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Abstract: Azo dyes are recalcitrant pollutants present in effluents of several 
industries. Due to their chemical stability, their degradation efficiency is not 
satisfactory by conventional technologies. Advanced oxidation processes, such 
as Fenton, can be applied for the removal of recalcitrant compounds. However, 
these methods are still costly. In this work, Fenton and precipitation treatments 
were combined for the removal (i.e., decolorization) of direct blue 1 (DB1), as 
an option to decrease operational costs. The individual treatments were studied 
separately using DB1 solutions 0.04 mmol L-1 to determine the effects of the 
parameters involved in each process. For the Fenton treatment, the 
c(Fe2+):c(H2O2) ratio that allowed the highest DB1 decolorization was 1:40. 
Regarding precipitation, the highest dye decolorization was achieved at a pH 
value of 6.0. Moreover, it was determined that a minimum c(DB1):c(Fe2+) 
ratio of 1:7.7 is needed to allow the decolorization of the dye by precipitation. 
Fenton assisted with precipitation tests were performed with DB1 solutions 
0.09 mmol L-1 and using a c(DB1):c(Fe2+) ratio of 1:7.3 (which allows only 
partial precipitation of DB1). The results suggested that the dye can be treated 
by a Fenton process for 5 min and then precipitated to achieve the almost total 
decolorization of the dye (97.79 %). 

Keywords: advanced oxidation processes; azo dyes; degradation of dyes; hyd-
rogen peroxide, ferrous sulfate. 

INTRODUCTION 
Dyes are substances that impart color to a specific substrate. For this reason, 

they are widely employed in several applications including the coloring of paper, 
textile, food, clinical products, cosmetics, and others. Until the middle of the 19th 
century, almost all dyes were obtained from natural sources. However, the limit-
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ations of natural dyes (i.e., limited availability of colors or low stability) pro-
moted the production of a variety of synthetic dyes.1,2 

Azo dyes represent one of the largest groups of synthetic dyes produced 
worldwide. It has been estimated that the production of azo dyes is around 60 to 
70 % of the entire worldwide production of dyes.3 This kind of dyes is charac-
terized by the presence of one or more azo groups (–N=N–) in their chemical 
structure. Furthermore, they have chemical, photolytic, and microbial resistance. 
These characteristics coupled with a complex structure determine that these 
substances are recalcitrant and xenobiotic.1,4 

The discharge of wastewaters containing azo dyes could have a serious imp-
act on the environment and human health. There are some reports about the tox-
icity of azo dyes to various aquatic organisms. They could inhibit the photosyn-
thesis of algae by blocking the penetration of light. In addition, the natural deg-
radation of some azo dyes under certain conditions can generate mutagenic and 
carcinogenic by-products such as aromatic amines.5 

Conventional treatments such as biological oxidation, chemical coagulation, 
and adsorption are not always effective for the removal of azo dyes.6,7 For this 
reason, some studies have been focused on the application of advanced oxidation 
processes (AOPs) as feasible technologies for the treatment of water that contains 
this kind of pollutants.8–10 AOPs are characterized for the in situ formation of 
hydroxyl radicals (•OH) which allow the degradation of recalcitrant compounds 
to form biodegradable molecules or even its mineralization to CO2, H2O and 
inorganic ions.11 These radicals are considered strong non-selective oxidants 
with a standard oxidation–reduction potential of 2.80 V.12 

Among AOPs, the Fenton treatment has some advantages over other pro-
cesses such as easy operation and maintenance, simple equipment, no toxic 
reagents, atmospheric conditions, and no mass transfer limitations due to its 
homogeneous catalytic nature.13,14 The Fenton reactions are based on the form-
ation of •OH using a combination of hydrogen peroxide (H2O2) and ferrous ions 
(Fe2+) at acidic conditions.15 Some studies demonstrated that Fenton treatment 
can successfully remove dyes and other recalcitrant pollutants.15,16 However, its 
industrial application in some cases could be tough task due to the relatively high 
costs of the treatment.1,17 For instance, Santiago et al. reported a price of 2.06 € 
m-3. From this, more than 60 % of the operational costs were attributed to Fenton 
treatment.18 The combination of AOPs with traditional methods could represent a 
solution to decrease operational costs, reaction time, and the amount of reagents 
required.19,20 There are some reports on the application of the Fenton process 
with conventional treatments such as biological treatment and precipitation.21–23 
Among these processes, precipitation, using inorganics salts or certain polymers, 
has been widely used for wastewater treatment. In such cases, the addition of 
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these reagents can destabilize the particles of the pollutants in the solution and 
force them to precipitate.24 

