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The application of titanium dioxide-loaded activated carbon fiber (ACF/TiO, ) in a pulsed discharge reactor
for degradation of methyl orange (MO) was investigated. Several factors were considered to explore the
applicability and the effect of ACF/TiO, in the combined treatment of pulsed discharge and ACF/TiO,. A
synergistic effect appeared in the combined treatment. The increase in COD removal results from the
photocatalysis of ACF/TiO,, as well as the adsorption of ACF/TiO,. Further, ACF/TiO, could be regenerated
in situ in the combined treatment. The solution conductivity had a major effect on chemical oxygen
demand (COD) removal from the MO solution in the combined treatment, while the initial solution pH
value had a minor effect on COD removal.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Titanium dioxide (TiO,) is extensively used as a photocatalyst
due to its high chemical stability, optical and electronic proper-
ties. It is a semiconductor that absorbs light at A <385nm with
the corresponding promotion of an electron (e~) from the valence
band to the conduction band. This excitation process leaves behind
a positively charged vacancy called a hole (h*). The hole itself
is a very powerful oxidizing agent or it may generate hydroxyl
radicals (HO*) in the presence of water and molecular oxygen
[1]. However, the quantum yield is lower because of the recom-
bination of electron-hole pairs in the photocatalysis process. In
this case, excess ozone (O3) might prevent the recombination of
electron-hole pairs. O3 can easily accept electrons from the con-
duction band because of its electrophilic reactivity, leading to
formation of the ozonide radical (O3*~), which finally yields HO®
radicals through radical chain reactions and photocatalytic ozona-
tion is produced [2-4]. Moreover, it is difficult to separate fine
particles of TiO, from solution after reaction. To overcome this
problem, many studies have been devoted to immobilizing TiO, on
activated carbon [5-7]. Activated carbon fiber (ACF), widely used as
an effective adsorbent in treatment of polluted water and gas, has
been introduced as a photocatalyst support in many studies [8-14].
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The technology of wastewater treatment using pulsed discharge
has attracted increasing attention [15,16]. In liquid phase pulsed
discharge (both anode and cathode immersed in water), the dis-
charge process can generate a number of reactive species when
oxygen or air is introduced, such as oxygen and hydroxide rad-
icals and other active molecular species (e.g., H,0,, O3); and
simultaneously generate ultraviolet radiation [15]. The technique
works primarily by oxidizing and decomposing organic pollu-
tants in water by these reactive species. Previous results obtained
by emission spectroscopy showed an intensive radiation from
underwater pulsed discharges over a wide range of wavelengths
(200-1000 nm) [17-20]. Thus, the combination of pulsed discharge
and TiO, can enhance the degradation rate of contaminants by
utilizing the ultraviolet radiation generated in pulsed discharge.
This has recently been proven in several investigations [20-22].
Addition of TiO, loaded activated carbon fiber (ACF/TiO;) to a
pulsed discharge reactor may not only be able to avoid the dis-
advantages of suspensions of fine photocatalyst particles but also
to utilize ozone and ultraviolet radiation generated in pulsed dis-
charge. Furthermore, the energy efficiency of the discharge reactor
may be improved. However, the application of ACF/TiO5 in a pulsed
discharge reactor has not yet been investigated in wastewater
treatment.

The aim of the present research was therefore to evaluate appli-
cable conditions of a combined system of pulsed discharge and
ACF/TiO,, focusing on the effect of ACF/TiO, in the combined sys-
tem. Methyl orange (MO), which has a relatively high toxicity, a
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complex structure, and high resistance to biodegradation, was cho-
sen as a model contaminant in this study.

2. Experimental
2.1. Materials

Commercial viscose-based ACF felt, supplied by the Zichuan
Carbon Fiber Limited Company, Qinhuangdao, China, was cut into
3 mm x 3 mm pieces to enable fluidization in the discharge reactor.
Distilled water with conductivity less than 5 uScm~! was used to
prepare all solutions and to rinse the ACF. All other chemicals were
of analytical grade and were purchased from Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China. A TiO, sol was prepared using
the same methods as described in previous references [11,23].2.5¢g
of ACFwas added to the TiO; sol under vigorous stirring and stirring
was continued for 1 h. The sample was taken out and separated one
by one to avoid conglutination and dried at 80 °C. The dried sample
was finally calcined at 900°C in a flow of high-purity nitrogen for
2 h, obtaining the ACF/TiO, sample [24].

