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Abstract: The objective of this work was to determine the optimal conditions for the electrooxidation
treatment in order to decolourise the effluents that contain reactive dyes. According to the results,
when Na2SO4 is used as an electrolyte, the decolouration reactions follow first-order kinetics. How-
ever, when NaCl is present in the effluent, the first-order kinetics is stabilised after applying a minimal
electric current value. The models obtained from the results show that the higher the concentration
of NaCl, the lower the energy consumption. On the other hand, an increase in dye concentration
leads to an increase in electrical consumption. In relation to the pH, the results show that it is not
a key factor in the decolouration efficiency. Finally, the obtained model was applied to two real
effluents. The feasibility of individually treating the effluents from the dyeing process and those from
the subsequent wash-off process was evaluated. From an industrial application point of view, it is
recommended to mix both effluents before treatment, especially when the dye concentration is high.

Keywords: electro-oxidation; reactive dyes; decolouration rate; statistical modelling; water reuse

1. Introduction

Cotton is the most important natural fibre in the textile sector. Annually, 25 million
tons of cotton are produced in the world [1]. Cellulosic fibres such as cotton can be dyed
with four different types of dyes (direct, sulphur, vat, and reactive dyes). Among them,
about 60% of cellulosic fibres are dyed with reactive dyes [2].

The popularity of reactive dyes is mainly due to their high wash fastness and wide
colour spectrum [3,4]. Its main disadvantage is that the dyeing process must be carried out
in an alkaline medium by adding NaOH or Na2CO3 [2]. Moreover, to promote the reaction
between the fibre and the dye, a large amount of electrolyte (NaCl or Na2SO4) must be
added to the dyebath. The amount of electrolyte can be up to 100 g/L, depending on the
colour intensity to be obtained [5]. It should be noted that the dyeing process with reactive
dyes is associated with an intrinsic inefficiency due to the reaction of the dye with water
(hydrolysed dye). It is estimated that between 30 and 50% of the dye initially added to the
bath reacts with water and is discharged with the wastewater [2,4]. In addition, after the
dyeing process, a wash-off stage is required to remove the unfixed dye.

Taking into account the above, from an environmental point of view, the dyeing
process with reactive dyes and the subsequent wash-off stage can represent a serious
problem for the aquatic environment, since this process produces effluents characterised
by a high colouration, high salt content, and an alkaline pH. For this reason, the correct
treatment of these effluents is a crucial process within the textile industry.

In general, effluents from the reactive dyeing process are treated by means of a
combination of physical-chemical and biological processes [6]. Coagulation treatment
is a simple process that provides good colour removal, but its efficiency decreases in the
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removal of soluble dyes [7,8]. On the other hand, the aromatic rings present in the dye
molecules give them resistance to microbiological attacks. As a consequence, conventional
biological treatments by activated sludge show low colour removal efficiencies, being a
combination of membrane technologies or the application of specific tertiary treatments
for decolouration [9]. These tertiary treatments are based on the addition of decolourising
agents, and most of them are derived from tertiary and quaternary amines. The production
of these amines entails a high impact in the category of climate change, due to the high
energy consumption of amine synthesis [10]. It is important to highlight that none of these
treatments allow the reuse of water. Considering the growth of the current population and
the increase in the demand for water, a correct management of wastewater and its reuse is
essential for the coming years [11].

Advanced purification processes are extensively studied for the treatment of effluents
containing reactive dyes [7,12–14]. Electrochemical oxidation has shown its efficiency in
the removal of reactive dyes. The results show a colour removal between 66% and 100%. In
addition, the uncoloured effluents have been successfully reused in new dyeing processes,
leading to the reuse of the salts present in the water (up to 72% savings) [15]. This type of
treatment has several advantages over conventional treatments, such as no generation of
waste and no addition of reagents since the treatment is carried out with the salts already
present in the effluent. Despite the clear advantages of electrochemical processes, it is still
necessary to optimise working conditions in order to obtain the maximum colour removal
with the lowest energy consumption.

