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Abstract. Mn–TiO2-loaded wooden activated carbon fibers (Mn/TiO2-WACF) were prepared through
sol–gel and impregnation methods and characterized by X-ray diffractometer, scanning electron micro-
scope, Fourier transform IR spectrometer, and automatic adsorption apparatus to observe the influence of
load calcination temperature on its morphological structure and visible light photocatalysis performance.
Results showed that Mn doping elevated the phase transformation temperature (650-750°C) of TiO2 in
Mn/TiO2-WACF; the particle size of anatase TiO2 in the sample gradually enlarged with the increase of
calcination temperature. The N2 adsorbing quantity of Mn/TiO2-WACF sample initially increased and then
decreased as calcination temperature increased, and 650°C became the turning point of its N2 adsorbing
quantity. The degradation methylene blue solution for Mn/TiO2-WACF sample under visible light gradually
decreased with the increase of calcination temperature, and the methylene blue solution degradation by the
sample obtained under 450°C calcination temperature reached 93%.

Keywords: Wooden activated carbon fiber, TiO2, Mn doping, Calcination temperature, Specific surface
area and aperture, Visible light photocatalysis.

INTRODUCTION

As a major water consumer, the printing and
dyeing industry occupies 80-90% of the waste-
water quantity of the total water consumption; it
also belongs to the difficult disposition of in-
dustrial wastewater, which brings serious burden
on the environment. As a commonly used mac-
romolecular basic dyestuff, methylene blue has
always been considered as a target pollutant by
researchers in simulation experiment of waste-
water degradation in vial laboratories (Li et al

2008; Ma et al 2014a). Traditional chemical
precipitation method and gas flotation method
have poor effects and face serious challenges
(Tanaka et al 2000; Baban et al 2003). In recent
years, TiO2 semiconductor photocatalysis tech-
nology has developed rapidly; it has also been
evaluated as an ideal photocatalyst by scholars
and has become a research emphasis of waste-
water disposal technology by virtue of its various
advantages, such as stable physical–chemical
properties, strong redox capacity, high efficiency
and nontoxicity, mild reaction conditions, and
degradation of organic matters into CO2 and
H2O. However, the band gap (3.2 eV) of anatase* Corresponding author
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TiO2 is large, and only limited UV lights
(�387 nm) can excite electron transition, which
results in insufficient exertion of photocatalysis
(Tanaka et al 2000; Baban et al 2003; Chen and
Mao 2007). Moreover, the electron–hole pair
recombination that occurs during the photo-
catalytic process of TiO2 for photocatalytic effect
is insufficient. Conversely, used TiO2 powder
is faced with plight, making it difficult to
be recycled from the liquid reaction system.
Therefore, the modified TiO2 photocatalysis
material has become a research interest. In recent
years, scholars have found that the transition
metal ion doping technology can realize TiO2

modification (Fu et al 2004; Li et al 2006; Gong
et al 2012). For example, after Co doping into the
TiO2 membrane, the band gap of TiO2 was
narrowed from 3.1 to 2.8 eV (Subramanian et al
2008). However, few research on Mn–TiO2

photocatalysis effect is available (Wang et al
2009; Naeem and Feng 2010).

In the present study, a Mn–TiO2-loaded wooden
activated carbon fiber (Mn/TiO2-WACF) pho-
tocatalysis composite material was prepared by
considering the WACF as a carrier and adopting
the sol–gel and impregnation methods (Li andMa
2013; Ma et al 2014b). Scanning electron mi-
croscope (SEM), X-ray diffractometer (XRD),
Fourier transformation IR (FTIR) spectrometer,
and specific surface area and apertometer were
used to observe the influence of load calcination
temperature on the morphological structure and
visible light photocatalysis performance of the
Mn/TiO2-WACF composite material.