Although some studies have tested the combination of Fenton oxidation 
(using ferrous sulfate and hydrogen peroxide) and precipitation using polymers 
(i.e., cationic polyacrylamide – CPAM, polymeric aluminum – PAC),25,26 there 
are also some reports about the capacity of iron to precipitate azo dyes by adjust-
ing the pH value.17,27 Taking this fact into consideration, it seemed interesting to 
evaluate if both Fenton and precipitation processes could be combined using only 
iron, thus reducing the quantity of reagents required.  

In this work, the combination of Fenton and precipitation processes using 
soluble Fe2+ and H2O2 are proposed for the treatment of direct blue 1 (DB1) in 
solution. Such combination implies a decrease in iron requirements and thus a 
reduction in treatment costs. The individual treatments were studied separately to 
determine the effects of the parameters involved in each process. Then, the treat-
ments were combined in a process called, for the purpose of this work, “Fenton 
assisted with precipitation.” 

EXPERIMENTAL 
Reagents 

0.04 mmol L-1 (40 mg L-1) and 0.09 mmol L-1 (90 mg L-1) solutions of Direct Blue 1 
(C34H24N6Na4O16S4, DB1) were prepared using commercial Direct Blue 1 dye obtained from 
Dyetex (Ecuador) and bi-distilled water. Hydrogen peroxide, H2O2 (30.0 %) and ferrous sul-
fate heptahydrate, FeSO4∙7H2O (≥ 99.0 %) were purchased from Fisher Chemical. For all the 
experiments, a batch scale system that consisted of a vessel with a magnetic stirrer (400 rpm) 
was employed for the treatment of DB1 solutions (250 mL). The dye concentration after each 
treatment was measured using a spectrophotometer UV–Vis (Hitachi U-1900) at a wavelength 
of 565 nm (determined experimentally based on the UV–Vis spectra of the dye). The chemical 
structure of DB1 is provided in Fig. 1. 

 
Fig. 1. Chemical structure of Direct Blue 1 (DB1) (λmax = 565 nm). 

Treatment of the DB1 solution by Fenton process 
The Fenton process was carried out using samples of 250 mL of DB1 solutions (0.04 

mmol L-1). For these experiments, the initial concentration of FeSO4∙7H2O was set at 0.66 
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mmol L-1, and three different c(Fe2+):c(H2O2) ratios were tested (1:10, 1:20 and 1:40). These 
values were selected based on previous studies.28,29 The initial pH value of the solutions was 
regulated to 2.8 (considered optimum for the Fenton process by various authors16,30) using 
sulfuric acid (0.1 N). The total time of the Fenton reaction was 10 min. Aliquots (5 mL) were 
taken each minute in order to follow the degradation reaction kinetics. A completely random-
ized experimental design was applied for this part of the work. The c(Fe2+):c(H2O2) ratio that 
allowed the higher degradation of DB1 (considering the statistical analyzes) was selected for 
the subsequent tests. All runs were carried out in triplicate at room temperature (~18 °C). 
Treatment of the DB1 solution by precipitation 

For the treatment of DB1 by precipitation, the experiments were conducted in two parts. 
In the first part, a solution of FeSO4∙7H2O (0.66 mmol L-1) and DB1 (0.04 mmol L-1) was pre-
pared (c(DB1):c(Fe2+) = 1:16.3). The initial pH of this solution was regulated to 2.8 (to allow 
the dissolution of FeSO4∙7H2O) using sulfuric acid (0.1 N). The solution was homogenized for 
10 min. Then, the precipitation was promoted by adding sodium hydroxide (0.1 N) to increase 
the pH value. Three final pH values (6.0, 8.0 and 9.3) were tested. The remaining concen-
tration of DB1 in the solution was spectrophotometrically measured. The final pH value of the 
precipitation process was selected following the decolorization of the DB1 solution. 

