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This paper deals with photo-degradation of chemical oxygen demand (COD) in coking wastewater cat-
alyzed by TiO; nanorod arrays (TNAs) and special secondary structural TiO,-TiO, nanorod arrays (TTNAs).
The photo-catalysts, TNAs and TTNAs, were prepared by hydrothermal process and characterized by X-ray
diffraction (XRD), field emission scanning electron microscope (FE-SEM) and high-resolution transmis-
sion electron microscopy (HRTEM). Well-aligned TNAs and TTNAs were prepared on the pretreated quartz
substrates. It is proved that Rutile TiO, crystal seeds induce the nucleation and growth of TNAs prefer-
Coki ably and the controllable synthesis of TTNAs with different secondary morphologies via hydrothermal
oking wastewater .

Photo-degradation approach could be achieved.

coD Chemical oxygen demand analyses, photochemical kinetic analysis and Fourier Transform infrared
spectroscopy (FTIR) analysis have been carried out to obtain the details of the photo-catalytic degradation
and mineralization of contaminants. The results show that these nanoscale catalysts exhibit high photo-
catalytic activities in degradation of COD in coking wastewater and TTNAs have significant advantages
in COD removal. The optimum degradation efficiencies of COD reach 77.3% and 89.8% respectively using
TNAs and TTNAs with catalyst addition of 0.04 gL-! in 60 min reaction period. The effects of operating
parameters on photo-degradation efficiency and the kinetics of COD photocatalytic degradation were
investigated and discussed.
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1. Introduction

Chemical oxygen demand (COD) is an important index of water
quality. Organic pollutants present in wastewater are mainly char-
acterized by COD, ammonia nitrogen (NH3-N), total nitrogen (TN)
and total phosphorus (TP). COD content indicates the amount
of organic containments and hence water clean degree. Coking
wastewater is a kind of typical industrial wastewater. It contains
various refractory pollutants which still exist after conventional
physical-chemical and biological treatments, such as phenol etc.
Owing to their high biotoxicity, the organic compounds in cok-
ing wastewater are not readily degradable [1] and result in high
content of COD. Compared with biological oxidation and chemi-
cal treatments, heterogeneous photocatalysis over TiO, have been
proven to be effective for the removal of as-toxicants.

Titanium dioxide is non-toxic, photoetch-stable, inexpensive as
one of the most effective semiconductor photocatalysts. Recently, it
is reported that simultaneous removal of toxic pollutants in water
can be realized via TiO,-based photocatalytic reaction systems
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[2-4]. However, most applications in wastewater focus on TiO,
powder and nanoparticles [5-7]. Compared with as-catalysts, TiO,
nanorod/wire/tube arrays have relatively higher aspect ratio,lesser
crystal interface, efficient charge separation, unique optical and
electric properties. Therefore, TiO, nano arrays have been widely
applied in many fields, including solar energy batteries, photo-
catalyst and gas sensors [8-10]. TiO, nano arrays, immobilized
onto various supports, have improved properties in photocatalytic
degradation of organic pollutants [11,12], water photoelectrolysis
[13,14] and etc., with the improvement of complicated separa-
tion performance of TiO, power. Many approaches have been
reported to fabricate TiO, nano arrays, such as template-assisted
method, electrochemical anodic oxidation method, chemical vapor
deposition and hydrotheimal method [15-18]. Among them,
hydrothermal synthesis of TiO, nano arrays is a promising pro-
cess due to simple control, quick reaction and relatively low cost.
However, preparing TiO, nano arrays via hydrothermal approach is
rarely reported. Zhang et al. [11] synthesized TiO, nanotape arrays
via hydrothermal reaction in NaOH solution on a modified Ti foil
which was pre-coated with anatase titania particles as seeds. The
seed-induced hydrothermal method improves the growth density
and diameter distribution of TiO, nanotape array, however, the
growth orientation and morphologies related to the photocatalytic
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ability of TiO, nano arrays are not ideal. In application, it is effective
and important for TiO, nano arrays to obtain uniform density dis-
tribution and well-aligned orientation, especially utilized as solar
cells and photocatalyst. Wu et al. [19] produced a unique nanos-
tructured titania film consisting of crystalline nanopillars for the
first time via structural transformation of a 3D hexagonal phase.
The film of crystalline TiO, nanopillars with inverse mesospace
is expected to have potential applications for photocatalysts and
optical-electronic devices. Recently, Wang et al. [20] reported that
single-crystalline rutile TiO, nanorod arrays were grown on Si sub-
strates and FTO-covered glass by a mild hydrothermal process.
The prepared dye-sensitized solar cells, assembled with the single-
crystalline rutile TiO, nanorod arrays, grown on FTO-covered glass
as photoanode show a power conversion efficiency (1.10%). The
proposed method may be further extended to the synthesis of
other 1D nanostructures arrays with similar crystal structures.
Similarly, for the formation of new solar cells, Wang et al. [21] fabri-
cated a CdS quantum dots-sensitized single-crystalline rutile TiO,
nanorod array on FTO substrate photoelectrodes by a simple chem-
ical method. The photoelectrodes allow more incident light to pass
through the back side of FTO substrates to induce more CdS quan-
tum dots to generate photoelectrons and can efficiently separate
and transfer photogenerated electrons from CdS quantum dots to
the collected FTO substrates. The photoelectrochemical properties
of the as-prepared arrays achieved are comparable to those of CdS
quantum dots-sensitized TiO, nanotube array, suggesting that the
TiO, nanorod array has a potential application in solar cells.