MATERIALS AND METHODS

Materials

10.2 g of butyl titanate was weighed and slowly
poured into 90mL of absolute ethyl alcohol under
violent stirring. The solution noted as A, which
was colorless and transparent, was placed into
a magnetic stirring for 30 min. Then, 2.182 g of
distilled water and 2 mL of glacial acetic acid
were successively poured into 60 mL of absolute
ethyl alcohol; this solution was dissolved in 3-mL
MnSO4$H2O solution with a concentration of

17 g/L, thereby obtaining solution B. Solution B
was slowly poured into solution A under constant
stirring and was then left to stand and age under
a constant temperature of 40°C for a certain
period. A yellowish emulsion colloid, Mn–TiO2

gel, was obtained.

A certain amount of self-madeWACFwas evenly
immersed into a colloid, which had been suc-
cessfully prepared. The solution was taken out
after vibration and left standing for 30 min. It was
then placed into a vacuum tube-type stove after
the drying process under 105°C for 1 h. Mn/TiO2-
WACF photocatalysis composite material was
prepared after heat treatment for a certain period
under different calcination temperatures through
N2 with a flow rate of 100 mL/min. The calci-
nation temperatures of the five samples were set
as 450, 550, 650, 750, and 850°C.

Characterization of the Composite Material

SEM analysis. JSM-7500F cold field emission
SEM with a resolution of 3.0 nm and acceleration
voltage of 1 kV was adopted to characterize the
appearance and morphology diagrams of the
samples. After Mn/TiO2-WACF photocatalysis
composite material samples were placed into the
drying process, they were bonded on the sample
table to conduct surface vacuum metal spraying
and observe their surface morphologies.

XRD analysis. D/Max 2500 XRD (RIGAKU)
was adopted to measure the XRD spectral dia-
gram of the samples. The Cu Kα ray used was
λ ¼ 1.5405 nm, the tube voltage was 40 kV, the
tube current was 100 mA, the scanning angle
scope 2θ was 20-80°, and the scanning speed was
8° min�1.

According to Scherrer formula,

D¼ K1λ
β1=2 cosθ

: (1)

where D (nm) is the average diameter of TiO2 in
the photocatalysis samples, K1 is the shape factor
of the crystalline with a value of 0.89, λ is the
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wavelength of the X-ray with a value of
0.154 nm, β1/2 is the full width at half maximum
of the diffraction peak (rad), and θ is the dif-
fraction angle (°).

XA ¼ IA
ðIA þ 1:265=IRÞ (2)

Eq 2 calculates the XA content of the anatase
TiO2, where IA is the peak intensity of the anatase
crystal form (101 planes), and IR is the peak
intensity of the rutile crystal form (110 planes).

FTIR analysis. Nicolet 6700 FTIR (U.S.
Thermo Electron Corporation) was adopted to
measure the samples and obtain IR spectrum dia-
grams. The samples were tested through 1:300 KBr
disc technique, with a scanning time of 32, resolution
of 4 cm�1, and scanning range of 400-4000 cm�1.

Specific Surface Area and Aperture Analysis

ASAP-2020 automatic adsorption apparatus
(U.S. Micromeritics Instrument Corporation) was
used to measure the samples and obtain their
adsorption isotherms. N2 was used as the ad-
sorbate, and the adsorption was implemented
under liquid–nitrogen temperature at 77 K.
According to the obtained adsorption isotherms,
the Brunauer-Emmett-Teller (BET) and t-plot
methods were used to calculate the specific
surface area and the micropore specific surface
area and micropore volume of the samples, re-
spectively; the Horvath-Kawazoe (HK) and
Barrett-Joyner-Halenda (BJH) methods were
used to calculate the micropore and mesopore
diameter distributions, respectively.

