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Abstract: - This paper studied the photochemical and photoelectrochemical degradation of food dye (red dye - 
amaranth).  The  investigation  aimed at  the  assessment  of  alternative  treatments,  focusing  the  use  of  clean 
technologies.  The  photochemical  and  photoelectrochemical  degradation  experiments  were  performed  in  a 
compartment with UV radiation (mercury lamp – 125W). For the photoelectrochemical degradation, the best 
mathematical  modelling  indicated  by  the  LAB  Fit  software   was   the  exponential  model.  This  behavior 
indicates  a  first-order  reaction.   On  the  other  side,  the  best  mathematical  model  for  the  photochemical 
degradation was the linear one. Therefore, the photochemical degradation indicates a zero-order reaction. For 
the amaranth dye, the photoelectrochemical method showed itself to be more efficient than the photochemical 
one. The photoelectrochemical treatment pointed to a 92% color reduction in the dye solution, and Chemical 
Oxygen Demand (COD) removal reached up to 57%.  
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1 Introduction

 Advanced  oxidation  processes  (AOPs)  which 
involve in situ generation of highly potent chemical 
oxidants, such as the hydroxyl radical (•OH), have 
emerged as an important class of technologies for 
accelerating the oxidation (and hence contaminant 
removal) of a wide range of organic contaminants 
in polluted water and air [1].
  These  techniques  were  used  in  effluents  with 
organic material in high concentration.
  The advanced oxidation  methods  use  oxidation 
agents,  like,  ozone,  with  its  high  redox  potential 
E0 =  2.07  V  and  its  electrophilic  properties,  for 
disinfection and oxidation of organic and inorganic 
compounds [2]. 
 In general, the methods of advanced oxidation [3] 
include application of the following agents: ozone 
[4, 5], hydrogen peroxide, UV radiation [6], ozone 
and UV radiation together [7], hydrogen peroxide 
and  UV  radiation  [8],  Fenton  [9]  reagent  and 
hydrogen peroxide, and photocatalysis on titanium 
dioxide. All the methods listed above were used in 
the  investigation  of  the  oxidation,  and  some  of 
them were applied in the treatment of various kinds 

of wastewater [10].
 Although the removal and eventual mineralization 
of organic  contaminants through advanced oxida-
tion processes can be complex, and involves a num-
ber of elementary chemical steps, the overall kinet-
ics or removal rate of a specific component, can of-
ten  be  described  phenomenologically  by  simple 
rate expressions that are either zero-order or first-
order in the organic contaminant [1].
 Over  the  last  decades,  the  increasing  industry 
demand  for  dyes  has  shown  a  high  pollutant 
potential,  specially  the  use  of  azo  dyes  (Fig.  1) 
[11],  for  example,  tartrazine [12],  amaranth [13] 
and  other.  Decoloration  is  one  of  the  basic 
indicators that describe the quality of water [14].

 The  food  industry  grows  up  very  fast  over 
around the world, increasing its sales each year 
more and more [15]. Although this is economi-
cally good, the high competitivity of the sector 
makes the factories to improve their products 
making them more attractive. Meanwhile they 
usually  use  synthetic  dyes  to  achieve  their 
goals [16, 17, 18] because the color of the food 
influences the consumer's likes [19, 20]. These 
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synthetic food dyes are most widely composed 
by  aromatic  rings  and  chromophore  groups 
(e.g. azo, anthraquinone) [21, 22],  and present 
high  stability  and  xenobiotic  characteristics, 
hence they are not easily degraded by conven-
tional biological treatment processes [11], [23, 
24].  For  the environmental,  the  minimization 
of  waste  represents  the  ultimate  solution  to 
pollution problems that threaten ecosystems at 
global and regional levels [24].

Fig. 1 Azo group chemical structure.

 Photolysis  (UV  irradiation)  is  an  alternative 
method for the degradation of azo dyes [25, 26].
 Photodegradation of amaranth has been reported in 
the literature [12, 13, 14]. The degradation has been 
investigated using UV radiation in the presence of 
TiO2.  The  results  and  showed  an  efficiently 
degradation through photocatalytic treatment.
 This work aimed to verify the possibility of use of 
the  photochemical  and  photoelectrochemical 
techniques  to  degrade  amaranth dye (FD&C Red 
No.  2)  [27,  28]  and  compared  the  degradation 
kinetics  [29,  30] (mathematical  modelling)  and 
efficiency.  In some countries this food dye is not 
permitted,  for  example  in  Russian  [25].  On  the 
other  hand,  the  dye  is  still  allowed  in  other 
countries,  including  Brazil  [31].  The 
photoelectrochemical degradation of dye solutions 
was investigated using DSA (Dimensionally Stable 
Anodes)  [32,  33].  This  is  a  type  of anode where 
oxidation reactions  usually will  be acting on dye 
via HO• radicals on the surface, which can lead to 
better performance in organic and inorganic species 
degradation [34].