According to the studies above, the photoconversion efficiency
has been enhanced by well-oriented TiO, nanorod array sensitized
via dye or else, but investigations on the application in the field of
wastewater treatment are still rarely reported.

In this present work, well-aligned TiO, nanorod arrays (TNAs)
and TiO,-TiO, nanorod arrays (TTNAs) were prepared on the pre-
treated quartz substrates. The introduction of TiO, crystal seeds
on the substrate has a great influence on the morphologies and
the alignment ordering of TNAs and consequently TTNAs. TTNAs
are novel nanomaterials synthesized in our laboratory with unique
secondary structure by hydrothermal process. Photo-degradation
efficiencies of COD in coking wastewater catalyzed by TNAs and
TTNAs were evaluated by in a self-design fluidized bed photoreac-
tor. The effects of parameters on COD degradation efficiency were
investigated and the kinetics was analyzed. In addition, the total
oil of coking wastewater before and after photocatalytic reactions
was identified through FTIR analysis.

2. Experimental
2.1. Preparation of TNAs and TTNAs by hydrothermal method

Tetrabutyl titanate was dissolved in the mixed solution of
ethanol and diethanolamine, keeping the mol ratio of tetrabutyl
titanate and diethanolamine at 1:1, and stirred for 60 min. The
mixed solution of 1.7 mL deionized water, 34 mL ethanol and
0.13 mL hydrochloric acid (37% HCl) was dropwise added to the
above solution and further violently stirred for 15 min, then aged
for 24 h at room temperature to obtain a homogeneous and sta-
ble TiO, colloid solution. The as-prepared pre-coating solution was
then dropped and spun onto the quartz substrates using spin coater
(KW-4A, made by the Chinese Academy of Sciences) at the rate
of 3000 rpm for 30s. The substrates were dried and heat-treated

Table 1
Organic components of raw coking wastewater.