In the second part of the precipitation analyzes, the effect of using different c(DB1):c(Fe2+) 
ratios on the decolorization of the DB1 solution, was studied. In this case, the precipitation 
process was performed using the following c(DB1):c(Fe2+) ratios: 1:3.3; 1:4.4; 1:6.5; 1:7.3; 
1:8.2; 1:9.3; 1:10.9; 1:13.1 and 1:16.3. The concentration of Fe2+ was set at 0.66 mmol L-1, 
and the concentration of DB1 was varied from 0.04 to 0.20 mmol L-1. 
Decolorization of the DB1 solution by Fenton assisted with precipitation 

Fenton and precipitation processes were combined for the treatment of aqueous solutions 
of DB1 (0.09 mmol L-1). The aim of these experiments was to initiate the treatment with a 
c(DB1):c(Fe2+) ratio below the minimum, one that has to be applied to allow at least 95 % 
decolorization of the DB1 solution by precipitation. In other words, the idea was to treat the 
solutions with a Fenton process until the c(DB1):c(Fe2+) ratio reaches the value in which the 
decolorization could be completed by precipitation. 

In this study, the Fenton assisted by precipitation tests were carried out with one 
c(DB1):c(Fe2+) ratio (chosen according to the conditions explained) as an example of how 
these processes can be combined. The time needed for the Fenton process was established for 
the c(DB1):c(Fe2+) ratio chosen. Two aliquots were taken each 5 min for a total time of 20 
min. The first aliquot was used to measure the decolorization of the DB1 solution by Fenton, 
and the second one was used to precipitate the dye by increasing the pH of the sample. The 
remaining concentration of DB1 in the samples was spectrophotometrically measured. 
Potential electrostatic map 

A potential electrostatic map of DB1 anion was modeled by quantum chemical calcul-
ations using the software Gaussian 16W and Gaussview 6. The surface was generated from 
the optimized structure of the DB1 anion (4-) at B3LYP/6-311G(d,p) level of calculation.31 

RESULTS AND DISCUSSION 

Treatment of the DB1 solution by Fenton process 
Fig. 2a shows the degradation of DB1 applying a Fenton process using 

different c(Fe2+):c(H2O2) ratios. The degradation reaction was adjusted to 
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pseudo-first-order kinetics. Other studies have also applied pseudo-first-order 
kinetics to describe the degradation reaction of other dyes by a Fenton process.32 

 
Fig. 2. a) Decolorization of the DB1 solution by a Fenton treatment for the different 

c(Fe2+):c(H2O2) ratios tested; b) Effect of c(Fe2+):c(H2O2) ratio on the rate constants of the 
degradation of DB1 by the Fenton process (c(DB1):c(Fe2+) = 1:16.3; initial pH 2.8). 

The rate constants of DB1 degradation by Fenton are reported in Table I. A 
completely randomized experimental design was applied to determine the best 
c(Fe2+):c(H2O2) ratio. The results of the statistical analysis (Fig. 2b) shows that 
the rate constant increased with the increment of c(Fe2+):c(H2O2) ratio. The 
highest rate constant (0.1395±0.0025 min–1) corresponded to a c(Fe2+):c(H2O2) 
ratio of 1:40. The decolorization of the DB1 solution at this condition was around 
78.47 %. 

TABLE I. Rate constants (k) of the degradation of DB1 by a Fenton process using different 
c(Fe2+):c(H2O2) ratios (c(DB1):c(Fe2+) = 1:16.3; initial pH 2.8) 
c(Fe2+):c(H2O2) k / min-1 R2 
1:10 0.0778 ± 0.0008 0.9317 ± 0.0109 
1:20 0.0892 ± 0.0025 0.8273 ± 0.0049 
1:40 0.1395 ± 0.0025 0.8658 ± 0.0070 

