 14 min (Figure S8a, Supporting
Information). Figure 8a shows the ln(At/A0) versus reaction
time of AuNPs/AOBC with different AuNPs size. The apparent
reaction rate constant kapp of AuNPs/AOBC decreases with the
increase in AuNPs size, e.g., 4.47 × 10−3, 3.70 × 10−3, and 2.13
× 10−3 s−1 for AuNPs/AOBC with the AuNPs size of 10.6 ±
2.9, 13.6 ± 3.0, and 16.3 ± 4.3 nm, respectively. Moreover, the
values of the apparent reaction rate constant in this work are at
the same level as those in the literature (Table 1). The
temperature dependence of catalytic activity of AuNPs/AOBC
was also investigated. Figure 8b shows the ln(At/A0) versus
reaction time of the AuNPs/AOBC at different temperature.
The UV−vis spectra are provided in Figure S9. The results
indicate that the catalytic reduction of 4-NP by NaBH4 in the
presence of AuNPs/AOBC becomes faster with the increase in
the temperature, which can be confirmed by the increase in kapp

Figure 7. Plot of ln(At/A0) versus time at different NaBH4 concentration (a) and the reaction rate constant k as a function of NaBH4 concentration
(b). Initial concentration of 4-NP in all experiments was kept at 0.30 mM and the content of AuNPs was 0.0286 mg/mL.

Figure 8. Effect of (a) AuNPs size and (b) temperature on reaction activity of AuNPs/AOBC. Inset figure in (b) is the reaction rate constant k as a
function of temperature. Concentrations of 4-NP, NaBH4, and AuNPs in all reaction mixtures were kept at 0.30 mM, 264 mM, and 0.0106 mg/mL,
respectively.
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with the increasing temperature. The activation energy for the
catalytic reaction was found to be 20.84 kJ·mol−1 for AuNPs
with the size of 10.6 nm. Meanwhile, kapp reached the biggest
value at 50 °C (Figure 8b, inset). The heterogeneous catalytic
reactions generally follow the Sabatier principle, the key
molecular principle of catalysis.51 The substrate molecules
have to adsorb to the catalyst and become activated, and the
product molecules have to desorb. According to this principle,
the rate of catalytic reaction has a maximum when the rate of
activation and the rate of product desorption balance. In this
work, the balance could be around 50 °C, at which the
maximum in the volcano plot was reached.51

Some active sites of the supported or stabilized catalysts are
inevitably covered by the supports or stabilizers, as for the
active sites of AuNPs in the AuNPs/AOBC nanohybrids in
present work. In such cases, the catalytic efficiency can be
estimated by apparent turnover frequency (TOFa) defined
as19,52,53

= n n tTOF /a p c (1)

where np and nc are the moles of product molecules during time
t and the catalyst, respectively. Herein, nc is the number of Au

atoms in the AuNPs/AOBC, which was estimated by the
content of Au in the samples that was measured by using ICP
analysis. TOFa values of the AuNPs/AOBC in this work and
those in the literature are listed in Table 2. The results indicate
that TOFa increases with the increase in the size of AuNPs. The
highest TOFa value of AuNPs/AOBC in this work is 1190 h−1,
much higher than those in the literature (Table 2). For
clarifying the higher TOFa in this work, we plotted the TOFa as
a function of the mole ratio of 4-NP to gold atoms, [4-NP]/
[Au], in the reaction systems that are listed in Table 2. The
results indicated that TOFa increases, possibly linearly, with
increasing [4-NP]/[Au] (Figure S10, Supporting Information),
which can lead to the conclusion that the higher TOFa could be
generally due to the higher mole ratio of 4-NP to gold atoms in
the reaction system.
It should be noted that the size of the AuNPs in this is larger

than most of the AuNPs in the literature that are listed in Table
2. It is generally known that larger AuNPs should have fewer
active sites and lower catalytic activity. However, the apparent
reaction rate constant kapp of AuNPs/AOBC is surprisingly at
the same level as those of AuNPs with smaller size (Table 2).
The high catalytic activity of the AuNPs/AOBC nanohybrids