2.2. Analytical methods

Solution pH values were adjusted with 0.2M HCl and 0.2 M
NaOH and conductivities were adjusted with 0.2 M NaCl. The solu-
tion pH and conductivity were measured using a PHSJ-3F pH meter
and a DDB-11A conductivity meter (Leici Limited Company, Shang-
hai, China), respectively. The dissolved ozone concentration was
determined by the standard iodometric method [25]. The MO con-
centration was determined against a prepared standard curve by
measuring the absorbance at 465nm with an ultraviolet spec-
trophotometer (UV-762, Leici Limited Company, Shanghai, China).
The chemical oxygen demand (COD) was measured with a CM-02
COD analyzer (Beijing Shuanghui Corp., China) using acidic oxida-
tion by the dichromate method. The synergetic effect of combined
treatment by pulse discharge and ACF/TiO, was evaluated using
the synergy intensity. The synergy intensity, the regeneration per-
centages of ACF|/TiO, and the energy efficiency were calculated as
described in previous work [26,27].

2.3. Experimental apparatus

The experimental apparatus consisted of a pulsed power supply
which has been previously described [27] and a pulsed discharge
reactor [24,28]. The reactor reference conditions were as follows
[24]: an input voltage of 46kV, with 100 pulsess~!; and an oxy-
gen flow rate of 96 Lh~!. The reactor was filled with 200 mL MO
solution (80 mgL~1, pH 6.1, conductivity 20 wScm~1), either with
or without 0.25g ACF/TiO,, and the power was applied. Samples
from the reaction solution (5 mL) were taken for analysis at given
intervals.

The power supply applied a voltage to the high-voltage elec-
trode and the ground electrode. Electric discharge occurred in the
aqueous phase and in the gas phase when oxygen was bubbled
into the discharge reactor. HO*® radicals were produced in the lig-
uid phase and O3 was generated in the gas phase. These active
species reacted with organic pollutants and mineralized them to
H,0 and CO, [28]. ACF/TiO, was added to the discharge reactor and
suspended under vigorous stirring in a rising air flow. Synergistic
combination between the pulsed discharge and ACF/TiO, occurred.

Table 1

The operating conditions were estimated by preliminary tests and
the absence of diffusion limitations was verified.

3. Results and discussion
3.1. Synergistic effect in the combined treatment

To determine the effect of ACF/TiO, in the combined treatment
of pulsed discharge and ACF/TiO,, a set of control experiments was
carried out with addition of ACF/TiO, to the MO solution in the
absence and presence of pulsed discharge. The adsorption of MO
on ACF|TiO, increased linearly and reached 61.3% in the absence
of pulsed discharge. For pulsed discharge alone, MO degradation
reached 63.0%, but MO degradation increased to 98.2% in the com-
bined treatment. This shows that there is a synergistic effect in the
combined treatment. As shown in Table 1, the synergy intensities
were positive within 9 min. This result indicates that the disappear-
ance of MO molecules may result from photocatalysis of ACF/TiO5,
as well as from adsorption of ACF/TiO,. When the treatment time
was extended, the synergy intensities quickly became negative.
This may be because most MO molecules have decomposed after a
certain time, which means that the probability of reacting with HO*
radicals is reduced. However, HO® radicals react with byproducts
during this period and further mineralize them to H,0 and CO,.

To determine MO mineralization, COD removal was also exam-
ined. COD removal reached 56.7% using pulsed discharge alone,
while which reached 92.5% for the combined treatment. For pulsed
discharge alone, ozonation leads to the formation of byproducts
such as organic acids and aldehydes and the byproducts resist
ozone attack [29], which led to the solution pH decreasing from
6.10 to 4.4 and the conductivity increasing from 20 to 54 pScm~1.
The combined treatment significantly increased COD removal. It
shows that the byproducts were further mineralized to H,0 and
CO,, which led to an increase in the solution pH and a decrease in
the conductivity. The final solution pH and conductivity was 5.56
and 25 pScm—1, respectively.

In the present study, a discharge reactor energy efficiency
of 5.60gkW-1h-1 was achieved for pulsed discharge treat-
ment alone. Further, an energy efficiency of 8.86gkW-1h~1 was
obtained for the combined treatment. Compared with pulsed dis-
charge alone, the energy efficiency of the combined treatment
system increased by 58.2%. Thus, the combination of pulsed dis-
charge and ACF/TiO, can be an effective approach to improving the
energy efficiency of the discharge reactor.

