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ABSTRACT

In this study, CdS combined activated carbon/TiO
2
 (CdS-AC/TiO

2
) composites were prepared by a sol-gel method to improve the

photocatalytic performance of TiO
2
. These composites were characterized by X-ray diffraction (XRD), scanning electron microscopy

(SEM), energy dispersive X-ray analysis (EDX) and UV-vis analysis. The photocatalytic activities were examined by the degradation

of methylene blue (MB) under visible light irradiation. The photodegradation rate of MB under visible light irradiation reached

90.1% in 120 min. The kinetics of MB degradation was plotted alongside the values calculated from the Langmuir-Hinshelwood

equation. The 0.2 CAT sample showed the best photocatalytic activity, which might be due to an increase in the photo-absorption

effect by activated carbon and the cooperative effect of CdS.
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1. Introduction

itanium dioxide (TiO
2
) is an important semiconducting

material that has been used in white pigments, cos-

metics, catalysts and carriers owing to its excellent physical

and chemical properties. One of its most important uses is

as a photocatalyst for some chemical reactions, particularly

for decontaminating water polluted with organic pollutants.

The TiO
2
/UV catalytic system is used widely in the hetero-

geneous photocatalytic process. There is general agreement

regarding the photocatalytic mechanism, i.e., TiO
2
 can generate

hole-electron pairs when it is irradiated with sufficient

energy, in which an OH-group and O
2 

is absorbed on the

surface of the catalyst and yield hydroxyl radicals and

superoxide radical ions, respectively. These species are

highly active and can oxidize organic compounds. TiO
2
 has

many advantages as photocatalysts, such as high activity,

good stability, low cost and little harm to humans. On the

other hand, the main drawback of TiO
2
 is the relatively

large band-gap (anatase: 3.2 eV, rutile: 3.0 eV). As a conse-

quence, TiO
2
 shows photocatalytic activity only in the near-

ultraviolet region and can harvest only a small fraction

(< 5%) of incident solar irradiation.1,2) Therefore, modifying

TiO
2
 photocatalysts to enhance light absorption and photo-

catalytic activity under visible light irradiation has become

a major research direction in recent years.

Recently, porous carbon materials have been used widely

in waste water treatment to remove a range of pollutants

because of their large surface area and high adsorption

capacity. Carbon-based TiO
2
 (CBT) composites have attracted

considerable attention and have become a very active field

of research due to their unique properties and promising

applications in pollution management. Thus far, the modifi-

cation techniques mainly involve doping TiO
2
 with transi-

tion metals such as Fe, Cu, Ni and W,3) sensitizing TiO
2
 by

adsorbed dyes,4,5) compounding TiO
2
 with semiconductors

with lower band-gaps and a more cathodic conduction band

(CB).6-10) When TiO
2
 is coated on porous carbon materials, the

large specific surface area will increase the binding to dyes.

The specific electronic properties of the composite, where

electron-hole recombination is retarded by electron trapping

at the TiO
2
-C interfaces, will yield a superior photocatalyst.

On the other hand, there are still some shortcomings, e.g.,

the transition metals easily become recombination centers

for photo-electron–hole pairs. In contrast, semiconductor

compounds are considered to be effective. Among the metal

sulphides, CdS has semiconducting properties with a small

band-gap of 2.4 eV. Its excitation wavelength is less than or

equal to 495 nm and it has obvious advantages in adsorbing

the solar spectrum. Therefore, not only are CdS-AC/TiO
2

composite nanoparticles prepared by CdS-modified TiO
2
 easily

excited by visible light but the recombination probabilities

of the photo-electron–hole pairs are also minimized.11-14)

CdS-AC/TiO
2 
nanoparticles have some disadvantages, such

as difficult recovery, easy cohesion and a low utilization rate

in practical applications. Some alternative methods involve

immobilizing nanoparticles onto an inert and porous supporting

matrix. Through the accumulation of carriers, the adsorption

mass transfer rate and efficiency of photocatalytic degradation

are improved effectively.15-18) ACs as one kind of microporous

material has attracted increasing attention as an adsorbent.