Table 2. Reduction of 4-NP over Au Nano-Catalysts

support Ta (K) AuNPs size (nm) NaBH4/4-NP/Au (mole ratio) kapp
b (s−1) TOFac (h

−1) refs

PMMA 295 6.9 22500/15/1 7.2 × 10−3 88.6 49
PDMAEMA-PS 298 4.2 28/0.14/1 3.2 × 10−3 0.7 54
PNIPAP-b-P4VP 298 3.3 167/5/1 1.5 × 10−3 15.5 50
CNs 298 10−30 9720/30/1 2.1 × 10−3 109 19
Chitosan 303 3.1 20/6/1 1.2 × 10−2 50.4 55
α-CD 298 20 250/6/1 4.7 × 10−3 34.0 34
None d 100 2/0.02/1 1.2 × 10−2 0.4 56
Poly(DVB-co-AA) 298 9.1−12.4 9800/267/1 6.0 × 10−3 222 57
CSNFs 298 5 150000/150/1 5.9 × 10−3 560 28
PDDA/NCC 298 3.09 ± 0.15 36585/37/1 5.1 × 10−3 212 26
AOBC-1 298 16.3 ± 4.3 1034/104/1 2.1 × 10−3 260 This work
AOBC-2 298 13.6 ± 3.0 235714/270/1 3.7 × 10−3 899
AOBC-3 298 10.6 ± 2.9 244444/280/1 4.5 × 10−3 1198

aReaction temperature. bPseudo-first-order reaction rate constant per total Au content. cTOFa estimated using the data in corresponding references.
dNo data available.

Figure 9. Typical 1H NMR spectra of (a) 4-NP and (b) 4-AP in D2O and in the presence of BC, AOBC, and AuNPs/AOBC.
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prepared in this work is expected because the AuNPs
synthesized are well dispersed and stabilized on the AOBC
nanofiber surface, which ensures the effective contact of the
active sites with the reactants. The specific surface area of the
AuNPs/AOBC prepared from AOBC with different contents of
amidoxime groups were measured by BET and the results are
listed in Table S3 (Supporting Information). The results
indicate that the specific surface area of AuNPs/AOBC is quite
low, about 38−50 m2·s−1. Therefore, the high catalytic activity
of AuNPs/AOBC could not be attributed to the high specific
surface area, or the high content of the active sites, of the
nanohybrids.
In order to clarify the origins of the high catalytic activity of

the AuNPs/AOBC on the reduction of 4-NP, the status of 4-
NP and 4-AP in D2O solutions was investigated by using 1H
NMR (Figure 9). The results indicate that 4-NP molecules are
well solvated in deuterated water (Figure 9a). With the addition
of BC, the characteristic peaks of 4-NP become slightly wider
and weaker, suggesting there are interactions between 4-NP
and BC. With the addition of AOBC, the characteristic peaks of
4-NP become even weaker and wider, indicating that there are
strong interactions between 4-NP molecules and AOBC
surface. In the case of adding AuNPs/AOBC, the characteristic
peaks of 4-NP are wider and weaker with the disappearance of
the peak split, which suggests that 4-NP molecules are adsorbed
on the surface of the AuNPs/AOBC, especially on the AuNPs
surface compared with the 1H NMR spectrum in the presence
of AOBC (Figure 9a). The good affinity of 4-NP on the surface
of AuNPs and AOBC can effectively promote the catalytic
efficiency of AuNPs on the reducing reaction. Figure 9b shows
the 1H NMR spectra of 4-AP, the reduced product of 4-NP, in
D2O with different additives. The sharp peak of 4-AP in D2O
could be due to the intramolecular interaction of 4-AP or the
intermolecular interaction between 4-AP and D2O. With the
addition of AOBC and AuNPs/AOBC, the resonance signals of
4-AP split, indicating the enhancement of the solvation of 4-AP
molecules in the system. Good solvation of 4-AP could
promote the solubility of 4-AP in the system and 4-AP
molecules are preferred to leave the surfaces of AuNPs and
AOBC. The results above suggest that the active sites of the
AuNPs/AOBC could be automatically refreshed during the
catalysis of the reducing reaction of 4-NP with NaBH4, which
can synergistically provide the excellent catalytic activity of the
AuNPs/AOBC prepared in this work. On the other hand, the
amidoxime groups in the AuNPs/AOBC have the fused
features of amide, oxime, amidine, and hydroxamic groups,21,36

which helped the electron transfer process between the BH4
−

and nitro compounds.14,58−60 Therefore, the synergistic effects
of the affinity between the AuNPs/AOBC and the 4-NP, 4-AP,
and BH4

