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Nanostructured ZnO-TiO2 thin film oxide as anode material
in electrooxidation of organic pollutants. Application
to the removal of dye Amido black 10B from water
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Abstract Electrochemical oxidative degradation of diazo dye
Amido black 10B (AB10B) as model pollutant in water has
been studied using nanostructured ZnO-TiO2 thin films de-
posited on graphite felt (GrF) substrate as anode. The influ-
ence of various operating parameters, namely the current in-
tensity, the nature and concentration of catalyst, the nature of
electrode materials (anode/cathode), and the adsorption of dye
and ambient light were investigated. It was found that the
oxidative degradation of AB10B followed pseudo first-order
kinetics. The optimal operating conditions for the degradation
of 0.12mM (74 mg L−1) dye concentration and mineralization
of its aqueous solution were determined as GrF-ZnO-TiO2

thin film anode, 100 mA current intensity, and 0.1 mM Fe2+

(catalyst) concentration. Under these operating conditions,
discoloration of AB10B solution was reached at 60 min while
6 h treatment needed for a mineralization degree of 91 %.
Therefore, this study confirmed that the electrochemical pro-
cess is effective for the degradation of AB10B in water using
nanostructured ZnO-TiO2 thin film anodes.
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Introduction

Dye compounds are of the most obvious indicators of
water pollution issued from discharges of colored waste-
water effluents. Dyes are largely used in various human
activities and in a predominant way in the textile indus-
try (Guivarch et al. 2003; Brillas and Martínez-Huitle
2015). Textile dyes are released in the sewage system
during manufacturing or processing operations (Sen and
Demirer 2003; Brillas and Martínez-Huitle 2015). As
they are mostly composed of persistent organic mole-
cules and not efficiently retained by WWTP, they con-
stitute a major source of environmental contamination.
More than 10,000 dyes, with an annual production of
7 × 105 metric tons, are commercialized worldwide
(Toh et al. 2003; Senthilkumar et al. 2014). Among
them, azo-type compounds represent 60–70 % of dyes
used in textile industries (Arslan et al. 2000). About
10 % of dyes used in textile industry are lost in water
during dyeing operation. When somehow incorporated
into the human body, soluble azo dyes can undergo
breaking reactions to form corresponding aromatic
amines, which can cause cancer (Mirkhani et al. 2009;
Chung 2015). Among them, Amido black 10B
(AB10B), which is an amino acid staining diazo dye,
applicable to natural and synthetic textile fibers and
leather, is widely used in paints, inks, and plastics.

To develop an environmental friendly technology, electro-
chemical techniques provide good tool for degradation of or-
ganic pollutants. The electrochemical advanced oxidation pro-
cesses (EAOPs) are among advanced oxidation processes and
largely used in the treatment of industrial wastewaters (Brillas
et al. 2009; Panizza and Cerisola 2009; Oturan 2014;
Vasudevan and Oturan 2014; Lee et al. 2015; Shukla and
Oturan 2015). EAOPs are based on in situ electrocatalytic
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generation of highly powerful oxidizing agent hydroxyl radi-
cals (·OH) that are able to oxidize organic pollutants until
mineralization, i.e., transformation of organics to CO2, water,
and inorganic ions (Panizza and Cerisola 2009; Oturan and
Aaron 2014; Rodrigo et al. 2014; de Araujo et al. 2015). One
of the most popular EAOPs is the electrooxidation (or anodic
oxidation) process in which degradation of the organic pollut-
ants is carried out by M (·OH) generated on a suitable anode
(M) surface from water oxidation according to reaction (1)
(Panizza and Cerisola 2009; de Araujo et al. 2014; Panizza
et al. 2014). In this process, the electrocatalytic activity of the
anode is the main driving force to decolorize the textile efflu-
ents. Anodes having high oxygen evolution overvoltage like
boron-doped diamond (BDD) film electrodes or mixed metal
oxide anodes such as PbO2 have shown to bemore suitable for
th is process (Mar t inez-Hui t le e t a l . 2004) . The
electrooxidation is an attractive process because of its simplic-
ity and its oxidation power leading to removal of organic
pollutants and thus leaving non or less toxic residues in the
medium (Brillas et al. 2009). The ultimate desirable stage is
the complete incineration reaction leading to the mineraliza-
tion of organics (Brillas and Martinez-Huitle 2011; Rocha
et al. 2012).

