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Abstract: The removal of formaldehyde (HCHO) from indoor air is of
great importance to reduce health risks and improve indoor air quality. In
this study, nano-Cu 2O-loaded paper with superior photocatalytic activity
under visible light for the removal of HCHO was fabricated through a
green, simple, and fast in situ synthesis method. The optimum preparation
conditions for nano-Cu 2O-loaded paper were as follows: 2 g (oven-dry
basis) cellulose ﬁbers, CuSO4 dosage 8 g, NaOH dosage 1.6 g, temperature
80℃, 60 min for Cu 2+ absorption, and 60 min for reaction. Under the
optimum conditions, the Cu2O deposition ratio approached 30% and the
nano-Cu2O-loaded paper exhibited a catalytic efﬁciency of approximately
97% for HCHO removal. The photocatalytic capacity of nano-Cu2O-loaded
paper for HCHO removal had a positive correlation with the deposition
ratio of nano Cu 2O particles. Excellent antibacterial properity of nanoCu2O-loaded paper against Staphylococcus aureus and Escherichia coli
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was also conﬁrmed. Moreover, nano-Cu2O-loaded paper was proven to be
hydrophobic.
Keywords: nano-Cu 2 O-loaded paper; in situ synthesis; visible light
photocatalytic activity; HCHO removal

1

Introduction

Indoor pollution has recently become a major public concern. Among the many
pollutants, formaldehyde (HCHO) is a notorious indoor pollutant that has been clearly
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furniture, textiles, carpets, and chemical industries[1-2].

because of its narrow direct band gap (2.0~2.2 eV)

Currently, indoor air quality affects human health

and suitable conduction band [13] . Cu 2 O has many

closely because people spend more than 80% of their

advantages, such as non-toxicity, good electron

daily time indoors, so HCHO pollution has become an

mobility, abundance, relative cheapness, and a high

extremely serious problem. Living in an environment

absorption coefficient[14]. Based on these advantages,

with HCHO concentration exceeding limitation is

Cu 2 O has been widely used in gas sensors [15] ,

greatly harmful to human health[3]. It is well-known that

lithium-ion batteries[16], solar energy conversion [17],

long-term exposure to HCHO can cause many adverse

photocatalysis [18], and antibacterial applications [19].

effects, including headaches, throat irritation, immune

Various Cu2O nanostructures have been fabricated and

[4]

dysfunction, and even the risk of cancer . Because

used as visible light-driven photocatalysts, exhibiting

of the increasing negative harmfulness of HCHO

excellent photocatalytic properties for degradation

with respect to human health in indoor surroundings,

of toxic dyes and other pollutants [20-21]. Chen et al[22]

effective removal of HCHO is of great importance.

reported a Cu2O/chitosan nanocomposite that exhibited

Thus, it is urgent to remove indoor HCHO.

high photocatalytic activity for degradation of X-3B

Generally, there are two methods to remove

dye. Su et al[23] observed high photocatalytic activity

low-concentration HCHO from indoor air: one is

for the degradation of methylene blue by a Cu 2O

conventional physical adsorption

[5-6]

; the other is

nanoparticle-functionalized cellulose-based aerogel.

[7]

catalytic oxidation . As a simple and effective method,

A Cu 2 O/polyaniline nanocomposite was prepared

physical adsorption is frequently used. However,

through oxidative polymerization and showed higher

physical adsorption is effective only for a short period

photocatalytic activity than that of pure Cu2O as a result of

of time because of the limited adsorption capability of

the combination of Cu2O nanoparticles and polyaniline[24].

adsorbents such as activated carbon and other porous

Va r i o u s m e t h o d s h a v e b e e n d e v e l o p e d t o

materials. In comparison, photocatalytic oxidation of

synthesize Cu2O with different physical and chemical

HCHO has gained considerable attention because of

properties [25-27] . In many studies regarding Cu 2 O

its high efﬁciency and the harmless ﬁnal products, CO 2

nanoparticle formation, organic compounds are used as

and H2O.

the precursor or as a surfactant to prevent aggregation

To date, a variety of metal oxides have been tested

and control the size, as well as morphology [28-32] .

regarding the oxidative decomposition of HCHO.

