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Introduction

The discharge of industrial effluents containing textile-dye 
residuals, mainly into water-bodies recipients and secondly in soil 
ones, causes many serious environmental and health problems. 
These are generally toxic and carcinogenic. The contained dyes 
have a complex structure, mainly based on aromatic amines the 
partial degradation of which also generates various toxic by-
products. The wastewater resulting from textile dyeing processes 
is very difficult to treat by the conventional activated sludge 
systems. Due to the non-biodegradable nature of the dyes, these 
in wastewater remain unaffected. Many different physicochemical 
methods were developed for the removal of dyes, e.g. coagulation/ 
flocculation, adsorption on clay, perlite, activated carbon, carbon 
composites and biomaterials (algae, fungi, agricultural products 
and by-products, etc.) and other techniques such as reverse 
osmosis [1-3]. Recently a promising method was put forward [4]  

 
including the initial mixed physical and chemical adsorption on 
suitable adsorptive surfaces followed by coagulation/flocculation 
of dye and the subsequent recovery of separate dye and adsorptive 
material.

But, by the above methods [1-3] the contaminants, dyes and 
dye by-products, are transferred from one phase to another, or 
these are densified in the initial one, so the problem remains 
not completely solved [5-10]. The recovered dyes [4], if not 
reused, further require degradation and mineralization to simple 
molecules/ions H2O, CO2, N2, NO3

- etc., complicating the effluent 
processing practice. With the exception of reusable recovered 
dyes, in all other cases the destruction of dye and dye by-products 
and their mineralization within the effluents seems to be the best 
solution.

Abstract 

Solutions of azo-reactive dye red 120 were treated electrochemically using anodes in which oxide is formed, such as Al and Ti, and in which 
no oxide is formed, such as Pt in platinized Ti, Pt(Ti). Pb, Ti and Pt(Ti) correspondingly were used as cathodes in which the processes exert a 
marginal role. The systems Al – Pb and Ti – Ti showed significant efficiency in solution discoloration, ascribed mostly to active species formed in 
the anode. The discoloration of solution occurs in its bulk, rather than in electrode surfaces, and is accelerated by temperature rise. The Ti – Ti 
system is more effective regarding the rate of the process and the Al – Pb regarding the voltage and energy requirements, while the consumption 
of Al metal is much higher than that of Ti. Pt(Ti) – Pt(Ti) system is trivially effective. This different behavior is due to the different mechanism of 
oxygen-based active species release. In Al and Ti anodes where oxide grows, the release of electronic current and oxygen is an oxide lattice 3D 
process with a mechanism involving the formation of O-, O•, OH• and O3 dye-destructive species too. These are released in the interface, during 
the incessant renewal of a thin oxide layer interposed among the solution and metal and enter the attached layer and bulk solution. The oxygen 
evolution on Pt is a simpler 2D surface process, where all these species are not released or the release rates of all or some of them are much lower. 
Optimization of Al and Ti electrodes and other ones with oxides is expected to reveal highly effective methods for the destruction of azo-reactive 
dyes and final complete mineralization of related industrial effluents.  
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Suitable methods are the advanced oxidation processes 
(AOPs), that is the ozonation and other combined methods 
including ultra-violet (UV) radiation, H2O2 and O3 (UV/H2O2, 
UV/O3/H2O2). These can cause the destruction of chromophore 
groups in dye-molecule and discoloration of textile effluent. In 
the case of azo-reactive textile dyes the azo double bond –N=N– 
breaks initially, then intermediate colorless products are formed, 
e.g., nitrosamines. These products can be further degraded 
until their complete mineralization [11-14]. O3 combined with 
radiofrequency alternating electric field (RFAEF), ultra-sound 
(US), UV and H2O2 (RFAEF/O3, US/O3, US/O3/UV, US/O3/H2O2) 
gave important synergetic results [1,15-17]. Pulsed power 
treatment techniques, that generate in situ strong oxidizing agents 
such as OH•, H•, O•, H2O2, O2 and O3, were successfully tested in 
azo-reactive dye effluents [18-21]. AOPs include electrochemical 
methods producing such active species. Mixed methods were also 
tried such as sono-electrocoagulation including sono-activation 
with electrochemical treatment, adsorption and coagulation/
flocculation [22].

Despite a large amount of work done on the removal and 
destruction of dyes, a radical solution has not yet been achieved and 
the related research issue is still open. The detailed mechanisms 
of the destruction of chromophore groups and of the entire dye 
molecules up to mineralization become very complex when the 
specific chemical behaviors of separate rings, functional groups, 
atoms and substituents and the related elementary processes are 
considered. This complexity is enhanced considering the many 
different active species formed, e.g., during an electrochemical 
process.

A species involved in a dye destruction process may yield other 
intermediate species/radicals up to its final products. For example, 
considering O3, O3 + H2O → HO3

+ + OH-, HO3
+ + OH- → 2HO2

•, O3 + 
HO2

• → HO• + 2O2 [23], while it can partake in numerous other 
processes embracing many active species/radicals and also react 
directly with organic compounds [1]. The oxidative effect of the 
active species is not always clear. E.g., OH• and H• do not present 
only an oxidative behavior [24]. They can abstract H atoms from 
various organic compounds to form H2 and H2O molecules or can 
be added, e.g., to aromatic rings as a result of their electrophile 
character, where that of H• is slight and of OH• is more pronounced. 
Also, they can react with functional groups as a result of their 
redox properties. They react with inorganic compounds too. H• 
behaves generally as a reducing agent, but there are exceptions 
where it behaves as an oxidizing agent, while the reaction H• + OH- 
→ eaq

- + H2O, where eaq
- is hydrated electron, may be looked upon as 

an acid-base process [24]. Other active species/radicals also show 
other complexities. A detailed description of the mechanisms 
and kinetics of all elementary and overall processes for dye 
discoloration/destruction is thus unfeasible.

A main reason for the necessity of discoloration is that the 
absorption of light hinders the bio-physicochemical processes that 

are vital for the eco-system in the recipient. Despite the difficulties 
in penetrating all those mechanisms, the discoloration that follows 
the break of –N=N– bond is easily studied. Moreover, the efficiency 
of further degradation of dye, to non-toxic and generally non-
harmful fragments and to the complete oxidative degradation or 
mineralization, presumably follows that of discoloration, in view 
of which a first assessment of the employed methods can be made.

For an in-depth evaluation of an electrochemical method, the 
next issues are important: (i) The effect of the nature of electrode 
surfaces on dye discoloration/destruction, (ii) the space(s) where 
the discoloration occurs, (iii) the nature and amount of produced 
active species for each type of electrode and additive, and (iv) 
optimization of the entire process. Here, new electrochemical 
methods are employed using anodes Al, Ti and platinized titanium 
(Ti)Pt and cathodes Pb, Ti, and (Ti)Pt, enlightening as possible (i)–
(iv), noting however that focus on the nature and precise amounts 
of active species for (iii) exceeds the scope of the study. The Al 
and Ti anodes, but not the Pt anode, always bear a well-developed 
oxide layer allowing the study of the presence of oxide on the 
effectiveness of dye discoloration.

