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Abstract: Boron-doped diamond ( BDD) electrocatalysis is
combined with photocatalysis using titanium dioxide ( TiO,) as
a catalyst to improve pollutant-oxidation efficiency. Phenol
solution is chosen as model wastewater. Different methods
involving BDD and/or TiO, during the degradation processes
are compared. Parameters such as the currency density and
initial concentration are varied in order to determine their effects
on the oxidation process. Moreover, the degradation kinetics of
phenol is experimentally studied. The results reveal the
superiority of series combination of BDD and TiO,, especially
the treatment process of electrocatalysis and succedent
photocatalysis, and the optimum working currency density for
electrocatalysis is 25. 48 mA/cm’. The removal rate decreases
with the increase in the initial phenol concentration and the
degradation reaction follows quasi-first-order kinetics equation.
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henols are a group of typical pollutants which can be
P easily found in many industrial wastewaters such as
petroleum, petrochemicals, coal conversion, pesticides
manufacture and metallurgical operations''™ . Most of these
compounds are labeled as being at a high toxicity level and
persistence’', and thus their recovery or elimination justifies
the search for new and improved techniques.

Advanced oxidation processes ( AOPs) are widely used
techniques in wastewater treatment due to their strong oxida-
tive ability, great efficiency and low selectivity. They are
often used in the removal of persistent organic pollutants.
AOQOPs generate hydroxyl radicals (-OH), the second stron-
gest oxidants known after fluorine'*'. Hydroxyl radicals can
react with organics producing dehydrogenated or hydroxyla-
ted derivatives, up to the complete mineralization of organ-
ics”. One emerging technology, which belongs to AOPs,
utilizes illuminated semiconductors and is commonly re-
ferred to as photocatalysis'™®'. Among the used semiconduc-
tors, TiO, is the most dominant photocatalyst and is consid-
ered very efficient due to the fact that, unlike other semi-
conductors, it is non-toxic, stable under photocorrosion,
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low cost and suitable to work using sunlight energy
sources'”'. Another preferred AOP applied in organics deg-
radation is electrochemical treatment, especially the anodic
oxidation. To some extent, the efficiency of anodic oxida-
tion depends on the material of the anode' . The current use
of a BDD thin-film electrode in anodic oxidation shows that
it possesses technologically important characteristics such as
an inert surface with low adsorption properties, remarkable
corrosion stability and an extremely wide potential window
in aqueous media'. All the strengths make BDD an ideal
material for the anode in the oxidation of a broad range of
organic compounds.

Many studies were carried out using BDD anodic oxida-
tion or TiO, photocatalysis (In the following text, the two
methods are referred to as BDD or TiO, for short) separately
in literature to remove or treat phenol compounds'*"".
Many of the studies resulted in successful degradation.
However, there are still problems concerning incomplete
mineralization due to economical or technical reasons. In re-
cent years, efforts have been made to develop systems com-
bining two AOPs'”™"', yet there are limited studies consid-
ering phenol degradation by combining BDD and TiO,.

This paper compares different ways of treatment for phe-
nol model wastewater based on BDD and TiO,, and investi-
gates the efficiency of the removal of phenol under corre-
sponding conditions. The influence of applied current and
initial concentration of phenol on the mineralization degree
is examined and the reaction kinetics is also discussed.

1 Methods
1.1 Materials

Phenol and anhydrous sodium sulfate are obtained from
the Guoyao Company, China, both of which are of analyti-
cal grade and used as received without further purification.
HPLC-grade methanol is purchased from Merck ( Germa-
ny). The water employed in this study is from AVP-2-35G-
01 water-system ( Millipore, USA). The TiO, sol is pre-
pared as reported by Xu in Ref. [14]. The UV lamp with a
maximal wavelength of 365 nm is supplied by Everbright
Electronics ( Foshan, China)

BDD electrode ( boron-doped diamond thin film deposited
on a single crystal p-type Si (100) wafer by CVD technolo-
gy) is supplied by Kanagawa Academy of Science and
Technology (Japan); the same size stainless steel plate with
high dimensional precision and a fine-polished surface is
supplied by Nanjing Jinlian Manufacturing Factory ( Nan-
jing, China). Both electrodes are square type plates with an
effective surface area of 3. 74 cm’.
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1.2 Reactor system

