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Novel synthesis of TiO, combined spherical carbon for the photocatalytic
decolorization of commercial Texbrite dyes under visible light response
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ABSTRACT

In this work, TiO,-combined spherical carbon photocatalysts were prepared by using activated car-
bon and soot as starting material, phenolic resine (PR) as a binder, and TiO,, TIP as a titanium source.
A series of spherical samples (ATP, STP, AOP, SOP) were prepared by controlling the weight percent-
age of TiO, and the binder materials. These spherical samples were characterized via BET, XRD, TEM,
AFM, and pressure drop. The photocatalytic activities of the spherical samples (ATP, STP, AOP, SOP)
were investigated through the degradation of industrial dyes, including Texbrite BAC-L (TBAC),
Reactive black b (RBB), Texbrite MST-L (TMST), and Texbrite BBU- L (TBBU), under irradiation with
visible light. Meanwhile, the COD removal effect and the bactericidal effect test were also assessed.
The kinetic studies and degradation rate were also conducted in order to determine the order of RBB

> TBAC > TMST > TBBU for the industrial dyes.
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1. Introduction

The textile, plastics, paper and pulp industries gen-
erate streams of waste effluents containing a substantial
amount of organic dye pollutants, and these are usually
not biodegradable and are very difficult to remove. Fur-
thermore, discharging them into water bodies without
prior treatment can cause havoc on the environment. The
molecules in these effluents usually possess carcinogenic
and mutagenic properties that not only harm aquatic or
marine ecosystems, but also actively or passively become
a major threat to human life [1,2].

Various physical, chemical, and biological methods [3]
have been employed to treat such dyes, including coag-
ulation, flocculation, precipitation, ozonation, oxidation
[4] and radiation [5]. However, the high operating cost,
sludge production, and complexity of the treatment pro-
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cesses limit their applicability. The purification of waste
water through the photocatalytic degradation of dyes
using semiconductor particles has been proven to be a
very effective method that leads to the complete miner-
alization of the pollutants [6-8]. The excitation of direct
band-gap semiconductors under light irradiation leads to
the generation of electron-hole pairs, some of which even-
tually diffuse out to the surface of the crystals and react
with donors or acceptors from their surroundings, result-
ing in photocatalysis [9].

Titanium dioxide (TiO,) has been extensively used as
a photocatalyst for solar energy conversion and environ-
mental applications (water and air purification) because
of its good photoactivity, high chemical stability, low cost,
and nontoxicity, and several attempts have been adopted
to improve the photocatalytic performance of TiO,, such
as immobilization of the TiO, powder onto supports,
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such as activated carbon fiber (ACF) [10] and activated
carbon (AC) [11-14]. AC is highly adsorptive due to the
pore structure that it develops, resulting in a high specific
area. Moreover, the particle size of commercial AC is usu-
ally in the micro-scale range [15]. AC must have medium
surface area and porosity to facilitate the diffusion of pol-
lutants and to release the products from the surface; so
many researchers have reported a synergistic effect for
AC-supported TiO, systems, such as a high photocata-
lytic activity, photosensitivity and high adsorptive abil-
ity. Activated carbon increases the photodegradation rate
by progressively allowing an increased quantity of sub-
strates to come into contact with titania through means
of adsorption. This is important because the oxidizing
species (-OH) generated by the photocatalyst does not
migrate very far from the active centers of the titania, and
therefore degradation only takes place on the surface of
the catalyst. Oh et al. first pointed that the adsorption of
the pollutant was transfered by a common interface from
AC to TiO, [16].

Activated carbon fibers (ACFs) and granular activated
carbons (GACs) are the most widely used activated carbon
materials. However, spherical activated carbons (SACs)
have recently received a considerable amount of atten-
tion for their various advantages over ACFs and GACs
[16,17]. Spherical activated carbons (SACs), in compari-
son to commonly-used cylindrical activated carbon gran-
ules, ensure better column packing, which implies higher
efficiency in removing impurities from water. Moreover,
an adsorbent with a spherical shape is more resistant to
abrasion, reduces the resistance to the flow of liquids,
and endows the activated carbon with better mechanical
properties [17].