Fig. 1. Photochemical reactor for coking wastewater degradation: (1) 300W UV
light;(2) air outlet;(3) interlayer;(4) air cell;(5) sampling hole;(6) micro-pore tita-
nium plate;(7) rotameter;(8) air valve;(9) air pump.

at 800°C for 15 min in muffle furnace. The process was repeated
for three times and thus the pretreated substrates were prepared.
Subsquently, 0.05M TiCl; precursor solution, in which NaCl was
added to and keeping it saturated, was poured into a sealed Teflon
autoclave. The pretreated substrate was slantwise immersed in the
precursor solution. The hydrothermal reaction was carried out at
190°C for 3 h. After the reaction, the substrate was rinsed with
deionized water and dried at room temperature. TNAs were pre-
pared. Finally, the preparation of TTNAs was proceed using the
same mixture of TiCl3 solution and NaCl under the above conditions
except the pH was set to 1.20.

2.2. Photocatalytic degradation of COD experiment

The photocatalytic activities of TNAs and TTNAs were evalu-
ated through photo-degradation of COD in coking wastewater in
a fluidized bed photoreactor (see Fig. 1). The main part of photo-
catalysis reactor was a quartz column of 260 mm height and 60 mm
inner diameter, separated into the main chamber for photocat-
alytic reactions and the air cell by a micro-pore titanium plate.
The demountable interlayer set in the main chamber was used for
regulation of catalyst setting position in catalytic processes. The
photocatalytic reaction solutions were illuminated by the 300 W
UV light (250-380 nm, Beijing Bofeilai Technology Co., Ltd.) over
the chamber. The coking wastewater was sampled from an iron
and steel plant. The composition of raw coking wastewater is listed
in Table 1.

The photo-degradation of COD was carried out with the catalyst
addition 0of 0.004 gL~ or 0.04 g L-! and aerated from the bottom air
chamber. The air flow rate was adjusted to 5Lmin~!. All reactions
were conducted in the temperature range of 25-30°C and the reac-
tion period of 60 min. The solution samples were collected at the
given irradiation time intervals and then filtered prior to analysis
for separation of the suspended solid.

2.3. Analytical Methods
The as-prepared TNAs and TTNAs crystal structures were char-

acterized by X-Ray diffraction (XRD) performed on a D/MAX-PC
2500 diffractometer with Cu-Ka radiation (40kV, 100 mA). The

Component COD NH5-N

Organic substances

Content (mg/L) 2030 296.8

Phenols, Phenyls, Organic nitrogen, Naphthalin, Anthracene




M.-J. Gao et al. / Catalysis Today 174 (2011) 79-87 81

Fig. 2. SEM image of the nano photo-catalysts: (a) (b) TiO, nanorods;(c) (d) TiO,-TiO, nanorods (secondary structure).

Raman spectra was recorded on a laser Raman micoscpoe system
(Renishaw RM-1000) with the accuracy in the Raman shift estimat-
ing to be ~0.5cm~!. The morphologies of catalysts and the special
secondary structure of TTNAs were investigated by field-emission
scanning electron microscopy (FE-SEM, ZEISS SUPRAT™M55 operated
at 10keV) and high-resolution transmission electron microscopy
(HRTEM, H-9000 NAR at 300 kV).

Gas chromatography-mass spectrometry (GC-MS, TraceDSQ)
has been carried out to obtain the details of the composition of raw
coking wastewater. The transparent solution samples before and
after photo-degradation reactions was analyzed by Fourier Trans-
form infrared spectroscopy (FTIR, VECTOR22, Bruker). The COD
concentration was evaluated by potassium dichromate method
[7,22-26].

3. Results and discussion

3.1. Morphologies and crystal structure characterization of TNAs
and TTNAs

Fig. 2 shows the SEM images of TiO, nanorods arrays (TNAs) and
TiO,-TiO, nanorod arrays (TTNAs) grown on the quartz substrates.
Fig. 2(a) and (b) reveal that high density, well ordered and uniform
TNAs were prepared on the pretreated substrates, while the special
secondary structure of TTNAs (brushes like) is shown in Fig. 2(c) and

(d).

Table 2
Comparison on the the aspect ratio of TNAs and TTNAs.