The aim of this work was to determine the influence of factors such as pH, conduc-
tivity, and dye concentration on the electrical consumption required to achieve a certain
decolourisation. For this purpose, statistical models were formulated and analysed. These
models related the factors and all their interactions with consumption and colour removal,
in order to determine the working conditions that guarantee the maximum decolourisation
with the minimum consumption. From an industrial application point of view, this work
also studied the possibility of treating exhausted dye baths individually or mixing them
with the effluents generated in the wash-off stages.

2. Materials and Methods

The experimental study was performed with solutions of the reactive dye Procion
MX-2R (DyStar, Barcelona, Spain), which belongs to a range of commercial dyes widely
used in the dyeing of cellulosic fibres. The Colour Index classifies this dye as C.I. Reactive
Orange 4, which contains one azo group as chromophore and one dichlorotriazine reactive
group (Figure 1).
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The treatments were carried out in an undividable electrolytic cell with a capacity
of 2 L. The electrodes were made of Ti/PtOx, with 44.8 cm2 of active surface. In all the
experiments, the current intensity was fixed at 2 A, with the power supply being Grelco
GVD310 0-30 Vcc/0-10 A.

The experimental work was initially carried out with a factorial design 23

(8 experiments), and the control factors were pH, conductivity, and dye concentration.
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Once these 8 experiments were performed and analysed, a new factor was introduced: the
conductivity due only to the NaCl added as the dyeing electrolyte. Then, the experimental
work was increased to 34 points.

To simulate industrial wastewater conditions, synthetic solutions of the dye (from
0.1 to 2.0 g/L) were prepared with different salt contents (the total conductivity was from
10 to 50 mS/cm) and pH values (from 5 to 11), as Table 1 indicates. The values fixed for
dye concentration and conductivity corresponded to the maximum and minimum values
usually found for reactive dye textile wastewater. The range of pH values was defined
by considering the following considerations: (i) the usual value of pH in real reactive dye
effluents (9–11), (ii) the optimal working range of electrodes (>5), and (iii) the equilibrium
of the oxidant species generated from the chloride ion.

Table 1. Experimental conditions for each test.

Trial pH CNaCl (mS/cm) Ctotal (mS/cm) di (g/L) Reference

1 5 30.0 30.0 1.0 5-30-30-1
2 7 30.0 30.0 1.0 7-30-30-1
3 9 30.0 30.0 1.0 9-30-30-1
4 7 50.0 50.0 1.0 7-50-50-1
5 7 10.0 10.0 1.0 7-10-10-1
6 7 30.0 30.0 2.0 7-30-30-2
7 7 10.0 10.0 0.1 7-10-10-0.1
8 9 50.0 50.0 0.1 9-50-50-0.1
9 5 50.0 50.0 0.1 5-50-50-0.1
10 9 10.0 10.0 0.1 9-10-10-0.1
11 5 10.0 10.0 0.1 5-10-10-0.1
12 5 50.0 50.0 2.0 5-50-50-2
13 9 50.0 50.0 2.0 9-50-50-2
14 9 10.0 10.0 2.0 9-10-10-2
15 5 10.0 10.0 2.0 5-10-10-2
16 7 50.0 50.0 2.0 7-50-50-2
17 11 50.0 50.0 2.0 11-50-50-2
18 11 10.0 10.0 2.0 11-10-10-2
19 5 0.0 50.0 2.0 5-0-50-2
20 5 1.7 50.0 2.0 5-1.7-50-2
21 5 5.7 50.0 2.0 5-5.7-50-2
22 5 9.9 50.0 2.0 5-9.9-50-2
23 5 14.0 50.0 2.0 5-14-50-2
24 5 25.4 50.0 2.0 5-25.4-50-2
25 5 50.0 50.0 2.0 5-50-50-2
26 5 0.0 10.0 0.1 5-0-10-0.1
27 9 0.0 10.0 2.0 9-0-10-2
28 5 0.0 50.0 2.0 5-0-50-2
29 9 0.0 50.0 0.1 9-0-50-0.1
30 5 0.0 10.0 2.0 5-0-10-2
31 9 0.0 10.0 0.1 9-0-10-0.1
32 5 0.0 50.0 0.1 5-0-50-0.1
33 9 0.0 50.0 2.0 9-0-50-2
34 7 0.0 30.0 1.0 7-0-30-1

