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ABSTRACT

ACF/ZnO photocatalyst was synthesized by a sol-gel method using activated carbon fiber (ACF) and Zn (NO
3
)
2
 as precursors.

Samples were characterized by Brunauer-Emmett-Teller measurements (BET), scanning electron microscope (SEM), X-ray dif-

fraction (XRD), and energy dispersive X-ray (EDX). The XRD results showed that ACF/ZnO composites only included a hexagonal

phase by heat-treated temperature at 400oC, 500oC, 600oC, and 700oC. The SEM analysis revealed that the ACF/ZnO composites

did not exhibit any morphological changes of the catalyst surface according to the different heat-treated temperatures. The

photocatalytic activity of the samples was tested for degradation of methylene blue (MB) solutions under ultraviolet (UV) light

and ultrasonication respectively. The results showed that the photocatalytic activity of ACF/ZnO composites heat-treated at 500oC

was higher than other samples, which is ascribed to the fine distribution of ZnO particles on the surface of the ACF. In addition,

an ultrasound of low power (50 W) was used as an irradiation source to successfully induce ACF/ZnO composites to perform

sonocatalytic degradation of MB. Results indicated that the sonocatalytic method in the presence of ACF/ZnO composites is an

advisable choice for the treatments of organic dyes.
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1. Introduction

he excess use of various dyes in the textile industry

has led to severe surface water and groundwater

contamination by releasing toxic and colored effluents. This

is significant due to increasing amount, variety, and

resistance to biological destruction. Therefore, advanced

oxidation processes (AOPs), including peroxone, non-

thermal plasma, photo-Fenton, UV/O
3
, UV/H

2
O

2
, and UV/

ZnO, have been developed by many researchers to degrade

organic compounds in wastewater.1-4) In particular, due to

its high efficiency, low cost, and ease of use, semiconductor

photocatalysis has emerged as an important destructive

technology leading to the mineralization of most organic

pollutants. The use of TiO
2
 and ZnO as semiconductor

photocatalysts for environmental clean-up is of great

interest. As a promising semiconductor material with a

wide band gap of 3.37 eV and a large exciton binding energy

(60 meV) at room temperature,5) ZnO has received widespread

attention as an optoelectronic material for the photocatalytic

degradation of organic pollutants under UV light.6) 

Previously, photocatalytic degradation used UV light to

induce semiconductor catalysts, which consumed a great

deal of energy. Thus, sonocatalytic degradation to treat

various wastewaters has become increasingly popular in

ultrasonic irradiation systems. The sonocatalytic

degradation of some organic pollutants in an aqueous

solution using TiO
2
 or ZnO powder has been reported.7,8)

The sonocatalytic method can resolve low utilization

efficiency of UV light due to ultrasonic irradiation as the

excited energy and can take the place of UV light

irradiation. In this present work, the possibility of perfect

sonocatalytic activity of ACF/ZnO composites was investigated

through the degradation of MB. 

ACF-supported ZnO has advantages such as high BET

surface area and micropore volume.9) It can put pollutants

in the water adsorbed on the side. The combination with

TiO
2
 can concentrate on the decomposition of pollutants.

Therefore, many researchers have reported a synergistic

effect for ACF-supported TiO
2
 systems,10-12) such as high

adsorptive ability and photosensitivity, where ACF/ZnO

was selectively used.

 In the current study, the degradation of MB using ZnO/

ACF composites synthesized with different heat treatment

temperatures under UV and ultrasonic irradiation systems

was evaluated to examine high degradation efficiency.

2. Experimental Procedures

2.1. Materials

Activated Carbon Fiber (ACF) was purchased from EAST

T
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ASIS Carbon Fibers Co., Ltd, (Anshan, China). Zinc nitrate

(Zn [NO
3
]
2
) as a zinc source was purchased from Duksan

Pure Chemical Co., Ltd, (Korea). Ammonium hydroxide

(NH
4
OH) was purchased from Daejung Chemicals & metals

Co., Ltd, (Korea). Analytical grade MB was purchased from

Duksan Pure Chemical Co., Ltd, (Korea).

2.2. Preparation of samples

ACF/ZnO composites were prepared by a sol-gel route as

follows: 2 g ACF power was added to 50 ml 0.1 M Zn (NO
3
)
2

solution and the mixtures were stirred at room temperature;

5 ml NH
4
OH (25%~28%) was slowly added to the mixtures.

The reaction vessel was sealed and vigorously stirred for 5h.