T
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In a comparison of conventional granular and powdered ACs,

the form of a felt or cloth was produced with a high BET surface

area and micropore volume. ACs with a high BET surface

area and micropore volume have a larger adsorption ability

and faster adsorption rate.19) In the methods for preparing

nanoparticles, such as TiO
2
, combining the ACs mainly include

machine mixing,20) direct impregnation,21) adhesive cohering,19,22)

the sol-gel method,23) liquid phase deposition24) and synthesis

in situ.25) the sol-gel technique offers a number of unique

features, such as purity, better homogeneity, excellent control

over the stoichiometry of thin films, lower processing tempera-

ture, easier introduction of dopants for tailoring the properties,

substrates with non-planar shapes, large area deposition, and

more importantly, the process can be easily made online with

the existing semiconductor processing module.25)

In general, the sol-gel process and the microemulsion method

have been used to prepare the sub-micron sized particles and

nanoparticles, respectively. The sol-gel process is good for

preparing sub-micron sized oxide particles with a narrow

particle size distribution. However, it is difficult to synthesize

the nanoparticles without a dispersant. Jean and Ring used

HPC as a steric stabilizer to prevent agglomeration during the

precipitation of TiO
2
 particles and synthesized monodispersed

powders. On the other hand, the water-in-oil type microemulsion

method is suitable for forming nano-sized particles. It also

offers a unique microenvironment for inorganic precipitation

reactions; that is, they act not only as micro-reactors for hosting

the reaction but also as steric barriers for inhibiting the

polymerization of reacting species among different droplets

during the reaction period. However, it is known that the

particle size distribution in case of microemulsion method is

not narrower than that of sol-gel process26). The two former

are simpler but the combination of TiO
2
 with ACs is not uniform.

In addition, the three latter methods are relatively complex,

but the combination of TiO
2
 with ACs is more uniform with

adhesive cohering. In these methods, the uniform adhesion

of TiO
2
 to ACs makes this method particularly suitable for

TiO
2
 nanoparticles loaded on ACs. Nevertheless, there are

few reports on CdS-AC/TiO
2
.27) In the present study, CdS-

AC/TiO
2
 composite nanoparticles were prepared by a sol-gel

reaction of Cd(NO
3
)
2
 solutions, and a precipitation reaction

of Cd(NO
3
)
2
 and Na

2
S solutions and titanium oxysulfate. In

terms of the modification of TiO
2
 and CdS combined ACs

nanoparticles, the new photocatalysts were CdS-AC/TiO
2

composite materials. Their structural characteristics were

characterized by XRD, UV-vis absorbance spectroscopy, SEM,

EDS and nitrogen adsorption Brunauer-Emmett-Teller (BET)

specific surface area analysis. Methylene blue (MB) was

selected as the dye for examing the photocatalytic activity of

CdS-AC/TiO
2
 under visible light. The decomposition kinetics

and mechanism for the photocatalysts were also studied.

2. Experiment Procedure

2.1. Materials

As a support material, activated carbon powder (ACs)

(diameter : ~20 nm, length : ~5 µm, Hanil Green Tech. Co.,

Korea) were used as received. Titanium oxysulfate (TiOSO
4
·H

2
O,

Aldrich Chemical Co., Ltd., USA) was used as a titanium dioxide

source. The MB (analytical grade, ›› 99.99%) was purchased

from Duksan Pure Chemical Co., Ltd. (Korea). Cd(NO
3
)
2
·4H

2
O

and Na
2
S·H

2
O were purchased from Yakuri Pure Chemicals

Co., Ltd, Japan, for the analytical reagent. The water used for

the solution and experimental preparations was ultra-pure.

2.2. Preparation of CdS-AC/TiO
2
 composite photo-

catalysts

First, 0.603 g (0.1 mol) of CdCl
2
·H

2
O was dissolved in 30 mL

distilled water. Subsequently, 0.05, 0.1, 0.2 mol Na
2
S·H

2
O

were dissolved in the above solution, 0.2 g activated carbon

powder was added and then stirred for 5 h at 70oC. Second,

0.479 g (0.1 mol) of TiO
2
SO

4
·H

2
O was added and stirred for

5 h at 70oC. CdS-modified TiO
2
 was filtered using a Millipore

filter, and washed three times with 5 mL of distilled water.

Finally, it was dried 3 h in ambient conditions and 3.5 h at

105oC. Table 1 lists the preparation conditions and sample

codes.

2.3. Characterization

Crystal phases of the composite photocatalysts were obtained

by XRD (Shimata XD-D1, Japan) with Cu Kα radiation (λ =

0.154 nm) in the range of 10~80o 2θ at a scan speed of 1.2o/min.