The different factors are defined as: pH; CNaCl: conductivity due to the NaCl added
(mS/cm); Ctotal: total conductivity of the experiment adjusted with NaCl + Na2SO4
(mS/cm); and d: dye concentration (g/L).

The references of the tests are indicated by the value of the different factors in the
following order: pH-CNaCl-Ctotal-di.

The kinetics of colour removal was studied for the 34 experiments. In all cases, the
tests were monitored until reaching a degree of decolouration of 85%. All kinetics were
adjusted to a first-order reaction, according to Equation (1).
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−ln(dQ/di) = k × Q (1)

where k is the reaction rate, and di and dQ are, respectively, the initial dye concentration
and the dye concentration at current value Q (in A·L·h−1). The dye concentration was
determined by absorbance measurements, performed with a UV-visible spectrophotome-
ter (Shimadzu UV-2401PC, Barcelona, Spain) at 489 nm, the wavelength of maximum
absorption of the studied dye. The calibration curve used was y = 0.0239x + 0.001 (R2 = 1).

3. Results and Discussion
3.1. Decolouration Kinetics

The kinetics of decolouration was studied for the 34 electrochemical tests. All kinetics
were adjusted to a first-order kinetic reaction, as is indicated in experimental section
(Equation (1)).

Figure 2 shows three examples of the kinetic adjustment carried out. The rest of the
decolouration kinetics are presented in the supplementary information.
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As can be seen in the examples of Figure 2, some of the kinetics studied followed a first-
order tendency from the beginning of the reaction, whereas other kinetics were adjusted to
a first-order kinetic reaction, but only after discarding the first points. This indicates that,
depending on the experimental conditions, the reaction of decolouration requires a certain
amount of applied current to acquire a stable first-order behaviour. For this reason, the
model of k should be adjusted, taking into account this phenomenon (Equation (2)).

−ln(dQ/di) = y0 + k × Q (2)

where y0 is the y-intercept.
This behaviour is consistent with an indirect oxidation of the dye, where the de-

colouration process proceeds through the reaction of the dye molecules with oxidant
species generated in the anode, according to Equations (3) and (4) [17–20]:

Generation of oxidants:

2Cl− + 2H2O − 2e− → 2ClO− + 4H+ (3)

Indirect dye oxidation:

ClO− + dye→ uncoloured dye fragments + Cl− (4)

Thus, the chloride anion has two functions: it acts as an electrolyte, increasing the
conductivity of water in the same way as other anions, and it acts as an indirect oxidant.
For this reason, kinetics with the same conductivity and different amounts of Cl− were
studied, as described in the next section.
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3.2. Influence of NaCl Concentration

According to Equations (3) and (4), NaCl acts in two ways: (1) as a reagent to generate
oxidants and (2) as an electrolyte to increase the conductivity of the solution. To study both
effects separately, seven kinetics with the same conductivity and different concentrations of
NaCl were carried out (trials 19–25).

All of them were performed at pH 5 and a dye concentration of 2 g/L. Different
amounts of NaCl were added to each solution: 0, 0.25, 2.50, 5.00, 7.50, 15.00, and 33.60 g/L
(which correspond to CNaCl: 0–1.71−5.74–9.95–13.98–25.40 and 50.00 mS/cm, respectively).
In all cases, the Ctotal of the solutions was adjusted 50.00 mS/cm with Na2SO4, which
is an inert electrolyte. The kinetic curves obtained for these experiments are compared
in Figure 3.
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As can be seen, at the same conductivity value, when the amount of NaCl increases,
the kinetics become much faster. For this reason, the conductivity due to the NaCl is
included as a specific factor in the model study section, in addition to the total conductivity
of the solution. The results of the kinetic adjustments are detailed in the next section.

