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Abstract

Several methods, including changing electrolyte concentration, temperature, stirring, and voltage were studied to improve the degradation effect
of electrochemical treatment in dye wastewater. In addition, nanophase TiO, catalyst and Co-Bi—PbO,/Ti anode have been prepared to expedite
color removal. Enhancement of temperature leads to proportional increase of color removal. As for voltage, at low levels its increase could greatly
improves color removal. After voltage reaches about 3.0V, its improvement effect declines quickly. The influence of electrolyte concentration and
aerating on color removal are similar to that of voltage. So it favored to degrade organic pollutants using high salt concentration, high voltages and
large electric current to improve treatment effect. However, the efficiency of energy supplied during electrolysis decreases. A nonlinear model is
established to evaluate the influence of electrolyte concentration and voltage on color removal. The model agrees with the experiment data very
well. Itis suggested by the simulation result of this model that electrolysis degradation should better be carried out at about 3.0 V,in 0.01 M Na,SO4
concentration for high energy efficiency. Additionally, either catalyst or Co—Bi—PbO,/Ti anode brings about 0.15 times more color removal without

increasing electric current. Together, they could bring forth some 0.22 times higher color removal.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Since most textile wastewater has strong colors, highly fluctu-
ating pH, high COD, bio-toxicity and large amount of suspended
solids, there are problems to meet more stringent environmental
regulations. Many methods have been conducted with respect
to decolorizing these kinds of wastewater [1,2]. Because of its
large variability of the composition, most traditional methods
are becoming inadequate. Electrochemical technology and its
application in wastewater treatment have been increasingly paid
more attention to, because of its advantage of color removal [3].

According to traditional electrochemistry and recent study
[5-7], electrolytic effect could be influenced by electrolyte con-
centration (conductivity), pH, temperature and electric voltage,
etc. Addition of higher initial amounts of NaCl and HCl resulted
in an improved removal of color and chemical oxygen demand
(COD). Zhou et al. [7] have investigated electroctatalytic degra-
dation of low concentration of phenol and its various affected
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factors such as current density, reaction temperature, and salin-
ity of electrolyte. The addition of K»SO4 could lead to complete
degradation of phenol. The result showed that treating phenolic
wastewater is promising, with the addition of K,SO4 (1.0gL™")
at pH 5.6. The levels of salt concentration and acidity used for
the treatment of wastewater containing organic pollutants by
electrochemical method are markedly higher than that allowed
by local legislations at the discharge point in rivers [6]. It is
clear from the reported researches that most of the investigations
favored to degrade organic pollutants using high salt concen-
tration, high voltages and large electric current. Consequently,
the efficiency of energy supplied during electrolysis decreased.
So, it is necessary to set up an evaluation model to describe the
influence of electrolyte concentration and voltage on electrolytic
effect and find its optimal utilization parameters.

Anodic oxidation efficiency depends strongly on the elec-
trode materials. As a whole, the anodes for organics oxidation
should have high-overpotential for oxygen evolution. Other-
wise, a great deal of current will be wasted to produce oxygen.
In the past, graphite has been frequently used as an anode
during electrochemical treatment, as it is relatively economical
and gives satisfactory results. Recently, many investigations
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have been reported on the electrooxidation method using
high-overpotential metal oxide anodes for oxygen evolution
such as 3-PbO,/Ti, SnO,/Ti and Pt/Ti or Pt—Pd/Ti electrodes
[8-10]. PbO, and similar anodes have been considered to be of
sufficient electro-catalytic oxidation for organic oxidation [11].
Most of these kinds of high O, evolution overpotential metal
oxide anodes can bring about approving degradation effect.
Feng and Johnson [12] developed Bi-PbO,/Ti electrode to
enhance its anodic oxygen-transfer capability. Iniesta et al. [13]
studied using electrochemical method to treat biorefractory
solution with high phenol content—1000 ppm, with Bi-doped
lead dioxide electrodes, Bi-PbO,/Ti electrodes. Singh et
al. [14] developed a kind of PbO,/Ti electrode doped with
Co304 to strengthen its stability. To study the influence of
electrode materials on anodic oxidation efficiency, graphite
anode and a kind of high O, evolution overpotential metal oxide
anode, Co—-Bi—-PbO,/Ti anode, were used as electrodes, in this
study.