2 Experimental

2.1 Reagents

 Red amaranth (95%) dye (C.I.  16185)  [35]  was 
acquired from Duas Rodas (Santa Catarina, Brazil) 
as  a  commercially  available  dye formulation  and 
used without further purification. This dye is an azo 
type dye as represented by the chemical structure in 
Fig. 2.  The studies were carried out on 100 mg L-1 

aqueous  dye  solutions  in  the  presence  of 

0.1 mol L-1 KNO3  support electrolyte.

Fig. 2. Amaranth dye chemical structure.

2.2 Photoelectrochemical and photochemical 
treatments

 Experiments  were  performed  in  an  open  batch 
system  [35].  The  system  consisted  a  200  mL 
quartz cell and the solution was irradiated with an 
ultraviolet lamp (125 W) [36] during 90 minutes. 
In  photoelectrochemical  treatment  DSA 
Ti/Ru0,3Ti0,7O2 electrodes  (11.2cm2)  and  a 
potentiostat CIDEPE EQ030C (Fig. 3)  were used. 
The  photoelectrochemical  experiments  were 
performed at a 20 mA cm-2  current density.

Fig.  3  Schematic  photochemical  and 
photoelectrochemical  system:  1,2  –  box,  3  – 
potentiostat, 4 – lamp reactor, 5 - ultraviolet lamp 
(125 W) and 6 -  quartz cell with or without DSA 
electrodes.
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2.3 Mathematical modelling

 The  mathematical  treatment  of  the  experimental 
data  was  made  using  the  LAB Fit  Curve  Fitting 
software  [37].  The  tolerance  of  the  non-linear 
regressions,  accomplished  by  the  least  square 
method,  was fixed by  6101 −⋅ ,  and the quality of 
the fittings was indicated by the determination and 
the reduced χ2   coefficients [38].  The performance 
of the software has been verified with the Statistical 
Reference Datasets Project (SRDP) of the National 
Institute of Standards and Technology (NIST) [39].

    Regression analyses [40] of plotted data were 
carried  out  using  Microcal  Origin  5.0  (Microcal 
Software) [41].

2.4 Analytical methodology

  The analytical analyses in aqueous dye solutions 
were  realized  before  and after  the  photochemical 
and photoelectrochemical treatments.
 The  UV/Vis  spectrophotometer  used  for  the 
determination of dye disappearance kinetics was a 
“Perkin Elmer  Lambda 25” UV/Vis Spectrometer 
recording the spectra over the 190-900 nm.
 Chemical Oxygen Demand (COD) was made using 
a method described in Standard Methods [42].  In 
the COD test, the organic material concentration is 
calculated from the oxidant consumption necessary 
for  the oxidation of the organic material,  using a 
very strong inorganic oxidant. 
 The Chromatographic experiments were performed 
using  an  Agilent  Technologies  1200  Series 
Quaternary LC System and Diode-Array Detector 
(DAD). The mobile  phase used was a mixture of 
water and methanol in the volumetric proportion of 
70:30 [17]. The flow rate used was 0.5 mL min-1 

and detect43, 44]. The analytical column [12] was 
Zorbax  Eclipse  XDB-C18  4.6  mm  diameter  and 
150 mm length, 5µm.

3 Results and Discussion

 The  efficiency  of  photoelectrochemical  and 
photochemical  degradation  of  amaranth  dye  was 
first  investigated  using  UV-Vis  spectra  and 
monitored  the  disappearance  of  this  compound. 
Amaranth dye absorbed in the visible region (λ = 
525nm)  [17].  Fig.  4  and  5  show the  absorbance 
spectra  (scan)  during  photoelectrochemical  and 
photochemical treatments, respectively.

Fig.  4.  UV-Vis  absorption  spectra  of  100mg  L-1 

amaranth before (A) and after photoelectrochemical 
treatment time 45 min (B) and time 90 min (C).

Fig.  5.  UV-Vis  absorption  spectra  of  100mg  L-1 

amaranth  before  (A)  and  after  photochemical 
treatment time 45 min (B) and time 90 min (C).

 In  these  treatments  (photochemical  and 
photoelectrochemical)  times,  the disappearance of 
long  wavelength  absorbing  chromophores  in  the 
dye  structure  was  around  34%  and  92%, 
respectively.  Fig.  6  shows  the  absorbance 
(Abst/Abso) during the degradation period, for both 
photochemical  and  photoelectrochemical 
degradation.
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Fig.  6.  Amaranth  absorbance  reduction  as  a 
function  of  photochemical  (○)  and 
photoeletrochemical  (●)  treatment  time  (λ = 
525nm).