Chemical oxygen demand (COD) widely used to char-
acterize polluting aqueous effluents. It indicates the amount
of oxygen required for complete oxidation of a wastewater
sample, and it is widely used to control the degree of pol-
lution in water and to manage effluent quality [18] COD,
which represents the total pollution load for most waste-
water discharge [19], is a main index that assesses organic
pollution in aqueous systems [20]. Typically, COD is deter-
mined by organic compounds present in the water sample
that are completely oxidized by adding a strong oxidant,
usually K.Cr,O, or KMnO, [21], and then calculating the
result according to the quantity of oxidant consumed,
expressed in terms of its oxygen equivalence.

In this paper, TiO,-combined spherical carbon photocat-
alysts (T-SCPs) are prepared starting from spherical carbon
from powdered coal, a binder additive, and titanium oxide
or Titanium isopropoxide (TIP). We used different raw
carbon materials and TiO, precursor materials to produce
four kinds of T-SCPs (ATP, STP, AOP, SOP) and compared
their photocatalytic activity under irradiation with visible
light through the degradation of industrial dyes, includ-
ing Texbrite BAC-L(TBAC), REACTIVE BALCK B (RBB),
Texbrite MST-L (TMST), and Texbrite BBU-L (TBBU).

2. Experiment procedure
2.1. Materials

The main materials were coal-based activated carbon

with size of 100-400 mesh and charcoal, provided by Hanil
Green Tech (Korea). Phenolic rosin (PR) was used as a bond-
ing agent and was purchased from Kangnam Chemical Co.,
Ltd (Korea). Alcohol (95%) was used as a dispersing agent,
and was purchased from Samchun Pure Chemical Co., Ltd
(Korea). Titanium oxide (TiO,) and Titanium isopropoxide
(TIP) were purchased from Duksan Pure Chemical Co., Ltd
(Korea). Four types of dyes Texbrite BAC-L (TBAC), Reac-
tive Black B (RBB), Texbrite MST-L (TMST), and Texbrite
BBU-L (TBBU) were used as model pollutant and were
purchased from Samchun Pure Chemical Co., Ltd, (Korea)
and Texchaem Co. Ltd (Korea), and their chemical structure
shown in Fig. 1. We designed a shaped mould, shaker sieve
and shaker to prepare and form the spherical carbons, and
these machines as well as the prepared samples are shown
in Fig. 2a and 2b.

2.2. Preparation of TiO, combined spherical carbon (T-SCPs)

The T-SCPs production consists of three stages: forma-
tion, carbonization and activation.

2.2.1. Formation of T-SCPs

First, activated carbon/soot, PR and TiO, or TIP were
mixed with 20-30% alcohol. The mixture was then placed
into the shaped mould to form agglomerates. To produce
spheres of these agglomerates, a shaker and a sieve with
size of 30-50 mesh were used with a shaking rate of 50
round/min at 80-90°C. After shaking for 10-15 min, the
agglomerates formed spheres and dried in the activated
carbon powder at 100-200°C.

S0,CH,CH0S0;Na

() (b)

N(CH,CHy),

Fig. 1. Chemical structure of four types of dyes (a) Texbrite
BAC-L(TBAC), (b) Reactive Black B (RBB), (c) Texbrite MST-L
(TMST) and (d) Texbrite BBU-L (TBBU).
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Fig. 2. (a) The manufacture procedure of TiO, combined spherical carbon; (b) Appearance images of TiO, combined spherical carbon
photocatalysts: (1) ATP, (2) STP, (3) AOP and (4) SOP.
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2.2.2. Carbonization and activation

In the first part of this experiment, the agglomerates
were formed into spherical shapes. These spherical agglom-
erates were heat-treated in activated carbon powder at
350-500°C for 1 h with a heating rate of 6°C/min to form
SACs. Then, the sample of heat-treated SACs was heated in
an inert atmosphere with N, at a flow rate of 150 mL/min at
700°C for 2 h. Then, the carbonized agglomerate was heated
with CO, at a flow rate of 150 mL/min at about 950°C for
2 h with a heating rate of 10°C/min. We conducted a com-
parison by preparing four kinds of samples with different
amounts of activated carbons and PR. The manufacturing
procedure for the T-SCPs and the preparation conditions
with the sample codes are shown in Fig. 2a and listed in
Table 1, respectively.