Core rod diameter Burr-like rod Core rod length

(nm) diameter (nm) (nm)
TNAs 80-90 - 1700
TTNAs 100-110 20-30 2200

The side view of novel photocatalysts (TTNAs) is performed in
Fig. 3. The average diameter and length of TiO,-TiO, nano core
rods are about 100 nm and 2200 nm, respectively, with burr-like
rods average diameter of 20-30 nm. Table 2 performs comparison
on the aspect ratio of TNAs and TTNAs.

Fig. 4 shows low-magnification TEM and HRTEM images of an
individual TiO,-TiO, nanorod. The images demonstrate that the
TiO,-TiO, nanorod arrays (TTNAs) were successfully synthesized
with brushes-like special secondary structure. The clear lattice
fringes indicate that TiO,-TiO, nanorod is well crystallized. The
spacing between two fringes is 0.32 nm and consistent with the
interplanar distance of the (110) planes of the standard rutile
TiO,. It can be seen that the (110) fringes parallel to the c-axis
of nanorods, suggesting that the core and the burr-like ones of
TiO,-TiO, nanorods both grow along the [00 1] direction. Accord-
ing to literature reports, the (110) plane has the lowest surface
energy among the surfaces of rutile TiO, [27]. The planes with low
surface energies generally grow slowly and tend to survive during

Fig. 3. SEM side view of TiO,-TiO, nanorods (secondary structure).
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Fig. 4. TEM and HRTEM images of TiO,-TiO, nanorod: (a) high-magnification image of the core rod, and (b) high-magnification image of the burr-like rods. Inset in (b): the

corresponding low-magnification image of the TiO,-TiO, nanorod.

the growth [28], and thus the (11 0) plane is obviously observed
in the HRTEM images. Furthermore, Cl~ in the precursor solution
is preferentially absorbed onto the (110) surface and retard its
growth rate. As a result, it greatly promotes the growth of the
core and the burr-like ones of TiO,-TiO, nanorods along the [00 1]
direction [29-31]. In addtion, according to the TEM and HRTEM
images, it can be seen that the burr-like rods grew around the main
corerod, resulting in inter-overlapping screenages and focus differ-
ences. The results are in accordance with SEM images observations.

The XRD patterns of the quartz substrate, the pretreated sub-
strate (TiO; crystal seeds), TNAs and TTNAs are shown in Fig. 5(left).
The results indicate that TNAs (Fig. 5(c)) and TTNAs (Fig. 5(d)) were
found to be crystalline and identified by diffraction peaks belonging
to rutile. A number of researches [32-35] reported that the synthe-
sized TiO, nanorods via hydrothermal approach in strongly acidic
solution are usually pure rutile phase, which is in consistent with
the XRD results in this paper. Compared with the pattern of the
pretreated substrate (Fig. 5(b)), the intensity of TNAs and TTNAs
diffraction peaks was relatively higher indicating the perfect crys-
tallization of as-prepared catalysts induced by rutile TiO, crystal
seeds. The narrower diffraction lines of TTNAs show that the aver-
age size of nanorods was somewhat larger than that of TNAs. The
broad base lines observed in XRD patterns of Fig. 5(b)—(d) demon-
strate the presence of small quantity of amorphous phase [36]. The
Raman spectrum of TTNAs was shown in Fig. 5(right), reproducing
the existing literature data [37] with the bands at 143 cm~! (weak),
447 cm~! (strong), 612cm~! (strong) and a combination band at
235cm~! (medium). The bands observed are consistent with the

ones observed for rutile TiO, and also in accordance with the XRD
pattern of TTNAs (left (d)).

3.2. The photo-degradation of COD in coking wastewater
catalyzed by TNAs and TTNAs

To find out the optimal conditions of COD decomposition, the
solution pH was investigated in the range of 2.0-10.0 and the light
intensity of UV irradiation with different addition amount of cata-
lysts was studied as well.