The system has two major parts in this experiment, name-
ly the electrochemical reactor (a 50 mL open and undivided
cylindrical glass cell) and the photocatalytic reactor. In the
electrochemical reactor, the anode is a BDD electrode and
the cathode is a stainless plate. The two electrodes are in-
stalled parallel to each other, keeping a 1.4 cm separation.
The photocatalytic part is integrated with the electrochemical
reactor, including a 9 W UV lamp placed in the center and
TiO, coated on the interior wall of the container, which fi-
nally merges into a combining system, as shown in Fig. 1.
The electrodes are not used in separate photocatalysis for
sure. Actually the reactor is so designed for the convenience
of the whole process. In other words, all the experiments
are conducted in the same reactor, but the initiation of the
electrocatalysis or the photocatalysis pattern is due to the ex-
perimental design.

UV light
Wavelength 254 nm
—

UV light
Wavelength 254 nm

BDD electrode

TiO, coating
Magnetic agitation

Magnetic agitation

Fig.1 Electrocatalysis/photocatalysis reactor used for
phenol degradation

1.3 Analytical procedure

The substrate conversions during the anodic oxidation of
phenol are monitored by HPLC on an Aligent 1100 series,
using a reversed-phase Krosmasil C18 column (4.6 mm x
250 mm, 5 wm). The UV detector wavelength is set at 256
nm. The mobile phase consists of methanol and double dis-
tilled water and the v/v ratio of CH;OH/H, 0O is 68/32 with
a flow rate of 0. 60 mL/min.

The total organic carbon (TOC) values of the solutions
are analyzed using a multi N/C 3000 in order to assess the
efficiency of mineralization.

1.4 Experimental procedures

Four groups of experiments with different combinations
on the basis of BDD and TiO, are conducted so as to acquire
the best method for phenol degradation ( see Fig.2). For the
experiments of separate photocatalysis, effluent is treated in
a photocatalytic pattern for 60 min, while in those of elec-
trocatalysis alone, the same amount of effluent is treated in
the electrochemical pattern for 60 min. The series combina-
tions are also applied, that is to treat the effluent in the pho-
tocatalytic pattern for 30 min and then the electrocatalysis is
followed for another 30 min and vise versa. The reacting

25 mL sample

Separate treatment Separate treatment

A B C D
| Photocatalysis | |Electrocatalysis| | Photocatalysis | |Electrocatalysis|
60 min 60 min 30 min 30 min

IElectrocatalysisl | Photocatalysis |
30 min 30 min

Fig.2 Experimental flow for finding the most efficient
way to remove phenol from model wastewater

time of each group is marked in Fig.2. Most of the water
samples have an initial phenol concentration of 100 mg/L
and different phenol concentrations (from 50 to 400 mg/L)
are adopted when investigating the effect of the initial con-
centration on the treatment. The reaction temperature is
maintained at 25C by a cooling jacket and the reaction solu-
tion is continuously stirred at a rate of 350 r/min in order to
keep it homogeneous. Prior to each reaction, the surface of
the electrode should be washed clean with ethanol and ultra-
pure water, respectively. Take the BDD + TiO, process ( see
Fig. 2, part D) for example. Reactions are started by adding
25 mL electrolyte into the reactor in the presence of a low
concentration supporting electrolyte of 0. 1 mol/L Na,SO,
and ceased immediately with a power switch at predefined
times. After a certain period of electrolyzing time, the sys-
tem changes to a photocatalysis pattern. Air is sparged using
an air distributor through the whole process so as to ensure
the sufficiency of oxygen supply'”'. The concentration of re-
sidual phenol in the reaction mixture is analyzed by the
HPLC.

2 Results and Discussion
2.1 Comparison of different combinations

The efficiency of phenol degradation with the help of the
oxidation system in different combinations of TiO, and BDD
is investigated, including the separate treatment and the se-
ries treatment. The rate of degradation is depicted in Fig. 3
as a function of treatment time. For each experiment, all
the conditions are adjusted to the same level except for dif-
ferent patterns involved. As shown in Fig. 3, the removal
rates of phenol by the process of combining BDD and TiO,
are 85.88% and 96. 78% , which are higher than those of
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80

60

40+

Removal rate/%
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Fig.3 Removal rate of phenol in different combinations
(A, B, Cand D are the four groups tested in Fig.2)
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using BDD or TiO, separately. The latter groups only
achieve a removal rate of 77. 61% and 48. 01% , respective-
ly. Furthermore, it also shows that the process of electroca-
talysis and succedent photocatalysis results in the maximum
removal rate.

