
1. Introduction
The investigators focus on the application of 
photocatalysis to wastewater and air purification from 
organic contaminants and inorganic pollutants as these 
have significantlyincreasedduring the past decade. 
There are numerous studies which have proved that 
TiO2 (a semiconductor with a wide band gap 3.2 eV, 
activated by UV light only) and some other composite 

systems, based on modified TiO2, are very efficient and 
promising photocatalysts [1,2]. The expensive separation 
of suspensions of nanosized TiO2 powders from the 
solution is an obstacle to its utilization in large-scale 
photocatalysis [1,3-5]. For this reason many authors 
have been working on the immobilization of TiO2 powder 
(suspension) on various supports: Al2O3 [6], SiO2 [6,7], 
zeolites [8], activated carbon [3,9-13]. The obtained 
composite TiO2/activated carbon (AC) material shows 
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Four photocatalyst samples, prepared from beech sawdust, were synthesized by an original method, combining pyrolysis and 
impregnation - two of them: TiO2 + activated carbon and other two - only activated carbon. The pyrolysis process has been carried out 
at two different temperatures - 680°C and 830°C. The prepared samples were characterized by a series of methods - XRD, BET, SEM 
and DTA/TG. The most important result was achieving visible light photocatalytic activity with an azo dye pollutant for both materials. 
The TiO2/AC-680°C sample demonstrated higher activity under visible light illumination than the TiO2/AC-830°C sample. The visible 
light activity was attributed to the active carbon component in the composite materials, which was evidenced by the photocatalytic 
tests with bare carbon (without any TiO2) manifesting visible light activity. The AC-680°C carbon was superior to the AC-830°C 
under visible illumination probably due to its higher specific surface area and porous texture. UV-light testing of the photocatalytic 
activity revealed that the TiO2/AC-680°C sample was higher than that of the TiO2/AC-830°C under polychromatic UV-A illumination 
(320-400 nm with a maximum at l = 365 nm). The TiO2/AC-680°C sample was also more efficient with the monochromatic UV-C 
illumination (l = 254 nm). 
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several advantages compared with the bulk phase of 
“pure” titania: increase in specific surface area [13,14], 
enhancement of the adsorption capacity [15,16], increase 
in the photocatalytic activity [4,16-18] etc. The coupling of 
titania with activated carbon leads to several interesting 
effects: synergistic effect combining the advantages of 
high adsorption capacity (attributed to the highly porous 
active carbon) and a high photocatalytic degradation 
rate (attributed to semiconductor titania presence) 
[3,10,11]. There is also a lowering or even prevention 
of the the aggregation between the TiO2 particles, which 
contributes to the formation/preservation of nanophase 
TiO2 [5,15,18]. Other authors report an increase in the 
temperature required for the transition anatase → rutile 
[15,18], presence of Ti3+ ions (known to be active sites 
for reduction) [17], shift of the absorption edge as far as 
the visible light range [19] and others.

To the best of our knowledge, there is  little information 
available regarding  the photocatalytic degradation 
of azo dyes as a model wastewater pollutant on 
TiO2/AC composites under visible light illumination or 
UV irradiation. For this reason, the paper focuses on 
the photocatalytic decomposition of Chromium Acidic 
Black azo dye (Colour Index C.I. Acid Black 194) 
under visible light illumination or UV irradiation, using 
TiO2/AC photocatalytic material. The TiO2 was deposited 
on activated carbon, prepared by an original method 
combining impregnation and physicochemical pyrolysis.

2. Experimental procedure
The activated carbon was synthesized by an original 
method of physicochemical pyrolysis. Beech saw-dust 
was used as the precursor material (43 g per charge 
yielding 19.2 g of AC). The process of activation was 
realized in a rotating tube reactor, placed in a tubular 
cylindrical oven. The exhaust gas (containing nitrogen, 
carbon monoxide and carbon dioxide), was mixed with 
20 % v/v water vapor with  a flow rate of  3.5-5.5 ×10-5 
m3 s-1 and fed back into the reactor. The samples were 
heated at a rate of 10-40oC min-1 up to a temperature 
of 680oC or 830oC. The final thermal treatment of the 
carbon was accomplished by a 30 minute isothermal 
calcination process needed to homogenize the 
temperature field and to complete the chemical process. 
A patent application [20] has been put forward for this 
original method.