However, the existence of catalyst in the electric field can also
enhance the treatment efficiency [15-17]. In the electric field,
many multivalence metal ions are added to expiate oxidation pro-
cess [18]. Chen and Zhu [19] has used metal dioxide to treat three
types of organic pollutants, i.e. phenol, phenylamine and di-Me
phthalate from wastewater. The existence of HyO, and *OH were
verified during electrolytic catalytic process. The results showed
that removal efficiency depended on the living intermediate
yield in the system. Organic pollutants were effectively removed
when HyO; yield increased. Semiconductor catalyst can be used
in electrochemical process as well as in photo-degradation reac-
tion. Among the several methods proposed, photo-degradation
catalyzed by suspended inorganic semiconductors (i.e. TiO7)
has lately received wide attention because it leads to non-toxic
final products and show high degradation efficiency. TiO; is a
semiconductor catalyst that has been widely studied since the
1970s. TiO; electrode has been used to degrade 4-chlorophenol
and dyes [20,21]. Preparation and application of nanophase TiO»
catalyst has been studied to enhance electrolysis efficiency in this
research.

The mentioned influencing factors, electrolyte concentration,
temperature, stirring, electric voltage, electrodes materials and
catalysts, have great effect on electrolysis results. Thus, it is
imperative to study these factors and to find how to operate
electrochemical treatment more effectively. In this research Acid
Red B (Acid Red 14, an azo dye) was used as model dye for
electrochemical treatment.

2. Materials and methods
2.1. Electrolytic apparatus

Fig. 1 gives the scheme of electrolytic cell used in this study.
There is a leading plank in the middle of the reactor. Air was
pumped into through inlet at the bottom, below the leading plank.
The stream of air flow and solution goes up along the leading
plank in the right part of the electrolytic cell. After reaching
the top of water level, solution goes down to bottom in the left
part and moves circularly in the reactor. Catalyst was used as
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Fig. 1. Schematic view of catalytic electrolytic cell.

powder suspended between the electrodes and flowing circularly
with the solution. Electrodes, both graphite and Co-Bi-PbO,/Ti
anode, have an effective area of 40 cm?.

2.2. Preparation of TiO> catalyst

Nanophase TiO; catalysts were produced using a proprietary
sol—-gel method. Tetrabuty] titanate and diethanolamine were dis-
solved in ethanol with a ratio of tetrabutyl titanate/ethanol = 1/11
by volume. After stirring for 2 h at room temperature, a mixed
solution of 3% dilute HNOj3 and ethanol, HNOj3/ethanol 1.5/32
by volume was added to the precursor solution, with a magnetic
burette under stirring, in a ratio of (mixed solution)/(tetrabutyl
titanate/ethanol) = 1/3 by volume. So, the composition of the
above solution included Ti (OC4H9)4/C,HsOH/H,O/HNO3,
1/30/1/0.03 in molar ratio. The resultant alkoxide solution was
kept at room temperature for about 10 h. Then it was heated at
400 °C for 3 h. All the chemicals used were analytic reagents.
Prepared TiO; is ground to powder and was detected by an X-ray
powder diffractometer (D8 advance, Bruker, German).

2.3. Preparation of Co—Bi—PbO;/Ti anode

The Bi—-PbO,/Ti electrodes were obtained by the galvano-
static deposition in an acidic PbNO3 solution according to
the former work of Feng and Johnson [12]. Titanium plates
(5.0cm x 8.0cm, 2.0mm thick) were cleaned with detergent
water, and then immersed in 10% oxalic acid solution, boil-
ing for 2-3h. After cleaned with distilled water and dried
in the air, they were dipped in 1M HClOgsolution with
10mM Pb(NO3)2, 7mM Bi(NO3);-5H20. Bi-PbO, Oxide
film was electrodeposited at 1.8 V for 30 min. Later, the plate
was washed with distilled water and dried with air. Then,
Bi-PbO,/Ti was doped with Co304 according to Singh et al.
[14]. 100 mL of 0.15M Co(NO3);-5H>0 solution was sprayed
to prepare Co30y4 film. The flow rate of solution was adjusted
to 2.0-2.5mL min~!. Air was used as the carrier gas. In this
spraying procedure, temperature above the plate surface was
maintained at 400 &= 10 °C through an electronically controlled
furnace.
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2.4. Operation