Photocatalysis Performance Test

A 33-mg methylene blue medicine was weighed
and dissolved in 1000 mL of distilled water at
60°C and was then placed in a volumetric flask
for standby application. 10-mg Mn/TiO2-WACF
prepared under different calcination temperatures
was accurately weighed and then placed in
a beaker with 100 mL of methylene blue solution

with a concentration of 33 mg/L. The solutions
were placed in a black case and violently stirred by
a magnetic stirrer for 40 min until it reached ad-
sorption equilibrium. A UV-1600 spectrophotom-
eter (Shanghai MAPADA Instrument Co., Ltd,
Shanghai, China) was used to measure and record
absorbance A0 in the preliminary test under
a wavelength of 665 nm. The beakers filled with
samples were covered by 400-800 nm optical filters.
Under the conditions of illumination and magnetic
stirring, absorbance was measured every other
40 min using a spectrophotometer, and the de-
colorization ratio D was calculated as follows:

D¼A0 �A

A0
� 100%; (3)

where A0 is the solution absorbance before illu-
minance, and A is the solution absorbance at one
time.

RESULTS AND DISCUSSION

SEM Analysis

Figure 1 shows the SEM diagrams of the WACF
and Mn/TiO2-WACF samples. Mn–TiO2 was
evenly dispersed onto the WACF surface and
presented an anomaly and discontinuous lamel-
liform. Figure 1b and d show that the film
thickness of a single-loaded material photo-
catalysis at 450°C calcination temperature was at
the nanometer level, thereby makingWACF form
a good composite structure with Mn–TiO2. In
addition, bare base materials existed on the
WACF surface, which had reserved abundant
pore structures and provided advantages
for subsequent adsorption and photocatalysis
reaction.

XRD Analysis

Figure 2 shows the XRD spectral diagrams of the
Mn/TiO2-WACF materials prepared under
five different calcination temperatures. The
diffraction peaks of the (101), (004), and
(200) crystal planes of TiO2 anatase phase
when 2θ were 25.3, 38, and 48°, respectively,
and those of the (110), (101), and (111)
crystal planes of TiO2 rutile phase when 2θ
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were 27.4, 36.1, and 41.2°, respectively. The
TiO2 composition in the Mn–TiO2 photo-
catalysis composite material under 450, 550,
and 650°C calcination process belonged to
the anatase type, whereas the samples under

the 750°C calcination process contained an-
atase and rutile types, in which the anatase
type occupied about 10%. All TiO2 in the sample
under 850°C calcination process contained rutile
crystal forms. The Mn/TiO2-WACF samples started
at the crystal phase change at 650-750°C, and the
TiO2 prepared using the sol–gel method started at
approximately 550-650°C. Thisfinding indicates that
Mn doping was good for improving the heat re-
sistance stability of the TiO2 anatase.

Table 1 shows the average particle size and
content of anatase TiO2 in the samples prepared
under different calcination temperatures, which
were calculated using Eqs 1 and 2. Before the
anatase transformation occurred when the calci-
nation temperature was between 450 and 650°C,
the variations of calcination temperature had little
effect on the TiO2 particle size in the sample, and
the average particle size remained at approxi-
mately 27 nm. When calcination temperature was
within 650-850°C, the average particle size of
TiO2 had an increasing tendency with the

Figure 1. Scanning electron microscope diagrams of the (a) wooden activated carbon fibers (WACF) and (b-d) Mn/TiO2-
WACF samples at 450°C calcination temperature.

Figure 2. X-ray diffractometer diagrams of the Mn/TiO2-
wooden activated carbon fibers (WACF) samples under
different calcination temperatures.
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increase of calcination temperature. Because of
the unstable nature of anatase in the process of
high-temperature treatment, the crystal phase
transformation easily occurred. Meanwhile, an-
atase was transformed into rutile phase, which
had stable and easy agglomeration, thus exerting
influence on the particle size.