However, the use of organics often inhibits the progress

The photocatalytic degradation of HCHO to non-

of the photocatalytic reaction because the Cu 2O is

hazardous products using metal oxide semiconductor

covered by a surfactant[33]. Thus, it is still of interest

nanomaterials seems to be the most efficient and

to synthesize nano Cu2O without using organics, not

[8]

promising technique . Titanium dioxide and its

only regarding the development of synthetic strategies,

modified products have been tested with respect to

but also for the examination of their properties.

the catalytic oxidation of HCHO because of their

Furthermore, Cu 2 O nanostructures have attracted

high stability toward photo-corrosion and relatively

much attention because of their novel properties

. However, titanium

in photocatalysis and stability in recent years [34-35].

dioxide can only exhibit photocatalytic properties

Therefore, the fabrication of nano Cu 2O with high

under ultraviolet light, which largely limits its practical

photocatalytic activity using a simple and green method

application.

has become an important issue.

favorable band gap energy

[9-12]

Among the photocatalyst semiconductors, Cu2O,

As far as practical applications are concerned, using

which demonstrates efficient visible light absorption,

any metal oxides, including Cu 2O in powder form,

has great potential for visible light photocatalysis

especially at the nanoscale, has several engineering
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limitations, such as difficult operation, difficult
[36]

were provided by Mudanjiang Hengfeng Paper Co.,

. The use of a

Ltd. (Heilongjiang, China). The ﬁbers were processed

solid substrate as a support for the growth of Cu 2O
nanostructures can solve these problems. In situ

with a Valley beater to a beating degree of 30°SR

construction of nanostructures on solid matrixes is

was purchased from Sinopharm Chemical Reagent

also beneficial for engineering applications. Cellulose

Co., Ltd. Sodium hydroxide (NaOH) was provided

fibers as a template material for nanostructures

by Tianjin Continental Chemical Reagent Factory.

have attracted increasing attention because of their

Formaldehyde (HCHO) was produced by West Long

recovery, and dust contamination

before use. Copper sulfate pentahydrate (CuSO4·5H2O)

nanoporous surface properties [36-37]. Cellulose fibers

Chemical Co., Ltd. Phenol reagent was purchased from

are composed of microﬁbrils, 10~30 nm in width, that

Tianjin Guangfu Fine Chemical Research Institute.

are connected with each other in three dimensions.
Therefore, cellulose fibers can be used as a support
for nanostructures [38], and as a reducing agent [38-39]
or stabilizer [39]. Cellulose determines the size and
morphology of nanostructures, while also preventing
agglomeration, and is suitable for in situ synthesis and
stabilization of metal nanostructures[39-41].
In this article, we report the simple and green in
situ synthesis of nano Cu2O on cellulose ﬁbers, which

All of the chemical reagents mentioned above were of
analytical grade and used without further puriﬁcation.
Nutrient agar applied for the antibacterial test was
purchased from Beijing Aobox Biotechnology Co., Ltd.
2.2

Methods

2.2.1 Formation of nano-Cu2O-loaded paper sheets
Cellulose fibers were used as a nanoreactor for in
situ synthesis of nano Cu2O. A set amount of CuSO4

serves as a unique nanoreactor and template. The rodlike nanostructured photocatalyst, Cu2O, was in situ

was added to 150 mL of distilled water, and 2 g of

deposited on cellulose ﬁber to fabricate composite paper

to the solution. The suspension was heated to reaction

with significant photocatalytic activity toward HCHO

temperature with stirring for the desired time (30~90

degradation under visible light irradiation. Under

min) for Cu2+ adsorption. Then, a set amount of NaOH

visible light and dark conditions, the effects of process

in 50 mL of H2O was added to the suspension within

variables on nano Cu2O deposition ratio and HCHO

5 min. The fiber consistency was kept at 1%, and the

removal ratio were investigated, and the relationship

reaction was conducted at a set temperature (50~90℃)

between the HCHO removal ratio and nano Cu 2O

for the desired time (30~90 min). After the reaction, the

deposition ratio was studied. The nano-Cu2O-loaded

suspension was filtered through a piece of gauze, and

paper was characterized by Fourier Transform Infrared

the obtained composite ﬁbers were washed repeatedly

Spectrometry (FT-IR), Scanning Electron Microscope
(SEM), and X-ray Photoelectron Spectroscopy (XPS),
and its antibacterial and hydrophobic properties were
also investigated. Nano-Cu 2O-loaded paper, which
shows formaldehyde-degrading, antibacterial, and
hydrophobic properties, has promising potential in a
variety of practical applications, especially in indoor
wallpaper materials.