Ethanol solution of TiCl4 (0.4 M) was applied for 
impregnation of the activated carbon. The amount of 
TiCl4 was 30.2 g, which corresponds to 12.75 g TiO2 
(about 40% TiO2 in the composite). The process was 
implemented in a vacuum rotating evaporator at 35oC. 

The impregnated carbon was dried at 100oC for 2 h 
followed by the treatmentof the method mentioned 
above at 680oC and 830oC. The temperature 680oC 
is the lowest temperature reached by the pyrolysis 
apparatus, and 830oC is the optimal temperature for the 
carbon activation. The obtained samples are denoted 
as follows:

a) Sample 1 TiO2/AC-680; 
b) Sample 2 TiO2/AC-830;
c) Sample 3 AC-680;
d) Sample 4 AC-830;

The number after the AC notation shows the final 
preparation temperature of the support (activated 
carbon).

Phase analysis was accomplished using XRD 
(apparatus Philips PW 1050). The CuKα radiation was 
applied. The size of the crystallites was evaluated based 
on Scherrer’s equation. The pore size distribution and 
the specific surface area were determined by BET 
equipment based on adsorption of N2 from a helium-
nitrogen mixture (85%He + 15%N2) at the boiling 
temperature of liquid nitrogen (77 K). The morphology 
of the samples was observed by scanning electron 
microscopy (apparatus GSM 6390). The thermal 
behavior of the sample, obtained at 680oC, was followed 
by DTA/TG analysis within the range 200-1000oC at a 
rate of 5oC min-1 in a stream of air (apparatus Stanton 
Redcroft). 

The photocatalytic activity testing of the samples 
was carried out in a semi-batch suspension photoreactor 
(fixed amount of photocatalyst and pollutant but feeding 
continuously air flow). It was equipped either with  a 
4-Watt Philips Black Light Blue BLB lamp of capacity 
or a 4-Watt Philips germicidal TUV lamp. The model 
pollutant of water was the chromium-containing azo 
dye with color index Acid Black 194. Fig. 1 represents 
the structural formula of the dye which is used for 
the coloring of textiles and anodized aluminium 
articles [34]. It is especially stable in UV light, which 
makes this dye an appropriate model contaminant for 
studying wastewater decontamination. The course of 
the photocatalytic oxidation reaction of the dye was 
monitored spectrophotometrically (Scanning UV-vis 
Spectrophotometer CamSpec M501, England) based 
on the degree of discoloring of the purified solution 
at the optimum wavelength λmax = 570 nm. For this 
purpose the batch reactor was charged with 250 mL 
solution of the dye having an initial concentration of 
Со = 0.000125 М, which gave extinction (absorbance) 
Eo = 1.364. An amount of the 568 mg well-ground 
sample was weighed, which contained 250 mg of TiO2 
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(the standard measurement procedure for photocatalytic 
activity of samples is carried out with a suspension of 
TiO2 containing 1 mg TiO2 per mL). This standardization 
enabled the comparison of different photocatalytic 
materials under identical conditions. The reactor 
was equipped with an electromagnetic stirrer – upon 
switching on the stirrer (400 revolutions per minute). Air 
flow was fed to the suspension in the reactor using a 
microcompressor RESUN Air Pump, AC-2600 (China). It 
enabled a flow rate of 450 mL min-1. The air was scattered 
into tiny bubbles which passed through two frits to ensure 
saturation of the aqueous solution (suspension) with 
oxygen. Prior to the photocatalytic activity testing, an 
adsorption experimental run was carried out in the dark 
for one hour, without any illumination.  In this case, the 
experimentally measured value revealed the amount of 
azo-dye, adsorbed by the given sample (4-Watt Philips 
Black Light Blue BLB lamp).