Materials and Methods

Three of the most representative and commonly used azo-
reactive dyes, most suitable for dyeing cotton and polyester/ cotton 
blended fabric, are C.I. Reactive Yellow 84 (RY 84), C.I. Reactive 
Red 120 (RR 120) and C.I. Reactive Blue 98 (RB 198). These 
are anionic, highly soluble in water. The RR 120 (molar formula 
C44H24Cl2N14O20S6Na6, molar mass 1469.98, and wavelength of 
maximum absorbance 535 nm) was chosen to avoid as explained 
before [4] long-lasting experiments and also for a better distinction 
of colors on the electrodes. Revealing any possible deposition of 
dye on the electrode surfaces is vital. Preliminary experiments 
showed that the red dye, if deposited, is more easily distinguished. 
The blue may resemble the oxide grown sometimes on Ti 
electrodes (see Results and Discussion, sections 2–4), thus it is not 
properly distinguished. Also, the yellow dye generally was not so 
efficiently discerned. Figure 1 shows the structural formula of RR 
120 [25] and the color of dry dye deposited on a solid surface [4]. 
Some molecule size characteristics are: Representative dimension 
2.48 nm, accessible area 14.84 nm2, molecular area 8.83 nm3 and 
solvent excluded volume 0.83 nm3 [2]. A dissolved molecule of RR 
120 gives an anion with charge -6 and six Na+ ions.

An initial dye solution with concentration 50 mg dm-3 (or 
3.4014×10-5 mol dm-3) and pH = 6.75 was used. The charge 
density of dye anion is thus 19.691 C dm-3. To clarify the effect of 
the electrodes used on the discoloration of dye solution, ideally no 
other compound should be added. But the experiments without 
additives needed high voltage (ΔV) and high energy consumption 
due to the low conductivity of dye solution. Additives rising it, but 
not affecting as possible the mechanisms of the processes on the 
electrodes, should be used. For this purpose, an amount of the 
chosen solid additive was added in the dye solution, so the noted 
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here concentration is close to the real one, or certain volumes of 
dye and additive solutions of known concentrations were mixed 
and the noted concentration is the exact. Experiments were 

designed to clarify, as much as possible, the earlier noted issues 
(i)–(iv).

Figure 1: (a) Structure of C.I. Reactive Red 120 (RR 120) dye [25]. (b) The physical color of a multimolecular solid layer of dye taken up 
from its solution by the surface of porous anodic alumina film after drying the entire system [4].

The electrodes used were sheets of Al (purity ≥ 99.9518%, 
Merck pro-analysis), Pb (purity ≥ 99.968%, Merck pro-analysis) 
and Ti (purity 99%, Alfa Aesar), all of thickness 0.5 mm, and 
platinized Ti, Pt(Ti), with Pt thickness 2 μm on Ti 0.5 mm thick. 
The conductive surface was 5×5 cm2. Each electrode had a stem 
5×1 cm2, originating from the center of a side. It was insulated 
except of its bare upper edge with length 1 cm for the electrical 
connection, Figure 2. The conductive geometric surface area of Al, 
Pb, Ti and Ti(Pt) electrodes was Sg = 50.95 cm2. Current (I) = 0.5 
A, or current density (j) = 9.91 mA cm-2, was applied. The distance 
among anode and cathode, mounted vertically, was 5 cm.

A homemade power supplier was used working 
galvanostatically or potentiostatically with upper limits of power 
output ≈ 50 W, current (I) = 2 A and ΔV ≈ 35 V (PS1). For higher ΔVs, 
another power supplier was used where I and ΔV are manually 
regulated (PS2). The anodic potential (> 0) and cathodic one (< 
0) were measured by Hg/Hg2SO4 reference electrode with Pref(vs. 
SHE) = 0.615 V at 25 oC [26]. Then Pan(vs. SHE) and Pca(vs. SHE), or 
Pan and Pca, can be found.

f2

The solution, Figure 2, was thermostated by setting the 
temperature of circulating heating/cooling fluid (Tf) at 25 oC, 
except otherwise noted. At low ΔVs and high volumes of solution, 
the temperature (T) of solution and electrodes was ≈ 25 oC. At high 
ΔVs and low volumes of solution, T could rise during electrolysis, 
allowing however important observations. The solution was 
magnetically stirred at a low nominal rate 2 (max 10) to avoid 

violent mixing of solution and air, which could uncontrollably 
affect the dye-destructive species and processes. A UV/VIS Hitachi 
U-1100 spectrophotometer and reference plot, absorbance vs. 
concentration, were used to follow the discoloration of solution.

The conductivity of dye solution (κd) at concentration (cd) = 50 
mg dm-3 and T = 25 oC was found 5.952×10-3 ohm-1 m-1, not much 
higher than that of used deionized water 4.27×10-4 ohm-1 m-1. 
For comparison, that of pure water is 6.414×10-6 ohm-1 m-1 [26]. 
The unknown mobility of bulky dye anions must be negligible 
compared with that of Na+ and the κd is thus mostly due to the 
mobility of Na+. For such low cds, the Bjerrum activity coefficient 
should tend to 1 [27]. The concentration of Na+ is 6cd. Ignoring 
the mobility of dye anions and assuming this coefficient 1, then 
at cd = 50 mg dm-3 and T = 25 oC, κd ≈ 1.029×10-2 ohm-1 m-1 that is 
expected to be only slightly lower than the real κd. The measured 
conductivity is 57.9% of 1.029×10-2 ohm-1 m-1. So, this coefficient 
is < 0.58, indicating strong Debye-Hückel interactions and/or that 
some secondary equilibrium process(es) embracing ionic species 
is (are) set up. For other cds in a narrow range around 50 mg dm-3, 
the κd was found considering reasonably that it is proportional to 
cd, Table 1.

As explained below, the appropriate additive is Na2SO4. The 
conductivities of its solutions (κs), Table 1, were found from 
literature data of κss at certain concentrations (cs) and 18 oC and 
temperature coefficients [26] by interpolation. At the used css, κds 
<< κss. Thus, when Na2SO4 additive is present, calculations are 
made using κs.   
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Figure 2: Electrolytic cell setup for the electrolysis of dye-containing solutions with the use of three different pairs of anodic and cathodic 
electrodes. 

Table 1: Conductivities of separate dye solutions, κd, and Na2SO4 solutions, κs, at various concentrations of dye RR 120, cd, and Na2SO4, cs.

Compound cd/mg dm-3 cd/mol dm-3 T/oC κd/ohm-1m-1

RR 120 47.5 3.231×10-5 25 5.654×10-3 

RR 120 48.077 3.271×10-5 25 5.723×10-3

RR 120 50 3.401×10-5 25 5.952×10-3

Compound cs/g dm-3 cs/mol dm-3 T/oC κs/ohm-1m-1

Na2SO4 5.391 0.0385 25 0.603

Na2SO4 7.001 0.05 25 0.762

Na2SO4 7.001 0.05 57 1.256

Na2SO4 14.002 0.1 25 1.439

Na2SO4 23.341 0.1667 25 2.308

Na2SO4 140.02 1 25 10.006

Na2SO4 140.02 1 62 18.020

Results and Discussion

Al anode – Pb cathode 

Electrochemistry of oxide growth on the Al anode: Al 
is covered by a rapidly formed native passive oxide film with 
limiting thickness 2-3 nm [28]. When Al is anodized in pore 
forming electrolytes, e.g. oxalic, sulfuric, phosphoric, tartaric, etc. 

acid, initially it thickens and finally porous anodic alumina films 
(PAAFs) grow [29]. Their growth occurs in three sequential stages, 
the first and second short transient stages and the third steady-
state stage that is desirably short or long where the structure of 
PAAFs become close-packed array of about hexagonal columnar 
cells [30-33]. Each cell contains an elongated pore vertical to the 
Al surface, extending from the top surface to near the Al|oxide 
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interface, while a thin spherical sector shell-shaped barrier-type 
layer with thickness ≈ 1 nm per V of ΔV exists among the interface 
and pore bottom [30-33]. Al anodizing in H2SO4 needs lower ΔV 
and produces PAAFs with surface density of pores of the order 
1010 cm–2 and pore base diameter of the order of up to about 10 
nm [33]. Figure 3 shows some structural details of PAAF formed 
in H2SO4 [34].