As mentioned before, the Fenton reaction is produced by the reaction of Fe2+ 
ions and H2O2. During this process, hydroxyl radicals (•OH) are produced. These 
radicals react with the dye due to its strong oxidant capacity (they have a stan-
dard oxidation–reduction potential of 2.80 V). An increase in H2O2 improves the 
generation of •OH.12 This fact can explain the better decolorization of the DB1 
solution with the increment of c(Fe2+):c(H2O2) ratio. Other authors have found a 
similar effect in the decolorization of other dyes when the quantity of H2O2 inc-
reases.12,14 
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Treatment of the DB1 solution by precipitation 
The effect of the pH value on the precipitation of DB1 was studied. In this 

case, the assays were performed at a c(DB1):c(Fe2+) ratio of 1:16.3. Table II 
shows the results on the decolorization of the DB1 solution by precipitation. The 
results showed that the pH range that allowed at least 90 % decolorization of the 
DB1 solution was 6.0 to 8.0. The highest decolorization (98.67 %) was achieved 
at pH 6.0. In addition, the precipitation of DB1 at lower pH values than 6.0 and 
higher than 8.0 was almost negligible. Other studies have addressed the speciat-
ion of Fe2+ and Fe3+ as a function of the pH value. According to the data pre-
sented by Bokare and Choi, both Fe2+ and Fe3+ species remain in their dissolved 
form at the pH of the Fenton treatment (2.8). When the pH value is in the range 
of 6.0 to 8.0, soluble Fe2+ species and insoluble Fe3+ hydroxides are present in 
the solution.33 Due to the presence of this variety of chemical species, the preci-
pitation phenomena can be understood as a combination of various mechanisms. 
Some of these mechanisms are explained in the following paragraphs.  

TABLE II. Influence of pH value on the decolorization of the DB1 solution by precipitation; 
c(DB1):c(Fe2+) = 1:16.3; initial pH 2.8 
pH DB1 decolorization, % 
5.0 No precipitation observed 
6.0 98.67 ± 0.14 
8.0 90.28 ± 0.08 
9.3 2.86 ± 0.21 

The precipitation of azo dyes using metal salts of iron has been reported in 
the past. For instance, it was found that certain anionic azo dyes, such as Acid 
Orange 7, Reactive Red 45, and Acid Yellow 23, form insoluble complexes, 
upon the addition of FeCl3, creating colored suspensions and achieving around 
40 to 70 % removal of the dyes by precipitation. 27 Furthermore, the removal of 
other dyes such as Disperse Blue 106, Disperse Yellow 54, Reactive Blue 49, and 
Reactive Yellow 84 by Fenton oxidation and chemical coagulation using Fe3+ 
and different pH values (4.0–9.0) has been tested. 17  

One of the phenomena that could be involved in precipitation is charge neut-
ralization. Many pollutants on water are negatively charged (such is the case of 
DB1 due to sulfonate groups, –SO3–). On the other hand, metals like iron or 
aluminum in the forms of Fe2+, Fe3+ or Al3+, could give cationic hydrolysis pro-
ducts. For example, Eq. (1) presents a simplified scheme on the formation of 
hydrolysis products of Fe3+:24 
 Fe3+ → Fe(OH)2+ → Fe(OH)2+ → Fe(OH)3 → Fe(OH)4- (1) 

The positively charged hydrolysis products (i.e., Fe(OH)2+ and Fe(OH)2+) 
can neutralize the negative charges of DB1 and induce the precipitation of DB1. 
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Clearly, the pH value plays an important role in this kind of precipitation of dyes 
since the formation of species with a less positive charge is promoted as the pH 
increases. Other authors have also found a decrease in the decolorization of dyes 
by precipitation when the pH value was higher than 7.0. They also attributed the 
results to a generation of negatively charged ferric species (Fe(OH)4–) which hin-
ders the precipitation of the dyes (which are negatively charged too).17  

Another mechanism that could be involved in the precipitation of dyes is the 
formation of complexes between the pollutants and iron. The ability of certain 
organic ligands to complex iron was reported in earlier works.34,35 Consequently, 
it is expected that DB1 could also form complexes of iron due to the presence of 
amino, sulfonic, and hydroxyl substituents in the chemical structure of the dye. 
The formation of complexes and their solubility could be affected by the pH 
value. In fact, the calculated potential map surface of DB1 anion, shown in Fig. 
3, indicated that the studied dye has several active sites to establish metal–ligand 
(M–L) bindings. The presence of the –OH group near to the –N=N– gives the 
possibility to form FeL2 complex like those reported for similar structures.36–39 
Something similar could happen with the –OCH3 group, even more, the form-
ation of a higher coordinator number complex would be possible if the –NH2 and 
–SO3– groups took part in the complex.1,40,41 On the other hand, it is well known 
that sulfonate groups contribute to the solubility of compounds42 and, consider-
ing the fast precipitation process observed, also complex between Fe cations and 
–SO3– should not be ruled out. 