Solution contained 60 mg L~! dye. NaySO,4 was used as an
electrolyte and kept at 0.05 M except its influence is detected.
As well, DC power supply was kept at 8V, temperature at
25 °C, respectively, except testing their influence. TiO, was
added to solution at 1.0 gL ™! in the solution, when its catalytic
effect is tested. Electric current density was detected with the
time course. Color was analyzed by U-3010 Spectrophotometer
(Hitachi, Japan). The maximum absorbency visible wavelength
was detected and used as color removal index. Color removal
ratio was calculated as follows.

ABSy"S — ABS®!

Rcolor% =
515
ABSj

x 100% (1

where in, ABS>!3 is the average value of absorbency at 515 nm.

ABS?l5 is ABS value at 515 nm before electrolysis.
3. Results and discussions

When electrolysis runs, its voltages must exceed thermody-
namic equilibrium potentials, because of the electrochemical
polarization. Potential distribution of electrolysis reactor can be
expressed by following equation.

V=t r — ek + [Adal + |A¢k| +IRL +1RA + 1Rk (2)

¢e.a and ¢e.x are equilibrium potential of anode and cathode,
respectively. |Aga | and | A¢k| are absolute value of anode over-
potential and cathode overpotential, respectively. [ is electric
current. Ry is solution resistance. Ra and Ry are lead resistance
to anode and to cathode, respectively.

Electric current, /, can be defined as two parts, Iqeg and Jgys.
lgee represents the electric current to degrade organics, while
Igas Tepresents that to breakup water and release gases.

I = Ideg + Igas (3)

So the color removal effect is proportional to /gee other than
to / in total. Many influencing factors, such as, electrolyte con-
centration, temperature, stirring and electric voltage have great
effects on voltage distribution and current distribution.

3.1. Aerating

A stirring method, aerating has been tested to improve decol-
oration effect of electrolysis, while electrolytic current is kept
at about 40 mA at various air rate. Electrolysis results at various
air rates are given in Fig. 2. It is clear that aerating can improve
degradation effect because it can enhance mass transfer and then
weaken the electrochemical polarization of electrolysis process.
So high air rate and drastic stirring lead to high color removal
and high value of lqeg/las. However, after air rate reach certain
value, about 40Lh~!, its promotion effect becomes slight at
higher air rate.

A typical UV-vis spectrum of Acid Red B before and after
electrolysis at 100 Lh~! air rate is shown in Fig. 3. There is a
maximum absorbency visible wavelength at 515 nm of dye Acid
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Fig.2. Electrolysis results at various air rates, 60 mg L~! AcidRedB,8V,25°C,
0.05M Na,SOy4, 40 mA, 40 min.

Red B. Also, there is an absorbency peak of ultraviolet near
320 nm. However, the two absorbency peaks decrease evidently
after treatment. It can be concluded that the conjugated bonds of
dye Acid Red B must be destroyed and the molecules are broken
into small ones [22].

3.2. Electrolyte concentration

Adding salt into solution increases conductance and electric
current of electrolysis. As shown in Fig. 4, the figure of
conductance is almost an ascending straight line. However,
the figure of electric current is a little winding. This lies in
the alteration of voltage distribution between electrodes and
in solution with uprising of salt concentration. When salt
concentration is enhanced, solution resistance decreases and
potential difference in solution decreases. Potential difference
on electrodes, |A¢a| and |A¢k|, increases. Hence, the higher
the potential difference on electrode, the faster degradation of
dyes.