Mþ H2O→M �OHð Þ þ Hþ þ e– ð1Þ

The oxidation power of the process can be significantly
enhanced when using a cathode able to produce H2O2

(reaction 2). In the presence of a catalytic amount of ferrous
iron, the Fenton reaction (reaction 3) takes place to generate
homogeneous ·OH in a system called electro-Fenton process
(Brillas et al. 2009; Sirés et al. 2014). The process is electro-
catalytic since ferrous iron is regenerated continuously, ac-
cording to reaction (4), by electroreduction of Fe3+ formed
in reaction (3). In this case, hydroxyl radicals are produced
simultaneously both on the anode surface (heterogeneous M
(·OH)) and in the bulk solution (homogeneous ·OH) providing
a high amount of radicals and a much more oxidation/
mineralization power of the process (Oturan et al. 2012;
Labiadh et al. 2015; El-Ghenymy et al. 2014).

O2 þ 2Hþ þ 2e–→H2O2 ð2Þ
H2O2 þ Fe2þ→Fe3þ þ OH– þ �OH ð3Þ
Fe3þ þ e–→Fe2þ ð4Þ

Different processes, such as Fenton oxidation (Sun et al.
2007), adsorption (Tan et al. 2015), and photodegradation
(Qamar et al. 2005; Kirupavasam and Raj 2012; Aboul-
Gheit et al. 2014) were employed for degradation of
AB10B. Moreover, the decolorization of AB10B aqueous so-
lutions using AOPs has been recently reviewed (Hisaindee
et al. 2013). But its efficient removal (mineralization) from
water has not been investigated. Therefore, the main objective
of this work was to optimize the oxidative degradation of
AB10B and mineralization of its aqueous solution by
EAOPs in aqueous medium using a nanostructured ZnO-
TiO2 thin film anodes on graphite (GrF) substrate, noted
GrF-ZnO-TiO2. For this purpose, the influence of various ex-
perimental parameters such as the current density, nature and
concentration of the catalyst, and the nature of electrode (an-
ode and cathode) material were investigated. The contribution
of the electro-Fenton process to the electrooxidation of
AB10B was also studied and discussed.

Materials and methods

Chemicals

Dye AB10B (4-Amino-5-hydroxy-3-[(4-nitrophenyl)azo]-
6-(phenylazo)-2,7-naphthalenedisulfonic acid, disodium salt),
C22H14N6Na2O9S2, was provided by Carl Roth, Germany.
Other chemicals used in this study were as follows: sulfuric
acid (H2SO4, 98 %, SDFCL), hydrogen peroxide (H2O2,
35 %, Carl Roth), zinc nitrate hexa-hydrated, (Zn(NO3)2·
6H2O, Loba Chemie), diethanolamine (DEA (C4H10NO2,
L o b a C h em i e ) , t i t a n i um ( I V ) i s o p r o p o x i d e
(Ti{OCH(CH3)2}4, 97 %, Aldrich, Germany), ammonia
(NH3, 25 %, Roth, Germany), potassium sulfate (K2SO4,
Merck, Germany), absolute ethanol (Merck, Germany), sodi-
um sulfate (Na2SO4, Loba Chemie), iron (II) sulfate
heptahydrated (FeSO4·7H2O, Loba Chemie), copper (II) sul-
fate pentahydrated (CuSO4 5H2O, Loba Chemie), and
Graphite felt (GrF) (Alfa Aesar, GmBH, Germany). All these
chemicals were of analytical grade and were used without
further purification. The chemical structure of AB10B used
as the target pollutant in this work is given in Fig. 1, which
presents the following characteristics: molar mass
616.50 g mol−1, solubility in water at 20 °C ~30 g L−1, and
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Fig. 1 Structure of dye Amido
black 10B
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density 1.05 g L−1 at 20 °C. Deionized water was used in
preparation and dilution of solutions throughout the work.