2
2.1

cellulose fibers (oven-dry basis) was then introduced

with 3 L of distilled water. The composite ﬁbers were
made into a handsheet with a ZCX-200 paper sheet
former, and the handsheet was pressed at 0.5 MPa
for 5 min, followed by drying at 105℃ for 5 min.
The schematic diagram of nano-Cu 2O-loaded paper
preparation is shown in Fig.1. The handsheet was stored
in a air-conditioning room at 23℃ and 50% relative
humidity for 24 h before testing.

Experimental
Materials

Cellulosic fibers (wood-derived bleached kraft pulp)

2.2.2 Determination of nano Cu2O deposition ratio
The nano-Cu2O-loaded paper was placed in an oven at
105℃ for 4 h and then weighed. The sample was then
Vol.4, No.3, 2019

03

PBM·Photocatalytic Paper for Formaldehyde Removal
NaOH

CuSO4

Stirring

Visible light

HCHO

Stirring

Adsorption of Cu2+

In situ reduction
of Cu2+ to Cu+

Cu2+
Cu2+

Cu2+
Cu2+

Cu2+

Cu2+

CO2 & H2O

Cu2+

Cu2+

Cu2+
Cu2+

Cu2+

Fig.1

Cu2+

Cu2+

Cu2+

Nano-Cu2O-loaded paper
Cu2O

Schematic diagram of nano-Cu2O-loaded paper preparation and photocatalytic degradation of HCHO

cut into small pieces and placed in a constant weight
crucible, which was placed in a muffle furnace to
calcine the sample at 525℃ for 6 h, after which it was
weighed. The nano Cu2O deposition ratio was obtained
using the following equation:
D = (m1 - m2)/[m0 - (m1 - m2)]×100%

(1)
Where D (%) is the nano Cu2O deposition ratio, m0

(g) is the oven-dry weight of nano-Cu2O-loaded paper,
and m1 (g) and m2 (g) are the ash weights of the nanoCu 2O-loaded paper and the original paper sample,
respectively.
2.2.3 Determination of HCHO removal ratio
A schematic diagram of the experimental apparatus
for photocatalytic degradation of HCHO used in this
study is shown in Fig.2. The HCHO degradation tests
were performed in a cylindrical glass reactor with a

1-Dark box, 2-Power supply, 3-Visible light source,
4-Cantilever support, 5-Paper sample, 6-Fan,
7-Cylindrical glass reactor, 8-Injection port

Fig.2

Schematic diagram of experimental apparatus for
photocatalytic degradation of HCHO

volume of 5 L at ambient temperature. An electric fan

amount of injected solution (volatilization of 17 mL
of formalin leads to 113.9 mg/m3 HCHO). It is worth

was placed at the bottom of the glass reactor during the

noting that it usually takes 4 h to obtain a completely

degradation process to promote air circulation and avoid

volatilized HCHO solution and stabilized HCHO

uneven distribution of HCHO in the glass reactor. The

concentration. The entire reactor was sealed, and the

paper sample tested was cut into a set size (one quarter

sealed reaction vessel was placed in a small dark box

of the handsheet) and fixed on the cantilever in the

with a visible light source. Subsequently, the visible

center of the glass reactor. HCHO vapor was produced

light source was switched onto irradiate the sample.

by injecting an aqueous solution of formalin into the

Each group of degradation experiments with the

glass reactor using a microsyringe, and the initial

visible light source was conducted for 4 h. After 4 h, a

concentration of HCHO was adjusted by changing the

syringe was used to draw 10 mL of HCHO gas from the
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container. The concentration of HCHO was analyzed
according to the spectrophotometric method

[42]

solid medium was uniformly distributed in several

, and

Petri dishes and cooled down to solidification under

the HCHO removal ratio (A) was calculated using the

natural condition. Then, a bacterial suspension with

following equation:
A = [(C1 - C2)/C1]×100%

a concentration of 105 CFU/mL was prepared. A set
(2)

amount of a suitable dilution of the bacterial suspension

Where C1 is the initial concentration of HCHO and

was evenly dispersed onto sterilized nutrient agar

C2 is the measured concentration of HCHO.

plates, and the tested paper samples with a diameter
of 12 mm were carefully placed in the center of the

2.2.4 FT-IR, XPS, and SEM analyses
FT-IR analysis was performed using a Thermo Fisher

were incubated in a constant-temperature incubator

Scientific Nicolet 6700 FT-IR Fourier transform

at 37℃ for 24 h. The diameter of the inhibition zone

infrared spectrometer. A small amount of powder

surrounding the paper sample was used to evaluate its

was scraped from the surface of the tested paper. The

antibacterial capacity. A photograph of the dish was

powder was ground within an agate mortar until the

taken, and the diameter of the inhibition zone was

mixture was fine and uniform, and then a tablet was

measured.

prepared for FT-IR testing by pressing the mixture.