3. Results and discussion
The X-ray diffraction analysis shows that the main phase 
in the composite TiO2/AC680oC photocatalytic powder 
material is the anatase TiO2 (Fig. 2А). Small quantities 
of Ti2O3 and Ti4O7 phase have also been registered. 
The existence of these Ti3+ ion-containing phases could 
be explained by the reducing effect of the carbon [17]. 
The XRD data also show another interesting result - the 
preservation of anatase phase at a temperature of 680oC, 
which is higher than the temperature conventionally 
accepted for the phase transition anatase→rutile. It 
is known that this transition can be initiated even at 

much lower temperatures of about 450oC and at about 
700oC at which the rutile phase is registered [21,22]. 
In this instance the activated carbon contributes to the 
increase in the transition temperature. A similar effect 
has also been observed by other authors [15,18]. Both 
the peaks of the rutile phase and that of the anatase 
phase are registered in the XRD pattern of the sample, 
obtained at 830oC (Fig. 2В). At this temperature there 
also appears to be a small quantity of Ti2O3. The quantity 
of the rutile phase was calculated according to the 
method described by Jung et al. [23] and it amounts to 
32%, i.e., the anatase is not entirely converted into rutile 
even at such a high temperature due to the presence of 
activated carbon.

The composite photocatalytic material obtained at 
680oC, possesses crystallites with an average size of 
10 nm (for the anatase phase). The average crystallite 
sizes of the TiO2/ AC samples, prepared at 830oC, are 
14 nm for the anatase phase and 40 nm for the rutile 
phase. Zhang and Banfield [24] report an important 
aspect - the phase transition to rutile depends on the 
grain size - rutile is the most stable phase when the grain 
size is greater than 35 nm. The existence of nanosized 
crystallites at these relatively high temperatures is also 
a result, which can be attributed to the influence of the 
presence of activated carbon [5,18]. Regularly, anatase 
nanocrystallites tend to agglomerate and grow up to 
submicron and micron size.

The nitrogen adsorption isotherms for both 
TiO2/AC samples, prepared at 680oC and at 830oC, are 
represented in Fig. 3. The adsorption isotherm for the 
sample TiO2/AC-680 belongs to the so called Type 4 
(Fig. 3A), and that of the sample TiO2/AC-830 
approaches Type 1 (Fig. 3B), both showing  hysteresis 
loops [25]. The hysteresis loop for TiO2/AC-680 is the 
Н3 type and for TiO2/AC-830 it is the  Н4 type [25]. 
Therefore, the mesopores prevailin the composite 
TiO2/AC-680 material. The TiO2/AC-830 sample 
possesses mainly mesopores. Both hysteresis loops 
appear as a result of the plane-parallel pores. 

The sample pore size distribution obtained at 680oC 
and 830oC is represented in Fig. 4. The maximum of the 
pore size for both composites is about 3 nm. Velasco et 
al. [27,28] stated that the activated carbon possesses a 
microstructure with mesopores (1-25 nm). This aspect 
and other properties of TiO2/AC are also considered 
by other authors [29-34]. The maximum for the 680oC 
sample TiO2/AC is higher than the respective maximum 
for the 830oC sample. The total pore volume for the 
composite prepared at the lower temperature is larger 
(0.4 cm3 g-1) than (0.3 cm3 g-1) for the sample obtained 
at 830oC. These data are in accordance with the results 
from the pore size distribution analysis and they show 

Figure 1. Structural   formula   of  model  pollutant  azo-dye  Colour 
                           Index Acid Black 194.
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that the sample obtained at 680oC is more porous as a 
result of the lower preparation temperature. The 680oC 
composite TiO2/AC material possesses also the highest 
specific surface area (S): a) sample TiО2/АС-680 
S=480 m2 g-1; b) sample TiО2/АС-830 S = 377 m2 g-1.

The SEM micrographs of the composite obtained 
at 680oC, show that titania particles with submicron 
(arrows 1, 2) and nanosized (arrows 3, 4) dimensions 
are located on the surface of the activated carbon. 
(Fig. 5).