Then, the homogeneous mixtures were heat-treated at

400oC, 500oC, 600oC, and 700oC for 1h respectively, and

ACF/ZnO composites were obtained. The nomenclatures

and method of the samples are described in Table 1.

2.3. Characteristics and investigations of the samples

The BET surface area by N
2
 adsorption method was

measured at 77 K using a BET analyzer (Monosorb,

Quantachrome Instruments Ltd., USA). The XRD (XD-D1

Shimadz Ltd., Japan) result was used to identify the

crystallinity by Cu Kα radiation. SEM (JSM-5200 JOEL

Ltd., Japan) was used to observe the surface state and

structure of the ACF/ZnO composites. EDX (JSM-5200

JOEL Ltd., Japan) spectra were also obtained to determine

the elemental information of ACF/ZnO composites. Charac-

terization of Methylene blue (C
16

H
18

N
3
S, MB) in water was

determined by the following procedure. An ACF/ZnO pow-

dered sample of 0.05 g was dispersed in an aqueous solution

at a concentration of 1.0×10-5 mol/L in a dark atmosphere

at room temperature. Each concentration was measured as

a function of UV and the ultrasonic irradiation time from

the absorbance in the range of 650 nm wavelength of MB,

as measured by the UV-vis (Optizen Pop Mecasys Co., Ltd.,

Korea) spectrophotometer, and Controllable Serial-

Ultrasonics apparatus (VCX750, USA), was adopted to

irradiate the MB solutions, operating at an ultrasonic

frequency of 160 kHz and an output power of 50 W through

manual adjusting. 

2.4. Photocatalytic activity 

For degradation of MB, the initial concentration was set

to approximately 1.0×10-5 mol/L. Then, each of the 0.05 g

composite photocatalysts (as listed in Table 1) was used to

degrade the MB. For UV irradiation, a UV lamp (20 W,

365 nm) was used at a distance of 100 mm from the solution

in a dark box. After irradiation at 0 min, 30 min, 60 min,

90 min, and 120 min, the samples were examined to test the

change of MB concentration to compare the different photo-

catalytic effects between the ACF/ZnO composites. Specifically,

by sampling 3 mL of solution after removal of the dispersed

powders using a centrifuge, the concentration of MB in the

solution was determined as a function of irradiation time

from the absorbance change. For ultrasonic irradiation,

which was conducted with ultrasonic generators and

operated with a fixed frequency of 160 kHz, the reactions

were carried out in an open cylindrical stainless glass

reaction vessel (diameter: 100 mm), which was directly

connected to the ultrasonic transducer (diameter: ~80 mm).

All tests were performed at room temperature and under

atmospheric pressure. Ultrasonic irradiation times of 0 min,

30 min, 60 min, 90 min, and 120 min and a total volume of

50 mL were adopted to review the sonocatalytic activity of

ACF/ZnO composites. The whole experimental apparatus is

shown in Scheme 1.

3. Results and Discussion

3.1.  Surface characteristics

The ACF/ZnO catalysts synthesized with ordinal increasing

temperature from 400oC to 700oC were denoted as AZ4,

AZ5, AZ6, and AZ7. The BET surface area of the original

ACF was 1842 m2/g, which decreased greatly to about

900 m2/g when the ACF/ZnO composites were formed.

Table 1. Nomenclatures of ACF/ZnO Composites

Preparation method Temperature Nomenclatures

ACF+Zn(NO
3
)
2
+NH

4
OH 400oC AZ4

ACF+Zn(NO
3
)
2
+NH

4
OH 500oC AZ5

ACF+Zn(NO
3
)
2
+NH

4
OH 600oC AZ6

ACF+Zn(NO
3
)
2
+NH

4
OH 700oC AZ7

Table 2. Specific BET Surface Areas of Pristine ACF and
ACF/ZnO Composites

Sample S
BET 

(m2/g)

Pristine ACF 1842

AZ4 798

AZ5 762

AZ6 1084

AZ6 987

Scheme 1. Illustration of experimental apparatus. (1): ultra-
sonic transducer, (2): reactor and (3): controls.
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These BET surface areas are summarized in Table 2. There

were large changes in the micropore size distribution for

ACF/ZnO composites compared to that of the corresponding

ACF, which was associated with the partial blocking of

micropores by the formation of ZnO on the ACF surface.

However, for ACF/ZnO composites heat-treated at different

temperatures, the variation of surface parameters was

likely caused by the blocking of the micropores by intro-

duction of surface complexes. 