3.3. Kinetic Adjustments

The kinetic curves were adjusted for the 34 trials, using only the points obtained once
a stable first-order behaviour was observed according to Equation (2).

The kinetic constant (k), the y-intercept (y0), and the determination coefficient (R2)
obtained for each adjustment are indicated in Table 2. k is the slope of the adjusted curve,
whereas y0 is used as a tool for modelling purposes.

Table 2. Experimental conditions and parameters obtained with the first-order kinetic adjustments.

References k y0 R2

5-30-30-1 3.3767 −0.5401 0.9991
7-30-30-1 2.8270 −0.5790 0.9922
9-30-30-1 2.4928 −0.2927 0.9982
7-50-50-1 3.2751 −0.3448 0.9776
7-10-10-1 1.6757 −0.6081 0.9809
7-30-30-2 1.5874 −0.6329 0.9927

7-10-10-0.1 3.7328 −0.0958 0.9931
9-50-50-0.1 3.8001 0.1352 0.9977
5-50-50-0.1 6.0583 0.1574 0.9949
9-10-10-0.1 3.1596 −0.2100 0.9964
5-10-10-0.1 4.2216 −0.1662 0.9910
5-50-50-2 2.1372 −1.2010 0.9799
9-50-50-2 1.9905 −0.6159 0.9917
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Table 2. Cont.

References k y0 R2

9-10-10-2 0.8535 −0.4519 0.9910
5-10-10-2 0.8937 −0.4385 0.9922
7-50-50-2 2.4245 −0.8043 0.9871

11-50-50-2 2.0558 −0.5636 0.9887
11-10-10-2 0.9568 −0.4864 0.9861
5-0-50-2 0.2031 0.0376 0.9979

5-1.7-50-2 0.1825 0.0153 0.9985
5-5.7-50-2 0.2660 −0.1215 0.9921
5-9.9-50-2 0.7408 −0.3557 0.9994
5-14-50-2 0.9115 −0.4370 0.9836

5-25.4-50-2 1.4326 −0.6496 0.9931
5-50-50-2 2.1176 −0.5234 0.9923
5-0-10-0.1 0.2753 0.0057 0.9978
9-0-10-2 0.1658 −0.0176 0.9925
5-0-50-2 0.3706 0.0223 0.9940

9-0-50-0.1 0,8183 −0.0120 0.9990
5-0-10-2 0.1516 −0.0089 0.9968

9-0-10-0.1 0.2210 0.0130 0.9965
5-0-50-0.1 0.5439 0.0218 0.9946
9-0-50-2 0.3782 −0.0208 0.9980
7-0-30-1 0.2525 −0.0033 0.9943

3.4. Models of Kinetic Parameters

The parameters y0 and k were modelized according to the control factors of the process
(pH, CNaCl, Ctotal, and di) and their interactions. The results are expressed in the following
Equations (5) and (6):

k = 1.1150 − 0.5015 di + 0.1593 CNaCl − 0.0215 di·CNaCl − 0.0016 CNaCl·Ctotal (R2 = 0.8365) (5)

y0 = −0.401 − 0.0280 CNaCl + 0.0010 pH·CNaCl − 0.0098 di·CNaCl + 0.0005 CNaCl·Ctotal (R2 = 0.8318) (6)

According to the results, the k value depends directly on the initial dye concentration
and on the conductivity due to NaCl. It also depends on the interaction between di and
CNaCl, as well as between CNaCl and Ctotal. Although the pH was not found significant on
the k value, it is important to underline that this factor has an influence on the y0 value
through its interaction with CNaCl. Moreover, the initial dye concentration does not have a
direct effect on the y0 value; it influences only the interaction with the conductivity due
to NaCl.