The UV-vis absorbance spectra were measured between 300 nm

and 800 nm using a UV-vis spectrophotometer (OPTIZEN

POP, Meacasys, Korea), equipped with a diffuse reflectance

sphere. The morphology of the photocatalysts were analyzed

by SEM (JSM-5200 JOEL, Japan) at 3.0 keV, which was

equipped with an energy dispersive analysis system of X-ray

(EDS). The BET surface area, pore volume and pore size of the

photocatalysts were obtained by N
2
 adsorption at 77.4 K using

a BET specific surface area analyzer (Monosorb, USA).

2.4. Measurement of photocatalytic activities

The photocatalytic activities of the CdS-AC/TiO
2
 composite

Table 1. Nomenclatures of the CdS Combined Activated Carbon and CdS Combined Activated Carbon/TiO
2 
Composite

                           Preparation method Nomenclatures

(Activated Carbon + 0.05 M Cadmium Sulfide)
(Activated Carbon + 0.1 M Cadmium Sulfide)
(Activated Carbon + 0.2 M Cadmium Sulfide)
(Activated Carbon + 0.05 M Cadmium Sulfide) + 0.1 M Titanium oxysulfate
(Activated Carbon + 0.1 M Cadmium Sulfide) + 0.1 M Titanium oxysulfate
(Activated Carbon + 0.2 M Cadmium Sulfide) + 0.1 M Titanium oxysulfate

0.05 CA
0.1 CA
0.2 CA
0.05 CAT
0.1 CAT
0.2 CAT
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photocatalysts were evaluated by monitoring the photodeg-

radation of the MB aqueous solution under visible light. A piece

of CdS-AC/TiO
2
, 75 mm × 50 mm in size, was placed into

100 mL of a 50 mg/L MB aqueous solution. Under magnetic

stirring, the mixed solution was irradiated with visible light.

Samples were then taken every 30 min, after centrifugal

separation, and the MB concentration in the supernatant

was analyzed using a spectrophotometer (OPTIZEN POP,

Mecasys, Korea) at 664 nm. Visible light was used as the

light source.

3. Results and Discussion

3.1. XRD patterns

Fig. 1 shows the XRD patterns of the catalysts. The diffraction

peaks corresponding to Cds and TiO
2
 were marked as ‘D’

and ‘T’, respectively. The diffraction peaks corresponding to

the CdS phase were marked with ‘D’. The XRD patterns of the

composites showed that the cadmium sulfide non-treated

Cds-AC/TiO
2
 composite contained a mixture of anatase and

rutile formed below 773 K. The crystal structure of titanium

dioxide was determined mainly by the heat treatment tem-

perature. From the results reported by Maldonado-Hodar et al.,

the XRD patterns of the TiO
2
/carbon composites revealed

the formation of anatase crystallites at low temperatures.

On the other hand, mixtures of anatase and rutile structures

were observed with an increasing pyrolysis temperature.

This means that an increase in the heat treatment temperature

induces a phase transition from pure anatase to a mixture

of anatase and rutile or to rutile. Therefore, the TiO
2 
structure

in the CdS-AC/TiO
2
 composite is a mixture of anatase and rutile.

Fig. 1 shows XRD patterns of the CdS-AC/TiO
2
 composites and

TOS. In the pattern of CdS-AC/TiO
2
 (Fig. 1), the diffraction

peaks at 25.3o, 27.8o, 28.5o and 43.0o 2θ were assigned to

0.05 CdS-AC/TiO
2
(Fig. 1(a)), the diffraction peaks at 25.4o,

27.1o, 28.5o and 43.4o 2θ were assigned to 0.1 CdS-AC/TiO
2

(Fig. 1(b)). In the pattern of 0.2 CdS-AC/TiO
2
 (Fig. 1(c)),

additional peaks at 25.5o, 27.1o and 28.1o were also observed,

which were assigned to the CdS cubic phase. In addition, the

peak intensity was lower and the peak shape was wider. This

might be due to the small amount of CdS in the CdS/TiO
2

composites, and for the sol-gel method, the preparation tem-

perature of CdS was relatively low. Hence, the  CdS in CdS/

TiO
2
 was mainly amorphous.