3.2. Adsorption of ACF/TiO; in the combined treatment

To evaluate adsorption of ACF/TiO, in the combined treatment,
repeated use of ACF/TiO, were performed with the same sample
in the presence of pulsed discharge and the adsorption of ACF/TiO,
on MO was also tested in the absence of pulsed discharge under
the same conditions [24]. By comparing COD removal with and
without pulsed discharge in previous work, it can be confirmed
that adsorption of ACF/TiO, on MO in the combined treatment dif-
fered from that in the absence of pulsed discharge. The adsorptive
capacity of ACF/TiO, after the fifth cycle was investigated by mea-
suring the amount of MO adsorbed. The initial adsorptive capacity
of ACF/TiO, was 112.5 mg g~ ! and after the fifth cycle this value was
99.5mgg!. The result shows that ACF/TiO, could be regenerated
in situ during the combined treatment.

Synergy intensities in the combined treatment (initial solution pH 6.1 and conductivity 20 uScm™1).

Time (min) 3 6
Synergy intensity 37.6 239
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Table 2
Dissolved ozone concentrations at various pH values after reaction in the combined treatment (initial solution conductivity 200 wS/cm).
Solution pH values 4 6.1 10
Dissolved ozone Discharge alone 0.0156 0.0157 0.0144
concentration (mM) Combined treatment 0.0044 0.0050 0.0034

3.3. ACF/TiO, photocatalysis in the combined treatment

In the pulsed discharge/ACF/TiO, system, the ultraviolet light
(included in the streamer) in the plasma channels would induce
photocatalytic reactions of TiO,. The primary reactions are given
as follows [1-3,30]:

TiO, + hv (streamers) — ey, +h* (1)
ech +O03(ads) > 03° (2)

In the photocatalysis process, dissolved ozone accepts electrons
from the conduction band to produce O3°~, and dissolved O, can
also accept TiO, conduction band electrons and generate O,*~. Sub-
sequently, HO® radicals are generated by radical chain reactions.
The recombination of electrons and positive holes can be inhibited
by the reaction among ozone and oxygen and electrons on the sur-
face of titanium dioxide, thereby accelerating the photocatalytic
reaction.

To investigate the effect of ozone on the photocatalytic process
in the combined treatment, the dissolved ozone concentration was
measured at various pH after the reaction, as shown in Table 2.
Compared with pulsed discharge alone, the dissolved ozone was
depleted during the combined treatment. This shows that ozone
is concerned with the photocatalytic reaction. The ACF can cre-
ate a high ozone concentration in a contiguous zone of its surface
by adsorption, which increases the probability of photo-electrons
being captured by O3 and enhanced HO*® radical generation on the
surface of ACF/TiO,. As a result, the limitation of interphase mass
transfer caused by the immobilization of TiO; is offset.

According to the above analysis, it could be suggested that ACF
acts as an adsorption center, assembling the reactants in its surface
contiguous zone by adsorption, while TiO, loaded on the ACF sur-
face acts as a decomposition site, accelerating the transformation
of O3 into HO® radicals and decomposing MO and its byproducts
to CO, and H,0 [24]. The MO and its byproducts concentration in
the bulk solution decrease continuously because of the oxidation of
reactive species produced during pulsed discharge and the adsorp-
tion of ACF/TiO,. Thus, the MO and its byproducts adsorbed within
the ACF micropores diffuse to the bulk solution and they are fur-
ther degraded on the decomposition site and in the bulk solution
during the diffusion. As a result, the adsorption sites within the ACF
are vacated and the regeneration of ACF is achieved in situ.

3.4. Influence of solution conductivity on the combined treatment

The influence of solution conductivity on the combined treat-
ment was investigated at initial solution pH 6.1 and the result
is shown in Fig. 1. It shows that COD removal decreased with
increased solution conductivity. Similar results were reported in
previous literatures [17,18]. The generation of Hy (radical line at
656.3nm), O (777.1 and 844.6 nm), and HO* radicals (309, 620 and
927 nm) by pulsed discharge in water have been proven by emis-
sion spectroscopy in the visible and ultraviolet ranges [17,18,22].

Fig. 1. Influence of solution conductivities on COD removal (initial solution pH 6.1).

The emission intensity depended on solution conductivity. As the
conductivity increased, the streamer channel length, as well as
the HO® intensity, increased. The intensity reached a maximum
at a conductivity of 10-80 p.S/cm. The emission intensity became
weak again when the conductivity was further increased because
it was difficult to build up a strong electric field in the high con-
ductivity liquid. At the higher conductivity, the HO* band could
be masked by the blue wing of the Hy, (Hg) line [18], which could
lower the responsiveness of the photocatalyst. In addition, other
active species generated by pulsed discharge could also be reduced
at the higher conductivity [19]. Changes in dissolved ozone con-
centrations at various conductivities in the combined treatments
are shown in Table 3. The experimental result is in good agree-
ment with the literature [19]. On the other hand, the increased ionic
strength would reduce ozone solubility in the bulk solution because
of the salting out effect, which would also likely affect the extent
of oxidation.