The pH value in the reaction system exhibits significant influ-
ence on TiO, surface charge and adsorption ability [1,38]. The effect
of pH on the COD degradation efficiency is presented in Fig. 6.
The amount of TNAs and TTNAs was fixed as 0.004gL-! respec-
tively, the air flow rate as 5L min~!, the temperature as 25-30°C
and the degradation reaction time as 60 min. The results show that
the decomposition rates of COD increased when the solution pH
increased from 2.0 to 7.0 (natural pH value), while the degradation
efficiencies went down when the pH was adjust to 8.0. The opti-
mal solution pH value for COD photo-degradation was 7.0, which
was similar to that reported by other work [7]. Compared with the
degradation curve catalyzed by TNAs, the one with TTNAs fed into
the reaction solutions takes on higher degradation due to better
aspect ratio and probability of more reactive sites induced by UV
irradiation.

The surface reactions of catalysts are expected to occur as fol-
lows at different pH values, which is based on the zero charge point

Intensity (a.u.)

Intensity (a.u.)

T s T T T X
20 40 60 80

20 (degree)

T T r T r T r T T T T T T
100 200 300 400 500 600 700 800
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Fig. 5. XRD patterns (left): (a) the quatz substrate; (b) the pretreated substrate; (c) TNAs; (d) TTNAs, and Raman spectrum (right) of TTNAs.
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Fig. 6. The effect of solution pH value on COD photo-degradation (UV inten-
sity =400 mW cm~2; air bubble volumns: 5L min~'; [TNAs or TTNAs]=0.004gL1).

of TiO, (pHpzc 6.25) [1,39]:
PH < pHpzc: TIOH + H* — TiOH,* 1)
pH > pHyp,c: TIOH + OH™ — TiO~ +H,0 2)

It is proved that the electrical charge of components in coking
wastewater and the TNAs or TTNAs surface determines the adsorp-
tion content and effect. When the solution pH was set in the lower
range of 2.0-6.0, the degradation ratios of COD catalyzed by TNAs
and TTNAs increased and reached 72.4% and 80.1% as the maxima
at the pH value of 6.0. However, the efficiencies decreased with
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the rising of pH value in the higher range of 7.0-10.0. The results
reveal that the composition of coking wastewater might be nega-
tively charged or perform as electroneutrality molecules in acidic
media, which was effective to adsorption on the surface of catalysts
positively charged. For pH 2.0-4.0, the slight lower degradation
rates of COD were attributed to the CI~ ions introduced by HCl used
for pH regulation. According to some reports [40-42], the Cl~ ions
and the substances in coking wastewater solutions might have an
adsorption competition on the surfaces of TNAs and TTNAs, result-
ing in decrease of catalytic activity. At the point of neutral pH value
(6.0-7.0), the highest photo-degradation rate was reached due to
the optimal adsorption content. It can be explained by the less and
absence of Cl~ ions with little addition of HCIL. The pH value of raw
coking wastewater was examined as 7.17. In alkaline conditions
(pH value from 8.0-10.0), the majority of contamination exsiting
in solutions was still probably charged negatively, and thus the
adsorption was profoundly influenced by the TiO~ increased on the
surfaces of TNAs and TTNAs. In addition, the Na* and OH~ ions were
also proved to initiate adsorption competition [42], consequently
decreasing the degradation efficiencies of COD.