Preparation and characterization of graphite felt
substrates and thin films

A volume of 50 mL of the binary mixture of H2SO4

(3.0 × 10−2 M) and hydrogen peroxide in a 1:4 ratio was used
to clean organic residues of graphite felt (GrF) substrates. This
mixture is a strong oxidizing agent which removes most of
organic matters. Besides, it hydroxylates GrF surfaces by
adding −OH groups, making them highly hydrophilic. The
ZnO thin film was prepared firstly on GrF substrate using
15 mM Zn (NO3)2·6H2O dissolved in 50 mL H2O with stir-
ring. 10 mL of this solution was mixed with 5 μL DEA and
then 40 μL NH3 (25 %) was added to this solution with stir-
ring. Subsequently, GrF substrates were immersed in the
mixed solution at room temperature for 2 h. The substrates
were then removed from the solution and cleaned ultrasoni-
cally with ethanol and subsequently dried at 80 °C in the stove
for a period of 1 h to obtain GrF-ZnO substrates (Es-Souni
2011).

The second step consisted of preparation of the TiO2 thin
film oxide on GrF substrates covered by ZnO oxide (i.e., GrF-
ZnO). The two solutions, named BSol A^ containing 5 mL
ethanol (99 %) and 25 μL ammonium hydroxide (25 %), and
BSol B^ containing 5 mL ethanol (99 %) and 295 μL titanium
(IV) isopropoxide were prepared. Sol A and Sol B were then
mixed on magnetic stirring conditions for 20 min. The pre-
pared GrF substrates, GrF-ZnO, were immersed for 30 min in
this mixture. Thereafter, they were cleaned with ethanol and
dried in an oven at T = 60 °C. The samples were then heat-
treated at 450 °C at the furnace for 1 h in ambient atmosphere.
Details of the preparation of TiO2 are described in our pervi-
ous article (Es-Souni 2011). The prepared oxides were inves-
tigated by X-ray diffraction (XRD) (X’Pert Pro, PANalytical,
Holland), and the surface was characterized using a high-
resolution scanning electron microscope (Ultra Plus, ZEISS,
Germany) provided with energy-dispersive X-ray spectrosco-
py (EDS).

Analysis of AB10B

Analysis of AB10B solutions was performed using a UV-Vis
spectrophotometer (JASCO V-630). The maximum absor-
bance wavelength (λmax) of AB10B was 617 nm with an
absorption equal to 0.152 unit.

Electrochemical system and procedures

Degradation experiments were carried out in a 250-mL undi-
vided glass cell equipped with two electrodes. A GrF-ZnO-
TiO2 composite thin film (4 cm × 4 cm × 0.2 cm) was used as

anode and a graphite felt piece (19.5 cm × 6 cm × 0.5 cm) was
used as cathode to determine the effect of several physico-
chemical parameters on the degradation of AB10B during
EAOPs. Experiments were carried out under galvanostatic
conditions. A power supply (ELC model AL781N) was used
to provide the desired constant current. The pH of the solution
was adjusted to three by adding the concentrated sulfuric acid
(1 M) or NaOH (1 M). Prior to the electrolysis of the solution,
the anode was equilibrated for 30 min at ambient temperature
(20 ± 1 °C). The solution was saturated with compressed air at
2.5 L min−1 flow rate.

The total organic carbon (TOC) as equivalent of dissolved
organics was used to evaluate the mineralization degree of
treated aqueous solution. The decrease of solution TOCmeans
the conversion of organic matter present in the solution to CO2

mainly by M (·OH) and ·OH generated in the process. TOC
measurements were performed in a combustion chamber at
680 °C on a Pt catalyst in a stream of pure oxygen using
Shimadzu VCSH TOC analyzer equipped with a manual in-
jector. CO2 formed following the combustion of organic mat-
ter was determined by IR spectroscopy placed at the furnace
outlet. To avoid the presence of inorganic carbon, samples
were acidified by 1 % hydrochloric acid before injection.
Each measure was repeated three times, and the result is cal-
culated from the average of the two closest values. Analyses
were made by external calibration using standard potassium
hydrogen phthalate solution.