To study the discoloration of dye solution, Al could be anodized 
in a similar acidic solution, e.g. 0.51 M [34], containing dye. But, 
its low pH ≈ 0.3 [26] could affect the structure of dye anion and 
the mechanism of solution discoloration. Also, concerning the 
industrial effluents, after discoloration their neutralization 
and additional treatment to remove the sulphates present at 
significant concentration are needed before their disposal. Thus, 
Al anodizing in dye solution at pH close to 7 was chosen. Oxide 
growth is also possible in an electrolyte at pH ≈ 7 when its anion 
does not decompose under the action of the electric field in the 
anode|electrolyte interface. Initially non-porous anodic alumina 
film is formed. If the oxide is not dissolved or Al3+ ions cannot at 
all be solvated, the thickness of non-porous oxide increases about 
linearly with ΔV, when the current is left to decline to near zero, up 
to ≈ 1.4 nm V-1 [31,32].

If constant I is applied, the required ΔV increases with time up 
to hundreds V. Such type of Al anodization is unsuitable here. If the 
solution dissolves slightly the oxide or, equivalently, Al3+ ions are 
ejected in the solution by the field and/or by oxide dissolution and 
solvated, the initial non-porous oxide can be then transformed to 
porous. Such electrolyte is Na2SO4.

For I or ΔV above some limits that depend on T, type and 

concentration of electrolyte, etc., the uniform normal PAAF growth 
turns locally to abnormal and burning emerges [35]. It is a much 
faster local film growth associated with higher local j and real T 
around the barrier layer and altered structural parameters, e.g. 
thinner barrier layer that is related to altered surface pore density, 
pore diameter and pore wall thickness around the pore bases. The 
presence of Na2SO4 is expected to eliminate this abnormal growth 
or to suppress it to some extent if it occurs, mostly at high css.

The current in the growing non-porous film or in the barrier 
layer of growing PAAF (Ia) is Ia = I = Ia,a + Ia,c + Ia,e, Figure 4. Ia,a is 
the anionic current through it due to O2- anions that migrate to 
the Al side to form oxide, mainly in the metal|oxide interface 
and maybe partly within the oxide and in the oxide|electrolyte 
interface, at faradaic rate as regards Ia,a. O2- ions are formed in 
the latter interface by the dissociative adsorption of H2O and 
ejection of H+ to the anolyte [35]. Ia,c is the cationic current due 
to migration and ejection of Al3+ ions. It exists only if Al3+ ions can 
be solvated, otherwise Ia,c = 0. In the outer oxide sublayer minor 
amounts of Al2(SO4)3 and/or AlOOH and/or Al(OH)3 can be formed 
by migrating Al3+ and the contaminant electrolyte anions, OH- and 
H+ that are embodied in it. Ia,e is the electronic current through the 
oxide related to the formation inside it and in the oxide|electrolyte 
interface by a specific mechanism [36] of species O-, O• and O2 
containing a small fraction of O3. It includes certain processes that 
follow the polarization and destabilization, under the action of 
high field, of the large O2- ions with radius 0.14 nm [37] instead 
of the small Al3+ ions with radius 0.053 nm [37] placed in spaces 
between O2-. In the above sublayer and interface, O- + H+ → OH•, 
can also occur. The rates of O-, O•, OH• and O3 release must follow 
that of O2.

Figure 3: (a, b) Field emission scanning electron microscopy (FESEM) micrographs of the cross-sectional fractures of PAAFs formed in 0.51 
M H2SO4 electrolyte at anodic potential (vs. SHE) 23.615 V, temperature 298 K and electrolysis times 2430 s (a) and 2280 s (b) where the 
current density is 212.9 mA cm-2 and 43.3 mA cm-2, respectively, [34]. (a) External geometry of the columnar cells detached via intercellular 
boundaries and of the corresponding barrier layer units in a region near Al substrate. (b) Cross section of spherical-sector shell-shaped 
barrier layer units. (c) Schematic cross section of a cell/pore unit of PAAF around the pore base region where the pore, its axis, pore wall, 
barrier layer, cell width and pore base diameter are shown.
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Figure 4: Schematic of anodic oxide growth on Al or Ti metal (Me) when (a) non-porous and (b) cellular columnar porous oxide is formed, 
in suitable electrolyte and conditions for each metal, at times t0, t1 and t2 (t0 = 0 < t1 < t2), where t1 and t2 for the porous layer are small 
but within the quasi-steady state stage. For the non-porous oxide, a layer equivalent to the ejected metal cations, mainly electrochemically 
and secondarily chemically, is shown. For the porous oxide its volume about equals that of pores, CDEF. The Ia,e is related to the formation 
of O-, O•, OH•, O3 and O2 species within the non-porous oxide and the barrier layer of porous oxide, ADEH, and in the oxide|electrolyte 
interface, DE. Those formed in the interface are released directly in the solution and those in the non-porous oxide or in the barrier layer of 
porous oxide are subsequently released, as they are renewed continuously [36]. Those enclosed in the pore walls are released as they are 
chemically dissolved slowly during the oxide growth and the pores open up outwards that is detected mainly at high t’s and thus not shown 
here.

During PAAF growth these species formed in the 
oxide|electrolyte interface are released directly in the pore 
filling solution. Those existing in the barrier layer and pore walls 
are released during the continuous renewal of the barrier layer 
and the chemical dissolution of pore walls [36]. Then, these are 
transferred to the attached layer and bulk solution. Depending 
on the anodizing conditions, the release rate of O2 (containing O3) 
varies from low, hardly detected as here, to high equivalent to a 
significant portion of I [36]. The O-, O• and OH• are short-lived, thus 
short-range acting, but the dissolved O3 is relatively long-lived and 
long-range acting, partaking in various processes.

Since the solution becomes alkaline during the electrolysis 
and Al is attacked by alkaline solutions, the Al cathode could give 
products additional to those obtained from the Al anode. This 
would cause confusion as to the origin of dye solution discoloration. 
So, Pb was used as cathode which is slowly attacked only in hot 
acidic sulphate solutions [38]. In Pb cathode H2 is released. Short-
lived and short-range acting H• radicals can be formed, located 
mainly in the surface and attached layer and much less in the 
catholyte. The H•, acting in various ways [24], could destroy or not 
the chromophore groups of dye anions and cause fragmentation 
with either conservation or not of that groups. But most probably 
2H• → H2 almost solely occurs. Also, the approach of dye anions 
to the (-) charged cathode is hindered, thus any effect of H• to dye 

solution discoloration, if existing, must be trivial. The rate of H2 
release is thus closely faradaic. Some secondary processes may 
occur in the vicinity of cathode starting from the dissolved O2 [23], 
O2 + H2O + 2e- → HO2

- + OH-, HO2
- → OH- + O•, HO2

- + H2O + 2e- → 
3OH-, giving active species for dye destruction.