 For the photoelectrochemical degradation, the best 
mathematical modelling indicated by the LAB Fit 
software   was   the  exponential  model 

tty 954557.001538.1)( ⋅= , where  y  indicated Abst/Abs0, 
with  coefficients  R2=  0.99263  and  reduced 
χ2=0.000885426.  This  behavior  indicates  a  first 
order reaction.
The first-order rate law [45]  for the disappearance 
of some reactant A is given by  

][][ Ak
dt
Ad ⋅=− ,    (1)

where k is a constant.
This differential equation rearranges to

kdtAd
A

−=][
][

1
 ,    (2)

which can be integrated directly. Once (at t 
= 0) the concentration of A is initially [A]o and at a 
later time t it is [A]t, we write

tk
A
A t ⋅−=






0][
][ln  ,    (3)

or equivalently,

 tk
t eAA ⋅−⋅= 0][][ .   (4)

The latter  shows that  in a first-order  reaction the 
reactant concentration decreases exponentially with 
time,  with  a  rate  determined  by  k.  The  former 
shows that  if   it  is  plotted against  t,  then a first-
order reaction will give a straight  line [46]. If  the 
plot is straight, then the reaction is first-order, and 
the value of k may be obtained from the slope (the 
slope is – k). 
Let   now  a=1.01538,  b=0.954557 and  1][ 0 =A . 

We  have  found   ttk
t baeAA ⋅=⋅= ⋅−

0][][ ,  for 
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gives  031245.0
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Fig.  7.  Kinetics  of  amaranth  dye  disappearance 
during photoelectrochemical degradation process.

The  photoelectrochemical  degradation 
exhibits first-order decay, with a linear dependence 

of   






0

ln
Abs
Abst  on  time,  given  by 

1182.004065.0)( −⋅−= tty ;  therefore,  the 
observed first-order rate. This result is in according 
to literature [47]. The constant k was 0.04065 min-1 

for  this  treatment.  However,  others  authors  [27] 
explain  the  amaranth dye  degradation  and in  this 
case the k was around 0.006  min-1, approximately 
one order greater.
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Fig.  8.   Kinetics  of  amaranth  dye  disappearance 
during photochemical degradation process.

  On the other side, the best mathematical model for 
the  photochemical  degradation  of  Fig.  6  was  the 
linear  one,  given  by

01145.10040834.0)( +⋅−= tty  ,  with  R= 
-0.9946991  and  reduced  χ2=0.000183776. 
Therefore, the photochemical degradation indicates 
a zero-order reaction [48, 49], where k

dt
Ad =][ . This 

can also occur in a photochemical reaction if  the 
rate is determined by the light intensity; in this case 

k may be proportional to the light intensity [46].

 The figure-of-merit [1] Electric Energy per Order 
(EEO)  is  best  used  for  situations  where  the 
mechanism  involves  first-order  reaction.  For  the 
photoelectrochemical treatment the EEO was 854.99 
kWh.m-3.  The  Electric  Energy  per  Mass  (EEM)  is 
most  useful  when  were  zero-order  reactions  take 
place.  This  figure-of-merit  is  most  useful  when 
concentration is high  because the removal rate of 
the  contaminant  is  directly  proportional  to  the 
electric  energy  rate.  For  the  photochemical 
treatment  the  EEM was 14204.54 kWh.kg-1.  These 
results  demonstrate  the  photoelectrochemical 
efficiency.

The EEO values  can  be  calculated  using  the 
following formula:







⋅

⋅⋅=

f

i

EO

c
cV

tPE
log

1000

(5)

where:

P =  is the rated power [kW];

t = time [h];

V = is the volume [L] of effluent treated;

ci =  the initial  (or  influent)  concentrations  [M or 
mol L–1] of C;

cf = the final (or effluent) concentrations [M or mol 
L–1] of C.

For the photoelectrochemical treatment the EEO was 
854.99 kWh.m-3.  The  EEM value [kWh/kg] can be 
calculated from the simple formula:

( )fi
EM ccMV

tPE
−⋅⋅

⋅⋅= 1000
 (6)

            

where:

P = is the rated power [kW];

t = time [h];

V =  is the volume [L] of effluent treated;
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M = is the molar mass [g mol–1]

ci =  the initial  (or  influent)  concentrations  [M or 
mol L–1] of C; Alternatively, if mass concentrations 
are used (γ = m/V) (usual unit mg/L);

cf = the final (or effluent) concentrations [M or mol 
L–1] of C; Alternatively, if mass concentrations are 
used (γ = m/V) (usual unit mg/L).