2.3. Characterization

The surface morphology and structure of the T-SCPs
was examined in TEM (JSM-5200, JEOL, Japan). XRD was
used to identify the crystal phase of the SACs, and the XRD
patterns were obtained at room temperature with a Shimata
XD-D1 (Japan) using CuKo radiation. The BET surface area
of the SCPs was measured using a Quantachrome surface
area analyzer (Monosorb, USA).

2.4. Strength measurement

Strength measurement was determined based on JIS R
721227 by using one-point bending (Instron 4201) with a
support distance of 30 mm/min and cross head speed of
0.5 mm/min. The diameter size of the sample was of about
5 mm, and the strength density was calculated using the
following equation:

oF = 3PL/2BD?

where oF is the strength density (kg/m?), P is the breaking
load (kg), L is the support distance (cm), B is the width of
sample (cm) and D is the thickness of the sample (cm).

2.5. Visible light photodegradation of commercial Texbrite dyes

Photochemical data are obtained to describe the behav-
ior of commercial Texbrite dyes (TBAC, RBB, TMST, and
TBBU) degraded by the SCPs samples in a 100 mL glass
container with visible light irradiation (Fawoo, Lumidas-H,

Table 1

The preparation methods and nomenclature
Preparation method Nomenclature
AC:TiO,: PR=65:5:30 ATP
Soot : TiO,: PR=70:5:25 STP
AC:TIP:PR=65:5:30 AOP
Soot: TIP:PR=70:5:25 SOP

*AC : Activated carbon, PR : Phenol resine, TOS : Titanium
isopropoxide.

8W, Korea). The differences in the photocatalytic activity
are investigated by selecting a different sample amount
and dye concentration. The reactor was placed for 2 h in a
dark box for the T-SCPs composite particles to adsorb the
TBAC, RBB, TMST, and TBBU molecule maximum, which
was hereafter considered as the initial concentration (c,)
after dark adsorption. After adsorption, visible light irra-
diation was restarted to proceed with the degradation reac-
tion. The degradation of commercial Texbrite dyes (TBAC,
RBB, TMST, and TBBU) was carried out in a glass reactor
(bottom area = 20 cm?), and samples were regularly with-
drawn from the reactor, and the dispersed powders were
removed through a centrifuge. The concentration of dye in
the solution was determined as a function of the irradia-
tion time, and the solution was then withdrawn regularly
from the reactor at 30 min, 60 min, 90 min, and 120 min. The
photocatalytic behavior of the samples was analyzed via
absorbance spectrometry with a UV /Vis spectrophotome-
ter (Optizen POP, Mecasys, Korea).

2.6. COD test

The photocatalytic activity was also tested by measur-
ing the degradation of piggery waste in aqueous media in
a 100 mL glass container with an irradiation system with
20W UV light at 365 nm in a dark box. The suspended sam-
ple (0.5 g) was kept at 0.01 g/ml, and then the suspended
solution was placed in the dark for at least 2 h to establish
an adsorption-desorption equilibrium, which was here-
after considered as the initial concentration (c,) after dark
adsorption. The experiments were then carried out under
irradiation with visible light, the reactor was placed on a
magnetic churn dasher, and the measurements were taken
at 300 min. The samples were withdrawn regularly from
the reaction, and dispersed powders were removed using
a centrifuge. Clean transparent solutions were then tested
with a COD cell test photometer.

2.7. Antibacterial effects

To detect the antibacterial effects, the T-SCPs series
spherical samples were treated with different weight
amounts of Ag* (6, 8, 10%) and a fixed spherical sample of
AOP. The treated samples were then used as bactericide
and were denoted as Ag6, Ag8, and Ag10. The halo test was
employed using the Berman method [22], and the bacteri-
cidal activities against E. Coli and S. Aureus were examined
in a cultivated culture medium. The quantitative analysis of
the bactericidal effects was conducted using the flask shak-
ing method [23]. In our previous studies [24,25], the bacteri-
cidal activity levels of Ag6, Ag8, and Agl0 materials against
E. Coli and S. Aureus were investigated in detail using the
flask shaking method. The bactericidal activity against the
strain used herein was examined in a cultivated culture
medium. For the test, 300 mL of prepared trypticase soy
broth (TSB badge, ca. 120°C, 15 min) were first sterilized.
Then, each badge strain was cultivated for 24 h under con-
ditions with constant humidity at a temperature of 37°C.
After culturing, a phosphate buffer solution was added to
the cultured solution, and the strain in the solution was
then counted again. The Ag6, Ag8, and Agl0 samples were
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then dispersed into the counted strain solution both with
and without sunlight. After dispersion and irradiation, the
number of bacteria was counted as a function of time, and
the process was carried out again after 120 min under con-
stant humidity and temperature.