At the employed j, Ia,e in the Al anode is very small and the 
release of oxygen occurs at a very low rate [36], thus it is a minor 
process. Al2(SO4)3, AlOOH and Al(OH)3 possibly formed in minor 
amounts in the oxide space just next the oxide|electrolyte interface 
are ignored. Then, the Al oxidation is nearly faradaic according to 
the process [35]. 

                              Al + tnan(3/2)H2O → tnan(1/2)Al2O3 + tnan3H+
aq,h

 

+ tncaAl3+
aq,h + (tnan + tnca)3e-,                        (1)              

               

where tnan and tnca (tnan + tnca =1) are the transport numbers of 
O2- and Al3+ in the non-porous film or in the barrier layer of PAAF 
and Al3+

aq,h is hydrated and solvated Al3+. In the Pb cathode and 
acidic solution H2 is released by the reaction

2H+
aq,h + 2e- → H2,                                                                         (2)

in alkaline it is released by 2H2O → H2 + OH-
aq,h [27] and in 

neutral reasonably by both. In view of reaction, 
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H2O  H+
aq,h + OH-

 aq,h,                                                                                               (3)

always taking place, (2) can be considered to occur equivalently 
in each type of solution and the consumption of H+

aq,h in cathode 
is faradaic. From the consumed H+

aq,h ions per mol of reacting Al, 
the part 3tnan comes from the reaction (1) and the part 3tnca comes 
from the additional H2O decomposition. The overall process in 
both anode and cathode is then 

Al + tnan(3/2)H2O + 3tncaH+
aq,h → tnan(1/2)Al2O3 + tncaAl3+

aq,h + 
(3/2)H2.                             (4)

In not highly alkaline solution, the anodic behavior of Al 
resembles that in not highly acidic and in neutral solution, 
although the processes that follow may differ. At given I and T, 
the potential drop in the non-porous film or in the barrier layer 
of PAAF, or Pan, is about proportional to its thickness by ≈ 1 V nm-1 
[30-33]. 200 ml of solution with cd = 47.5 mg dm-3 and cs = 0.05 
mol dm-3 (0.7% w/v) was used. Na2SO4 changes the pH in pure 
H2O by ΔpH = 0.5pKa + 0.5logcs ≈ 0.31, where Ka = 1.2×10-2 is the 
second dissociation constant of H2SO4 (the first is complete) [26]. 
In the dye solution with pH 6.75, its change must also be ≈ 0.31. 
Really, 6.75 + 0.31 = 7.06 ≈ 7.03 measured. The Na+ ions in this 
solution are not deposited, sulfate anions do not decay and Al3+ 
ions are solvated, so PAAF can also be formed. These anions are 
also relative to sulfonic groups in dye anions. Na2SO4 is thus almost 
indifferent to discoloration processes.

Discoloration of dye solution during electrolysis 

The dye solution was electrochemically treated at I = 0.5 A 
using PS1 and up to t = 2 hours at which complete discoloration 
was achieved. T increased from 25 to ≈ 57 oC until about 1 hour 
and then remained almost stable. Due to the small volume of 
solution and surface of heat exchange and the low stirring rate, the 
rate of heat release in the solution exceeds that of heat abduction 
at low Ts. A balance is reached at T ≈ 57 oC. ΔV varied from ≈ 34.0 V 
at the start of electrolysis to ≈ 24.3 V at t = 1–2 hours. ΔV is shared 
to Pan > 0, potential drop in the bath solution (ΔVbs > 0) and -Pca > 0. 
From Pca vs. j data for H2 evolution on Pb cathode [34], Pca ≈ -1.15 
V at 25 oC.

From κs, Table 1, the dimensions and distance of electrodes, 
ΔVbs can be estimated. At 25 oC, ΔVbs ≈ 6.56 V. Pan = ΔV - ΔVbs + Pca ≈ 
26.29 V, thus the non-porous film or the barrier-layer in PAAF has 
a thickness ≈ 26 nm. After electrolysis pH = 10.97 (25 oC). During 
it, the composition of solution changes, pH and T rise and ΔV falls, 
so Pan, ΔVbs and Pca change too. Mainly due to T and secondarily to 
pH rise, κs at 57 oC is higher. From κs at this T, ΔVbs is estimated ≈ 
3.98 V, while 0 > Pca > -1.15 V [34]. So, 20.31 V > Pan > 19.17 V and 
the predicted thickness of non-porous film or of barrier layer in 
porous film is roughly ≈ 20 nm. By a non-destructive method [39] 
a mean film thickness of several μm was found. Thus, the entire 
film resembles PAAF, Figure 3. Due to T rise, tnan and tnca in barrier 
layer change [40] and the structural and kinetic parameters 

change with T and t [34], but their study exceeds the scope of this 
work.

After electrolysis, a white to grayish-white precipitate was 
observed. Due to the contained sulphate ions and pH > 7, it must be a 
mixture of white Al(OH)3 [41] and grayish-white Al2SO4(OH)4·7H2O 
(aluminite), where aluminite seems to predominate. Aluminite 
could cage a dye amount, which is excluded since it did not take 
any blushing hue.   

The H+ ions are provided by the reaction (3) and consumed 
by (4), while a surplus of OH-

aq,h appears. The solvated Al3+ ions 
form various complex cations [41,42] and/or Al(OH)3 [41] 
and aluminite, all of which include OH-. The H+

aq,h and OH-
aq,h 

concentrations are regulated by the reactions (3) and (4), the ionic 
product of H2O, kw = 1.27×10-14–10.5×10-14 at 25–57 oC [26] and by 
the above processes consuming OH-. So, an exceeding rise of pH is 
prevented.

The initial charge (Q) of dye anions 3.74 C is negligible 
compared to the passed Q = 3600 C. This indicates that the 
discoloration does not occur on the Al anode surface, but mostly in 
the bulk solution. The O-, O•, OH•, O2 and O3 released in the solution 
and some their by-products destroy the chromophore groups [18-
21]. While O-, O• and OH• are short-lived and short-range acting, 
like H•, O3 is long-lived, long-range acting and thus more effective. 
As a whole the destructive species formed in the anode must be 
much more active than H• in the cathode. Other color observations:

Al anode: It became red-violet (magenta) in certain linear 
upwards very small and rare regions with negligible 
area. Locally, advanced burning emerged tending to 
electropolishing, eventually a thin almost planar film [36] 
with thickness roughly around 20 nm remained, the local js 
exceeded the mean 9.91 mA cm-2 and the release of oxygen and 
related species was reinforced. Thin anodic films often show 
interference colors [43] among which is magenta. It does not 
originate from the dye that is adsorbed very slowly on PAAF 
[4] or from electro-adsorbed anions as their large size and 
stereoscopic arrangement of absorbable atoms, substituents 
and functional groups do not favor stable electro-adsorption.

The attached layer is enriched with dye-destructive species. 
When dye anions approach it, the chromophore groups are 
destroyed. Thus, the discoloration of dye solution practically 
occurs in the liquid phase. If dye anion fragments are formed, 
due to its high charge, these are also expected to be anionic or 
at most neutral. When colored fragments approach this layer, 
they are destroyed too. Access of bulky anions to the anode and 
their adsorption is hindered and prevented, more so in burning/
electropolishing positions where active species are released faster 
[36].