Electrolytic results in various electrolyte concentrations at
8V, 40 min are shown in Fig. 5. High salt concentration can
improve the color removal effect. However, color removal is not
proportional to the electric current and salt concentration. At
low salt concentration, color removal is improved quickly with
salt added in the solution. At high salt concentration, it increases
slightly.

3.0 —— Before treatment
----- After Treatment

ABS

0.0

300 400 500 600 700 800
Wavelength /nm

Fig. 3. UV-vis spectrum of 60 mg L~ Acid Red B before and after electrolysis
at 100 Lh~! air rate, 8 V, 25°C, 0.05M Na»SOy4, 40 mA, 40 min.
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Fig. 5. Electrolysis results in various electrolyte concentrations at 60 mg L ™!
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3.3. Temperature

Most reaction rates are varied with temperature according
to the convex-bent Arrhenius temperature dependence. High
temperature increases the activity of molecules in solution. Con-
sequently, electric conductance and electrolytic current will be
increased with the enhancing of solution temperature. Elec-
trolytic results at various temperatures are shown in Fig. 6. The
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Fig. 6. Electrolysis results at various temperatures, 60 mg L~! Acid Red B, 8 V,
0.05M Na, SOy, 40 min.
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Fig. 7. Electric current and conductance at various temperatures at 60 mg L™
Acid Red B, 8V, 0.05M Na;SOy4, 40 min.

color removal and electric current are roughly proportional to
the temperature. So value of Igep/Igas must be steady with the
increase of temperature. It is indicated that when temperature
goes up, electric current rise. The proportion of electric current
for degrading dye to that for side reactions keeps steady. That
is, degradation of dye and evolution of oxygen are accelerated
synchronously with temperature increasing (Fig. 7).

3.4. Voltage

Fig. 8 indicates that enhancement of electric voltage can
improve the degradation effect. It is noted from voltage curve
that at low voltages its increase greatly enhances the degra-
dation effect. After voltage reach about 3V, its improvement
on color removal declines quickly. At high voltages most of
current is consumed by oxygen evolution, side reactions. The
electrochemical behavior of graphite anode has been character-
ized by previous work [22] that the oxidation current density and
degrade potential have been evaluated. The oxidation potential
is 0.9V (versus SCE), i.e. 1.14V versus Standard Hydrogen
Electrode. The current density of Acid Red B is calculated as
1.0mA cm™2 on a graphite anode. Hence, it is logical that after
voltage reach about 3V, the sum potential of ¢ o and [A¢a|
should exceed 1.14 V. As a result, its electrolysis degradation
should be carried out at the voltages as 2-3 times high as the
oxidation potential on the anode.
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Fig. 8. Electric current and conductance at various voltages, 60 mgL~! Acid
Red B, 0.05M NaySOyq4, 25 °C, 40 min.



94 Z.M. Shen et al. / Journal of Hazardous Materials B131 (2006) 90-97

354
R 304
T;“ ]
o 254
£
T
204
= —%— Adding Electrolyte
o —O— Increasing Temperature
o 15 —m— Enhanching Voltage
10 T T

0 50 100
Electric Current (mA)

Fig. 9. Comparison of three kinds of influencing factors, 60 mg L~! Acid Red
B, 40 min.

As for these three kinds of influencing factors, electrolyte
concentration, temperature and electric voltage, their effects are
compared in Fig. 9. All of them can improve electric current
and degradation effect. However, their utilization efficiencies of
electric current are different. Slope rate of temperature is the
biggest among three curves as a whole. Consequently, electric
current increased by elevating temperature can lead to higher
energy efficiency than by increasing voltages and salt concen-
tration.

3.5. The effect of TiO2 on color removal

Preparation and application of nanophase TiO, catalyst has
been studied to expedite color removal. Fig. 10 shows a typical
X-ray diffraction of nanophase TiO; catalyst prepared at 400 °C.
TiO, prepared at this temperature is made of anatase structure.
Using catalyst can bring about higher electrolytic efficiency at
the same electrolytic voltage and electric current, as shown in
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Fig. 11. Electrolytic results at various anodes and catalyst at 60 mgL~" Acid
Red B, 8V, 40mA, 25°C, 0.05 M NaySOy4, 40 min.