SEM imagines of ACF/ZnO catalysts heat-treated at

different temperatures are shown in Fig. 1. The ZnO

particles were immobilized on the surface of ACF in all of

the images, but they were different. In Fig. 1 (e)~(h), we can

clearly see that the ACF/ZnO composites heat-treated at

600 and 700oC exhibited difficulty in forming a uniform dis-

tribution of ZnO particles on the ACF surface. Rather small

clusters of irregularly shaped TiO
2
 crystals spread over the

ACF surface, and the interstices among crystalline particles

provided an ideal pathway for the transport and adsorption

of organic molecules, which was consistent with the N
2

adsorption experiment. As shown in Fig. 1 (a) and (b), the

ZnO particles were thickly agglomerated on the surface of

the ACF and some adjacent fibers were connected to each

other by ZnO
 
particles. Generally, good particle dispersions

can produce high photocatalytic activity. By contrast, as

seen in Fig. 1 (c) and (d), ACFs were covered with a dense

layer of ZnO particles and no free particles were found. The

ZnO nanoparticles deposited on the surface of the ACFs

were separated and the particle size was uniform. The

binding between ZnO and the ACF surface was tight

enough to resist repeated ultrasonication.

Fig. 2 illustrates the XRD patterns of the ZnO/ACF

composites heat-treated at different temperatures. A single

ZnO phase was contained in all samples, indicating that

crystalline phase transition did not occur at temperatures

between 400~700oC. Results showed that all the peaks of

the composites were distinguishable. The diffraction angles

at 2θ = 32.08o, 34.66o, 36.55o, 47.78o, 56.80o, 63.07o, 68.16o,

and 69.37o can be assigned to (100), (002), (101), (102), (110),

(103), (112), and (201) crystal planes of pure ZnO with

hexagonal structure.13) However, the ZnO crystallites kept

growing with an increase of the heat-treatment temperature,

which can be attributed to the increased crystallite size of

ZnO. The average crystalline size can be deduced using the

Scherrer method.14)

L=Kλ /βcosθ

where D is the crystallite size of ZnO, K (0.89) is the

constant, λ is the X-ray wavelength of Cu Kα radiation

(0.154 nm), and θ is the Bragg angle; and where β is the

observed angular width at half maximum intensity

(FWHM) of the peak with

β2=β
1

2
−β

0

2 

β
1 
is the measured line width at half maximum and β

0
 the

Fig. 1. SEM images of ACF/ZnO composites: AZ4: (a)×2000,
(b)×5000; AZ5: (c)×2000, (d)×5000; AZ6: (e)×2000,
(f)×5000 and AZ7: (f)×2000, (g)×5000.

Fig. 2. XRD patterns of ACF/ZnO composites heat treated at
different temperatures: (a) 400oC, (b) 500oC, (c) 600oC,
and (d) 700oC.
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instrumental broadening, β
0
= 0.16o with the apparatus

used.15) Any contributions to broadening due to non-uniform

stress were neglected and the instrumental line width in

the XRD apparatus was subtracted. The results are listed in

Table 3. As the heat-treatment temperature increased, the

ZnO crystallites continued to grow.

Fig. 3 shows the EDX spectra of the ACF/ZnO composites.

These spectra show the presence of peaks from the C and O

elements and strong peaks of the Zn element. 

3.2. Effect of heat treatment temperature on photo-

catalytic activity

Photocatalystic activity of ACF/ZnO composites heat-

treated at 400~700oC was determined under UV irradiation

and ultrasonication. Results are given in Fig. 4 and 5. Due

to different particle distribution phenomena with an

increase of heat-treatment temperatures (confirmed with

SEM results), it was concluded that adsorption capability

decreases with a fine-particle distribution at 500oC which

was due to the decrease of surface area. However, according

to the former study, the sorption of the dye is an important

parameter in determining photocatalytic degradation

rate.16) Generally, it has been reported that good adsorption

ability can provide high photocatalytic activity, but in our

current experiment, it was observed that the highest

photocatalytic activity occurred with lower adsorption

capability, as shown in Fig. 4. The ACF/ZnO composite heat-

treated at 500oC was the best catalyst under UV light. From

the results shown in Fig. 1 (c) and (d), it was concluded that

in spite of the ZnO excellent coating on the fibers, the ZnO/

ACF retained the same spatial distribution; there were no

adjacent fibers connected to each other by the ZnO particles

deposited. Thus, it can be concluded that the larger inner

space between neighboring fibers created a 3-D environ-

ment that enabled the transport of chemical species in ques-

tion and UV irradiation. 