3. Results and discussion
3.1. Textural characterization of T-SCPs

Fig. 3 shows the XRD pattern of the T-SCPs, and the
results indicate that the mixed phase transition of the four
kinds of T-SCPs (ATP, STP, AOP and SOP) have rutile and
anatase phase. According to previous studies, both anatase
and rutile phase can improve the photocatalytic activity
[10]. The peaks corresponding to the anatase TiO, phase
appeared at 25.3, 37.5, 48.0, 54.9, and 62.5, which match the
diffractions of the (101), (004), (200), (211), and (204) planes
of anatase, thus indicating that the prepared TiO, existed in
the anatase phase. The 26 values of 27.52°, 36.20°, 41.44° and
54.48° correspond to the (110), (101), (111) and (211) crystal
planes of rutile TiO, [26] due to the anatase and rutile phase
that can be easily generated after carbonization and activa-
tion at a high temperature above 600°C [27,28].

Fig. 4 shows a TEM image of the TiO, combined
spherical carbon (T-SCPs) samples. The TEM analysis
was carried out to further study the microscopic struc-
tural information between AC and TiO,, as shown in Fig.
4a-d. Fig. 4a and 4c were taken with small magnifica-
tion so that the large surface structure and the overall
history of the nanoparticles were exposed. These images
indicate that the TiO, nanoparticles are well-distributed,
mixed with AC and binder materials. The overall picture
indicates much less agglomeration of the nanoparticles.
However, Fig. 4b and 4d exhibit a different morphol-
ogy from that in 4a and 4c, with more agglomeration
observed after using soot as the carbon material, which
further confirms using AC as the carbon material could
lead to a better morphology and relatively good particles
dispersion [27]. The HRTEM image (Fig. 4e) indicates the

S A © Apatase R:Rutile 5:5i0, C:Carbon

Intensity (Counts)

2-Theta (°)

Fig. 3. XRD patterns of TiO, combined spherical carbon
photocatalysts.

lattice spacing of TiO, and AC bending materials, which
are of approximately 0.357, 0.176 and 0.134 nm respec-
tively. Fig. 4f shows the AFM results for the ATP sample
with a similar morphology as that seen in Fig. 4a. Oh [28]
provided a report indicating that the good dispersion of
small particles could provide more reactive sites for reac-
tants than aggregated particles.

Fig. 5a shows the changes in the BET surface area of
the SCPs before and after activation. Compared to ATP,
the surface area of the AOP is clearly seen to increase
before activation, while it is different after activation. The
TiO, introduced into the pores of the active carbon can be
considered to have decreased the BET surface area. How-
ever, the surface area of the STP and SOP decreased little,
which may be the result of the presence of TiO, having an
effect on the pore type and pore volume of the compos-
ites. Moreover, a comparison with the surface area before
activation shows that the BET surface area of the SCPs
improved much more after activation, by about 2-3 times.
The TiO, and PR can be considered to have clogged little
by little in the pores of the activated carbon or soot. Com-
paring the ATP or AOP samples with the STP or AOP sam-
ples shows that the BET surface of the AC based samples is
much larger than that of the soot based samples before and
after activation due to activated carbon having a larger
surface area and pore volume than soot. Activated carbon
is actually oxidized charcoal, and the pores give activated
carbon a massive surface area that allows it to absorb
organic chemicals and some other stuff.Furthermore Fig.
5b and 5c exhibit the N, adsorption/desorption mode, and
corresponding pore size distribution curves of TiO, com-
bined spherical carbon sample, N, adsorption/desorption
isotherm of AOP and SOP composite shows a typical IV
curve with a hysteresis loop, and the isotherm of STP is of
the type II (BDDT), evident that the presence of large mes-
opores and macropores [29]. However ATP shows typical
type IV behavior with H, hysteresis-loop [30] and the pore
size distribution of the AOP and SOP (Fig. 5c) is extend
from 1 nm to 12 nm and has different distinct positions,
while STP and ATP are broad from 1 nm to 11 nm and 5 nm
to 100 respectively. This illustrates Table 2.

