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Abstract: The ZnO/Ag/cellulose composite (ZAC) with
excellent photocatalytic activity of degrading benzene and
phenol in VOCs has been successfully synthesized. EDS,
TEM, XPS and UV-vis analyses show that the ZAC is a ternary
composite. It is composed of Ag, ZnO and cellulose, where
the cellulose works as the substrate to anchor the other
two components. The X-ray diffraction patterns find well-
crystallized ZnO nanoparticles. Multiple PL peaks in the
visible region measured for ZAC, imply rich defects on ZnO. It
is observed that Ag nanoparticles are mainly attached on ZnO
in the composite, which would raise the separation efficiency
of photogenerated electrons and holes. Photocatalytic
degradation shows that ZAC is able to decompose almost
100% phenol and 19% benzene in VOCs under UV light
irradiation (6 W) which is almost no harm to human body.
Due to the renewable cellulose, our ternary composite ZAC
imparts low-cost, easily recycled and flexible merits, which
might be applied in the indoor VOCs treatment.

Keywords: Biomaterial composite, ZnO, Degradation,
Environmentally benign, VOCs.

1 Introduction

As major organic pollutants, volatile organic compounds
(VOCs) cause great concern due to their adverse effects
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on human health. According to previous studies, VOCs
can induce cancer, respiratory diseases and other long
term health risks, which are closely related to mortality
and morbidity [1]. Especially to indoor air, the VOCs that
escaped from adhesive in furniture or floors are harmful
to human health. To solve this issue, many physical and
chemical methods have been proposed and studied, such
as biofilters, adsorption, catalytic oxidation and ozonation
[2]. However, an effective, low-cost, nontoxic and non-
secondary pollution method for indoor-air cleaning still
remains challenging for scientists.

In the past decades, ZnO has been widely studied
because of its great potential in nano-device research
[3-5]. ZnO has a 3.37 eV band gap and large exciton
binding energy, which enables it to possess good physical
and chemical properties [6]. It is a promising material for
fabricating photodetectors, light-emitting diodes, solar
cells and photocatalysts [7-10]. Due to the characteristics
of ZnO nanostructures, impurities or quantum dots like
graphene can be added to enhance the photoelectric and
photocatalytic properties [11]. In addition, noble metal
nanoparticles have been incorporated with ZnO to form
Schottky heterojunctions. Because the surface plasmon
resonance of precious metals matches ZnO nanoparticles,
the photoelectric properties are greatly improved. In Ag/
Zn0O composites, Ag can be used as an electron acceptor,
which can effectively capture electrons, promote the
separation of light-generated electrons and holes, and,
effectively, improve the photocatalytic performance of
Ag/ZnO0 [12,13]. Due to this advatange, many researchers
have investigated Ag/ZnO for its potential applications
as an antibacterial, water-purifying reagent or ultraviolet
photodetector [14-16]. However, controlling the synthesis
of Ag/ZnO with the desired performance is still a
problematic problem to solve [17-23].

Cellulose, as a regenerated bioresource, has been
widely studied in recent years. As assembles of microfibers
with full of hydroxyl groups, it is easy to combine
with other materials via hydrogen bonding. Although
normal cellulose does not process functional photo/
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electrochemical property, it has many other advantages,
such as: cheapness, natural reproduction, easy recovery
and easy-processing. These advantages make cellulose a
good substrate candidate for preparing cellulose-based
composites. Thus, cellulose composite has attracted
extensive attention of researchers and many related works
have been reported [24-29].

In this work, we used ultrasonic-assisted hydrothermal
method to synthesize the ZnO/Ag/cellulose (ZAC)
composite. The results indicate that the ZAC possesses
the enhanced photocatalytic activity compared with ZnO/
cellulose [30]. The photocatalytic property of degrading
benzene, phenol and their derivatives were fully studied.
It is shown that our ZAC composite may be a promising
material in cleaning the indoor air.

2 Experimental

2.1 Materials

The source materials, such as, sodium hydroxide (NaOH)
and zinc acetate dehydrate (Zn(CH,COOH),-2H,0) were
bought from Tianjin Yongda Chemical Reagent Company
Limited and Tianjin Kemiou Chemical Reagent Company
Limited, respectively. Coniferous filter paper was used as
source of cellulose, which was bought from Hangzhou
Special Paper Company Limited. AgNO,, NaBH, and
polyvinyl pyrrolidone (PVP) were bought from Tianjin
Tiangan Chemical Technology Development co., LTD,
TianJin Kemiou Chemical Reagent Company Limited
and Shanghai Qiangshun Chemical Reagent Company
Limited, respectively.