3

XPS analysis was performed using a Thermo Fisher

bacteria-coated nutrient agar solid medium. The plates

Results and discussion

Scientific ESCALAB 250Xi X-ray photoelectron

3.1

spectrometer. An Al Ka X-ray source (hv=1486.6 eV)

3.1.1 Effect of reaction temperature
The effect of reaction temperature on the HCHO

was used. The analyzer was operated at an energy of
50 eV to acquire survey spectra.
SEM observation and analysis were performed
using a Quanta-200 scanning electron microscope from
FEI, USA. Before the analysis, the paper samples were
coated with gold.

Effects of process variables

removal ratio, nano Cu 2 O deposition ratio, and
tensile index of nano-Cu2O-loaded paper sheet was
studied, and the results are shown in Fig.3. Reaction
temperature had a noticeable effect on the deposition
of nano Cu2O and the removal of HCHO. Under visible
light irradiation, the HCHO removal ratio increased

2.2.5
Measurement of water contact angle and
antibacterial properties of the nano-Cu2O-loaded paper

with increasing reaction temperature, and the highest

The nano-Cu2O-loaded paper prepared under optimal

However, the HCHO removal ratio decreased with

conditions and original paper samples were cut into

HCHO removal ratio (96.7%) appeared at 80℃.
further increasing temperature (Fig.3(a)). The change

small pieces (2 cm×2 cm) for water contact angle

in HCHO removal ratio with reaction temperature

measurement with a video-based optical contact

was consistent with that of the nano Cu2O deposition

angle measuring system (OCA20, Dataphysics Co.,

ratio (Fig.3(b)). Reaction temperature would affect both

Germany), and 5 mL of water droplet was used for each

generation and adsorption of nano Cu2O on cellulose

measurement.

ﬁbers. Increasing the reaction temperature was beneﬁcial

The antibacterial activities of the nano-Cu 2 O-

to the generation of nano Cu2O, but unfavorable to the

loaded paper prepared under optimal conditions and

adsorption of nano Cu2O. Therefore, it was observed

original paper samples against Staphylococcus aureus

that the nano Cu2O deposition ratio ﬁrstly increased and

(S. aureus) and Escherichia coli (E. coli) were tested.

then decreased with increasing reaction temperature.

3.3% nutrient agar and sodium chloride solution with

From Fig.3(b) and Fig.3(c), it can be seen that the

a concentration of 0.9% were disinfected at 121℃

tensile index of nano-Cu2O-loaded paper is also related

for 20 min in an autoclave. After sterilization, the

to the deposition ratio of nano Cu2O.
Vol.4, No.3, 2019
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HCHO removal ratio/%

100

in an increase in paper density and a decrease in paper

(a)

porosity. Therefore, the HCHO removal ratio slightly

90

decreased with increasing reaction temperature under

80

dark condition (Fig.3(a)). Based on the discussion

Visible light
Dark

70
60

above, 80℃ was determined to be the optimal reaction

50

temperature.

40
30
20
32

Cu2O deposition ratio/%

31

50

60

70
80
Temperature/℃

90

3.1.2 Effect of Cu2+ absorption time
The effect of Cu 2+ absorption time on the HCHO
removal ratio, nano Cu2O deposition ratio, and tensile
index of nano-Cu2O-loaded paper sheets was studied,

(b)

and the results are shown in Fig.4. Under visible light

30

irradiation, HCHO removal was primarily determined

29
28

by the deposited amount of photocatalyst on the nano-

27

Cu2O-loaded paper sheet. Therefore, it was evident

26

from Fig.4(a) and Fig.4(b) that the HCHO removal ratio

25
24

and nano Cu2O deposition ratio showed approximately

23

the same trend with increasing Cu2+ absorption time.

22
12

50

60

70
80
Temperature/℃

90

Under dark conditions, the HCHO adsorption on nanoCu2O-loaded paper increased slightly with increasing
Cu2+ absorption time (Fig.4(a)), which might be related

(c)

11

to the deposition of more Cu2O nanoparticles. Based on

10

the above results, the optimum time for Cu2+ absorption
was determined to be 60 min.