Pb cathode: During electrolysis its color remained unchanged 
indicating that the dye is not adsorbed on its surface.
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Ti anode – Ti cathode. Electrochemistry of oxide growth 
in the Ti anode and discoloration of dye solution 

Electrolysis of water with Ti electrodes gives it highly 
disinfecting properties [23,44], attributed to certain lethal for 
the bacteria processes in the Ti electrodes and water bulk and 
to processes producing oxidizing/lethal species in the anode 
including O3 and its by-products [23] that exert a key effect. So, Ti 
electrodes were used also here. The Ti surface bears a native TiO2 
passive layer 1.5–10 nm [45,46] reaching at prolonged exposure 
25 nm [47] or more that is taken here the initial mean TiO2 
thickness. The anodic behavior of Ti and Al somewhat resembles 
at suitable conditions [31], Figure 4. 

The oxidation of n1 mol Ti in the anode is described as 

n1(Ti + tnan2H2O → tnanTiO2 + tnan4H+
aq,h + tncaTi4+

aq,h + 4e-

),                                             (5)

where Ti4+
aq,h is hydrated  Ti4+. The n14tnanH+ mol are discharged 

in the cathode. The rest H+ ions that are discharged come from the 
oxidation of n2 mols of H2O in the anode 

n2H2O → (1/2)n2O2 + 2n2H+
aq,h + 2n2e-

.                                                         (6)

The combination of (5) and (6) processes gives

n1Ti + n1tnan2H2O + n2H2O → n1tnanTiO2 + n1tncaTi4+
aq,h + 

n2(1/2)O2 + (n1tnan4 + n22)H+
aq,h  + (4n1 + 2n2)e-.      (7)

Considering a faradaic discharge of H+ in the cathode, then 

(4n1 + 2n2)H+
aq,h + (4n1 + 2n2)e- → (2n1 + n2)H2

.                                                   (8)

Ignoring other secondary processes in the anode and cathode, 
the combination of (7) and (8) gives the overall process 

     n1Ti + (2n1tnan + n2)H2O + 4n1tncaH+
aq,h → n1tnanTiO2 + 

n1tncaTi4+
aq,h + n2(1/2)O2 + (2n1 + n2)H2.               (9)

The 2n1 + n2 is related to Q by (4n1 + 2n2)F = Q = QTi + Qw, 
where F is Faraday’s constant and QTi = 4n1F and Qw  = 2n2F are the 
charges consumed by Ti and H2O oxidation, reactions (5) and (6). 
Reaction 9 is rewritten as

Ti + (2tnan + n2/n1)H2O + 4tncaH+
aq,h → tnanTiO2 + tncaTi4+

aq,h + 
(n2/n1)(1/2)O2 + (2 + n2/n1)H2,               (10)

Since the main process here is the decomposition of H2O (see 
below) then n2/n1 >>1.

In the TiO2 of anode, Ti4+ ions with radius 0.06 nm [37] are 
small compared to O2-, Ti4+ ions are ejected in the solution and the 
oxide layer is incessantly renewed. So, oxygen evolution will occur 
by a mechanism similar to that for Al anode [36]. O-, O•, OH•, O3 and 
O2 enter the attached layer and solution and the rates of O-, O•, OH• 
and O3 release follow that of O2. The composition of O-, O•, OH•, O3 

and O2 system and the released amounts must differ from those for 
Al where Ia,e is much lower. In the Ti cathode, besides H2 release, 
H• formation [24] and processes involving H• and dissolved O2 
(section 1.1), other secondary ones can also occur. These are the 
reduction of TiO2 to Ti, Ti4+ + 4e- → Ti and 4H+

aq,h + 2O2- → 2H2O 
decreasing the thickness of TiO2, and/or to other oxide(s) such as 
Ti6O, Ti5O, Ti3O, Ti2O, TiO, Ti2O3, Ti3O4 and Ti3O5 [48] with oxidation 
number of Ti < 4, TiO2 + ne- + nH+

aq,h → Ti4-nO(4-n)/2 + (n/2)H2O.

The overpotential of H2 release in the Ti cathode obeys Tafel 
equation -Pca = a + blogj (j/A cm-2), where at 20 oC a = 0.82 and b = 
0.14 in acidic and a = 0.83 and b = 0.14 in alkaline solutions [27]. 
Thus, it is almost unaffected by pH, in neutral solution -Pca = 0.825 
+ 0.14logj, and at j = 9.91 mA cm-2 -Pca = 0.544 V. It is assumed 
that this is the value of -Pca when the thickness of the oxide layer 
on Ti tends to zero. As in Pb [34] and other metal [27] cathodes, 
-Pca must fall very slightly with T. Thus, its value at 20 oC is also 
adopted for 25 oC, without damaging the analysis. Pan includes the 
potential drop across the oxide layer in the anode and the oxygen 
evolution potential, and -Pca includes the potential drop across this 
layer possibly existing in the cathode and the hydrogen evolution 
potential. At given j and T, Pan and -Pca obviously increase with the 
thickness of oxide layer on the electrodes.  

200 ml of dye solution with cd = 50 mg dm-3 was 
electrochemically treated at I = 0.5 A using PS2 for t = 30 min. 
Initially ΔV was ≈ 150 V, then it increased in the range ≈ 150–170 
V by a fluctuating mode. T increased from 25 to ≈ 62 oC until t = 30 
min. From κd at 25 oC ΔVbs is estimated >> 150 V. But, at the start 
ΔV ≈ 150 V > ΔVbs. At high voltages and pH ≈ 7, the mechanism of 
electrical conduction may become more complicated than simple 
migrations of Na+, dye anions, H+ and OH-, but its elucidation is 
outside the scope of this study. At given T, the thickness of pre-
existing oxide in the Ti anode (cathode) must increase (decrease) 
by the oxidation (reduction) processes on them, thus it depends 
on t and T. ΔV changes as a result of conductivity rise and ΔVb fall 
with increasing T, change of Pan and -Pca with t and T, and growth 
of pitting corrosion in the anode (section 4) that seems related to 
the increase of ΔV by a fluctuating mode.

To reduce ΔV, at t = 30 min an amount of Na2SO4 to cs ≈ 1 M 
was added. It was rapidly dissolved and ΔV fell to 5–6 V. Then T 
was kept at ≈ 62 oC by adjusting Tf. At t = 30 min the discoloration 
was ≈ 35% and at t = 60 min complete. The concentrations of 
dye-destructive species must rise with t, maybe up to some limits 
depending on T. Increasing their concentrations and T hasten 
the discoloration, also indicating mainly chemical processes. The 
release of oxygen and hydrogen was intensive at all ts. So, the 
decomposition of H2O is the main process. When oxide exists in 
anode and cathode the current through it is mainly electronic, and 
not ionic which needs higher field for given current.

For not appreciable change of pH (as, e.g., in section 4) and 
of solution composition up to t = 60 min, from κs, Table 1, ΔVbs is 
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estimated ≈ 0.5 and ≈ 0.277 V at 25 and 62 oC. Assuming that at T 
= 62 oC the oxide thickness in the cathode tends to zero, then 0 < 
-Pca < 0.544 V [27] and 4.179–4.723 V < Pan < 5.179–5.723 V. Pan 
includes the potential drop across the TiO2 film and potential of 
oxygen release that exceeds the equilibrium one 0.7639 V at this 
T and pH = 7 [49]. Adopting a field strength across it roughly ≈ 1 
V nm-1 (as for Al anodic oxide), then its final thickness is ≈ 4.5–5.5 
nm which is too small for Ti anode compared with that of initial 
passive layer. As the current through it is mostly electronic, this 
field must be somewhat < 1 V nm-1, depend on T and be different in 
the anode and cathode. Thus, -Pca can be higher and Pan lower than 
the above, with thicknesses of oxide in anode and cathode >> 4.5–
5.5 nm and >> 0. Even in the anode it is negligible compared to the 
faradaic 17.34 μm found for TiO2 (rutile) density 4.26 g cm-3 [38].

