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GRAPHICAL ABSTRACT

Silver nanoparticles deposited cellulose microfibers (Ag-CMFs) were successfully prepared, which exhibit excellent catalytic performance for the reduc-
tion of p-nitrophenol to p-aminophenol in the presence of NaBH,4 at room temperature in aqueous media.
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Article history: In this study, we have prepared silver nanoparticles deposited cellulose microfibers (Ag-CMFs) with
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reducing agent. The morphology, thermal stability and catalytic activities of the samples have been inves-
tigated by scanning electron microscopy (SEM), transmission electron microscopy (TEM), energy disper-
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Electrospinning not change the morphology of the cellulose microfibers. The obtained Ag-CMFs exhibit excellent catalytic
Catalysis

* Corresponding author.
E-mail address: zhaogangteng@163.com (Z. Teng).

https://doi.org/10.1016/j.jcis.2018.04.045
0021-9797/© 2018 Elsevier Inc. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2018.04.045&domain=pdf
https://doi.org/10.1016/j.jcis.2018.04.045
mailto:zhaogangteng@163.com
https://doi.org/10.1016/j.jcis.2018.04.045
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis

P. Xu et al./Journal of Colloid and Interface Science 526 (2018) 194-200 195

activity and reusable character for the reduction of p-nitrophenol by sodium borohydride. Therefore, the
Ag-CMFs prepared by the facile method is expected to be an effective and promising catalytic material.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

In recent years, electrospinning has been acknowledged as one
of the most versatile and effective techniques to fabricate continu-
ous microfibers with controllable morphologies, structures, and
functional components. Different kinds of electrospun fibrous
membranes such as polypyrrolidone [1], poly(vinyl alcohol) [2],
polyurethane [3], silica, and titanium [4-6] have been developed
for applications in filtration [7,8], biomedicine [9,10], catalysis
[11-13], and sensors [14]. Nevertheless, most of the electrospun
fibers are undegradable and expensive [15]. Hence, developing effi-
cient, green and easily handleable electrospun microfibers
becomes an important task.

Cellulose, as the most abundant and renewable bioresource, is
widely used as one of the most promising raw materials for the
fabrication of various high performance functional materials [16].
Electrospun nanofibers of cellulose and their derivatives have been
successfully fabricated and widely used as the supports for the
active metal nanoparticles. Cellulose acetate (CA) nanofibers con-
taining AgNPs have been prepared by reducing Ag" ions on CA
nanofibers by electrospun from a CA solution with AgNO5 [17].
The AgNPs were stabilized by the interaction with the carbonyl
oxygen groups in the CA and exhibited very strong antimicrobial
activity [18,19]. In addition, AgNPs adsorbed on the carboxylic
ion functionalized cellulose nanofibers for catalytic activity has
also been reported by Mayakrishnan Gopiraman and co-workers
[20,21]. Compared with fibers of cellulose derivatives, cellulose
fibers have better hydrophilicity and more stable mechanical prop-
erties for contacting with nanoparticles and organic pollutants
[22]. Moreover, the rich hydroxyl groups on the surface of the cel-
lulose fibers can easily assist the formation of fine nanoparticles
with good dispersion and adhesion. Hence, cellulose fibers have
the potential to be utilized as supporting materials for the prepara-
tion of form-stable metal nanocomposites especially for catalytic
applications.

In this work, silver nanoparticles deposited cellulose microfi-
bers (Ag-CMFs) were synthesized by a simple and efficient method
via deacetylation of the electrospun cellulose acetate microfibers
into cellulose microfibers, and then the AgNPs were deposited onto
the surface of cellulose microfibers by a wet synthesis method. The
cellulose microfibers exhibited improved hydrophilicity after
deacetylation. AgNPs with a size of 10 +5 nm are uniformly dis-
persed on the surface of the cellulose microfibers. The catalytic
performance and repeatability of Ag-CMFs nanocomposites for
the reduction of p-nitrophenol (4-NP) to p-aminophenol (4-AP)
were evaluated in the presence of NaBH,.

2. Experimental section
2.1. Materials and methods

Cellulose acetate (CA, 54.5-56% acetyl content), sodium borohy-
dride (NaBH4, AR), p-nitrophenol (4-NP), and glucose were pur-
chased from Sinopharm Chemical Reagent Co. Ltd.(China).
Acetone, N,N-dimethlyfromamide (DMF), silver nitrate (AgNOs,
>99.8%), ammonia sodium, sodium hydroxide (NaOH), potassium
hydroxide (KOH), and sodium borohydride (NaBH,, 98%) were
obtained from Nanjing Chemical Reagent Co. Ltd. (China). All
chemicals were used as received and without further purification.