Fig. 11. It leads to some 0.15 times higher color removal than
without TiO; catalyst.

This is likely due to the fact that TiO, may be excitated to
electron-hole pairs, ecg ~ and hyp ™, by electric energy or by oxi-
dant radicals in the solution, for it is proved TiO, as anodes can
be excitated to electron—hole pairs by electric energy [20,21].
Kesselman et al. has used TiO, as a catalyst for the oxida-
tive degradation of organic compounds in water. They used a
potential source instead of light to generate reactive oxidants.
It is demonstrated that polycrystalline TiO, particles electro-
chemically generates hydroxyl radicals at the TiO, surface.
The valence band (hyg™) potential is positive enough to gen-
erate hydroxyl radicals at the surface and the conduction band
(ec ™) potential is negative enough to reduce molecular oxygen
to hydrogen peroxide [23], which is continuously pumped into
at the bottom of the reactor through inlet. The hydroxyl radi-
cal is a powerful oxidizing agent and attacks organic pollutants
present at or near the surface of TiO». It has been considered [24]
that TiO, pre-adsorb organic compound at the particle/solution
interface before degradation. Then oxidization happens directly
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Fig. 10. Typical X-ray diffraction, 35kV x 45 mA, of nanophase TiO; catalyst prepared at 400 °C.
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or indirectly: (1) by direct oxidative transformation of the com-
pounds that need to diffuse from the bulk solution to the semi-
conductor particle surface; (2) by oxidative radicals, such as *OH
and *O;, generated from the oxidation of water and/or hydroxide
ions by the valence band holes at the surface of semiconductor
particles.

3.6. Anode materials

To detect the prepared Co-Bi—PbO,/Ti anode, it has been
tested to speedup removal of dye. PbO; and similar anodes are
proved to oxidize organic pollutants effectively [11]. It must be
due to the fact that it has high-overpotential for oxygen evolution.
If else, a large amount of oxygen will be produced and lots of
current supplied will be wasted, the degradation efficiency can-
not be improved [25]. Co-Bi—PbO,/Ti anode as a PbO; similar
anode can bring about higher electrolysis efficiency, at the same
electrolytic voltage and electric current, as shown in Fig. 11.

It is also revealed in Fig. 11 that either nanophase catalyst,
TiO; or DSA, Co-Bi—PbO,/Ti anode leads to some 0.15 times
higher color removal than graphite anode. If this DSA anode
and nanophase catalyst are used together to degrade dye, they
could bring forth some 0.22 times higher color removal without
increasing electric current. This catalytic method improves elec-
trolysis effect without increasing electric current. Its application
potential will be great if more effective catalysts or electrodes
are invented.

3.7. Model development

The effects of the electrolyte concentration, voltage and elec-
tric current on the behavior of the degradation efficiency are
different. It is postulated that organic pollutants could be oxi-
dized directly by the anode or indirectly by O3, H,O3, O,,*OH,
and other oxidants [1-4,20]. However, the relationship between
oxidation of organic pollutants and current density has not been
clarified. When electrolysis runs, there must be electron cav-
ities on the anode, which leads to positive residual charge on
the anode. So Organics could be oxidized directly on the anode.
Kesselman et al. [20] have proved that there is electrochemical
production of hydroxyl radical. Organics can be oxidized by both
hydroxyl radical oxidation pathway and direct hole oxidation
pathway. Certainly, the non-uniform concentration distribution
in the applied voltage is shown to create a diffusion field causing
the appearance of anodic current [26]. Organics must transport
across the diffusion layer to the surface of electrode, and then is
oxidized directly by electron cavity on the anode or indirectly
by oxidants produced near the surface of anodes. Hence, the
electric current and mass transfer in the near-electrode layer are
relative to the applied voltages and electrolyte concentration.

The degradation process of organics can be described as
Fig. 12. Organics near the surface are transported to the anode
and then react with residual charge on the anode, or with O3,
H>0;, 0,2,°0H, and other oxidants, forming intermediate RO.
RO is soon broken into small molecular products, and then resid-
ual charge on the anode rejuvenates, or oxidants recruit quickly.