3.5. Influence of initial solution pH on the combined treatment

The influence of initial solution pH value on the combined treat-
ment was investigated in the pH interval 4-10 and the result is
shown in Fig. 2b. For comparison, the adsorption of MO on ACF/TiO,
was also measured in the absence of pulsed discharge and the
result is shown in Fig. 2a. There were minor effects on the adsorp-
tion at various pH values. The MO molecular size (calculated using
the ChemOffice software) is 1.54nm x 0.48 nm x 0.28 nm. Given
the existence of micropores and mesopores within ACF/TiO,, MO
molecules can be adsorbed with flat configurations, oblique con-
figurations and terminal group interactions. As a result, ACF/TiO,
showed rather fast adsorption in the MO solution in both acidic and
alkaline environments.

Fig. 2b shows that COD removal was more effective at pH 4
than that at other two pH values for pulsed discharge alone. Sim-
ilar results were reported in previous literatures [29,31-33]. The

Table 3

Changes in dissolved ozone concentrations at various conductivities (initial solution pH=6.1).
Conductivity (uS/cm) 20 200 500 800
Dissolved ozone Distilled water experiment 0.0162 0.0157 0.0145 0.0122
concentration (mM) Combined treatment 0.0054 0.0050 0.0044 0.0031
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Fig. 2. (a) COD removal by adsorption of ACF/TiO, in the absence of pulsed discharge and (b) COD removal in the combined treatment (initial solution conductivity 200 wS/cm

at all pH values).

COD removal was lower at pH 10 than that at pH 4 within 12 min
but at the end of the reaction the COD removal was almost equiv-
alent to that achieved at pH 4. A similar result was reported in
previous literature [34]. For the decomposition of organic com-
pounds by ozone oxidation, different reaction routes would take
place under different solution pH values. The direct ozonation path-
way would dominate under acidic or neutral solution conditions.
But under alkaline conditions, the radical-type chain reaction of
ozone would be promoted, which accelerates the transformation of
ozone into HO*® radicals, hence HO® radical reactions dominate the
oxidation process [35]. Nevertheless, carbonates could be gener-
ated during MO degradation under alkaline conditions. HO® radicals
are unselective and react readily with carbonate ions, reducing the
efficiency of the oxidation process [32]. This is a possible expla-
nation for the higher COD removal at pH 4. Because of ozonation,
the MO molecules decompose into organic acids and aldehydes,
resulting in a decrease in pH values. In the case where the initial
pH was 10, the pH was changed from 10 to 7.2 after the reaction.
As aresult, the carbonate ions in solution were decreased and HO®
radicals increased. This is a possible reason for the increase in COD
removal after 12 min in alkaline solution. It can be seen in Table 2
that the dissolved ozone concentrations was lower at pH 10 than
that at pH 4 after reaction, which related to the radical-type chain
reaction of ozone under alkaline conditions.

Fig. 2b shows that the effect of the initial pH value on COD
removal was not significant in the combined treatment. It can be
seenin Table 2 that the dissolved ozone concentration at various pH
was also not significantly different in the combined treatment. The
COD removal under alkaline conditions was only slightly higher
than that under acidic conditions. The reason for this is that the
adsorption of MO on ACF/TiO, was relatively high at alkaline pH
values. By comparing Fig. 2a and b, it can be seen that the effect
of pH on COD removal was negligible so pH adjustment is not
required in the combined treatment. This is because COD removal
from the MO solution can be attributed to MO degradation in the
bulk phase induced by pulsed discharges and the photocatalysis
of TiO, loaded ACF, as well as the adsorption of ACF on MO in the
combined treatment of pulsed discharge and ACF/TiO,.

4. Conclusions

Synergistic effect existed in a combined pulsed discharge/ACF/
TiO, system. Compared with pulsed discharge alone, the energy
efficiency of the combined system increased by 58.2%. Moreover,
ACF|TiO; could be regenerated in situ during the combined treat-
ment. The solution conductivity had a major effect on COD removal
in the combined treatment, while the initial solution pH value had

a minor effect on COD removal. ACF/TiO, contributed in two ways
in the combined treatment: by acting as an adsorption center that
assembled the reactants in its surface contiguous zone by adsorp-
tion; and by acting as a decomposition site that accelerated the
transformation of ozone into HO® radicals and decomposed MO and
its byproducts to CO, and H,O.
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