2.2. Fabrication of cellulose microfibers (CMFs)

Cellulose acetate (CA) was dissolved in mixture of acetone/DMF
with a volume ratio of 3:2 and stirred at 60 °C for 4 h to obtain the
homogeneous solution which is used as a precursor solution for elec-
trospinning. In the process, CA solution was pumped into a stainless
needle tip with an orifice diameter of 0.67 mm from a syringe system
(CTN-TCI-V). The CA solution was ejected from the stainless steel
needle with a voltage(DW-p303-1ACFO) of 20 kV at an ejected rate
of 0.5 mL/h. The distance between the needle and the collector was
maintained at 15 cm. The electrospun fibrous mats were collected
on tin foil papers and then dried overnight at ambient temperature
to remove the residue solvent. Then electrospun CA microfibers
were separated from the tin foil sheet collector and deacetylated in
0.5 M KOH alcohol solution to hydrolysis into cellulose for 3 h. Then
the cellulose microfibrous mats were then rinsed with distilled
water to neutralize the pH and dried at ambient temperature.

2.3. Synthesis of silver nanoparticles deposited cellulose microfibers
(Ag-CMFs)

The preparation procedure of AgNPs deposited cellulose micro-
fibers includes the coating of the cellulose microfibers with silver
ions, followed by a facile reduction procedure by glucose. Specifi-
cally, 50 mg of the as-prepared CMFs was immersed into the fresh
silver ammonia solution (0.05 M), then 1 mL of glucose solution
(0.12 M) was added dropwise to the above solution at room tem-
perature for 3 h. The sample was taken out, washed with water,
and freeze-dried for 48 h.

2.4. Characterization

Scanning electron microscope (SEM) images were obtained on a
JSM-7600F electron microscope (Rigaku, Japan). The average diam-
eter of cellulose-based microfibers was determined from the SEM
image using Image] software (National Institutes of Health, MD,
USA). The chemical compositions of the Ag-CMFs were investi-
gated using an energy dispersive spectrometer (EDS) attached to
the JSM-7600F SEM. Transmission electron microscopy (TEM)
images were obtained on a JEM1400 electron microscope (Rigaku,
Japan). The catalytic reduction was monitored by an UV-2450 UV-
vis (SHIMADZU, Japan) spectroscope. X-ray diffraction (XRD) pat-
terns were obtained on an Ultima IV (Rigaku, Japan) and the scan-
ning was running from 30° to 80° at the speed of 5°/min. The FTIR
spectra of all samples were recorded on an attenuated total reflec-
tion Fourier transform infrared instrument (Nicolet, PerkinElmer,
USA) with smart iTR module in the range of 4000-400 cm~' with
a resolution of 4 cm™!. The static water contact angles on the cel-
lulose acetate microfibers and cellulose microfibers were evaluated
using a contact angle analyzing instrument (JC2000D1, POWER-
EACH, China) at room temperature. Thermal properties of the sam-
ples were investigated by thermal analyzer (Q5000IR, TA, USA) at
temperature range of 20 °C-700 °C with a heating rate of 10 °C/
min and nitrogen gas flow rate of 10 mL/min.

2.5. Catalytic reduction of 4-NP

The reduction of 4-NP by the Ag-CMFs nanocomposites in the
presence of an excess amount of NaBH, was studied and monitored
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by a UV-vis spectroscopy to examine the catalytic activity at room
temperature. The reaction procedure was as follows: 6 mL of 2
mmol/L 4-NP was added to 2 mL of 0.5 mol/L NaBH, aqueous solu-
tion, and the solution color turned to bright yellow rapidly. Subse-
quently, particular amount of catalysts were added and stirred.
After the addition of Ag-CMFs, the characteristic absorption peak
of 4-nitrophenolate ion at 400 nm gradually decreased. Simultane-
ously, a new peak at 300 nm, ascribable to the newly generated 4-
AP, emerged [23]. The absorption spectra of the solution were
recorded in the range of 250-550 nm.

In order to investigate the reusability of the as-synthesized cat-
alyst, the used Ag-CMFs nanocomposites were separated from the
reaction solution and washed three times with distilled water and
subsequently subjected to the next reaction without any drying
treatment.