 
Fig. 3. Potential electrostatic map of DB1 anion (4–) modeled at B3LYP/6-311G(d,p) method. 

Even though charge neutralization and formation of complexes can contri-
bute to the precipitation phenomenon, the description of the processes that allow 
the azo dye precipitation by metal ions may be difficult to explain. In fact, as 
mentioned before, precipitation can include the combination of various mecha-
nisms, such as adsorption, bridge formation, and surface precipitation onto solid 
hydroxide precipitates,43 in addition to charge neutralization and formation of 
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complexes. Future studies should be focused on a deep understanding of the 
mechanisms involved in azo dye precipitation phenomena. 

There is a possible existence of a stoichiometric relationship between the dye 
and ferrous ions. In order to verify the effect of c(DB1):c(Fe2+) ratio on the 
decolorization of the DB1 solution by precipitation, several tests were carried out 
using different c(DB1):c(Fe2+) ratios (1:3.3; 1:4.4; 1:6.5; 1:7.3; 1:8.2; 1:9.3; 
1:10.9; 1:13.1; 1:16.3). The results of these tests are provided in Fig. 4a. An inc-
rement of DB1 decolorization was observed when the c(DB1):c(Fe2+) ratio 
increased. A sudden increase of DB1 decolorization was observed using the 
c(DB1):c(Fe2+) ratios 1:7.3 (27.49 %) and 1:8.2 (96.41 %). Furthermore, no 
decolorization reduction was observed for higher c(DB1):c(Fe2+) ratios. A 
similar trend was reported in earlier studies for the precipitation of Direct Black 
19, Direct Red 28, and Direct Blue 86 using aluminum salts.44 

 
Fig. 4. Influence of c(DB1):c(Fe2+) ratio on the decolorization of the DB1 solution by pre-

cipitation: a) results between c(DB1):c(Fe2+) ratios of 1:3.3 to 1:16.3; b) detailed study 
between c(DB1):c(Fe2+) ratios of 1:7.4 to 1:8.1 (c(Fe2+) = 0.66 mmol L-1, pH 6.0). 

More detailed precipitation assays were performed at c(DB1):c(Fe2+) ratios 
between 1:7.3 and 1:8.2 (1:7.4; 1:7.5; 1:7.6; 1:7.7; 1:7.8; 1:7.9; 1:8.0; 1:8.1). The 
results of these tests are detailed in Fig. 4b. From the results observed, it was 
concluded that the minimum c(DB1):c(Fe2+) ratio that has to be applied to allow 
at least a 95% decolorization of the dye solution by precipitation was 1:7.7. Ratios 
below this value only allowed partial precipitation of the dye. 

Decolorization of the DB1 solution by Fenton assisted with precipitation 
As explained, the aim of the decolorization of the DB1 solution by Fenton 

assisted with precipitation was to start the treatment with a Fenton process using 
a c(DB1):c(Fe2+) ratio below 1:7.7 (which only allows partial precipitation of the 
dye). During the treatment, the concentration of the dye decreases and the 
c(DB1):c(Fe2+) ratio increases (because of the decolorization of the DB1 solution 
by Fenton) allowing the total precipitation of the dye. The assays in this study 
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were performed with an initial c(DB1):c(Fe2+) ratio of 1:7.3 as an example of 
how Fenton and precipitation processes can be combined. 

Fig. 5 shows the measurements of DB1 decolorization by applying Fenton and 
Fenton assisted with precipitation treatments. For the specific c(DB1):c(Fe2+) ratio 
of 1:7.3, the time required to achieve a ratio which allows the precipitation of the 
dye was 5 min (DB1 decolorization by sole Fenton of 67.97 %). After this 
treatment, the dye was precipitated by increasing the pH of the solution from 2.8 
to 6.0. The total decolorization of the dye was 97.79 %. 