R+ 0<% R0 R4+ P 3)

R is residual charge intensity of electron cavities on the anode
or oxidants produced near the surface of anode. O is organics
concentration near the surface. RO is bonding intermediate. P is
product of oxidation. K is the diffusion rate constant of organics
across the double layer. K_; is the diffusion rate constant of
intermediate RO off the anode. K3, is the oxidation rate constant
of intermediate RO into small molecular.

3.8. At various electrolyte concentration

The variation of RO concentration at various electrolyte con-
centrations must be as follows

ARO = ki([0] — [ROD[R] — k—1[RO] — k2[RO] “

when the electrolysis keep steady, ARO=0, RO concentration
can expressed as follows.

ki[O][R]

RO| = — o
RO ki[R1+k_1 + k2

®)
Igeg representing the electric current to oxidize organics can be
calculated as next equation

ko[ O1[R] [R]

liee = nFko[RO] = nF L
deg = Ml RO] = n ke T I R Tk
6)

F is Faraday constant, approximately 96494 C, n electron num-
ber consumed by oxidizing one organic molecule.

Electric current is roughly proportional to electrolyte concen-
tration as above Fig. 4. If residual charge intensity on the anode
is suggested to be proportional to electric current, be relation-
ship between color removal and electrolyte concentration can
be expressed as follows.

[C]
[C]+k

)

Reolor = Rmax

3.9. At various voltages

Likewise, the variation of RO concentration at various volt-
ages should be as follows

ARO = ki ([R] — [ROD[O] — k—1[RO] — k2[RO] ®)

when the electrolysis keep steady, ARO=0, SO concentration
can be expressed as following Eq. (9)

ki[O][R]

ROl=—F—"——
[RO] ki[Ol + k—1 + ko

C))

Igeg Tepresents the electric current to oxidize organics must be
as Eq. (10)

k[ O][R] [O]
1 o = F R = = Imax
deg = nFka[ROV = nf o= =" 2 (0] + k

(10)
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Fig. 12. Sketch map of oxidation mechanism of organics on the anode.
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At various voltages, transportation of organics to the surface is
proportional to electric field intensity. So relationship between
color removal and voltage can be expressed as follows.

14

VK (i

Reolour = Rmax
Relationships between color removal and electrolyte concen-
tration and voltage have been simulated according to Egs. (7)
and (11). The results are shown in Figs. 13 and 14, respectively.
This model can match the experiment data very well. It is obvi-
ously shown from the simulation result that treating 60 mg L™!
Acid Red B at 8 V, 25 °C, and 40 min, color removal can get the
highest value, about 35.07%, with enough electrolyte. Also treat-
ing 60 mg L' Acid Red B with 0.05 M NaySOyu, at 25 °C, and
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Fig. 14. Simulation results of relationship between color removal effect and
voltage.

40 min color removal can get the highest value, about 29.89%,
with enough high voltage. It can be concluded that electrolysis
degradation had better be carried out at about 3V, in 0.0l M
NaySO4 concentration to get high color removal and not con-
sume too much energy.

4. Conclusions

Methods of changing electrolyte concentration, tempera-
ture, stirring, and voltage to improve degradation effect in
dye wastewater electrolysis have been studied. Enhancement
of temperature leads to proportional increase of color removal.
Either Nanophase TiO; catalyst or Co—Bi—PbO;/Ti anode brings
about 0.15 times higher color removal. If this DSA anode
and nanophase catalyst are used together to degrade dye, they
could bring forth some 0.22 times higher color removal without
increasing electric current. Aerating, adding salt, raising volt-
age can improve decoloration effect greatly at low value. Then
their improvement becomes slightly at high value. A nonlinear
model is set up to describe the influence of electrolyte concen-
tration and voltage on color removal. The model matches the
experiment data very well. The simulation result of this model
suggests that electrolysis degradation should better be carried
out at about 3.0V, in 0.01 M Na,SO4 concentration to achieve
high energy efficiency.
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