3.2. SEM and EDX analysis

Fig. 2 shows the surface morphology of the original ACs

and CdS-AC/TiO
2
 composites. The CdS/TiO

2
 particles were

fixed on the surface of the ACs in the form of small clusters

and were distributed unevenly. Consequently, the surface of

the ACs became rough but the diameter of a single silk fiber

showed little variation. According to Fig. 2, we can observe

that the TiO
2
 particles are fine and agglomerated on the

surface of AC, but are not uniform. In particular, the devel-

opment of pores on the AC surface can be observed, which

was consistent with the N
2
 adsorption experiment. Generally,

it is considered that good particle dispersions can produce

high photocatalytic activity. SEM observations of numerous

surfaces and the cross-section of metal complexes containing

activated carbon showed that the agglomerates are distributed

evenly and are irregular in shape and size from the acid

treatment effects. A comparison of these micrographs shows

that the transformation of the carbon surface by an acid

pre-treatment significantly alters the amount of metal on

the surfaces of the carbon matrix.

Fig. 3 shows the elemental content of CdS-AC/TiO
2
 composite

photocatalysts. EDX showed that the elemental contents of

CdS-AC/TiO
2
 were composed mainly of Ti and O elements and

a small quantity of Cd and S. These spectra showed a higher

amount of carbon and titanium in the samples treated with

acid than in the non-treated samples. One possible explanation

is that the formation of surface complexes through acid

treatment including carbon ions produces titanium oxide

complexes for the carbon active sites. As shown in Table 2,

Fig. 1. XRD patterns of CdS-AC/TiO
2
; (a) 0.05 CAT, (b) 0.1 CAT,

and (c) 0.2 CAT.
Fig. 2. SEM images of CdS-AC/TiO

2
;
 
(a) 0.05 CAT, (b) 0.1

CAT, and (c) 0.2 CAT.
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the amount of Ti increases with an increasing amount of the

TOS precursor.

3.3. Structure and morphology

Table 2 lists the BET surface areas of the pristine activated

carbon and prepared AC, CdS-AC/TiO
2
 composites, which are

denoted as AC and CAT, respectively. As shown in Table 2,

the BET surface area of pristine AC
 
was 211.43 m2/g. On the

other hand, the BET surface area of CdS-AC/TiO
2
 was

67.85 m2/g. Cadmium sulfide and titanium oxide particles

were dispersed over the surface of AC, which can clog the

pores of the AC and decrease the surface area. The catalysts

are denoted as bare-TiO
2
 for the untreated Degussa P-25

TiO
2
 and AC-TiO

2
 for the catalysts with activated carbon.

The physical characterization of the latter compared with

that of Degussa P-25 TiO
2
 has been described in previous

articles28) and some of these results have been summarized

in Table 3.

3.4. Photocatalytic activities and photodegradation

mechanism

Fig. 4 shows the degradation curves of a 50 mg/L MB

aqueous solution under visible light. The photodegradation

rate of MB with 0.2 M CdS-AC/TiO
2
 composites was obviously

higher than that with 0.05 M CdS-AC/TiO
2
. When irradiated

for 90 min under visible light, the degradation rate of MB

with 0.2 M CdS-AC/TiO
2
 was approximately 16-30% higher

than that with 0.05 M CdS-AC/TiO
2
. According to a previous

study, electrons in the conduction band are generated on the

Fig. 3. EDX elemental micro-analysis spectra of CdS-AC/TiO
2
;

(a) 0.05 CAT, (b) 0.1 CAT, (c) 0.2 CAT.

Table 2. BET Surface Area and EDX Elemental Microanalysis
(wt%) of AC and CdS-AC/TiO

2

Samples S
bet

 (m2/g)
Elements (wt%)

C O Cd S Ti

AC 211.43 100 0 0 0 0

0.05CAT 67.85 38.84 29.7 3.34 3.06 25.06

0.1CAT 66.68 21.01 12.49 26.71 5.78 34.01

0.2CAT 62.12 2.49 26.22 29.13 6.32 35.84

Table 3. BET Surface area and Particle Diameter Measurements
of Bare-TiO

2
 and AC-TiO

2

Samples S
bet

(m2/g) Particle diameter (µm)