Due to the increase of ΔV and decrease of ΔVbs and -Pca as T 
rose, Pan and the mean oxide thickness must have increased 
enough up to 30 min. But after the addition of Na2SO4 its thickness 
decreased. Ti is attacked only by acids [38], but this does not 
exclude the solvation of Ti4+ ions in neutral solution. The thinning 
of oxide in the anode after adding Na2SO4 verifies the solvation of 
Ti4+. Ti(SO4)2 is an existing compound [42,50] and the sulphate 
ions at high concentration promote the solvation of Ti4+ mainly at 
high Ts despite that the main process is still the release of oxygen.

Despite the very much higher ΔV for Ti up to 30 min than for Al 
up to t = 60 min (section 1.2), the T peaks at these ts differ by only 
62 - 57 = 5 oC. Thermochemical analysis showed that the reaction 
(4) is moderately exothermic and (10) is highly endothermic, but 
the corresponding rates of heat release and absorption are low. For, 
e.g., tnan = 0.5–0.7 it is only 3.64–4.51% (Al) and 0.72–0.73% (Ti) 
of ΙΔV [51]. This must occur also for all other possible reactions 
that follow (4) and (10). T depends mainly on ΙΔV and the rate of 
heat abduction. The release of gas in the Ti anode at higher enough 
rate causes extra stirring beyond the light one applied, favoring 
more heat removal for this system. All these factors result in a 
difference of T peaks limited to 5 oC. Additional color observations:

Anodic Ti electrode: The whole area of the side in front of 
cathode (internal side) became blue. The other side was partially 
colored blue. Bluer color in the internal side is due to a favorable on 
average current passage, forming thicker oxide. Anodized Ti takes 
different interference colors [43], depending on the thickness 
of growing oxide thin film thus on ΔV and other conditions [52], 
among which is blue. No dye red, or red interference color, was 
observed. As for the Al anode, the adsorption of dye anions must 
be very slow and their electro-adsorption ineffective.   

In the Ti anode the oxygen release is much faster than in Al. 
Any kind of dye anion adsorption is physically hindered more 
by the oxygen released as nano-bubbles which then merge and 
expand into micro- and macro-bubbles [36]. The concentrations 
of released O-, O•, OH• and O3 and their by-products in the attached 
layer and solution become higher. When dye anions or their 
fragments approach this layer, the chromophore groups and they 

as a whole decay faster. Thus, the access and adsorption of bulky 
anions/fragments is also more hindered and reactively prevented.   

Cathodic Ti electrode: It was colored partly magenta, 
gently in both sides. The bulky dye anion with charge -6 cannot 
be electrochemically adsorbed on the (-) charged cathode. Only 
cationic fragments could do so. In the reductive cathode, the 
natural TiO2 could be partly reduced, by the reactions noted 
previously, to various oxides with different colors, e.g. golden 
yellow (TiO), black (Ti3O4), dark violet (Ti2O3), blue (Ti3O5), etc. 
[48]. TiO2 has low electronic conductivity (κ) at Ts around the 
ambient one, a little above 10-11 ohm-1 m-1, but is a semiconductor 
and its conductivity rises with T. Ti6O, Ti5O, Ti3O, Ti2O and TiO have 
higher κs of the order of 10-1 ohm-1 m-1 [48]. 

The semiconductivity of TiO2 on Ti metal favors the electronic 
over ionic current and, together with the higher κ of these oxides, 
it could favor the reduction of TiO2, so that the initial TiO2 layer 
thins and/or is altered to other oxide(s) but the oxide does not 
vanish. The oxide in the anode must be TiO2, and in the cathode 
TiO2 and/or other possible oxide(s) which is finally clarified in 
section 4. The magenta color in the cathode is interference color at 
other oxide thickness or the color of other type of oxide. The origin 
of the above colors is further studied below without using dye. 

Ti anode – Ti cathode (reversed). The origin of colors in 
the Ti electrodes

The electrodes were carefully washed and their polarity was 
reversed. The wholly blue surface of anode and the more colored 
magenta surface of cathode before were placed opposite each 
other to ease the passage of current through them. To avoid T rise, 
500 ml solution, with cd = 0 and cs = 0.1 M, was electrolyzed, using 
PS1 galvanostatically up to 10.76 min and then potentiostatically 
up to 40 min. For t = 0–10.76 min, I = 0.5 A and ΔV = 14–35.2 V 
and for t =10.76–20.5–37–40 min, I = 500–250–60–57 mA and ΔV 
≈ 35.2 V. Due mainly to the much lower IΔV than in section 2 and 
higher volume of solution and heat transfer surface, T ≈ 25 oC at 
t = 0–40 min. Hereafter, for ease Pan and Pca were found using the 
reference electrode. At t = 40 min, Pan = 33.615 V, -Pca = 1.464 V and 
ΔVbs = ΔV - Pan + Pca = 0.121 V.

From κs, Table 1, ΔVbs is found ≈ 0.396 V. The difference is 
tolerable for such low ΔVbs and ΔVbs/ΔV values, validating the two 
methods of the approximate determination of ΔVbs. The rise of ΔV 
at t = 0–10.76 min and fall of I at t = 10.76–40 min, while at the end 
I is low and Pan is high, show that TiO2 thickened in the anode. The 
release of O2 and H2 in the electrodes was intensive up to t = 10.76 
min, so H2O decay is the main process, after which it declined with 
t.

-Pca exceeds much the H2 overpotential on the Ti cathode ≈ 
0.544 V [27]. So, a thin oxide layer still exists on the cathode and/
or the nature of remaining oxide changed to more conductive 
form(s). Additional color observations:
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Anodic Ti electrode (before magenta cathode): The 
internal and external surfaces became blue, locally very intensive, 
verifying the formation of thicker oxide film that displays blue 
interference color. The final thickness of oxide in the cathode in 
section 2, that equals the initial here, must be lower than the initial 
native passive layer thickness (section 2). In view of the final color 
of cathode in section 2 and the smaller oxide thickness in it, the 
thinner initial thickness here favors a more uniform oxide growth 
in both surfaces. The present conditions favored the growth of 
thicker on average oxide in the anode than in section 2. Lower T 
and sulphate concentration slowed Ti4+ solvation.

Cathodic Ti electrode (before blue anode): The internal 
surface remained blue, so the reduction of initial TiO2 was not 
complete up to 40 min. Presumably the thicker oxide initially 
impeded to some extent the passage of current. The other side 
was colored locally magenta. This color cannot be due to dye 
anion or its rather impossible cationic fragment(s). It could come 
from reduction of the preexisting TiO2 film to a thinner with this 
interference color and/or to other oxide(s) with this color. Blue 
is interference color. Magenta is such or the color of other Ti 
oxide(s), finally clarified below.