FTIR Analysis

The FTIR spectrum of the WACF and Mn/TiO2-
WACF samples after heat treatment under 450-
850°C is shown in Fig 3. At different calcination
temperatures, the IR spectrum of the Mn/TiO2-
WACF sample did not significantly change. With
the increase of calcination temperature, �OH
stretching vibration peak intensity within 3200-
3650 cm�1 of the sample initially decreased and
then increased, which indicated that the calci-
nation temperature influenced the number of
hydroxide radicals in the photocatalysis com-
posite material and played a significant role in the
TiO2 photocatalysis activity (Fox and Dulay

1993). IR absorption peaks around 879, 847,
and 621 cm�1 in theWACFwere produced by the
C–H bending vibration in the aromatic ring,
whereas IR absorption peaks in the Mn/TiO2-
WACF were produced by the combination of
Ti–O–Ti stretching and bending vibrations and
C–H out-of-plane bending vibration. With the
increase of calcination temperature increased,
the intensity of 879 cm�1 absorption peak
initially increased and then decreased. When
calcination temperature was <750°C, all TiO2

contained anatase and only contained rutile at
850°C.

Specific Surface Area, Pore Volume, and
Aperture Analysis

Figure 4 shows the adsorption/desorption iso-
therms of the WACF and Mn/TiO2-WACF at
different calcination temperatures. All the
adsorption/desorption isotherms of the WACFs
before and after loading belonged to the typical
type-I adsorption isotherms and their variation

Table 1. Relationship between the calcination temperature and particle size of anatase TiO2 in the Mn/TiO2-wooden
activated carbon fibers (WACF) samples.

Calcination temperature/°C 450 550 650 750 850
Average particle size (D(101))/nm 27 26 27 47 —

Anatase content (%) 100 100 100 10 0

Figure 3. Fourier transformation IR spectrum of the
wooden activated carbon fibers (WACF) and Mn/TiO2-
WACF samples with different calcination temperatures.

Figure 4. N2 adsorption/desorption isotherm of the
Mn/TiO2-wooden activated carbon fibers (WACF) samples
at different calcination temperatures.
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tendencies were similar. Carrier fiber and Mn/
TiO2-WACF at 650°C experienced obvious
hangover boosting phenomena and belonged to
the type I-B material. This result indicated an
uneven particle distribution or the appearance of
some mesopores and macropores. Other mate-
rials belonged to the type I-A. The N2 adsorption
quantity of the Mn/TiO2-WACF calcinated be-
low 650°C gradually increased with the increase
of calcination. When calcination temperature
increased from 650 to 750°C, the N2 adsorp-
tion quantity abruptly decreased because of the
anatase–rutile phase transformation of the
photocatalyst TiO2 in Mn/TiO2-WACF sample
that occurred at 650°C. This result indicated that
N2 adsorption quantity was influenced by the
crystal form variation of the photocatalyst TiO2.
Moreover, the N2 adsorption quantity of the
unloaded WACF sample was higher than that
of the Mn/TiO2-WACF sample because the
Mn–TiO2 photocatalyst had filled some pores on
the surface of the carrier fiber WACF to a certain
degree.

Table 2 shows the specific surface area, pore
volume, and pore radius measured using the N2

adsorption method of the Mn/TiO2-WACF and
WACF samples. Except the calcination tempera-
tures at 650°C, specific surface area and pore
volume of Mn/TiO2-WACF samples at other
temperatures were lower than those of WACF. For
Mn/TiO2-WACF samples prepared at the calci-
nation temperatures of 450-650°C, the SBET, Smic,
Smeso, Vtot, Vmicro, and Vmeso increased with the
increase of calcination temperature, which in-
dicated that the higher treatment temperature would
have the better effect of fiber carrier realizing

secondary pore-creating. But they would decrease
at 750°C because at the moment, stability of an-
atase TiO2 was damaged by high temperature, and
a large quantity of rutile appeared. TiO2 crystal
phase transformation would influence particle size
and agglomeration degree of photocatalyst and
then affecting surface area and pore volume of
fiber. Ratios of micropore volume and meshpore
volume of all Mn/TiO2-WACF samples would
firstly increase and then decrease as calcination
temperature increased because the loading process
conduced the second calcination of fiber. Under
high-temperature conditions, the fiber was con-
ducted the second activation by CO2 and H2O
gases formed by the carbonization of organic
matters which were volatilized by Mn-TiO2 pre-
cursor. And at calcination temperature below
550°C, higher temperature was more beneficial for
the micropores formation of activated carbon fiber,
whereas higher temperature above 550°C was
more beneficial for the formation of activated
carbon fiber mesopores.