The effect of UV intensity on the photo-degradation of COD was
investigated. According to the results above, the pH was fixed to
the neutral value of 7.17 in coking wastewater solutions, which
was measured before. The temperature was still maintained as
25-30°C with the flow rate kept 5Lmin~!. During the same reac-
tion period of 60 min, the light intensity and the addition amount of
TNAs or TTNAs were examined as important factors to efficiencies
of COD photocatalytic degradation. Fig. 7 shows the COD concen-
tration as a function of reaction time under different condition
combinations of light intensities and the contents of catalysts fed
into the solutions. The degradation rates effectively increased with
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Fig. 7. Parameters effect on COD degradation catalyzed by TNAs and TTNAs.
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Table 3
The value of kypp and R? in different reaction conditions.
Parameter combination(gL~!,mW cm~2) Kinetics equations kapp (min~1) R?
TNAs 0.004, 400 In(Co/Ct)=0.0211t+0.0022 0.0211 0.9964
0.04, 400 In(Co/C:)=0.0221t+0.0142 0.0221 0.9978
0.004, 1300 In(Co/C¢)=0.0230t +0.0473 0.0230 0.9931
0.04, 1300 In(Co/Ct)=0.0251t+0.0920 0.0251 0.9808
TTNAs 0.004, 400 In(Co/C:)=0.0267t+0.0292 0.0267 0.9973
0.04, 400 In(Co/Ct)=0.0314t+0.0318 0.0314 0.9865
0.004, 1300 In(Co/C¢)=0.0330t +0.0900 0.0330 0.9825
0.04, 1300 In(Co/C¢)=0.0379t+0.1696 0.0379 0.9799

the increase of UV intensities, the catalysts addition and the both
parameters, respectively. Compared with TNAs, TTNAs as catalysts
created higher photo-degradation ratios of COD in the same reac-
tion systems with the fixed addition amount of 0.004 g L' (Fig. 7(a),
(c)) or 0.04gL-1 (Fig. 7(b), (d)) and the UV light intensities set
to 400 mW cm~2 (Fig. 7(a), (b)) or 1300 mW cm~2 (Fig. 7(c), (d)).
The efficiency differences observed demonstrate that the UV light
intensity and the contents of catalysts addition play a positive role
in COD photo-degradation and the combination of the two param-
eters can enhance the photocatalytic activities remarkably. The
maxima of corresponding degradation ratios reached 77.3% and
89.8% using TNAs and TTNAs as catalysts respectively. The compar-
ison of degradation curves between Fig. 7(b) and (c) reveals that the
as-prepared TNAs and TTNAs have greatly photocatalytic abilities.
The catalytic potential of TTNAs in the applications of any organic
pollutant is expected as well as TNAs.

The findings in Fig. 7 can been explained by the following rea-
sons. TNAs and TTNAs absorbed more photons with the increase
of UV light intensity, and subsequently more active sites were
created, where the hydroxyl radicals (OH*) and superoxide radi-
cal anion (O,~*) were induced to enhance the efficiencies of COD
photo-degradation. When the amount of UV light was fixed with
irradiation time kept in constant, the hydroxyl radicals (OH*) and
superoxide radical anion (0O, ~*) generated at the reactive sites also
held the fixed values on the surfaces of TNAs and TTNAs. More cata-
lysts set into the solution systems introduced more sites to absorb
the photons provided by UV light, resulting in the higher degra-
dation ratios of COD from coking wastewater. In additon, UV light
intensity and catalyst amount have a little different effect upon the
reaction rates over TNAs and TTNAs. It might be speculated that
high activity and COD decomposition rate are attributed to efficient
charge separation and transport properties of rutile-crystalline
structures of both TNAs and TTNAs as well as superior light har-
vesting efficiency via the quartz substrates, while the differences
between the two catalyst are probably resulted in by the interven-
tion of TTNAs sub-structure. The interface between TiO,-TiO, nano
core rods and burr-like rods might be suitable for defect forma-
tion,which is effective to separation of the photo-induced exciton.
Thus, TTNAs performed to be more active during the reactions than
TNAs in the same conditions.

Fig. 8 exhibits the linear plot of In(Cy/C) against reaction time
corresponding to the results in Fig. 7. The apparent rate constants
(kapp, min~1) and correlation coefficient (R?) were determined by
linear regression. The data is listed in Table 3 with the linear regres-
sion equations.