The adjustment of both models to the experimental values is shown in Figure 4.
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As can be seen, overall, a good concordance of experimental and calculated points
was observed. This indicates that the obtained models could be applied to the prediction
of the dye decolouration behaviour in the defined range of study. Surface responses are
useful tools for a better understanding of models. Figure 5 shows the different response
surfaces plotted for the model of k (Equation (5)).
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It can be noticed that all response surfaces of Figure 5 show a significant increase in k
when the amount of NaCl increases. Therefore, the lower k is obtained in the absence of
NaCl (CNaCl = 0), and the maximum k value corresponds to the experiment with the total
conductivity due to NaCl (CNaCl = Ctotal).

On the other hand, the surfaces Figure 5(i,ii) do not show any influence of pH on k, as
it can be seen that the decolouration rate is constant along the pH axis.

The surfaces Figure 5(iii,iv) show evidence that, when the dye concentration (di) in-
creases, the k value decreases. The more significant decrease is obtained when CNaCl = Ctotal.

Finally, when comparing response surfaces Figure 5(iii,iv), it can be stated that the
higher the total conductivity (from Ctotal = 10 to Ctotal = 50), the faster the reaction.

With respect to the parameter y0, which was obtained from the adjustment of the
decolouration curves once they were stabilised as first-order kinetics, it does not have a
real technical interpretation. However, from a practical point of view, its model is necessary
to calculate the current required to achieve a certain decolouration level (Figure 6).
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Figure 6 shows evidence that, in the absence of NaCl (CNaCl = 0), the dye concentration
does not have an influence on the y0 value, and its value is almost zero. This fact agrees
with the kinetics obtained when using Na2SO4 as the only electrolyte. In those cases, all
tests were found to be first-order kinetics from the beginning (Figure 3)

When CNaCl is close to Ctotal, the value of y0 decreases when the initial dye concentra-
tion increases. This effect becomes more evident for high pH values.

As indicated, the parameter y0 by itself does not provide clear technical informa-
tion, but it is useful to calculate the x-intercept, which is an indicator of the current re-
quired to achieve a first-order reaction (Qfo). The Qfo values are obtained by substituting
Equations (5) and (6) into Equation (2).

Qfo = (0.401 + 0.0280 ∗ CNaCl − 0.0010 ∗ pH ∗ CNaCl + 0.0098 ∗ di ∗ CNaCl − 0.0005 ∗ CNaCl ∗ Ctotal)/
(1.1150− 0.5015 ∗ di + 0.1593 ∗ CNaCl − 0.0215 ∗ di ∗ CNaCl − 0.0016 ∗ CNaCl ∗ Ctotal)

(7)

According to Equation (7), the higher Qfo, the bigger the current required to stabilise
the decolouration in a first-order reaction. As the first-order step is faster than the initial
step, it can also be stated that the lower the Qfo value, the higher the current efficiency.

The equation of Qfo is complex, and it is difficult to evaluate the influence of di, CNaCl,
or Ctotal, as they are present in several terms in the numerator and the denominator. Instead,
it provides a clear tendency with respect to the pH, which is present in the interaction with
CNaCl. This is consistent with the equilibrium of chlorine species, as they are dependent on
the pH. In addition, it can be noticed that the pH has an inverse effect. This implies that,
for a fixed concentration of NaCl, the higher the pH, the lower the value of Qfo. Therefore,
at an alkaline pH, the treatment is more efficient, as lower current values are required to
achieve first-order kinetics.

3.5. Optimisation of the Industrial Working Conditions

From the practical point of view, in addition to the influence of the factors on the
kinetic rate, it is also interesting to know the influence of the factors on the current required
to achieve a fixed decolouration value.