As is known to all, the photocatalysis that involves the
generation of conduction band electrons and valence band
holes by the illumination of TiO,with light energy is greater
than the band gap energy. The holes can act with the donors
of electrons such as water, anions OH™ and organic prod-
ucts, absorbed at the surface of the semiconductor forming
the hydroxyl radicals ( - OH). However, there is an un-
solved problem existing in photocatalysis, i.e., the recom-
bination of holes and electrons, which greatly influences the
efficiency of pollutant degradation. The electrons generated
by the radiation of light can easily recombine with holes on
TiO, and dissipate energy in the form of light/heat. There-
fore, electron acceptors are designed to inhibit the process
of recombination. O, is the most widely employed electron
acceptor in many cases and the inorganic peroxides such as
hydrogen peroxide and persulphate can also provide positive
effects'”!.

Interestingly, BDD can generate a certain amount of per-
oxodisulphate from the supporting electrolyte Na,SO,"" "™,

H,0—(-OH) +H" +e"” (1)
2SO} +2(-OH) +2H'— S,0!” +2H,0  (2)

However, peroxodisulphate ( mediated electroreagents) is
not a very good oxidant itself, and it is even less efficient
than conventional oxidation carried out by hydrogen perox-
ide!. Tt is probably because peroxodisulphate needs UV
radiation or heating to be activated. Therefore, in most ca-
ses BDD is applied only in removing phenol, and SO;~ does
not contribute much to the oxidation process. In photocatal-
ysis, peroxodisulphate realizes its function in two ways. On
the one hand, the UV lights activate peroxodisulphate to
form hydroxyl radicals ( -OH),

UV +S,0; — 250, - (3)
SO, - +H,0 —»SO;” +(-OH) +H" (4)

On the other hand, there are several kinds of electron ac-
ceptors such as hydrogen peroxide, potassium bromate and
potassium persulphate, etc. Among them, potassium per-

sulphate is proved to be the most effective one!”. It can
generate reactive species,
eCB~ +S,0;” —S0, - +S0O;" (5)
. 2- + (6)
SO, - +H,0——S0;” +(-OH) +H

Therefore, it is reasonable to combine BDD with TiO,,
making full use of S,0; produced in electrocatalysis, and
finally leading to a higher removal rate of phenol. The BDD
+ TiO, process (shown in Fig.2, part D) is a promising al-
ternative for the treatment of phenol.

In the following experiments, the BDD + TiO, process is
used since it exhibits the highest overall activity for degrada-

tion of the model compound under investigation.
2.2 Effect of current density

The current density is an important factor in the electro-
chemical reaction and it has a great influence on degradation
effects. The degradation of 25 mL solution with 100 mg/L
of phenol and 0. 1 mol/L Na,SO, is done by BDD first at
the constant current densities of 10.70, 25.48, 101.91,
133.69 mA/cm’. Fig. 4 shows the effects of the current
densities. It can be seen from Fig. 4 that higher current den-
sities increase the initial reaction rate and obviously have
higher removal efficiency. The results may be attributed to
the increase of active intermediates such as hydroxyl and
peroxodisulphate. Hydroxyl radical (-OH) is increased dra-
matically on the surface of BDD under a relatively high cur-
rent density. It enhances indirect oxidation of phenol on
BDD as well as electron transfer speed, namely the direct
oxidation speed of phenol. On the other hand, the growing
production of S,0.~ does not only contribute to electrolysis
itself but more importantly, serves as a powerful electron
acceptor in the process of photocatalysis. After 30 min, the
removal rates of phenol are more than 90% .

100

80
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2 60k Current density/(mA - ecm™2),
8 —=—25.48
= L ——101.91
g 40 —2-10.70
o —_—
2 2l 133.69

0 -
1L 1 1 1 1 1 J

0 5 10 15 20 25 30
t/min

Fig.4 Effect of current density on the removal rate of
100 mg/L phenol solution in 50 mmol/L Na,SO, at 25°C

However, when the current density is over 101. 91 mA/ cm’,
the degradation efficiency increases slowly with the increase
in the current density. It is because an overly high current
density will severely accelerate anodic polarization and in-
crease side effects such as oxygen generation. At the same
time, a large amount of heat is produced, which can greatly
reduce the efficiency of electrolysis.

With regard to both degradation efficiency and energy
conservation, 25.48 mA/cm’ is selected to be the most ide-
al working current density.