9

It can be seen from Fig.4(c) that when the absorption

8

time of Cu2+ was prolonged, the tensile index of nano-

7

Cu2O-loaded paper continuously decreased. The reason

6
50

60

70
80
Temperature/℃

90

Other conditions: CuSO4 dosage 8 g, NaOH dosage 1.6 g,
Cu2+ absorption time 60 min, and reaction time 60 min.

Fig.3 Effect of reaction temperature on HCHO removal
ratio (a), nano Cu2O deposition ratio (b), and tensile index of
nano-Cu2O-loaded paper sheets (c)

for this is that hydrogen bonding between fiber and
ﬁber is deteriorated because of the continuous increase
in nano Cu2O deposition, which eventually leads to a
decrease in the tensile index of the nano-Cu2O-loaded
paper sheet.

Under dark conditions, only physical adsorption of

3.1.3 Effect of reaction time
The effect of reaction time on the HCHO removal ratio,

HCHO by the nano-Cu2O-loaded paper sheet occurred;

nano Cu2O deposition ratio, and tensile index of nano-

there was no photocatalytic degradation of HCHO.

Cu2O-loaded paper sheets was studied, and the results

Therefore, the HCHO removal ratio of the nano-Cu2O-

are shown in Fig.5. Under visible light irradiation, the

loaded paper showed a large difference when placed

HCHO removal ratio increased with increasing reaction

under visible light than it did under dark conditions.

time, reached the maximum value at 60 min, and then

With increasing reaction temperature, the swelling and

leveled off (Fig.5(a)). It can be seen from Fig.5(b) that

ﬂexibility of cellulose ﬁbers increased, which resulted

the nano Cu2O deposition ratio had the same trend
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100

90

80

HCHO removal ratio/%

HCHO removal ratio/%

90

100

(a)

Visible light
Dark

70
60
50
40
30
20
32

30

50

50
60
70
Absorption time/min

80

50
40

30
Cu2O deposition ratio/%

Cu2O deposition ratio/%

60

31

(b)

29
28
27
26

30

50

50
60
70
Reaction time/min

80

90

50

50
60
70
Reaction time/min

80

90

50

50
60
70
Reaction time/min

80

90

(b)

29
28
27
26
25
24

30

50

50
60
70
Absorption time/min

80

90

(c)

23
8.5

7.5

30
(c)

8.0

7.0

7.5

6.5

7.0
6.5

6.0

6.0

5.5
5.0

Visible light
Dark

70

20

90

30

8.0

80

30

31

25

(a)

5.5

30

50

50
60
70
Absorption time/min

80

90

Other conditions: CuSO4 dosage 8 g, NaOH dosage 1.6 g,
reaction temperature 80℃, and reaction time 60 min.

Fig.4 Effect of Cu2+ absorption time on the HCHO removal
ratio (a), nano Cu2O deposition ratio (b), and tensile index of
nano-Cu2O-loaded paper sheets (c)

as the HCHO removal ratio. It was apparent that the
HCHO removal ratio depended on the nano Cu 2O

5.0

30

Other conditions: CuSO4 dosage 8 g, NaOH dosage 1.6 g,
Cu2+ absorption time 60 min, and reaction temperature 80℃.

Fig.5 Effect of reaction time on HCHO removal ratio (a), nano
Cu2O deposition ratio (b), and tensile index of nano-Cu2O-loaded
paper sheets (c)

to increase and the paper porosity to decrease with

deposition ratio under visible light irradiation. Under

increasing reaction time. The decrease in the paper

dark conditions, the HCHO removal ratio gradually

porosity greatly reduces the adsorption capacity of the

decreased with increasing reaction time (Fig.5(a)).

paper with respect to the HCHO gas. It can also be seen

This occurred because the swelling and flexibility of

from Fig.5(c) that when the reaction time increases,

cellulose fibers increased, causing the paper density

the tensile index of nano-Cu 2O-loaded paper sheet
Vol.4, No.3, 2019
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decreases gradually. The reason for this is that the
a decrease in the number of hydrogen bonds formed
between fiber and fiber, resulting in a decrease in the
mechanical strength of the paper. Based on the results
above, the optimal reaction time was determined to be
60 min.