The results from the DTA/TG analysis of the 680oC 
composite material are represented in Fig. 6 and 
Table 1. According to these data, the thermal 
decomposition of the sample proceeds mainly within 
the temperature interval of 300-550oC. It must be noted 
that the samples remain stable under heating in air up 
to 300oC.

A blank experiment has been carried out with a 
solution of the azo-dye, without any photocatalytic 
material proving that there is no direct photolysis of the 
dye molecules. Figs. 7, 8 and 9 represent the results 
from the testing of the photocatalytic activity of the 
prepared composite samples titanium dioxide, deposited 
on activated carbon. The quantity of the decomposed 
azo-dye (in mg) per one gram of photocatalytic material 
is taken as the measure of the activity. As already 
noted in the experimental section, the first hour of the 
experimental run has been carried out in the dark, 
without any illumination; in this case the experimentally 
measured value reveals the amount of azo-dye, adsorbed 
by the given sample. As illumination occurred, the 
process of photocatalytic decomposition of the azo-dye 
model contaminant commenced. The monochromatic 
UV-C illumination, (λ = 253.7 nm) resulted in a much 
higher photoactivity (Fig. 7), while the activity was 
lower in the case of polychromatic UV-A illumination, 
λ = 320÷400 nm with λmax = 365 nm) - not represented 

(a)   (b)

Figure 2. XRD of composite TiO2/AC material, prepared at: T=680oC (a), T=830oC (b).

Figure 3. Nitrogen  adsorption  isotherm  of  TiO2/AC  prepared at: 
                          (a) 680oC; 830oC (b).
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in the figure. The sample ТiО2/АС 830 manifests 
a sharp increase in the decomposition rate under 
irradiation with monochromatic UV-C light. The UV-A 
illumination experienced and increase in the rate of 
the photocatalytic process in reference tothe ТiО2/АС 
680 sample. The variation of the wavelength λ of the 
UV-A light, recalculated into electron volt units (eV), 
corresponds to the range of 3.88 – 3.1 eV. While this 
recalculation for the UV-C monochromatic light yields a 
value of 4.9 eV, it can be compared to these values with 
the band gap energy for ТiО2 ΔEbg = 3.0 (for rutile ТiО2) 
and ΔEbg =3.2 eV (for anatase ТiО2). We anticipated that 
the UV-C light effect should would bestronger (because 
of the higher energy of the photons) than that of UV-A 
light, however our experimental data did not confirm 
this. Somehow there must exist a photocatalytic effect  
under illumination with a longer wavelength  (as the 
photon flux is the same in both cases 1.3 mW cm-2). 
Therefore, we concluded that it could be of interest to 
extend the study further to the region of visible light 
and to check the presence of a photocatalytic effect  at 
λ = 780-330 nm or respectively at the 1.59-3.26 eV range, 
when active carbon is present. TiO2 is not activated by 
visible light, except  when it is dye-sensitized to absorb 
visible light photons. One can suppose that the active 
carbon itself contains some structures that are similar to 
the dyes and absorb visible range light. Our results with 
the two samples from the extension of the study to the 
visible light range are represented in Fig. 8. As it is seen 
from the figure, the irradiation of the samples with visible 
light also exerted some photocatalytic effect. Previous 
investigations by the co-authors on activated carbon 
(AC) have shown that on the surface of АС the oxygen-
containing compounds could be as high as 14% [35]. 
It should be added that the oxygen-containing surface 
functional groups represent the predominant form of 
oxygen combined with carbon. They usually constitute 
about 90% of the total amount of bound oxygen. The rest 
of the AC surface consists of condensed aromatic rings 

Figure 4. Pore  size  distribution  of  samples  TiO2/AC prepared at: 
                          (C) 680oC; (A) 830oC.

Figure 5. SEM micrograph of the sample TiO2/AC material, 
prepared at 680oC. TiO2 particles with submicron (arrows 
1, 2) and nanosized (arrows 3, 4) dimensions  located on 
the surface of the activated carbon. 

Figure 6. DTA/TG/DTG curves of TiO2/AC material, prepared at 680oC.