Figure 5 shows the pore diameter distribution di-
agram of the WACF and Mn/TiO2-WACF under
different calcination temperatures. All samples
contained submicropore, micropore, and mesopore
with pore diameters between 0.5 and 3.0 nm,which
indicated that the loadedMn-TiO2 had no influence
on the pore diameter distribution of the carrier fiber.
A weak new peak appeared at 0.65 nm of the
sample at<850°C, which moved to the right of the
main peak position nearby 2 nm, and the peak
intensity increased. The sample had abundant
mesopores at 850°C, which the content and pore
diameter had expanding tendency; this result is
consistent with the data in Table 2. The 850°C

Table 2. Specific surface area, pore volume, and aperture parameters of wooden activated carbon fibers (WACF) and
Mn/TiO2-WACF at different calcination temperatures.

Sample
SBET

(m2 g�1)
Smic

(m2 g�1)
Smeso

(m2 g�1)
Vtot

(cm3 g�1)
Vmic

(cm3 g�1)
Vmeso

(cm3 g�1) Vmic/Vmeso
Pore

radius (nm)

WACF 1741.8 1272.1 530.3 0.846 0.581 0.294 1.98 1.94
450°C 1238.7 803.2 322.4 0.628 0.364 0.230 1.58 2.03
550°C 1427.5 935.9 354.5 0.709 0.428 0.235 1.82 1.99
650°C 1788.4 1156.4 467.2 0.909 0.529 0.335 1.58 2.03
750°C 1094.6 579.0 365.0 0.542 0.260 0.231 1.12 1.98
850°C 1477.7 547.6 1249.7 0.734 0.230 0.732 0.31 1.99

Note: SBET, BET surface area; Smic, micropore surface area; Smeso, mesopore surface area; Vtot, total pore volume; Vmic, micropore volume; Vmeso, mesopore
volume.
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calcination temperature was higher than the acti-
vation temperature (800°C) of the WACF, and the
second calcination of the 850°C sample was
equivalent to the second WACF activation.

Degradation Performance under Visible
Lights

To study the degradation performance under
visible lights of the Mn/TiO2-WACF prepared at
different calcination temperatures, methylene
blue solution was selected as a model in con-
ducting a photocatalysis degradation experiment.
Figure 6 shows the visible light degradation
curves of the methylene blue solution with
varying illumination time. The methylene solu-
tion degradation by Mn/TiO2-WACF sample
under visible lights gradually decreased with the
increase of calcination temperature mainly be-
cause the TiO2 crystal transformed from anatase
into rutile phase as calcination temperature in-
creased. In addition, after reacting for 280 min,
the methylene blue solution visible light degra-
dation rate by 850°C sample was higher than that
by the 750°C sample because the calcination
temperature influenced the pore structure of the
carrier material WACF.

CONCLUSIONS

Phase change occurred in the Mn/TiO2-WACF-
loaded TiO2 within 650-750°C calcination

temperature. Mn doping elevated the phase
change temperature of the TiO2 in the sample.
The particle size of the anatase TiO2 in the
sample gradually enlarged with the increase of
calcination temperature. The Ti–O–C bond ad-
sorption peak in the Mn/TiO2-WACF IR spectrum
initially increased and then decreased with the in-
crease of calcination temperature, and the calcina-
tion temperature at 750°C became a turning point of
the variations of this adsorption peak. The N2 ad-
sorption capacity of the Mn/TiO2-WACF sample
gradually increased under 650°C with the in-
crease of calcination temperature, which
abruptly decreased when temperature in-
creased to 750°C. The degradation of the methy-
lene blue solution by Mn/TiO2-WACF sample
gradually decreasedwith the increase of calcination
temperature, and the degradability of the sample
obtained at 450°C was superior.
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