100
HCHO removal ratio/%

increase in the amount of nano Cu2O deposited causes

increasing CuSO4 dosage, reached a plateau of 96.7%
when the CuSO4 dosage was 8 g, and then remained
essentially unchanged (Fig.6(a)). From Fig.6(b), it is
clear that the nano Cu2O deposition ratio also increased
with increasing CuSO4 dosage. Under dark conditions,
the HCHO removal ratio slightly increased with
increasing CuSO4 dosage (Fig.6(a)). CuSO4 is a kind
of strong acid-weak base salt. Therefore, the alkalinity
of the reaction system decreased with increasing
CuSO4 dosage, while at the same time, the swelling
and ﬂexibility of cellulose ﬁbers decreased; therefore,
the paper density decreased and the paper porosity
increased. As shown in Fig.6(c), as the amount of
CuSO4 increased, the tensile index of the nano-Cu2Oloaded paper decreased gradually. This is because nano
Cu2O is deposited by forming hydrogen bonds with
the hydroxyl groups on the ﬁbers. The increase in the
deposition amount deteriorates the hydrogen bonds
formed between ﬁber and ﬁber, so that the tensile index

Visible light
Dark

70
60
50
40

32
31
Cu2O deposition ratio/%

irradiation, the HCHO removal ratio increased with

80

20

ratio, nano Cu2O deposition ratio, and tensile index
the results are shown in Fig.6. Under visible light

90

30

3.1.4 Effect of CuSO4 dosage
The effect of CuSO4 dosage on the HCHO removal
of nano-Cu2O-loaded paper sheets was studied, and

(a)

4

6

8
10
CuSO4 dosage/g

12

6

8
10
CuSO4 dosage/g

12

6

8
10
CuSO4 dosage/g

12

(b)

30
29
28
27
26
25
24
23
22
9.0
8.5

4
(c)

8.0
7.5
7.0
6.5
6.0
5.5
4

Other conditions: NaOH dosage 1.6 g, Cu2+ absorption time
60 min, reaction time 60 min, and reaction temperature 80℃.

Fig.6 Effect of CuSO4 dosage on HCHO removal ratio (a),
nano Cu2O deposition ratio (b), and tensile index of nano-Cu2Oloaded paper sheets (c)

of nano-Cu2O-loaded paper sheets decreased. Based on

irradiation, the HCHO removal ratio first increased

the above discussion, the optimum CuSO4 dosage was

and then decreased with increasing NaOH dosage, and

determined to be 8 g.

reached the highest value of 96.8% at 1.6 g (Fig.7(a)).
However, the nano Cu 2 O deposition ratio kept
increasing with increasing NaOH dosage (Fig.7(b)).

3.1.5 Effect of NaOH dosage
The effect of NaOH dosage on the HCHO removal

The photocatalytic capacity of nano-Cu 2O-loaded

ratio, nano Cu 2O deposition ratio, and tensile index

paper sheets increased with increasing nano Cu 2O

of nano-Cu2O-loaded paper sheets was studied, and

deposition ratio. Conversely, high alkalinity led to the

the results are shown in Fig.7. Under visible light

irreversible generation of CuO in the reaction system,

08
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increased and therefore the paper density increased

HCHO removal ratio/%

100 (a)
90

and the paper porosity decreased. Based on the above

80

results, the optimal NaOH dosage was determined to
be 1.6 g. The decrease in the tensile index of the nano-

70
Visible light
Dark

60
50

Cu2O-loaded paper is mostly due to an increase in the
nano Cu2O deposition amount, resulting in weakening

40

of hydrogen bonds between ﬁber and ﬁber.

30

Cu2O deposition ratio/%

20

In summary, the optimum preparation conditions of
0.8

1.2

1.6
2.0
NaOH dosage/g

2.4

nano-Cu2O-loaded paper are as follows: 2 g (oven-dry
basis) cellulose ﬁbers CuSO4 dosage 8 g, NaOH dosage

34 (b)

1.6 g, temperature 80℃, 60 min for Cu2+ absorption,

32

and 60 min for reaction. Under the optimum conditions,
the Cu2O deposition ratio was close to 30% and the

30

obtained nano-Cu 2O-loaded paper had the highest

28

catalytic capacity for HCHO of approximately 97%

26

at high concentrations of HCHO (113.9 mg/m3). The

24

Nano-Cu 2O-loaded paper has stable photocatalytic

22

performance, so it can be repeatedly used to degrade
0.8

1.2

1.6
2.0
NaOH dosage/g

2.4

HCHO.
3.2

10 (c)