2.2 Preparation of cellulose@ZnO

Cellulose@ZnO composite was prepared by the
hydrothermal method used in previous research [30].
3.0 g zinc acetate and 1.0 g cellulose were dissolved in
25 mL distilled water. After stirred vigorously for 1 hour,
the pH value of the solution was adjusted to 8~12 using
1 moleL?sodium hydroxide solution. The white cellulose
suspension was obtained after 1h stirring. Then, the
cellulose suspension was put into a 100 mL steel autoclave
and heated at 100B for ten hours. The white turbid liquid
was filtered after being cooled to room temperature,
and the white products were collected. ZnO/cellulose
composite paper was obtained after being dried at 808.
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2.3 Preparation of ZnO/Ag/cellulose

0.08 g of PVP was dissolved in 60 mL distilled water and
then added 8 mL of 6 mmoleL'AgNO.. After stirring for 20
min, 60 mL 0.008 moleL" of NaBH, solution was added
into mixed solution slowly. After 2 hours of stirring, the
yellow Ag solution was obtained.

0.1 g of ZnO/cellulose was added into 15 mL of Ag
solution under nitrogen protection for 5 min and stirred 30
min later. After 20 min of ultrasonic concussion treatment,
the mixed solution was heated in a water bath at 608 for
30 min. The final products were obtained after filtration,
drying and washing with deionized water. According to
the pH value during preparation of ZnO/cellulose, the
ternary composites of ZnO/Ag/cellulose were named as
ZAC-8, ZAC-9, ZAC-10 and ZAC-12, respectively.

2.4 Characterization

The crystallinity and purity of the ZnO was characterized
by Xray diffraction (XRD; Rigaku D/Max-RC, Tokyo,
Japan). The data were recorded using Cu Ka radiation
(wavelength of 1.5418 A) and working at 40 mA and 40
kV with a scan rate of 4°/min. The morphology of the ZnO
was characterized by field emission scanning electron
microscope (FE-SEM, S-4800@Hitachi, Ltd.EChiyoda-
kuBJapan). And the high-resolution transmission electron
microscopy (HRTEM; JEM-2100, JEOL, Japan) was, also,
performed to study the construction of components in
ZAC. Photoluminescence study was recorded on a Perkin
Elmer fluorescence spectrophotometer (U.K.) at room
temperature. The excitation wavelength is 355 nm, the Ex
slit was 10.0 nm and the scan speed was 1200 nm/min. The
elemental analysis and the binding energy were studied
by XPS (K-Alpha, Thermofisher Scientific Company, US).
The photocatalytic activity of prepared ZAC was
tested by degrading methylene blue (MB). In a typical
experiment, 0.05 g ZAC was put into 80 mL MB solution
(20 mg-L?) to form a suspension. Stirring handling was
kept in the whole process unless otherwise noted. Then,
the suspension was retained in the dark for 30 min to
achieve the absorption—desorption equilibrium. Later
on, the suspension was exposed to the UV irradiation
(YZ-GHX-A, 300W, Shanghai Jingmi Instrument Co.
Ltd.) under ambient conditions. In order to evaluate the
degradation efficiency, the suspension was sampled and
analyzed every 30 min. The degradation was measured by
recording variations at the maximum absorption around
A=664 nm using UV-vis spectrophotometer at a definite
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time interval (TU-1901, Beijing Purkinje Genral Instrument
Co. LTD, China).

The photocatalytic properties were also explored by
phenol, benzene and their derivatives. A larix gmelinii
wood sample (150x100x20 mm) was brushed with urea-
formaldehyde resin adhesive (UF). For the photocatalytic
experiment, the wood sample with UF was put into a
sealed vessel with 0.1 g ZAC, and then irradiated by UV
light (245nm, 6 W). After 24 hours irradiation, the air
sample was analyzed by DSQII GC-MS (USA, Thermo Co.
LTD). A control experiment was also carried out without
ZAC and UV irradiation.

Ethical approval: The conducted research is not
related to either human or animal use.