Results and discussion

XRD and SEM characterization of GrF-ZnO-TiO2

composite films

Figure 2 shows the XRD pattern of GrF-ZnO-TiO2 composite
film annealed at 450 °C for 1 h. The spectrum shows the
diffraction peaks of TiO2 at 2θ = 25° (101), 2θ = 37° (103),
and 2θ = 54° (105), which are the characteristics of the anatase
form of TiO2. However, Fig. 2 did not show any diffraction
peaks corresponding to the presence of ZnO in the composite
film. Thus, ZnO might be in the amorphous form.

The scanning electron microscopy (SEM) of GrF-ZnO-
TiO2 composite film annealed at 450 °C for 1 h is shown in
Fig. 3a. Formation of a homogeneous thin film on graphite felt
substrate is obtained. The films are nanostructured with a
mean grain size of 20–30 nmmesoporous and seem to be well
adherent to the substrate, filling even the interior of the graph-
ite felt pores. The EDS spectrum (Fig. 3b) shows the presence
of both Zn and Ti oxides onGrF. However, XRD ofGrF-ZnO-
TiO2 did not produce any diffraction peak for ZnO. Thus, the
EDS result substantiates the presence of ZnO in amorphous
form in the composite sample.
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Effect of the experimental parameters on the degradation
of AB10B

Nature of the electrode materials

To evaluate the effect of the nature of the anode, kinetic
study of electrochemical degradation of AB10B has been
performed with different anodes, such as uncovered GrF,
GrF-ZnO, GrF-TiO2, and GrF-ZnO-TiO2, using graphite
felt as the cathode and results are depicted in Fig. 4. As
can be seen on this figure, the better degradation rate of
AB10B was obtained with GrF-ZnO-TiO2 anode, while
the non-modified GrF anode provided poorer AB10B con-
centration decay with an oxidation rate of 35 % of initial
AB10B concentration. Better oxidative degradation perfor-
mance was obtained with GrF-ZnO-TiO2 composite thin
film anode reaching 98 % dye degradation at 70 min elec-
trolysis. Degradation efficiency was slightly lesser in the
case of GrF-TiO2 (96 %) which provides significantly bet-
ter result compared to GrF-ZnO anode (88 %). These results
highlight that the GrF-ZnO-TiO2 anode provides better
degradation performance in electrooxidation of AB10B
compared to other tested anodes and therefore it has been
chosen for further investigation.

To evaluate the effect of the nature of cathode material,
electrooxidation of AB10B solutions was performed using
three sets of cathode/anode combination. The worst degrada-
tion efficiency of AB10B was obtained when the cathode and
the anode are made of untreated graphite felt (GrF/GrF).
When the GrF cathode was substituted by the stainless steel
(SS) cathode (4 cm × 4 cm × 0.2 cm), only 50 % of AB10B
was degraded after 60 min electrolysis time. The combination
GrF/GrF-ZnO-TiO2 provided far the best degradation effi-
ciency achieving total disappearance of the dye at 60 min
electrolysis. This result highlights the importance of graphite
felt as the cathode in electrooxidation process and the contri-
bution of homogeneous ·OH generated from Fenton reaction
(2). SS cathode is not a suitable material for electrogeneration
of H2O2 and therefore Fenton reaction does not take place to
form ·OH. In this case, the electrooxidation of the dye was
conducted only by heterogeneous hydroxyl radicals M (·OH)
produced on GrF/GrF-ZnO-TiO2 anode.