Bare-TiO
2

50 3

AC-TiO
2

90 6

Fig. 4. Photodegradation behavior of MB dye under visible light
irradiation; (a) CAT series and (b) CA series.
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surface of TiO
2
 when it is irradiated with light with an energy

equal to or exceeding its band gap. Theoretically, pure TiO
2

cannot be excited by visible light irradiation. On the other

hand, the photocatalytic activity of TiO
2 
under visible light was

improved by introducing CdS. The photocatalytic degradation

of the MB solution under visible light was used to examine

the photocatalytic activity of the 0.05 M CdS-AC/TiO
2
, 0.1 M

CdS-AC/TiO
2 
and 0.2 M CdS-AC/TiO

2 
composites. Fig. 4 shows

the adsorption and photodegradation capability of the different

samples irradiated under visible light. The CdS-TiO
2
 composite

has the most photocatalytic activity for degradation of methylene

blue solution with irradiation by UV light, so we chose the

methylene blue solution to determine the photocatalytic

activity of the CdS-TiO
2
 composite under irradiation of visible

light. As Fig. 4 shows, after visible light irradiation for 2 h,

the methylene blue solution is photodegradated only 10% by

CdS-AC. However, when the prepared CdS-AC/TiO
2
 composite

is used as a photocatalyst, the methylene blue solution is

photodegradated 33%, which is 2.3 times more than the

CdS-TiO
2 
sample. This indicates that the prepared CdS-TiO

2

composite also has excellent photocatalytic activity in the

visible light region.

The narrow band-gap allows CdS-AC/TiO
2
 to absorb more

photons, which will enhance the photocatalytic efficiency of

TiO
2
 in visible light. Because of the inconsistent and overlapping

conduction band (CB), valence band (VB) and band-gap of

the two semiconductors, when CdS/TiO
2
 nanocomposites are

irradiated with visible light, the photogenerated electrons

are excited from the VB of CdS and then transited to the CB

of TiO
2
, whereas photogenerated holes are left in the VB of

CdS. The electrons react with O
2
 to generate ·O

2

-, and the holes

theoretically migrate to the surface and react with OH- or

H
2
O to generate ·OH radicals, and these radicals react with

adsorbed pollutants. The reactions can be expressed as follows :

CdS-TiO
2

+ hυ→ CdS (h+, e−) − TiO
2

(3)

CdS (h+, e-) − TiO
2
→ CdS (h+) − TiO

2 
(e−) (4)

e− + O
2
→ O

2

− (5)

h+ + OH−

→ OH (6)

h+ + H
2
O → OH + H+ (7)

In addition, with the substitution for oxygen atoms by the

ACs and CdS in the anatase crystal structure of TiO
2
, new

levels are introduced between the conduction and valence

bands of TiO
2
. The electrons generated by TiO

2
 can be promoted

from the valence band to the ACs level introduced by CdS,

or from the lower to the higher ACs levels, which can increase

the quantity of electrons. Therefore, the CdS-AC/TiO
2
 composites

have a narrower band gap and can increase the level of

absorption in the visible-light region. The departed holes can

migrate to the surface of the CdS particles. Therefore, the rate

of photodecomposition under visible light irradiation is

enhanced. Fig. 5 presents the reaction mechanism of the CdS-

AC/TiO
2 
composite under visible light irradiation. This in turn

generates much larger amounts of ·O
2

− and ·OH, which

enhance the photo-degradation activity. In the photodecom-

position reaction, ACs generate electrons as well as capture

and transfer the photogenerated electrons of CdS and TiO
2

with UV light irradiation, which can reduce the recombination

rate of photo-electron-hole pairs.

4. Conclusion

In this study, the sol-gel method was used to prepare CdS-

AC/TiO
2
 with CdCl

2
·H

2
O, Na

2
S·H

2
O and CdS modified TOS

as source materials. The prepared composite photocatalysts

were characterized by XRD, SEM, EDS, UV-vis absorbance

spectroscopy and nitrogen adsorption Brunauer-Emmett-

Teller (BET) specific surface area analysis. The XRD patterns

of the composites showed that the cadmium sulfide-treated

AC/TiO
2
 composite contained a mixture of anatase and rutile

formed below 773 K. SEM revealed that CdS-AC/TiO
2
 was in

the form of small clusters, but it was not very uniform. EDX

analysis showed that the elemental contents of CdS-AC/TiO
2

were mainly Ti and O and a small quantity of S and Cd.

From the photocatalytic activities, the photodegradation

rate of MB under visible light irradiation reached 90.1% in

120 min. The kinetics calculated from the Langmuir-Hin-

shelwood equation showed that the 0.2CAT sample had the

best photocatalytic activity due to an increase in the photo-

absorption effect by the activated carbon and the coopera-

tive effect of CdS.
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