3. Results and discussion

The preparation procedure of Ag-CMFs nanocomposite based on
the electrospinning method is illustrated in Scheme 1. Cellulose
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acetate microfibers (CAMFs) were electrospun followed by
deacetylation to produce cellulose microfibers (CMFs). After mix-
ing the CMFs with silver ammonia solution, the hydroxyl groups
presenting on the surface of cellulose microfibers act as strong
anchoring sites to immobilize Ag ions. Finally, the immobilized
Ag ions on the CMFs are reduced by glucose to uniform Ag
nanoparticles to form the Ag-CMFs.

SEM images of the CAMFs and CMFs show smooth and regular
morphologies (Fig. 1), and there are no obvious changes except
for the diameter of the microfibers during the deacetylation with
NaOH. The diameters of the microfibers are measured to be
approximately 400 nm and 270 nm for CAMFs and CMFs, respec-
tively (Fig. 1c and d). The hydrophilic property of the microfibers
is characterized by the contact angle. The water droplet quickly
spread and wetted the cellulose microfibers compared to cellulose
acetate microfibers (Insets in Fig. 1a and b). The contact angles for
CAMFs and CMFs are 124.8 °C and 9.85 °C, respectively, which indi-
cates that the hydrophilic property of microfibers has been greatly
improved by the process of deacetylation.
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Scheme 1. The synthesis process of the Ag-CMFs.
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Fig. 1. SEM images and contact angles of the CAMFs (a) and CMFs (b). The diameter distribution of CAMFs (c) and CMFs (d).
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Fig. 2. FTIR spectra of CAMFs and CMFs.
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The FTIR method was employed to analyze the CAMFs and CMFs
(Fig. 2). The spectra of CAMFs show three intense peaks at 1742
cm ', 1373 cm ™}, and 1235 cm ™! corresponding to the stretching
vibrations of C=0, C—CH;3; and C—0—C groups, respectively [24].
After deacetylation, the signal of C=0 disappears and a strong
hydroxyl (—OH) absorption peak at 3376 cm™! arises, indicating
the successful conversion of cellulose acetate to cellulose [25].

SEM morphology observation shows the AgNPs have been well
deposited on the surface of the cellulose microfibers (Fig. 3a). As
revealed by transmission electron microscopy (TEM), Fig. 3b shows
that AgNPs with a diameter of 10 £ 5 nm are uniformly dispersed
on the surface of CMFs. The successful deposition of AgNPs is also
supported by the EDS analysis (Fig. 3¢), and the mass fraction of Ag,
C and O was measured to be 30.8 wt%, 51.3 wt%, and 17.6 wt%,
respectively. The XRD patterns of CMFs and Ag-CMFs are shown
in Fig. 3f. CMFs exhibit a smooth curve with no obvious diffraction
peak. For Ag-CMFs, four diffraction peaks at 26 angles of 38.0°,
44.2°, 64.4° and 77.2° are observed, corresponding to the (11 1),
(200), (220), and (3 11) crystalline plane, suggesting the face-
centered cubic of silver. The results demonstrate that AgNPs with
good crystallinity have been successfully deposited onto the CMFs.
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Fig. 3. SEM micrograph of Ag-CMFs nanocomposites (a). TEM image of the Ag-CMFs nanocomposites (b). (c) and (d) are the diameter distributions of the microfibers and Ag
nanoparticles, respectively. EDS spectra and atomic ratio of corresponding elements in the Ag-CMFs composites (e). XRD patterns of the Ag-CMFs and CMFs (f).
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Thermal stability of CMFs and Ag-CMFs was evaluated by TG.
For CMFs, there are mainly two weight-loss stages below 100 °C
and 300-400 °C (Fig. 4), in which the first weight-loss stage corre-
sponds to the evaporation of physically adsorbed water and the
second weight loss of about 85% is due to the decomposition and
carbonization of cellulose. The TG curve of Ag-CMFs shows a total
loss of about 65% with the same initial decomposition as CMFs.
Obviously, the deposition of AgNPs did not change the thermal sta-
bility of the CMFs.
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Fig. 4. TG graphs of the CMFs and Ag-CMFs.
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The reduction of p-nitrophenol (4-NP) by excess NaBH, was
chosen as a model reaction to investigate the catalytic activity of
the prepared samples. Generally, the investigation was carried
out under ambient conditions. The 4-NP solution shows a strong
absorption peak at 317 nm in neutral, upon the addition of freshly
prepared NaBH, solution, the position of the characteristic absorp-
tion shifts to 400 nm with a color change from light yellow to
yellow-green, indicating the formation of 4-nitrophenolate ions
in alkaline condition (Fig. 5a). Despite that NaBHy, is a strong reduc-
ing agent, the absorption peak at 400 nm and the intensity of the
characteristic peak for 4-NP were unchanged after a long time
incubation [26,27]. The catalytic ability of the CMFs was examined
by adding them into the mixture of 4-NP and NaBH,4 solution, as
seen in Fig. 5b, there is little influence on the change in absorbance
at 400 and 300 nm, indicating that under the experimental condi-
tion, the reduction of 4-NP does not proceed in the present of
CMFs.