Effect of current intensity

The value of the applied current is the main parameter in elec-
trochemical processes since the rate of hydroxyl radical gener-
ation is monitored through the reactions (1–4). Therefore, the
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Fig. 2 XRD pattern of GrF-ZnO-
TiO2 composite film on graphite
felt

Fig. 3 a SEM image. b EDS of
GrF-ZnO-TiO2
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effect of current intensity on the electrodegradation of AB10B
was assessed and results are shown in Fig. 5. The electrolysis
time required for complete disappearance of AB10B was
shorter when the applied current values were high. The oxida-
tion kinetics increased with increase of current intensity until
100 mA. Further increase in current did not conducted to a
significant enhancement in oxidation efficiency. Thus, the value
of 100 mA applied current intensity was chosen as optimal for
oxidative degradation of AB10B dye with GrF-ZnO-TiO2 an-
ode. On the other hand, as can be seen on Fig. 5a, dye concen-
tration decreases exponentially as a function of the time, indi-
cating that the oxidation reaction of AB10B occurred according
to a pseudo first-order kinetics (Fig. 5b). The kinetic analysis of
data from this figure allowed us to determine the value of the
apparent rate constants (kapp) versus applied current (Fig. 5).
The kapp values thus calculated are presented in Table 1.
Obtained kapp values highlight better kinetic rates for higher
applied currents confirming the above discussion.

Effect of catalyst (Fe2+) concentration

To elucidate the role of initial concentration of Fe2+ ([Fe2+]0) as
catalyst of electro-Fenton process on the degradation efficiency
of AB10B, a series of experiments were conducted without

Fe2+ and with different [Fe2+]0 from 0.06 to 0.5 mM. Figure 6
shows the effect of [Fe2+]0 on the AB10B concentration decay.
In the absence of Fe2+, only 85 % of initial dye was oxidized at
70 min. Degradation efficiency increased in the presence of
ferrous iron, but it seems not to be significantly affected in the
range of 0.06–0.5 mM—oxidation rate being 98.7, 99.0, and
99.2 % for 0.1, 0.2, and 0.5 mM initial Fe2+ concentration,
respectively, after 60 min electrolysis. The use of Cu2+ ions
instead of Fe2+ under same operating conditions conducted to
96.3 % degradation of AB10B. Considering these results and
the need to remove iron after treatment, the optimal Fe2+ con-
centration was selected as 0.1 mM for the degradation of
AB10B dye. This value is in agreement with already published
reports (Brillas et al. 2009; Lin et al. 2016).

Effect of other parameters with low influence

The ability of absorption of the dye AB10B on the untreated
(GrF) and treated (GrF-ZnO-TiO2) anode substrate was inves-
tigated in the absence of applied current (I = 0) at 20 °C. Dye
concentration decreased slightly during the first 20 min and
then remained constant on the GrF. About 20 % of initial dye
was adsorbed on the GrF at 20 min showing a moderate af-
finity of AB10B molecules for GrF substrate. In the case of
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GrF-ZnO-TiO2, adsorption of the dye was slow but continues
during 60 min. It is worthy to notice that there is not accumu-
lation of dye molecules on the anode surface during
electrooxidation process since they are oxidized by M (·OH)
as they arrive on the surface (data not shown).

On the other hand, comparative experiments were carried
out in ambient light, and in the dark showed that AB10B is not
photosensitive and remains stable in solution during experi-
ments. Therefore, the degradation of AB10B can be attributed
to hydroxyl radicals (·OH/M (·OH)) generated in EAOPs (an-
odic oxidation and electro-Fenton).

Mineralization of AB10B aqueous solution

Oxidative degradation of an organic compound can lead to the
formation of more toxic stable intermediates and thus increases
the toxicity of the treated solution (Oturan et al. 2008; Dirany
et al. 2012). Therefore, when applying advanced oxidation
techniques, reaching an appreciable mineralization degree is
essential to remove toxicity and form biodegradable and/or
mineral end-products. To determine mineralization efficiency
of different anodes tested in this study, TOC removal of
200 mL of 0.12 mM (74mg L−1) AB10B solution (correspond-
ing to 31.7 g C L−1) was investigated at 100 mA constant
current. Three different sets of experiments were carried out
with three different anodes, namely, GrF, GrF-ZnO-TiO2, and
stainless steel versus graphite felt cathode. Comparative TOC
removal degree as mineralization efficiency for each tested an-
ode was depicted in Fig. 7. In all cases, TOC removal kinetic