3 Results and discussion

3.1 XRD analysis

X-ray diffraction analysis has been used to identify the
crystal structure of ZAC. The XRD plots of cellulose,
sintered ZnO and ZAC-12 are shown in Figurel. As we can
see from Figurel, the diffraction Rﬁzaﬁs at 15.04°, 16.16°
and 22.87° are identified to (101), and (002) lattice
planes of cellulose 1. Diffraction peaks at 31.94°, 34.50°,
36.37°, 47.67°, 56.62°, 62.90° and 67.94° belong to the (100),
(002), (101), (102), (110), (103), and (112) crystalline planes
of ZnO. Those peaks match perfectly to the hexagonal
wurtzite crystal structure of ZnO (JCPDS No. 36-1451) which
indicates the existence of ZnO in composite. Compared to
sintered ZnO and cellulose, only diffraction peaks of ZnO
and cellulose are observed in the composite, which gives
the evidence that there is no other impurity in the ZnO/
Ag/cellulose composite. Due to the trance content of Ag
in composite, there is no diffraction peaks of Ag could be
found in the XRD plot.

3.2 FE-SEM, TEM and EDS analysis

SEM has been used to characterize the morphology of
ZAC composite. The morphology of all ZAC composites
are shown as the cellulose fiber-assembles, to which
Zn0O particles are attached (Figure 2). The contents
and the morphology of ZnO particles on cellulose are
dependent on the pH of the synthesizing solution. In
low pH conditions, small ZnO particles are found on the
surface of cellulose (Figure 2a-c); increase the pH to 12,
ZnO microparticles about 300 nm length and 50 nm width
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Figure 1: XRD plots of cellulose, sintered ZnO and ZAC-12.

are observed (Figure 2d). According to a previous study,
ZnO nanoparticles with certain sizes are easily to self-
assemble with cellulose [30]. However, in this study, we
didn’t find the same size ZnO nanoparticles on prepared
cellulose composite. This was caused by the ultrasonic
concussion treatment during the process of introducing
Ag into the composite. Since the interaction between the
ZnO and cellulose is hydrogen bonding, it is possible that
ZnO would fall off from the cellulose during ultrasonic
concussion.

EDS has also been applied to analyze the components
of composite. According to Figure 2f, both ZnO and Ag
are found in the cellulose composite, which indicated
that ternary composite of ZAC have been successfully
fabricated by our method.

To fully understand the microstructure of composite,
TEM images of ZAC-12 is shown in Figure 3. From Figure 3a
and b, we can see the Ag nanoparticles about 5 nm adhere
on ZnO microparticles. The crystal inter planar spacing
is 0.23 nm (Figure 3c and d), which was attributed to the
(111) planar spacing of Ag nanoparticles [31]. 0.16 nm is
attributed to the (002) planar spacing of ZnO [32]. The TEM
images also give the evidence that Ag nanoparticles can
bind with ZnO.

3.3 XPS analysis

Figure4 are the XPS spectra of ZAC-12. From Figure 4a, one
can see the spectrum of C 1s region. C 1s shows three peaks
centering at 284.2 eV, 285.8 eV and 2874 eV. The peak at
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Figure 2: SEM images of ZAC composite samples (a) ZAC-8, (b) ZAC- 9, (c) ZAC-10, (d) ZAC-12, (e) pure cellulose and f) EDS of ZAC-12.

284.2 eV was corresponding to the carbon of alkyl (C-C/
C-H, absorbed) in cellulose [33]. And the peak at 285.8 eV
corresponds to the hydroxyl groups (C-OH) in cellulose
[34,35]. And the peak at 2874 eV can be attributed to C—
0-C of cellulose [35]. The high resolution XPS spectrum for
the O 1s region is shown in Figure 4b. The peak attributed
to the O atom of ZnO is observed at 530.3 eV [36]. And the
peak at 532.0 eV is the oxygen of hydroxyl groups (C—OH)
in cellulose [37,38]. The binding energies at 368.0 eV and
374.1 eV are corresponding to Ag3d,, and Ag3d,, in Figure
4c [39,40]. The binding energies of Zn 2p,, and Zn 2p,,
is shown in Figure 4d, which determined to be 1021.5 eV

and 1044.5 eV, and the peak separation distance between
them was 23.0 eV [41]. The XPS gives the evidence that ZAC
composite has been successfully prepared by our method.