Fig. 6 shows the strength intensity values of the T-SCPs
samples after activation. The results clearly show that the
strength values of the T-SCPs increase with an increasing
amount of PR. This indicates that the bonding agent has a
significant influence on the strength of the T-SCPs, and that
if the spherical shapes formed well, the strength value is
also high. Fig. 6 shows that the strength after activation for
ATP and AOP is greater than that of STP and SOP due to the
content of PR decreasing from 30% to 25%.

3.2. Visible light photocatalytic decomposition of commercial
Texbrite dyes

To study the photocatalytic effect of the prepared AOP
sample, we investigated the decomposition reaction of
TBAC, RBB, TMST, and TBBU in water under irradiation
with visible light. The experiments were performed to study
the variations in the rate of photodegradation with different
catalyst amounts of 0.02, 0.03 and 0.05 g for four kinds of
commercial Texbrite dye (TBAC, RBB, TMST, and TBBU)
solutions with concentration of 2 x 10°mol/L, which obey
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)

Fig. 4. TEM images of TiO, combined spherical carbon photocatalysts; (a) ATP, (b) STP, (c) AOP and (d) SOP; (e) HRTEM image (5
nm) of TiO, and AC binding materials and, (f) AFM images of TiO, combined spherical carbon photocatalyst (ATP).

the pseudo-first-order kinetics with respect to the concen-
tration of commercial Texbrite dyes:

~d./d,=k,¢

The integration of the equation (with the restriction of c
=c,  att=0, with cads being the initial concentration in the
bulk solution after dark adsorption and ¢ reaction time) will
lead to the following expected relation:

-In(c/c,,) = kﬂppt

where ¢ and c,, are the reactant concentrations at time
t =tand t =0, respectively, k, and f are the apparent
reaction rate constant and time, respectively. According

to the equation, a plot of -In(c/c,,) versus t will yield
a slope of k. The results are displayed in Fig. 7, from
which the degradation efficiency of commercial Texbrite
dye solution can be observed to increase sharply with the
catalyst amount. This is due the increase in number of
available adsorption and catalytic sites on the surface of
the AOP sample [25]. The degradation rate constant for
RBB reaches 7.94 x 10~ min™ under irradiation with vis-
ible light, and it was much higher than the correspond-
ing values for TBAC (6.13 x 10%), TMST (5.08 x 10%), and
TBBU (4.21 x 10-%). The result indicates that the optimum
catalyst amount is 0.05 g.

The effect of the commercial Texbrite dye concen-
tration on the degradation efficiency was investigated
by varying the concentration from 1 to 3 x 10~ mol/L
under irradiation with visible light for 120 min with a
catalyst amount of 0.05 g. The degradation rate constant
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Sample  SBET Pore volume (p/p,=  Average pore

(m?g™) 0.921) (cm®g™) diameter (nm) ATP

ATP 1010 0.3548 72145 g 401 e STP

STP 611.0 0.3496 71114 2 oo

AOP 972.0 0.2454 5.2973 =1 After Activation

soP 984.0 0.2462 71596 8

& 354

for RBB reaches 9.93 x 10° min™ under irradiation with
visible light, when the concentration is 1 x 10~ mol/L,
and the other results are depicted in Fig. 8. It is clear 30 . . . . .
that the degradation efficiency decreases as the concen- 1 2 3
tration increases. The presumed reason is that a mass of Sample No.

visible light may be absorbed by the dye molecules in

aqueous solution rather than the catalyst particles for  Fig. 6. The strength intensity of TiO, combined spherical carbon
a high concentration, which can reduce the efficiency  photocatalysts.
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Fig. 7. Sample amount effect for (a) TBAC, (b) RBB, (c) TMST, and (d) TBBU degradation under visible light irradiation (20, 30, 50 mg,

2 x 1075 mol/L).

of the catalytic reaction. Another possible reason is the
intermediate products that formed upon the photocata-
lytic degradation of the dye might compete with the dye
molecules for the limited adsorption and catalytic sites
on the surface of the catalyst particles, thus inhibiting the
degradation of the dye to a certain extent.