 In  Chemical  Oxygen  Demand  (COD) 
measurements (Fig. 9), a 47% and 57% percentage 
reduction  ocurred  for  the  photochemical  and 
photoelectrochemical  treatments,  respectively. 
These  results  indicate  an  organic  material 
degradation beyond the color decrease of amaranth 
dye solution [50].

Fig.  9 Influence  of  treatment  (photochemical  or 

photoelectrochemical) in COD elimination.

 The Fig. 10 shows the chromatographic amaranth 
dye behavior before and after photoelectrochemical 
treatment at 260 nm,  and the Fig. 11 before and 
after degradation treatment at 525 nm.
 In regions near 260 nm, a peak decreases after the 
photoelectrochemical treatment (Fig. 10). This may 
indicate  the presence of aromatic amines [51, 52, 
53]  in  accordance  with  the  COD  results  (57%), 
showing  a  non-complete  degradation 
(mineralization) of organic material [53].
 The Fig. 11 shows a peak decrease in 2.87 minutes 
(retention  time)  at  525  nm  [54,  20].   The 
concentrations were 100 mg L-1  (before treatment), 
and  19.81  mg  L-1 after  photoelectrochemical 
treatment. 
 

Fig.  10  Chromatogram  of  the  separation  in  a  C18  column  of  amaranth,  before  and  after  the 
photoelectrochemical degradation. The chromatographic conditions are given in the text. λ = 260 nm.
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Fig  11  Chromatogram  of  the  separation  in  a  C18  column  of  amaranth,  before  and  after  the 
photoelectrochemical degradation. The chromatographic conditions are given in the text. λ = 525 nm.

  The Fig. 12 shows the chromatographic amaranth 
dye behavior before  and  after  photochemical 
treatment at 260 nm,  and the Fig. 13 before and 
after degradation treatment at 525 nm. 
  In regions near 260 nm, a peak decreases after the 
photochemical  treatment  (Fig.  12).  This  may 
indicate  the presence of aromatic amines [51, 52, 
53]  in  accordance  with  the  COD  results  (47%), 
showing  a  not  complete  degradation 

(mineralization) of organic material.
 The Fig. 13 shows a peak decrease in 2.87 minutes 
(retention  time)  at  525  nm  [54,  20].   The 
concentrations were 100 mg L-1  (before treatment) 
and 49.23 mg L-1,  after  photochemical  treatment. 
The  photoelectrochemical  treatment  was  less 
efficient,  in  accordance  with  the  absorbance  and 
COD results.

Fig 12 Chromatogram of the separation in a C18 column of amaranth, before and after the photochemical 
degradation. The chromatographic conditions are given in the text. λ = 260 nm. 
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Fig 13  Chromatogram of the separation in a C18 column of amaranth, before and after the photochemical 
degradation. The chromatographic conditions are given in the text. λ = 525 nm.

  
 The  Fig.  14  and  Fig.15  show  a  comparison 
between  the  amaranth  dye  before  and  after 
photochemical  and  photoelectrochemical 
treatments,  in  260  and  525  nm.  These  results 
suggest  that  the  amaranth  solution  after  the 
photochemical degradation is more toxic (increase 

of  aromatic  amines  in  relationship  to 
photoelectrochemical treatment), indicating that the 
process  may  be  envisaged  as  a  method  for 
treatment of colored wastewaters for decolorization 
and degradation, in particular food industries. 

Fig. 14. Chromatogram of the separation in a C18 column of amaranth. The chromatographic conditions are 
given in the text. λ = 260 nm.
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Fig. 15. Chromatogram of the separation in a C18 column of amaranth. The chromatographic conditions are 
given in the text. λ = 525 nm.

These  results  suggest  that  the  chromophore 
degradation step followed the same mechanism in 
both  treatments  (photochemical  and 
photoelectrochemical),  probably involving –N=N– 
group  reduction.  The  photoelectrochemical 
treatment  was more  efficient,  in  accordance  with 
the absorbance and COD results.

4 Conclusion

 The  results  presented  here  show  that  for  the 
amaranth  dye,  the  photoelectrochemical  method 
was  considered  more  efficient  than  the 
photochemical  one.  The  photochemical  treatment 
showed a 92% color reduction in the dye solution, 
and  Chemical  Oxygen  Demand  (COD)  removal 
reached  57%.  For  the  photoelectrochemical 
degradation,  the  best  mathematical  modelling 
indicated  by  the  LAB  Fit  software   was   the 
exponential model. This behavior indicates a first-
order  reaction.   On  the  other  side,  the  best 
mathematical  model  for  the  photochemical 
degradation  was  the  linear  one.  Therefore,  the 
photochemical  degradation  indicates  a  zero-order 
reaction.
 These  results  suggest  that  photoelectrochemical 
process  may  be  envisaged  as  a  method  for 
treatment of colored wastewaters for decolorization 
and degradation, in particular food industries. 
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