Fig. 5 shows the results of the removal of MB by the

ultrasonication at different times. The degradation ratios of

MB in the presence of the ACF/ZnO composites heat-treated

at 500oC increased rapidly and attained 60% within

120 min under ultrasonication, while the degradation ratios

of MB under ultrasonication in the ACF/ZnO composites

heat-treated at 400oC, 600oC, and 700oC were ~53% at the

same ultrasonication time respectively. These results

indicate that the sonocatalytic ability can also be degraded

in MB solution, which can affect particle distribution.

3.3. Comparison of degradation rate of MB under

UV irradiation and ultrasonication

Fig. 6 shows the dependence of relative concentrations of

MB in the aqueous solution ln Abs (max)c/Abs(max)c
0
 on UV

and ultrasonic irradiation time for ACF/ZnO composites

heat-treated at 500oC. The catalytic reaction can be simply

described by pseudo-first order kinetics, and the represen-

Table 3.Crystallite Size of the ZnO Heat Treated at Different
Temperatures

Heat treatment temperature (oC) Crystalline size (nm)

400 16.5

500 24.3

600 32.3

700 43.7

Fig. 3. EDX elemental microanalysis of ACF/ZnO composites.

Fig. 4. Photodegradation of MB in the presence of UV light
only ACF/ZnO composites.

Fig. 5. Sonodegradation of MB under ultrasonic irradiation
on ACF/ZnO composites.
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tation for the rates of degradation of MB is given by: 

C/C
0
=kT

where C and C
0
 are the initial concentration of MB, T is the

irradiation time, and k denotes the overall degradation rate

constant. As shown in Fig. 6, the degradation rate of MB on

the ACF/ZnO composites heat-treated at 500oC under UV

irradiation (K=0.0061 min-1) was higher than that of

ultrasonic irradiation (K=0.0044 min-1). In a comparison of

photocatalysis and sonocatalysis, all reactions were carried

out under the same reaction conditions, such as the same

pH and temperature for photolysis and sonolysis. The

results show that the sonocatalytic activity of ZnO/ACF is

lower than that of direct photolysis by ZnO/ACF. It is

suggested that the electrons generated on the ZnO particle

surface play an important role in the similar effect between

UV irradiation and ultrasonication.

However, until now, there has been no ready-made

mechanism and satisfying explanation for the sonolysis of

organic pollutants in the presence of various catalysts.

Possibly, the following two points of view, namely,

sonoluminescence and “hot spot”, can explain the sonolysis

of organic dye in the presence of ZnO catalyst.17) First,

ultrasonic irradiation can form light with a comparatively

wide wavelength range below 375 nm.7) Thus, it can excite

the ZnO particle as a photocatalyst to produce holes and

electron pairs; subsequently, a great deal OH• and O
2

-•

radicals with high oxidative activity are formed on the

surface of the ZnO particles. Secondly, as is well known, the

temperature of “hot spots” produced by ultrasonic activation

in a water medium can achieve 105oC or 106oC, and that

such high-temperatures create many holes producing OH•

radicals on the surface of the ZnO particles. The detailed

mechanism remains to be elucidated. The possible reaction

mechanism of sonolysis18) on ACF/ZnO composites is shown

in Fig. 7. 

On the other hand, the ACFs can be beneficial for

degradation of MB dye under ultrasonication as shown in

Fig 6. The degradation effect of MB on pristine ACF under

ultrasonication (K=0.001 min-1) is clearly higher than that

under UV irradiation (K=0.00029 min-1); it can be

concluded that the adsorption capability of ACF is increased

by ultrasound. Thus, the degradation rate of ACF/ZnO

composites heat-treated at 500oC under ultrasonication was

slightly higher than that of UV irradiation within the initial

30 min.

4. Conclusions

ACF/ZnO composites were successfully prepared by a sol-

gel method. Only the hexagonal phase was detected by XRD

results for ACF/ZnO composites heat-treated at temperatures

between 400~700oC. The effect of heat-treatment temperature

on photolysis and sonolysis activity for ACF/ZnO composite

heat-treated at 500oC under UV irradiation and ultrasonication

was the best catalyst. Otherwise, from the results of

degradation rate, the degradation rate of MB on the ACF/

ZnO composites under UV irradiation was higher than that

of ultrasonication.
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