3.4 Photocatalytic activity analysis

The photocatalytic activity of ZAC have been evaluated
by both MB in solution and VOCs in air. MB degradation
results are shown in Figure5. After 2.5 h, the degradation
rates are more than 95% by ZAC. And ZAC-12 has the highest
degradation efficiency of 99.5%, which is much higher
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Figure 3: TEM images of ZAC-12 (a and b), and high-resolution transmission electron microscopy (HRTEM) images (c and d).
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Figure 4: XPS of ZAC-12, C1s (a), O1s (b), Ag 3d (c) and Zn 2p (d).
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Figure 5: Photocatalytic activity of ZAC composite evaluated by MB (a), PL spectrum of ZAC-12 (b), degradation of benzene, phenol and

derivatives by ZAC (c and d).

than that of ZnO/cellulose (86.91%). This result indicates
that ZAC composite possesses better photocatalytic
activity after combination with Ag. Since Ag nanoparticles
coated on the surface of ZnO, it would prefer to separate
the electron and holes of ZnO, thus enhance the catalytic
of ZAC. At the same time, photoluminescence (PL, Figure
5b) of ZAC-12 analysis show that there are three peaks in
the visible region located at 468, 487 and 533 nm, which
indicates that ZAC-12 has many defects. These defects
would be beneficial to improve the photocatalytic property
of ZAC-12 as well.

To understand the process, we further analyzed the
photocatalytic reaction of ZAC with the first order kinetic
equation In(C /C)=Kt. The fitting analysis shows that the
photocatalytic reaction is the first-order kinetic reaction
(R>0.99). The rate constant K of ZAC-8, ZAC-9, ZAC-10 and
ZAC-12 is 1.53, 1.176, 1.17 and 2.56 h', respectively. ZAC-12
has the largest K value, which indicates that ZAC-12 has
the best photocatalytic performance.

According to its good photocatalytic property on
MB, the degradation on benzene and phenol and their

derivatives, which were volatilized by wood furniture, have
been carried in a sealed environment. At the same time,
a blank experiment was carried out as reference without
using ZAC and irradiation. The results are shown in Figure
5c. From the Figure 5c, we can see that ZAC shows very
good photocatalytic property on degradation of benzene
and its derivatives. It can degrade styrene totally (100%
degradation efficiency), and the degradation efficiency of
benzene is also achieved to 19.7% in 24 hours. As to methyl
benzene, ethyl benzene and biphenyl, the degradation
efficiency is a little bit lower, which range from 8.4~15.8%.

And at the same time, ZAC shows excellent property
on degradation of phenol compounds, as can been
seen in Figure 5d. This result shows ZAC can degraded
almost 100% of phenol, p-hydroxybiphenyl and
o-hydroxybiphenyland. Especially to o-hydroxybiphenyl,
which has high concentration of 359 pg-m? in the blank
experiment, is degraded by efficiency of 97.1%.

To achieve such good property, we deduce that the
ternary components in ZAC has a synergistic effect, as
seen in scheme 1. Cellulose plays an important role.
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Scheme 1: Photocatalytically degrading phenol and benzene by ZAC.

First, cellulose works as a substrate, which would guide
the formation of ZnO on one hand, and endow ZAC the
easy- shaping character. At the same time, it can adsorb
the benzene or phenol and make them enrich around ZnO;
on the other hand; ZnO is catalyst which property was
enhanced by Ag nanoparticles. It is known that Schottky
barriers at metal-semiconductor interface can improve
the separation efficiency of electrons and holes [42-45].
The good photocatalytic performance of ZAC may be
attributed to the formed Schottky barriers between the Ag
NPs and ZnO in the composite. Under the UV irradiation,
ZnO produces electron-hole pairs, and the Schottky
barriers of ZnO/Ag inhibit the generated electron-hole
recombination. With long lifetime of these separated
electrons and holes, more reactive oxidative species can
be generated. Consequently, more organic compounds
would be degraded by reactive oxidative species.
Synergistic effects of cellulose, ZnO and Ag make our
ZAC be a good candidate for further indoor air treatment.

4 Conclusions

The ZAC composite was successfully prepared by
hydrothermal synthesis and ultrasonic method.
According to TEM, EDS, XPS and UV-Vis spectroscopic
characterizations, Ag NPs with 5 nm are mainly anchoring
on the surface of ZnO. Specifically, ZAC-12 possesses the
best photocatalytic activity among all ZAC composite

samples. Its degradation rate for MB reaches 99.51%.
The decomposition on phenol and benzene and their
derivatives in VOCs were also investigated. It is shown that
ZAC can degrade almost 100% phenol; even to difficultly
decomposed benzene, it also exhibits good photocatalytic
activity, around 19.8% degradation efficiency. The
synergetic effect to enhance photocatalytic performance
was endowed by the three components in the ZAC.
Cellulose works as a substrate and adsorbent; ZnO /Ag
together increases light-harvesting efficiency; and Ag NPs
adhered on the ZnO surface raise separation efficiency
of light-generated holes and electrons. Due to its easily-
shaped, recycled merits and good catalytic properties,
ZAC would be a good candidate for indoor air purification.
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