This current value is calculated by means of Equation (8):

Q = (−ln (1 − decolouration value) − y0)/k (8)

Figure 7 shows the evolution of the current required to obtain 85% colour removal
under different working conditions.
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Figure 7 shows evidence that, for high dye concentrations, when the conductivity
due to NaCl is close to zero, high current values are required to reach 85% colour removal.
However, when CNaCl is close to Ctotal, the current values decrease dramatically, showing
a slow increase with the dye concentration and a slight decrease with the pH. A slightly
lower electric current value is required at pH 11 than at pH 5. It is important to underline
that reactive dyeing effluents have an alkaline pH, which confirms that it is not necessary
to modify the pH to improve the treatment efficiency.

Beyond the treatment, the pH is important in wastewater reuse. When the treated
effluents are used in new dyeing processes, it is always necessary to neutralise the treated
effluents [21]. In this sense, it is interesting to elucidate if it is more advantageous to
neutralise them before or after the electrochemical treatment.

Figure 8 shows that, although the required current increases slightly when the pH
is reduced, when it comes to practical effects, the influence is very low. Then, it does not
matter if the neutralisation required for the reuse of the effluent is performed before or after
the decolouration process, being slightly more efficient than the electrochemical treatment
at an alkaline pH.
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Finally, two case studies were evaluated. As mentioned above, the dyeing process
with reactive dyes requires a subsequent wash-off process. As can be observed, the effluent
generated in the wash-off stage also has a high colouration, conductivity, and an alkaline
pH. Therefore, it must also be treated properly.

Case 1:
(1a) Residual dyebath:

d = 1.00 g·L−1 CNaCl = Ctotal = 50.00 mS·cm−1 pH= 11.3

(1b) First wash-off effluent:

d = 0.72 g·L−1 CNaCl = Ctotal = 10.91 mS·cm−1 pH= 10.2

(1c) Mixture of the same volume of the two effluents.
Case 2:
(2a) Residual dyebath:

d = 2.00 g·L−1 CNaCl = Ctotal = 50.00 mS·cm−1 pH= 11.3

(2b) First wash-off effluent:

d = 1.45 g·L−1 CNaCl = Ctotal = 10.91 mS·cm−1 pH= 10.2

(2c) Mixture of the same volume of the two effluents.
In all cases, the required Q to reach a degree of decolouration of 85% was calculated,

and the feasibility of mixing both effluents was evaluated (Figure 9).
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Taking into account the necessary current value in each case, it is advisable to mix
both effluents before the electrochemical treatment, especially when the dye concentration
is high.
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4. Conclusions

In this work, the influence of pH, dye concentration, total conductivity, and conductiv-
ity due to the NaCl concentration, on the decolouration kinetic constant and on the current
consumption required to reach 85% decolouration were evaluated and modelled.

According to the results, the conductivity of the solution has a significant influence
on the process efficiency. The decolouration rate becomes faster when the conductivity
increases. This fact is remarkable when the conductivity of the solution is mainly due to
the presence of NaCl. However, in these cases, it was observed that a certain amount of
current is required before the reaction achieves a first-order kinetic. On the other hand,
when Na2SO4 is the only electrolyte in the solution, the decolouration reaction follows a
first-order kinetic from the beginning, but the reaction is slower.

On the other hand, when the dye concentration increases, the current required to reach
85% decolouration also increases, especially when the amount of NaCl is low. It was also
found that the pH is not a key factor in the efficiency of the treatment, but it has an effect
on the current necessary to stabilise the reaction in first-order kinetics.

Finally, the model obtained in this work was used to evaluate the required current
value at an industrial level. The feasibility of individually treating the effluents from dyeing
and the subsequent washing-off process was studied. It was concluded that, from an energy
consumption point of view, it is advisable to mix both effluents for efficient decolouration.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pr10102024/s1, the re-sults obtained in the 34 tests carried out are shown in the supplementary
information.
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resources, C.G.-B.; writing—original draft preparation, M.P. and C.G.-B.; writing—review and editing,
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