Fig. 5¢ unambiguously exhibits the time-dependent UV-vis
absorption spectra changed for a typical reduction process using
Ag-CMFs as the catalysts. The intensity of the absorption peak at
400 nm decreased with increasing reaction time, and the intensity
of the p-aminophenol (4-AP) absorption at 300 nm correspond-
ingly increased, 4-NP was almost reduced after reaction for 20
min. As the concentration of NaBH,4 largely exceeds the concentra-
tion of 4-NP, it can be considered as a constant during the reaction
period. Since the absorbance of 4-NP is proportional to its concen-
tration in the medium, the ratio of absorbance at time t (A;) to that
at t = 0 (Ap) must be equal to the concentration ratio C;/Cy of 4-NP.
Consequently, the conversion progress could be directly reflected
by the absorption intensity. Thus, the pseudo-first-order kinetics
with regard to the 4-NP concentration can be used to evaluate

b 3.0

2.5 NaBH, ——O0min
—_ ——4 min
: CMFs ——8min
= 20 ——12min
8 :
: =1
— min
5 1.5+
)
S
@ 1.0
)
<
0.5
0.0 T T T T
250 300 350 400 450 500
Wavelength/nm

do.o-& S " " 4 2 n

\)\
10 N,
I
< -1.5 .
£ EN
-2.0 \.\\
EN
254 o Ag-CMFs e
A CMFs e
-3.0-4 T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20
Time/min

Fig. 5. UV-vis spectra of 4-NP before and after adding NaBH, solution (a), the reduction of 4-NP in the presence of CMFs recorded every 4 min (b), and the reduction of 4-NP
in the presence of Ag-CMFs recorded every 2 min (c). Polt of In(A,/Ao) versus reaction time for the reduction of 4-NP with NaBH,4 over CMFs and Ag-CMFs (d).
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Fig. 6. Plots of (InAt/Ap) versus reaction time for reduction of 4-NP with NaBH, over
different amount of Ag-CMFs.
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Fig. 7. The reusability of Ag-CMFs as a catalyst for the reduction of 4-NP with
NaBH,.

the kinetic rate constant [28,29]. The kinetic equation for the
reduction can be written as (Eq. (1)):

dC,/dt = KoppCe 0T In(C,/Co) = In(Ar/Ag) = —Kappt (1)

C; is the concentration of p-nitrophenol at time t and Ky, is the
apparent rate constant, which can be obtained from the decrease of
the peak intensity at 400 nm with time. As Fig. 5d shown, linear
relationships of In(A./Ap) versus reaction time indicate that the
reduction of 4-NP employing the Ag-CMFs catalysts well match
with pseudo-first-order. The effect of amount of Ag-CMFs on cat-
alytic efficiency as studied as well. As expected, the catalytic effi-
ciency was improved with increasing the amount of catalysts
added (Fig. 6). Since the stability of the catalytic activity of hetero-
geneous catalysts is an important aspect in practical applications,
we investigated the reusability of the Ag-CMFs. As shown in
Fig. 7, the Ag-CMFs could be conveniently recycled from the reac-
tion solutions and reused for at least six times with a conversion of
87% within 20 min.

4. Conclusion

In summary, we successfully fabricated cellulose-based AgNPs
nanocomposites via a wet chemical reduction of AgNPs onto the
surface of cellulose microfibers. Cellulose microfibers were pre-
pared by deacetylation of electrospun cellulose acetate microfi-
bers. SEM and TEM indicated the AgNPs decorated on the surface
of cellulose microfibers were very fine and homogeneous. Catalytic
activity of the Ag-CMFs was examined by a reduction reaction of 4-
NP, the process was recorded by UV-vis spectroscopy, and the cat-
alytic kinetics was also analyzed. It was found that the as-prepared
Ag-CMFs nanocomposites exhibit excellent catalytic performance
towards the reduction of 4-NP to 4-AP in the presence of NaBH,4
at room temperature in aqueous media. Moreover, the Ag-CMFs
nanocomposites exhibit excellent reusability. The researching
work of this paper suggests a new strategy in the design and prepa-
ration of silver nanoparticles/cellulose nanocomposite microfibers,
and the products with catalytic property show great promise for
the treatment of industrial dye pollutants.
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