It can be found that, according to many literatures, the kinetics
analysis of heterogeneous photocatalytic reactions is in accordance
with pseudo-first-order or first-order kinetics models, commonly
described as equation (3).

dcC
—Ia = —T:‘ = kCA (3
CA = CAOE’ ke

However, the present work in our research (see Table 3: R etal.)
indicates that some of the photo-degradation reactions of COD,
catalyzed by TNAs and TTNAs, fitted not well with the pseudo-first-
order and first-order kinetics, or some of degradation analyses did
not obey the models. The results might be attributed to the com-
plex composition of coking wastewater and the special unclear
variations of COD photo-degradation end products, intermediate
products and reaction process. Further investigation is in progress.

The effect of UV light intensity only on COD photodegrada-
tion was studied by using strong UV light of 400 mW cm~2 and
1300 mW cm~2 without catalysts. Fig. 9 shows the COD concen-
tration as a function of irradiation time under the two different
light intensities. The blank test result performs that COD degra-
dation ratio can be affected via strong UV light, which resulting
in COD degradation rates of 17.8% (UV intensity =400 mW cm~2)
and 31.2%(UV intensity = 1300 mW cm~2). It can be calculated that
the light intensity contributes 21.1% and 34.7% degradation ratios
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Fig. 8. Kinetic analysis of COD photo-degradation with different parameter combi-
nations using TNAs and TTNAs.
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Fig. 9. The COD degradation rates against reaction time without TNAs and
TTNAs: (air bubble volumns: 5Lmin~!; pH 7.17; UV intensity =400 mW cm~2/
1300 mW cm~2).

to optimal COD removal by TTNAs ([TTNAs]=0.04 gL~1), with the
intensity fixed as 400mW cm~2 and 1300 mW cm~2, respectively.

Standard TiO, nanoparticles (Degussa P25) were used for com-
parison. The pH was fixed to the neutral value of 7.17 in coking
wastewater solutions. The temperature was kept at 25-30°C with
the flow rate adjusted to 5L min~'.The addition amount of TNAs,
TTNAs, P25 and were fixed as 0.004gL-1,0.004gL-! and 0.02gL"!
respectively. During the same reaction period of 60 min, the degra-
dation rates of COD were expressed in Fig. 10. TiO, nanoparticles
(Degussa P25) have a diameter of approximately 21nm, and
the specific surface area is about 51.2m?2/g. It is calculated that
the degradation rate of COD in coking wastewater after 60 min
reached 72.4%, 73.8% and 80.1% catalyzed by TNAs, P25 and TTNAs,
respectively. The results indicate that TNAs and P25 have sim-
ilar degradation rates. However, considering the mass of TNAs
and TTNAs are far less than that of P25, it can be concluded that
TNAs and TTNAs have a higher photocatalytic activity than P25.
The excellent photocatalytic activity of TNAs and TTNAs may be
attributed to the single crystal structure of TNAs and the unique
secondary structure of TTNAs, resulting in the efficient the trans-
mission of photogenerated electron and hole.
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Fig. 10. Photodegradation rate curves of COD. (UV intensity =400 mW cm~2; air
bubble volumns: 5Lmin~'; pH 7.17; [TNAs/TTNAs/P25]=0.004gL"1/0.004gL"!/
0.02gL1).
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Fig.11. The COD degradation rates against reaction time catalyzed by recycled TNAs
and TTNAs (UV intensity = 1300 mW cm~2; air bubble volumns: 5Lmin~'; pH 7.17;
[initial TNAs or TTNAs]=0.04gL1).

Finally, recycling tests were operated to evaluate the repeatabil-
ity of TNAs and TTNAs with the optimal reaction conditions fixed in
each cycle. Fig. 11 performs the degradation efficiencies of COD only
reduced 5.2% (TNAs) and 3.9% (TTNAs) after 3 cycles. The results
demonstrate that the photocatalytic activities of catalysts prepared
in this paper are significantly higher and TTNAs have better repeata-
bility, compared with TNAs. The solid carrier has a positive effect
on the recycle of catalysts and the efficiencies of COD degradation,
due to the less loss than that of TiO, nanoparticles in the reaction
processes and recycling experiments.