Ti anode – Ti cathode (reversed). Discoloration of dye 
solution 

520 ml of solution with cd = 48.08 mg dm-3 and cs = 0.0385 
M was electrolyzed using PS2 at I = 0.5 A up to t = 3 hours where 
the discoloration was completed while ΔV was 71–139 V and 
T ≈ 25 °C. At these low T and cs, ΔV up to t = 10.76 min is much 
higher than in the section 3. This is due mainly to the higher Pan 
related to a higher mean thickness of TiO2 grown in the anode, and 
secondarily to the higher ΔVbs that is estimated ≈ 8.286 V, while the 
rise of Pan + ΔVbs much exceeds the fall of -Pca due to the thinning 
of oxide and/or to a possible change of its nature in the cathode. 
In the anode the oxide thickens with increasing t and decreasing 
T and cs. The decrease of T and cs slows down the ejection and 
solvation of Ti4+ and Ia,c falls, while I - Ia,c = Ia,a + Ia,e, responsible for 
oxide growth and oxygen release, rises.

The initial pH was 7.02. Due to the contained Na2SO4, ΔpH = 
0.253 [26]. The calculated pH = 6.75 + 0.253 = 7.00 ≈ 7.02. After 
electrolysis, pH = 7.1. When n1 << n2 the total consumption of H+ 
by reaction (9) is small, (6) occurs almost exclusively and the pH 
changes little. The final colors of the anode and cathode are shown 
in Figure 5.

Figure 5: The two surfaces 5×5 cm2 of anode, (a) and (b), and of cathode, (c) and (d), and their colors after electrolysis in dye solution 
containing Na2SO4. 

f5

Anodic electrode (before blue + magenta cathode): Now 
all its surface became intensively magenta with small, spots-like, 
blue regions, Figure 5a–b. Also, many other intermediate hues 
appeared. If the initial locally magenta color was due to oxide(s) 
with oxidation number < 4, in the strongly oxidative anode and 

for the long t employed this (they) should become TiO2. So, the 
magenta color in the anode or cathode after electrolysis, sections 
2–4, is an interference color exhibited by the thin oxide film. The 
blue and magenta colors appear, or reappear, at different oxide 
thicknesses.

Cathodic electrode (before blue anode): It remained blue 
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at the before intensively blue areas and almost discolored in the 
larger surface area where it was slightly blue, Figure 5c–d. In 
the reductive cathode, a partial reduction and thinning of TiO2 
occurred to thicknesses different than that showing magenta 
interference color. The above explanations were further confirmed 
by ohm-metric tests. The surface of cathode showed high 
conductivity, approaching that of Ti metal, while that of anode 
was very poorly conductive. The results in sections 2–4 verify the 
expected dependence of oxide thicknesses and interference colors 
in the anode and cathode on the initial ones and on t, T and cs of 
electrolysis. 

Figure 4a-d show inhomogeneous surfaces. Smooth area 
always coexists with topo-electrochemical corrosion (pitting) 
sites appearing when Ti is anode. In the cathode here, Figure 5c-
d, some regions in both areas show blue color while the pitting 
corrosion sites are generally blue up to dark blue or black or 
colorless. This corrosion first appeared during electrolysis in 
section 3. In smooth areas, mostly oxygen release and much 
less Ti oxidation to TiO2 took place. In the much smaller pitting 
corrosion area, the faster Ti oxidation gave mainly Ti4+ ejected in 
the solution and secondarily oxide. The local intensive burning/
electropolishing for Al anode corresponds to the pitting corrosion 
in small areas for Ti one. The surface inhomogeneity is related to 
a distribution of local j. When Ti is cathode (this section) and H2 
release is the main process, the oxide thins everywhere in both 
areas and the surface details become clearer.

The anode surface, Figure 5a-b, shows larger mean surface 
density of pitting corrosion sites as it has become anode for 
longer time and higher mean T (sections 2 and 4). Mainly in the 
pitting corrosion and secondly in the smooth area, the surface 
appearance is more complex than in the cathode, due to higher 
density of pitting corrosion sites and many hues of blue or other 
color in these sites and of magenta in the remaining area. The 
metallurgical defects expand the inhomogeneity on each face of 
the electrodes.

The results (sections 1–4) suggest: (i1) Absence of physical-, 
chemical- or electro-adsorption of dye in the electrodes, due 
to: (i1,1) The large size of dye anions so that the simultaneous 
adsorption of suitable atoms, groups etc. is impossible or slow. 
Indeed, the PAAF adsorbent takes up dye very slowly [4] and 
this must hold for TiO2 too. (i1,2) Gases released in the electrodes 
hinder the approach of bulky anions. (i1,3) If they approach the 
attached layer, the active species that accumulate in it, mainly on 
the anode, destroy the chromophore groups. A minor such effect 
of H• and other species/radicals formed near the cathode is not 
excluded. (ii1) The dye does not decay on the surface of electrodes 
or does so negligibly. (iii1) Discoloration occurs almost exclusively 
in the solution. (iv1) The rise of T accelerates it. (v1) The active 
species are associated with the oxides on the Al and Ti anodes. 
This is tested further using Pt(Ti) electrodes.

Anode Pt(Ti) – cathode Pt(Ti). Discoloration of dye 
solution 

520 ml solution with cd = 48.08 mg dm-3 and cs = 0.0385 M was 
electrolyzed using PS1 at I = 0.5 A for t = 3 hours. ΔV was 9.8–10.1 
V and T ≈ 25 oC. For ΔV = 9.8 V, Pan = 1.85 V and -Pca = 0.81 V and for 
ΔV = 10.1 V, Pan = 1.925 V and -Pca = 1.065 V. Then, ΔVbs = ΔV - Pan 
+ Pca = 7.14 and 7.11 V. Pan is low because a clear growth of oxide 
film on Pt surface does not occur and only oxygen release does 
[27]. Initially pH = 7.02 (as in section 4) and finally 6.02. This is 
the first time the pH has decreased. The discoloration of solution 
was trivial, ≈ 4%. In Pt cathode the rate of H2 release is faradaic, 
reaction (2). At pH ≈ 7 the release of O2 in the Pt anode occurs in 
two ways [27], reactions (6) and      

2OH- → (1/2)O2 + H2O + 2e-,                                                             
(11)

with faradaic total rate. Reactions (2), (3) and the overall 
reaction at the anode and cathode H2O → H2 + (1/2)O2 show that 
the pH must remain constant irrespective of reaction(s) taking 
place in the anode, (6), or (11), or both as here. Its fall implies 
that a small fraction of dye anions decays to acidic species. The 
trivial discoloration efficacy shows that the active species in 
Pt(Ti) – Pt(Ti) differ from those in Al – Pb and Ti – Ti systems as 
to their kind and/or concentrations and thus kind and intensity 
of action. With the Pt anode, an oxidative decay of a small fraction 
of dye anions into rather large fragments must occur, but with the 
Al and Ti anodes extensive and deeper destruction occurs. Other 
observations:

Anodic electrode: Its color did not show any difference from 
the initial.  

Cathodic electrode: Its side opposite the anode became 
darker with magenta somewhat color mainly at the edges and 
in the form of thin linear upwards regions with tiny area. Local 
intense release of H2, and drop in pH, may favor a small degree of 
dimerization/aggregation and/or flocculation/coagulation of dye 
that is deposited [4] but with altered color.