was faster in the beginning of the treatment and decreased along
the time and became poor at longer treatment time. This behav-
ior is in agreement with the literature on the treatment of dyes or
other organic pollutants by EAOPs (Lahkimi et al. 2007; Brillas
et al. 2009; Olvera-Vargas et al. 2014; Brillas and Martínez-
Huitle 2015). The decolorization of the solution occurred after
1 h treatment (as shown in Fig. 8) whereas the TOC removal
was about 65%. The TOC removal degree (removal percentage
of initial solution TOC) after 6 h treatment was 29, 57, and
91 % for SS, GrF, and GrF-ZnO-TiO2 anodes, respectively.
These results highlight the poor mineralization power of SS
anode (quasi absence of M (·OH) generation on the anode)
and high TOC removal power of GrF-ZnO-TiO2 anode. In this
latter case, the mineralization is quasi—almost complete. The
residual solution TOC is formed mainly of short chain carbox-
ylic acids which are hardly oxidized by ·OH (bulk) or M (·OH)

Fig. 6 Effect of Fe2+ concentration as catalyst on the degradation of
AB10B at 100 mA constant current density. [AB10B]0 = 0.12 mM,
[Na2SO4] = 60 mM, [Fe2+] = 0.1 mM, and room temperature (20 ± 1 °C)

Table 1 Apparent rate constant (kapp) values as a function of the
applied current intensity
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(anode surface) (Brillas et al. 2009; Diagne et al. 2014, Oturan
and Aaron 2014). The above results highlight the great miner-
alization efficiency of GrF-ZnO-TiO2 thin film anode on GrF
substrate in treatment of AB10B solutions. This result can also
be extrapolated to the treatment of other dye containing
effluents.

Spectral changes of AB10B during electrooxidation
experiments

The change in absorption spectra of AB10B solution as a
function of the treatment time is shown in Fig. 8. As can be
seen from this figure, UV-Vis spectrum of AB10B is charac-
terized by one band in the visible region at 617 nm and two
bands in the ultraviolet region at 226 and 318 nm. The results
of this figure are in agreement with that already observed by
Dinesh et al. 2014. The peak at 617 nm was attributed to the
absorption of the n → π* transition related to the –N=N–
group and the peaks at 226 and 318 nm were ascribed to the
absorption of the π → π* transition related to aromatic rings
bonded to the –N=N– group in the dye molecule (Dinesh et al.
2014; Solozhenko et al. 1995).

It was clearly observed that the peak centered at 617 nm
decreased very fast leading to the disappearance of the UV
band and a complete discoloration of the dye solution at
60 min electrolysis. In contrast to the absorption band at 226
and 318 nm, corresponding π → π* transition are remaining
at the end of 60 min treatment. That means the presence of
some residual compounds with aromatic ring at this stage of
the electrolysis. The complete destruction of these compounds
requires more time as shown by TOC evolution of the solution
(Fig. 7). Overall, these results confirm the quick AB10B con-
centration decay observed on Figs. 4, 5, and 6 and the fast
discoloration of the solution during electrooxidation of the
dye (Figs. 5 and 6).

Conclusions

From the results presented above, we can withdraw the fol-
lowing main conclusions:

– Electrochemical degradation of the diazo dye AB10B
was investigated by electrochemical oxidation under sev-
eral operating conditions including nature of electrodes
(anode and cathode), current intensity, catalyst nature and
concentration, and better degradation efficiency were ob-
tained under the following operating conditions: GrF-
ZnO-TiO2 anode, 100 mA current intensity, and
0.1 mM Fe2+ (catalyst) concentration for 0.12 mM initial
dye concentration.

– Discoloration of AB10B dye solution occurred, under
these optimal experimental conditions, at 1 h electrolysis

while solution TOC removal was 65 % of its initial value
in this stage of treatment. Therefore, almost mineraliza-
tion degree (>91 % TOC removal) was reached at 6 h
treatment with GrF-ZnO-TiO2 composite thin film anode
that seems to be the most powerful electrode for an effi-
cient removal of AB10B dye from water.
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