3.3. The photcatalytic decomposition of total organic pollutants
in coking wastewater

The total contamination in coking wastewater, initiating high
content of COD, was identified and measured by Fourier Trans-
form infrared spectroscopy (FTIR) analysis based on potassium
dichromate method [7,22-26]. The FTIR spectra before and after
photocatalytic reaction catalyzed by TTNAs in the optimal condi-
tions are shown in Fig. 12(a) and (b).

The infrared spectrum of composition before degradation
(Fig. 12(a)) shows the bands at 3610cm~! (strong), 3397 cm™!
(strong), 1642 cm~! (medium) and 791 cm~! (medium). Compared
with the above results, the bands attributed to the end prod-
ucts after decomposition presented in Fig. 12(b) are observed at
3651 cm~! (weak), 1654 cm~! (weak) and 795 cm~! (strong, spike)
with variations in the positions observed in Fig. 12(a). The results
demonstrate the total content of contaminants decreased dra-
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Fig. 12. FTIR spectrum of components in coking wastewater before and after min-
eralization catalyzed by TTNAs (UV intensity = 1300 mW cm~2; air bubble volumns:
5Lmin~'; pH 7.17; [TTNAs]=0.04gL"1).

matically after a reaction period of 60 min. The concentrations of
substances, the initial peaks of which at 3610cm~!, 3397 cm™!
and 1642 cm~1, reduced remarkbly, while the content of pollutants
with initial band at about 791 cm~! was enhanced.

According to the FTIR standard spectra [43-45], the results can
be analyzed as follows: the band at 3610 cm~! is due to O-H stretch-
ing mode of phenolic hydroxyl and alcoholic hydroxyl groups;
the band at 3397 cm~! belongs to N-H stretching mode of amine
group; the bands at 1642cm~! and 791 cm™! are attributed to
aromatic skeleton vibration (related to pyridine, furan, quinoline
and benzene) and C-H deformation mode of substituted benzene
groups, respectively. Therefore, it can be found that the majority
of phenols, amine, benzene, pyridine, furan and quinoline etc. are
mineralized completely by TTNAs. The total content of substituted

benzene (bands at 910-670 cm~1!)also decreases, while the amount
X

X

of m-dimethyl substituted benzene @ increases remark-

bly with the content declines of p-dimethyl substituted benzene
X

x— :%x X
, o-dimethyl substituted benzene @ and other
» O~
substituted benzene .

4. Conclusions

Well-aligned TiO, nanorod arrays (TNAs) and TiO,-TiO,
nanorod arrays (TTNAs) have been prepared by a facile hydrother-
mal preparation method. TTNAs are synthesized as a novel
nanomaterial with special brushes-like secondary structure. The
TNAs and TTNAs growth can be controled by the precusor solution
pH value and pre-coating rutile TiO, seeds on the quartz substrates.
The as-prepared TNAs and TTNAs have great photocatalytic activi-
ties, resulting in the maxima of COD degradation as 77.3% and 89.8%
respectively, with the optimal combination conditions of UV light
intensity as 1300 mW cm~2, the flow rate as 5L min~!, solution pH
value as 7.17, the catalysts addition of 0.04gL-! and the reaction
temperature as 25-30°C. According to the comparisons between
the degradation curves catalyzed by TNAs and TTNAs, the ones
with TTNAs fed into the reaction solutions present higher degra-
dation efficiencies due to better aspect ratio and probability of
more reactive sites induced by UV irradiation. The FTIR spectrum
shows the composition variation of total organic pollutants in cok-
ing wastewater and reveals that the majority of contaminants were
mineralized by TTNAs after photo-degradation reaction.

This work may be developed to a general way to prepare TNAs
and TTNAs on substrates in a larger scale and realize the high
repeatability of catalysts, which are potentially applied in photo-
degradation of any pollutants in coking wastewater. Further study
is in progress.
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