Anode Pt(Ti) – cathode Pt(Ti) (reversed). Discoloration 
of dye solution 

To increase the concentration of dye-destructive species, a 
lower volume of solution 150 ml with cd = 41.67 mg dm-3 and cs 
= 0.167 M was electrolyzed at I = 0.5 A (using PS1) while it was 
T ≈ 25 oC and ΔV = 5–6 V. By t = 60 min, discoloration was only ≈ 
9%, predicting ≈ 27% (at most) at t = 3 hours. This again confirms 
the different nature and/or lower concentration and activity of the 
active species in the Pt(Ti) – Pt(Ti). Other observations:  

Anodic Pt(Ti) electrode: Discoloration of the anode due to 
discoloration/decay of preexisting deposited dye.  

Cathodic Pt(Ti) electrode: As in section 5, it became partly 
magenta in a negligible portion of surface.    
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As no oxide is formed in the Pt anode and only adsorbed 
oxygen-based species can exist [27], the oxygen release is faster 
even to a small extent than in the Ti anode where oxygen release, 
oxide formation and Ti4+ ejection coexist. Also, as noted in 
section 1.1 the release of oxygen in the Al anode is hardly visible. 
The oxygen release in the Pt anode is thus faster, but much less 
effective to the discoloration of dye solution, than in the Al and 
Ti anodes. The mechanism of oxygen release in the Al and Ti 
anodes [36] predicts that O2 together with the species O-, O•, OH• 
(short-lived and short-range acting) and O3 (long-lived and long-
range acting) are formed and enter the solution. If such species 
are indeed formed in Pt anode, their formation rate must be tiny 
compared to that in the Al and Ti anodes.

In the latter anodes, O2, O-, O•, OH• and O3 are formed by 
certain 3D processes in the oxide bulk [36]. In the Pt anode 
the formation of O2 is mostly a 2D surface process. Also, the 3D 
formation of O3 seems to be more effective than 2D if any. The very 
different efficiencies to dye solution discoloration come mainly 
from those dissimilar mechanisms. If H• were the main active 
species, the efficiencies around the Pt, Pb and Ti cathodes would 
be comparable. If the main active species were those coming from 
dissolved O2 in the vicinity of cathodes, this would hold at least for 

Pt and Ti cathodes too. These are not the cases. Thus, the active 
species come indeed mostly from the anodes.

Comparison of the efficiencies of anode – cathode 
systems in terms of consumed electric charge and 
energy    

The results show that the discoloration of dye solution 
is a chemical process occurring in its bulk, rather than an 
electrochemical in the interfaces. The comparison of the employed 
systems, as regards the discoloration efficiency (d.e.), the mean 
rate of discoloration and the Q and energy (E) required, appears in 
Table 2. E is calculated from the estimated mean ΔV, E = (mean ΔV)
Q. For d.e. = 1, the mean rate is higher for the Ti –Ti systems where 
it also increases with the mean T, followed by the Al – Pb system. 
The higher rate for the Ti – Ti systems is obviously related to the 
higher rate of evolution of oxygen and related species in the anode. 
The Pt(Ti) – Pt(Ti) systems show very low d.e. values. For d.e. = 1, 
Q[md(d.e.)]-1 is lower in the Ti – Ti systems for which it decreases 
appreciably with the mean T. E[md(d.e.)]-1 is much lower in the Al – 
Pb system, while in the Ti – Ti systems it is affected by both cs and 
T. Their values are much larger in the Pt(Ti) – Pt(Ti) systems, so 
they are generally practically ineffective.

Table 2: Concentration of dye, cd, initial mass of dye, md, concentration of Na2SO4, cs, electrochemical treatment time, t, temperature, T, voltage, 
ΔV, mean ΔV during electrochemical treatment, discoloration efficiency, d.e., mean discoloration rate, md(d.e.)t-1, electric charge, Q, and energy, 
E, consumed during electrochemical treatment,  Q[md(e.d.)]-1 and E[md(e.d.)]-1, for the applied electrochemical systems Al – Pb, Ti – Ti and Pt(Ti) 
– Pt(Ti).  

Anode-cathode
system cd/mg dm-3 md/mg cs/mol dm-3 t/min T/oC ΔV/V Mean ΔV/V

1. Al – Pb 47.5 9.5 0.05 0–60–120 25–57–57 34.0–24.3–
24.3 26.725

2. Ti – Ti 50 10
0 (t ≤ 30 min),    

≈ 1 (t > 30 
min)

0–30–60 25–62–62 150–160–170 160

3. Ti – Ti 48.08 25 0.0385 0–90–180 25 71–105–139 106

4. Pt(Ti) – Pt(Ti) 48.08 25 0.0385 0–90–180 25 9.8 –9.95–10.1 9.95

5. Pt(Ti) – Pt(Ti) 41.67 6.25 0.167 0–60 25 5.0–6.0 5.5

Anode-cathode
system I/A d.e. md(d.e.)t-1/ 

mg min-1 Q/C
Qmd

-

1(e.d.)-1/ C 
mg-1

E(mean ΔV)
Q/J

Emd
-1(e.d.)-1 /
J mg-1

1. Al – Pb 0.5 1 0.079 3600 379 96210 10127.4

2. Ti – Ti 0.5 1 0.167 1800 180 288000 28800

3. Ti – Ti 0.5 1 0.139 5400 216 572400 22896

4. Pt(Ti) – Pt(Ti) 0.5 0.04 0.0056 5400 5400 53730 1343250

5. Pt(Ti) – Pt(Ti) 0.5 0.09 0.0094 1800 3200 9900 195555.6
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The different d.e.s of Al, Ti and Pt anodes come from: (i2) The 
different mechanisms of evolution of active species and their 
nature in Al and Ti and in Pt. (ii2) Different rates of evolution of that 
species in Al, Ti and Pt and species concentrations in the solution. 
The full elucidation of (iii) needs further specific analytical work.

Conclusion

1. The anodic electrodes on which oxide is developed, 
such as Al and Ti, are effective in the discoloration of RR 120 dye 
solutions. Their effectivity is attributed to a similar mechanism 
of electronic current release. It involves the polarization and 
destabilization of oxide lattice O2- ions, concurrent solvation of 
metal cations, continuous renewal of a thin oxide layer between 
the metal and electrolyte [36], and the formation O-, O•, OH•, O2 
and O3 species that enter the attached layer and solution and 
are the main initial species responsible for the discoloration and 
destruction of the dye.

2. These occur almost solely in the bath solution and 
not on the electrode surfaces and are enhanced with increasing 
temperature. At comparable electrolysis conditions, their rates 
are higher for Ti anode. But, the use of Al is much more effective 
as regards ΔV and energy requirements. The Ti anode and 
cathode show interference colors wholly or partly on the surface, 
blue or magenta at various tones, due to thin oxide layers. The 
consumption of Al and the mean thickness of oxide in its entire 
surface are much higher than those for Ti, while the Ti anode 
shows pitting corrosion.

3. The electrochemical treatment of dye solution with a Pt 
anode, where only oxygen is adsorbed and oxide does not grow, 
is negligibly effective. This is due to the different mechanism of 
release of oxygen and related active species. In the Pt anode their 
release is a surface process and not a bulk one as in the oxide 
layers on Al and Ti that favors more the formation of the O-, O•, OH• 
and O3 active species. The role of cathodes and related processes 
is marginal.

The optimization of the process using Al and Ti anodes, and 
possibly other materials that form oxide layers during anodizing, 
may result in a much faster discoloration and total mineralization 
of solutions of RR 120 and other azo-reactive dyes. Novel methods 
for a radical solution of textile effluent treatment problem are 
expected to be revealed.
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