The photocatalytic activity stability and cycle perfor-
mance are further demonstrated with circulating runs in
the photocatalytic degradation of commercial Texbrite
dyes (TBAC, RBB, TMST, and TBBU) in the presence of
the AOP sample. As shown in Fig. 9, the photocatalyst
does not exhibit any significant loss of photocatalytic
activity after four runs under irradiation with visible
light, which indicates that the as-prepared AOP sample
has high stability and cannot be photocorroded during
the photocatalytic oxidation of the dye molecules. This
result is significant for practical applications since the

improvement in catalytic activity with visible light and
the prevention of catalyst deactivation will lead to more
cost-effective operation.

3.3. COD effect of T-SCPs

The chemical oxygen demand (COD) refers to the oxy-
genrequired for complete oxidation of a wastewater sample.
Note that the direct photolysis of infect ants accompanies
the reduction of COD, implying oxidation ability. Evidently,
the COD reduction can only be preceded via photocatalytic
oxidation, so more active sites of the T-SCPs are advanta-
geous to the oxidation reaction [31]. As is shown for differ-
ent T-SCPs Fig. 9, the removal percentage of the COD for
the ATP and AOP samples is relatively high at about 70 to
80% due to greater competition of the intermediates for oxi-
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Fig. 8. Industrial dye concentration effect for (a) TBAC, (b) RBB, (c) TMST, and (d) TBBU degradation under visible light irradiation

(50 mg, 1,2 and 3 x 10° mol/L).

dative species. Fig. 9 shows that the removal percentage of
COD increased with an increase in the amount of soot com-
pared to active carbon, and the total removal percentage
of STP is bigger than that of the ATPs. This means that the
reactor that contains the STP samples has relatively strong
oxidation ability.

3.4. Antibacterial activity

The antibacterial activity of the spherical T-SCPs series
samples against E. Coli was investigated due to its ample
availability and ubiquitous presence, as shown in Fig. 11a.
For comparison, we used the Kanamycin antibiotic given
in the culture media of the bacteria as standard. In Fig.
11a, the AOP sample can be seen to efficiently restrict the
growth of the bacterial colonies, with antibacterial activ-
ity that reaches 90%. The detailed antibacterial activity is

investigated by treating the as-prepared spherical AOP
samples with different amounts of Ag*, from 6% to 10%,
and the results are shown in Fig. 11b. The results indicate
that the use of a proper amount of Ag* in the composites
can promote a better bactericidal effect [32]. According to
the results shown in Fig. 11b, a clear but smaller inhibition
zone around 0.9 cm of E. Coli and 0.55 cm of S. Aureus for
Agl0 was observed, indicating the existence of a slight
antibacterial effect against E. Coli and S. Aureus for the Ag
series spherical samples.

4. Conclusions

In this study, TiO,-combined spherical shaped carbon pho-
tocatalysts (T-SCPs) were successfully prepared, and among
these the AOP sample exhibits the best spherical shapes and
visible light photocatalytic activity. The TEM measurements
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Fig. 9. Cycling runs about the photocatalytic activity under visible light irradiation for (a) TBAC, (b) RBB, (c) TMST, and (d) TBBU

(50 mg, 2 x 10~° mol/L).
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Fig. 10. COD removal effect (%) of TiO, combined spherical car-
bon photocatalysts.

show that the SCP composites were synthesized by immobi-
lizing the TiO, particles on the surface of coal based materi-
als. The XRD result shows that the prepared T-SCPs samples
consisted of a pure anatase phase. After the activation of the
T-SCPs composites, the BET surface area increased, and the
strength intensity of the AC based SCPs was higher than that
of soot based SCPs. The degradation rate constant for RBB
reaches 7.94 x 107 min™ under irradiation with visible light,
which was much higher than the corresponding values for
TBAC (6.13 x 10%), TMST (5.08 x 10), and TBBU (4.21 x 10°%).
The removal percentage of COD increased with an increase
in the amount of soot compared with active carbon, and the
total removal percentage of STP is bigger than that of ATPs.
Finally, the use of a proper amount of Ag* in the spherical
carbon can be seen to promote a better bactericidal effect.
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