2.3 Effect of initial concentration

In order to find out the effect of initial concentration, ex-
periments are carried out with different initial phenol con-
centrations ( from 50 to 400 mg/L) and a constant current
density. Fig. 5 illustrates that the removal rate decreases
with the increase in the initial phenol concentration though
the actual removed amount of phenol of high concentration
outweighs that of low concentration. The inset panel pres-
ents corresponding kinetic analysis assuming a pseudo-first-
order reaction for phenol.

As is known to all, the Langmuir-Hinshelwood kinetics
rate model is widely applied to many works related to photo-
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. The composition in the reaction mixture is monitored both
L2r E‘fg‘(’)v(mg'L ): by HPLC and TOC (see Fig. 7). Experimental HPLC re-
Lok 2100 sults show that phenol is quickly oxidized into organic com-
’ :%88 pounds. TOC results also show that the intermediate organic
5 0.8F species remain in the solution for a longer time and are e-
E ventually mineralized into CO, and H,O. Comparing the
§0’6 HPLC and TOC curves, it is obvious that the organic inter-
50,4- mediate species degrade at a much slower rate than that of
phenol.
0.2
1.21 11.2
0.0
1 1 Il Il 1 Il ] i
0 5 10 15 20 25 30 1.0 1.0
¢/min
Fig.5 Effect of initial concentration on the removal 0.8 108 g
rate of different phenol solutions in 50 mmol/L Na, SO, Lé’ 0.6 106 g
at 101. 91 mA/cm?®, 25°C © S
. (0] - ' 0.4 10.4 T
catalysis'™ . At the same time, an apparent first-order mod- : :
el is also proposed for phenol degradation in electrocatalys- 0.2 102
is"'™ . With regard to the combined effect of the two meth-
ods, the reaction kinetics of this experiment can be simpli- 0 L L . 0

fied to the model™:

where C, is the initial phenol concentration, and C is the
phenol concentration at any time ¢; k is the rate constant for
the reaction. Actually, as shown in Fig. 6, the decreasing k
values of 2. 20 x 10 ~* s ~'(square regression coefficient R* =
0.9977), 1.80x107* s '(R*=0.9974), 1.43 x107° s
(R*=0.986 9) and 1.20 x 10> s™' (R* =0.967 8) are
found for the initial phenol concentrations of 50, 100, 200,
400 mg/L, respectively. This suggests a steady and limited
production of hydroxyl radicals ( - OH) along the degrada-
tion process. Therefore, in practical applications,
wastewater containing phenol should be treated in the first
place so as to achieve the maximal efficiency.

R%:
5.0r =0.9678
4.5 *0.9869 .
4.0 40.997 4
. 3.5 v0.967 8
© 3.0
N
$2.5
2.0
1.5
1.0
0.5
0 1 1 1 1 J
5 10 15 20 25 30
¢/min
Fig.6 Pseudo-first order kinetics fitting of phenol deg-
radation

2.4 Mineralization

It is far less than needed that we only study the variation
of phenol concentration because phenol can produce a series
of intermediates'™ . Therefore, the rate of TOC removal
should also be given attention to ensure a final mineraliza-
tion of phenol. A phenol solution of 100 mg/L is chosen to
study the mineralization of phenol in the treatment process.

1
0 10 20 30 40 50 60
t/min

Fig.7 Degradation of 100 mg/L phenol solution in 50
mmol Na,SO, at 101.91 mA/cm’, 25 C in terms of
HPLC and TOC

3 Conclusion

The results of this study show that among all the oxida-
tion processes conducted here, the combination of BDD and
TiO, treatment has higher efficiency in removing phenol,
particularly, the method of electrocatalysis and succedent
photocatalysis. It is probably ascribed to the production of
S,0:" during electrocatalysis which is helpful in the degra-
dation of phenol with the help of TiO,. Taking both degra-
dation efficiency and energy conservation into considera-
tion, 25.48 mA/cm’ is selected to be the most ideal work-
ing current density. As for the initial concentration, the re-
moval rate decreases with the increase in the initial phenol
concentration though the actual removed amount of high
concentration outweighs that of low concentration. Compa-
ring HPLC and TOC, it is obvious that the organic interme-
diate species degrade at a much slower rate than that of phe-
nol. Kinetic studies of phenol are also investigated in this
experiment and it is found that the degradation kinetics fits
the pseudo-first order reaction.
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