FT-IR characterization

FT-IR analysis was performed to reveal the reactive
sites during in situ synthesis and examine the

9
8

interaction between Cu 2O nanoparticles and cellulose

7

fibers. The FT-IR spectra of original paper and nano-

6

Cu 2O-loaded paper samples are shown in Fig.8. In
the curve of the nano-Cu2O-loaded paper sample, a

5
0.8

1.2

1.6
2.0
NaOH dosage/g

2.4

Other conditions: CuSO4 dosage 8 g, Cu2+ absorption time
60 min, reaction time 60 min, and reaction temperature 80℃.

weak band at 459 cm-1 is assigned to the metal-oxygen
vibrational bond. The peak at 598 cm-1 is related to
Cu(I)—O vibration of Cu2O nanoparticles [43-44]. The

Fig.7 Effect of NaOH dosage on HCHO removal ratio (a),
nano Cu2O deposition ratio (b), and tensile index of nano-Cu2Oloaded paper sheets (c)

Original paper

and the photocatalytic activity of CuO is far weaker

Nano-Cu2Oloaded paper

than that of Cu2O. Therefore, it was observed that the

increasing NaOH dosage (Fig.7(a)), as the alkalinity of
the reaction system increased with increasing NaOH
dosage, the swelling and flexibility of cellulose fibers

4000 3500

Fig.8

895
598
459

the HCHO removal ratio slightly decreased with

1637
1430
1236

3587
3389

with increasing NaOH dosage. Under dark conditions,

2901

HCHO removal ratio ﬁrst increased and then decreased

3000 2500 2000 1500 1000

500

FT-IR spectra of original paper and nano-Cu2Oloaded paper samples
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characteristic peaks at 3389, 2901, 1430, 1236 and
895 cm

-1

that appeared in both samples are typical

(a)

Cu

O

bands of cellulose ﬁbers. The peak at 895 cm-1 can be
assigned to C—O—C stretching vibration, and that at
1236 cm-1 in the spectrum of nano-Cu2O-loaded paper
corresponds to C—O vibration. The bands at 1430

Nano-Cu2O-loaded paper

C

and 2901 cm -1 are assigned to H—C—H and C—H

S

stretching vibration of cellulose ﬁbers. The strong band
-1

at 3389 cm corresponds to stretching vibrations of the

0

Original paper
200

400
600
800 1000
Binding energy/eV

hydroxyl groups of cellulose fibers. The peak at 1645
cm-1 is from the absorbed water of cellulose ﬁbers and

1200

1400
(b)

Cu2p3

-1

moved to a lower wave number (1637 cm ) because
of —OH deformation vibration. The weak peak at
Cu+

3587 cm-1 is related to the hydroxyl groups occupied
with Cu2O nanoparticles

[41, 45]

, which further shows

that the hydroxyl groups were the active sites during
in situ synthesis and that a strong interaction existed
between cellulose ﬁbers and Cu2O nanoparticles. In situ

Nano-Cu2O-loaded paper
925

deposition of nano Cu2O particles did not change the
chemical structure of cellulose ﬁbers.
3.3

Cu2+

XPS characterization

The XPS spectra of original paper and nano-Cu 2Oloaded paper samples are shown in Fig.9(a). There was

loaded paper sample also contained a small amount of
S. The elemental percentages for the original paper and
nano-Cu2O-loaded paper samples are shown in Table 1.
The percentage of Cu on the surface of the nano-Cu2Oloaded paper sample was 10.27%. Accordingly, it can
be deduced that the amount of nano Cu2O deposited on
the surface of nano-Cu2O-loaded paper is about 11.56%.
In other words, approximately 0.3 g of nano Cu2O was
deposited on the surface of 2 g oven-dry cellulose ﬁbers.
The high-resolution XPS spectrum of the Cu2p core
level of the nano-Cu2O-loaded paper sample is shown in
Fig.9(b). The spectrum clearly indicates that Cu2p can

935
940
Binding energy/eV

945

950

Fig.9 XPS survey spectra of original paper and nano-Cu2Oloaded paper samples (a) and XPS spectrum of Cu2p (b)
Table 1 XPS results for elemental atomic percentages of
original paper and nano-Cu2O-loaded paper samples

an obvious Cu element peak at 933.8 eV in the nanoCu2O-loaded paper sample. In addition, the nano-Cu2O-