 
Fig. 5. a) DB1 decolorization by applying Fenton and Fenton assisted with precipitation 

treatments (initial c(DB1):c(Fe2+) = 1:7.3, c(Fe2+):c(H2O2) = 1:40, initial pH 2.8). b) DB1 sol-
ution after Fenton (left) and Fenton assisted with precipitation (right) treatments 

(reaction time = 5 min). 

CONCLUSION 

Fenton and precipitation treatments were combined for the decolorization of 
Direct Blue 1 dye (DB1). The individual treatments were studied separately to 
determine the effects of the parameters involved in each process. For the Fenton 
treatment, the reaction kinetics was adjusted to a pseudo-first-order model for all 
the c(Fe2+):c(H2O2) ratios tested. Moreover, an increase of the rate constant was 
observed with the increment of c(Fe2+):c(H2O2) ratio. The highest rate constant 
(0.1395±0.0025 min–1) was obtained using a c(Fe2+):c(H2O2) ratio of 1:40. The 
increase in the decolorization of the DB1 solution was attributed to the improve-
ment in the generation of •OH caused by the addition of more H2O2. Regarding 
precipitation, the pH range that allowed at least 90 % decolorization of DB1 was 
6.0 to 8.0. Almost no precipitation occurred at lower pH values than 6.0 and 
higher than 8.0. The highest DB1 decolorization (98.67 %) was achieved at a pH 
value of 6.0. In addition, it was found that the c(DB1):c(Fe2+) ratio influences the 
precipitation of the dye. Indeed, it was determined that the minimum 
c(DB1):c(Fe2+) that has to be applied to allow at least a 95 % decolorization of 
the dye by precipitation was 1:7.7. Ratios below this value only allowed partial 
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precipitation of the dye. Fenton assisted with precipitation tests were carried out 
using an initial c(DB1):c(Fe2+) ratio of 1:7.3 (which allows only partial precipit-
ation of DB1). The results suggested that the dye has to be treated by a Fenton 
process for 5 min (to achieve the ratio needed for precipitation) and then be pre-
cipitated by increasing the pH of the solution from 2.8 to 6.0. The decolorization 
of the dye after the combined process was 97.79 %. 

Acknowledgement. The authors acknowledge Departamento de Ciencias Nucleares 
(Escuela Politécnica Nacional) and Centro de Investigación de Alimentos (Universidad UTE) 
in Quito, Ecuador, for the support of this research work. 

И З В О Д  
ФЕНТОНОВ ПРОЦЕС, У КОМБИНАЦИЈИ СА ТАЛОЖЕЊЕМ, ЗА УКЛАЊАЊЕ 

БОЈЕ DIRECT BLUE 1: НОВИ ПРИСТУП 
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Азо-боје су тешко разградиви загађивачи присутни у отпаду неких индустрија. Због 
велике хемијске стабилности, њихова разградња није ефикасна употребом уобичајених 
технолошких поступака. За бољу разградњу могу се применити напредни поступци 
оксидације као што је Фентонов. Међутим, ове методе су још увек скупе. У овом раду су 
комбиновани третмани Фентоновим процесом и таложењем, како би се извршило укла-
њање боје Direct Blue 1, DB1 (обезбојавање), у циљу смањивања трошкова поступка. Про-
учени су, одвојено, појединачни третмани коришћењем раствора DB1 од 0,04 mmol L-1 
како би се утврдили ефекти параметара сваког процеса. За третман Фентоновом реак-
цијом, однос c(Fe2+):c(H2O2) који је омогућио највеће обезбојавање био је 1:40. Што се 
тиче таложења, највеће обезбојавање је постигнуто при pH 6,0. Штавише, установљено је 
да је за обезбојавање таложењем потребан минимални однос c(DB1):c(Fe2+) од 1:7,7. 
Фентонове реакције потпомогнуте таложењем испитане су са DB1 растворима од 0,09 
mmol L-1 и коришћењем односа c(DB1):c(Fe2+) од 1:7,3 (што омогућава само делимично 
таложење DB1). Резултати указују да ова боја може бити третирана Фентоновим про-
цесом током 5 min, а затим таложењем, како би се постигло скоро потпуно обезбојавање 
(97,79 %). 

(Примљено 4. августа, ревидирано 4. новембра, прихваћено 7. новембра 2019) 
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