 

 

 Table 1. Mass losses and temperature intervals of DTA/ TG analysis  
      of samples obtained at 680ºC.

No Temperature data Mass losses 
Tinf 
ºC 

Tinitial
ºC 

Tend
oC

TGinitial 
%

TGend  
% 

Total
 % 

1 61.9 20.0 138.3 0.0 7.4 7.4 

2 415.4 302.4 548.5 7.4 53.4 46.0 

3 835.8 751.8 894.8 54.1 55.4 1.3 

Tinf  - inflexion temperature on DTA curve; 
Tinitial - initial temperature of the peak on TDA curve; 
Tend - end  temperature of the peak on DTA curve.
TGinitial - initial temperature of the mass losses according to TG curve;
TGend - end temperature of the mass losses according to TG curve.
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– benzene, naphthalene, anthracene – these represent 
large molecular systems comprising conjugated double 
C=C and single C-C bonds, which attribute the black 
color of the AC [36]. This implies absorption in the 

visible range as in our model water contaminant Acid 
Black 194 (see Fig. 1). The UV-vis spectrum of the 
aqueous solution of this azo-dye displays a maximum 
absorption wavelength of λmax = 570 nm. We checked 
this hypothesis by carryingout some experiments  
with the bare activated carbon, prepared by the same 
technology, without depositing any ТiО2 active phase. 
The obtained results are illustrated in Fig. 9. This figure 
illustrates the occurrence of a photocatalytic reaction 
under irradiation with visible light with the bare active 
carbon samples. The effect is already known with 
UV-light [27,28], but not with visible light – this is 
presently reported for the first time under visible light 
illumination of activated carbon. Therefore, the effect that 
was observed with the composite samples containing 
ТiО2 is really due to the role of the support, which is 
also active in the photocatalytic process undervisible 
light. It is possible that systems of condensed benzene 
rings in the activated carbon play the role of the organic 
semiconductor molecules.

4. Conclusions
A composite catalyst, representing nanosized TiO2, 
deposited on activated carbon (TiO2/AC) has been 
prepared by an original method, combining impregnation 
and pyrolysis. It has been established that at the lower 
synthesis temperature (680°C) mainly nano-sized 
phase of anatase TiO2 particles with small contents 
of Ti2O3 and Ti4O7 is being formed. At the higher 
temperature (830°C) a mixture of two phases have 
been registered – nanosized anatase and rutile phases. 
The synthesized samples contain both mesopores 
and micropores, whereupon the mesopores prevailin 
TiO2/AC-680°C sample. The photocatalytic activity 
of the samples has been tested in the photocatalytic 
oxidation reaction of the azo-dye Acid Black 194, as a 
model pollutant of waste waters originating from textile 
factories. The TiO2/AC-680°C sample manifested higher 
activity under illumination with polychromatic UV-A light 
compared to the TiO2/AC-830°C sample. The tests with 
the monochromatic UV-C illumination have shown that 
the TiO2/AC-680°C photocatalyst is more efficient. The 
latter sample demonstrates greater activity under visible 
light illumination than the TiO2/AC-830°C sample. The 
visible light activity can be attributed to the active carbon 
component in the composite materials, evidenced by the 
photocatalytic tests with bare carbon (without any TiO2) 
manifesting visible light activity. This can be explained 
by the presence of condensed benzene ring in the active 
carbon. These are large systems of conjugated double 
and single carbon-carbon bonds. This is the reason 

Figure 7. Comparison of the photocatalytic degradation activities of 
the two composite samples TiO2/AC, prepared at 680oC 
and at 830oC under illumination UV-C (monochromatic 
λ=253.7 nm) light.

Figure 8. Comparison of the photocatalytic degradation activities 
of the two composite samples TiO2/AC, prepared at 
680oC and at 830oC under illumination with visible light.

Figure 9. Comparison of the photocatalytic degradation activities 
of bare active carbon samples without any TiO2, 
prepared at 680oC (AC-680) and at 830oC (AC-830) 
under illumination with visible light.
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