− in the system offer the high catalytic activity of the
AuNPs/AOBC nanohybrids prepared in this work. The
mechanism for enhancing the catalytic activity of catalysts
could be extended for designing other catalysts for special
applications.
To evaluate the practical applications of AuNPs/AOBC as

the catalyst, a glass tube column with an inner diameter of 7.5
mm and a length of 300 mm was filled with the AuNPs/AOBC
prepared in this work (Figure S11, Supporting Information).
AuNPs/AOBC suspension (3 mL) containing 0.0857 mg
AuNPs in the size of 16.3 ± 4.3 nm was mixed with a 60 mL
paste prepared by beating 20.2 g filter paper in 700 mL water.
The mixture was mixed with sea sand (particle size of 0.65−
0.85 mm). The column was filled by wet method with about 18

mm pure sea sand at both bottom and top end of the column.
The sea sand at the bottom of the column was stopped by
filling cotton. The column was first filled with water by using a
peristaltic pump (HL-2S series, Shanghai, China). For
continuous reduction experiments, the mixed solution with
the 4-NP (0.30 mM) and NaBH4 (238 mM) under stirring was
continuously fed into the column at a flow rate of 0.75 mL
min−1 (Figure S11, Supporting Information). The reduction 4-
NP by NaBH4 under the catalysis of AuNPs/AOBC nano-
hybrid was monitored by the UV−vis spectra of the eluent
collected in the beaker. The disappearance of the absorbance at
400 nm in the UV−vis spectra of the eluent confirms the
complete reduction of the 4-NP (Figure S11b, Supporting
Information). After 3500 times of the 4-NP per unit mass of
AuNPs contained in the AuNPs/AOBC have been reduced, the
column is still running well. The column has been running for
two months and it still works well without any loss in catalytic
activity. The results confirm that the AuNPs/AOBC prepared
in the present work is an excellent catalyst for the reduction of
4-NP by NaBH4. The applications in other fields or for the
catalysis of other possible chemical reaction are promising. The
method can be extended for any other cellulose materials, such
as cellulose fibers, membranes, and nanocrystal cellulose.

■ CONCLUSIONS

Amidoxime surface functionalized bacterial cellulose (AOBC)
was successfully synthesized without affecting the morphology
of BC. The content of amidoxime groups in AOBC can be
adjusted by varying the reaction parameters. AOBC with
different contents of amidoxime groups were used as the
reducing agent and carrier for preparing AuNPs. It was found
that a higher content of amidoxime group in AOBC is
beneficial for the preparation of AuNPs with smaller and more
uniform size. AuNPs distributed homogeneously on the surface
of BC. The resultant AuNPs/AOBC nanohybrids can be used
as the excellent catalyst in the reduction of 4-NP by NaBH4.
The catalytic activity of AuNPs/AOBC depended on the
NaBH4 concentration and temperature of the reaction mixture,
as well as the AuNP size. The catalytic activity first increased
with the increasing NaBH4 concentration and the temperature,
and then leveled off at the NaBH4 concentration above 238
mM and temperature above 50 °C. Moreover, AuNPs with
smaller size have higher catalytic activity. The higher catalytic
activity of the AuNPs/AOBC come from the high affinity of 4-
NP to the surface of AOBC and AuNPs and the good solvation
of the reducing product 4-AP. A column containing AuNPs/
AOBC has been filled for the continuous catalysis of the
reduction of 4-NP using NaBH4. The column worked well
without detection of 4-NP in the eluent for more than two
months. This work provides a green approach for the
preparation of an excellent catalyst based on bacterial cellulose
stabilized AuNPs.
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