930

Sample

Elemental atomic percentage/%
C1s

O1s

Cu2p3

S2p

Original paper

61.60

38.40

0

0

Nano-Cu2O-loaded paper

42.50

43.43

10.27

3.80

surface of cellulose ﬁbers. When the NaOH dosage was
low, Cu(OH)2 was generated in the reaction system and
was further converted to Cu2O and in situ deposited on
the ﬁber surface[41]. However, when the NaOH dosage
was excessive, excess OH - in the reaction system
further reacted with the generated Cu(OH)2 to form
[Cu(OH)4]2-, which were subsequently hydrolyzed to
generate nano CuO[41].
3.4

SEM observation

be divided into two peaks. The two peaks, with binding

The morphology and structure of the two samples were

energies at 935.38 eV and 934.38 eV, correspond to

revealed by SEM (Fig.10). The surface of the original

Cu2+ and Cu+, respectively[23]. It is possible that both

paper sample was smooth (Fig.10(a) and Fig.10(c)),

nano Cu 2 O and nano CuO were deposited on the

but high-magnification SEM images (Fig.10(b) and

10
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a

reflection of Cu 2 O, in which the

b

diffraction peaks at 2q =29.6°,
36.5°, 42.4°, 61.5°, and 73.7°can
be indexed to the (110) (111) (200)
(220), and (311) planes of Cu 2 O,
respectively. In addition to the peaks
of Cu2O, diffraction peaks for CuO
c

(2q = 35.5°, 39.8°, and 53.6°) and
Cu(OH)2 (2q =16.5°and 22.7°) are

d

also observed, indicating that a mixed
phase of Cu2O, CuO, and Cu(OH)2 is
formed[46-48].
3.6

Hydrophobicity and antibacterial
property of nano-Cu2O-loaded
paper

The hydrophobicity of the nanoFig.10

SEM images of original paper sample (a, c) and nano-Cu2O-loaded
paper sample (b, d)

Fig.10(d)) indicate that the external surface of the nanoCu2O-loaded paper sample was rough. Rod-like Cu2O
nanoparticles were synthesized and deposited on the
surface of cellulose ﬁbers.
3.5

Cu 2 O-loaded paper sample was
compared with that of the original
paper sample by measuring the

contact angle of water droplet. In Fig.12(a), it can
be clearly seen that water droplet penetrated into the
interior of the original paper sample; the contact angle
on the original paper sample was 0, but nano-Cu 2O-

XRD characterization

The corresponding XRD patterns of the two samples
are shown in Fig.11. The XRD pattern of the original

loaded paper showed a spherical water droplet with a
contact angle of 98.00°(Fig.12(b)). Nano-Cu2O-loaded
paper was hydrophobic not only because nano Cu2O

paper sample shows strong diffractions at 2q =15.11°,
16.4°, 22.6°, and 34.5°, corresponding to the (110) (110)

has a certain degree of hydrophobicity but also because

(200), and (004) lattice planes of cellulose, respectively.

water to penetrate easily into the paper sample.
The antibacterial properties of the original paper
and nano-Cu2O-loaded paper samples were examined

(311)

(220)

(110)
(111)
(200)

The XRD patterns clearly exhibit the characteristic

the presence of Cu2O clusters and aggregates impede

against both Gram-positive S. aureus and Gram-negative
E. coli using the disc diffusion method by measurement

Nano-Cu2O-loaded paper

of the diameter of the zone of inhibition. The original
paper sample showed no zone of inhibition against
either S. aureus or E. coli (Fig.12(c) and Fig.12(e)).
However, an inhibition zone was clearly observed with

Original paper
10

Fig.11

20

30

40
50
2 /(°)

60

70

80

XRD patterns of original paper sample and nanoCu2O-loaded paper sample

nano-Cu2O-loaded paper (Fig.12(d) and Fig.12(f)).
The results showed that nano-Cu2O-loaded paper had
noticeable antibacterial activity against both S. aureus
and E. coli.
Vol.4, No.3, 2019
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(a)

(b)

In situ deposition of rod-like nano Cu2O particles did
not change the chemical structure of cellulose fibers.
This deposition may have been accompanied by the
formation of nano CuO particles during the preparation
of nano-Cu 2 O-loaded paper. Nano-Cu 2 O-loaded
paper has great potential for application in removing

(c)

indoor HCHO because of its simple preparation and

(d)

regeneration, low cost, safety, and high activity at room
temperature.
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