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Resumen

En el presente trabajo de investigacion, se evaludé el tiempo de tratamiento, relacién area de
electrodos/volumen de efluente, sobre el % de reduccion del cromo hexavalente en efluentes artificiales de
cromado, mediante el método de electrocoagulacién en batch; método para el cual se utilizaron anodos y
céatodos de acero A-36 de (5.0 x 5.0 x 0.2) cm. La cantidad de electrodos y la separacion entre ellos, se
vari6 al fin de variar la relaciona area de electrodos/volumen de efluente y; para un reactor de
electrocoagulacion de tipo batch en el cual se realizaron 27 ensayos; manteniendo constante el volumen
de efluente tratado. De los resultados obtenidos se determind que el incremento del tiempo de
electrocoagulacion y la relacion area de electrodos/volumen de efluente, influyen en el porcentaje de
reduccion de cromo hexavalente de los artificiales de cromado, tal como se apoya con el ANOVA y prueba
F; el porcentaje de reduccion maximo alcanzado fue de 91.65%, respecto a la concentracion inicial (20
mg/L), para un tiempo de ensayo de 60 minutos y una relacion de area de electrodos/volumen de efluente
de 0.912 m?/L.

Palabras clave: Electrocoagulacién, Efluentes de Cromado, Cromo, lotes.

Abstract

The present research evaluated treatment time, electrode area / effluent volume ratio, on the% reduction of
hexavalent chromium in artificial chrome plating effluents, was evaluated by the batch electrocoagulation
method; Method for which A-36 steel anodes and cathodes of (5.0 x 5.0 x 0.2) cm were used. The number
of electrodes and the separation between them was varied in order to vary the ratio of electrode area /
effluent volume and; for a batch type electrocoagulation reactor in which 27 tests were carried out; keeping
the volume of effluent treated constant. From the results obtained, it was determined that the increase in the
electrocoagulation time and the electrode area / effluent volume ratio influence the percentage of hexavalent
chromium reduction of the artificial chromium plating, as supported by ANOVA and test F; the maximum
reduction percentage achieved was 91.65%, with respect to the initial concentration (20 mg/L), for a test
time of 60 minutes and a ratio of electrode area / effluent volume of 0.912 m?/L.

Keywords: Electrocoagulation, Chrome Effluents, Chrome, batch.
1. Introduction

The generic name of the electroplating sector is "surface treatment". It is the process by which the
characteristics of the surface of a base metal or other material are altered, by depositing a metallic coating
that has desirable characteristics, carried out by means of electrolysis, in order to increase its ability to resist
corrosive agents. and / or abrasives, improve their properties, their appearance and / or the usefulness of
the metallic product. The greatest environmental impact of the sector concerns liquid effluents and eventually
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the sludge from the treatment of such effluents that contain heavy metals. The electroplating industry
involves water consumption, both in the process baths and in the washing and rinsing stages (Salvadd,
2001). There are different systems for treating wastewater from chrome plating plants using this type of bath
to treat metal surfaces. These waters are considered among the most dangerous industrial effluents due to
their content of ferric, chromic and chromate ions in acid solution. Chromium (VI), an element of high toxicity,
is found in appreciable quantities in their effluents, both in exhausted baths and in washing waters. Washing
water is the main pollution problem, due to its large volume, although it is characterized by being very dilute
(usually its chromium concentration is 20 mg/L, normally 80% of the chromium used in the process is
wasted). The most industrially used treatments for the removal of chromium (VI) are based on
physicochemical or ion exchange processes, or combinations thereof. When the wastewater does not
contain chromium (VI) ions and only contains heavy metal ions, these can be precipitated as hydroxides and
be separated in a simple way, either by filtration or by sedimentation. However, most of the wastewater from
chrome plating plants contains chromium (VI) ions, the treatment is less simple, requiring more complex and
sophisticated techniques, such as electrochemical ones. The effects of chromium plating effluent with a high
chromium and sulfate content, along a pollution gradient, in zooplankton communities in the Las Prusianas
stream, in Santa Fe, Argentina are related to some physicochemical and biological parameters to evaluate
the impact on zooplankton. The Cr and Sulfur values found were raised to the allowed standards. The
electroplating plants that are located in the city of Truijillo, with few exceptions, have obsolete technology,
lack qualified personnel and do not carry out control of the composition that normalizes their procedures for
the treatment and disposal of the effluents they emit, much less control their production processes to
minimize heavy metal pollutants, the decrease in chromium in effluents, originating a gap in the incorporation
of the environmental factor in the planning of their productive activities (Morello, 2020; Metcalf and Eddy,
1995). The Presidency of the Council of Ministers, establish Maximum Permissible Limits of Liquid Effluents
(Decreto supremo No. 037-2008-PCM), decrees in article 1, the maximum allowable limits (LMP) of liquid
effluents for industrial activities; The values that are detailed below: that for hexavalent chromium the
maximum limit is 0.1 mg/L and for total chromium it is 0.5 mg / | (Diario El Peruano, 2008).

In Peru, few studies have been carried out on the toxicity of heavy metals in wastewater, using the
electrocoagulation method. Taking as working parameters the concentration of pollutants, pH, electric
potential and turbidity, the study achieved a greater elimination of chromium VI using iron and aluminum
electrodes (Bazrafshan et al., 2008); considering pH, current density and operating time as study variables;
their results showed that the COD removal efficiency increased to 72.28% for the electrocoagulation process
with a current density of 5.62 mA/cm? (Ni‘am et al., 2007). Regarding the turbidity in the wastewater removal
process, a removal efficiency of 96.74% was obtained for the indicated current density, thus demonstrating
that electrocoagulation technology can improve the quality of wastewater. Rahmani (2008) evaluated
parameters such as turbidity, removal time and voltage (5, 10, 20 and 30V); The experimental results
confirmed that the removal efficiency depends on the electrolysis time, types of electrodes and the applied
current. From the experiment carried out at 10V it was found that, for a time of 10 minutes, the removal
efficiency of the Al, Fe and Sn electrodes was 93%, 91% and 51% respectively, confirming that the use of
electrodes of Aluminum increased the efficiency of the electrocoagulation process. In another investigation,
the voltage (5, 7, 9, 11 Volts), current, treatment time (15 minutes), and electrodes were taken into account
as steel as cathode and aluminum as anode; Its results showed that in this process it had a significant
elimination of the turbidity of the water and a reduction in the Chemical Oxygen Demand (COD) (Gonzalo,
2002; Reyes, 2000) evaluated the treatability of the leachate from the La Esmeralda Landfill (Colombia), by
the electrocoagulation method, measuring the decrease in organic load obtained by this process. In this
study, the operating conditions were obtained in a batch system (voltage, operating time and type of
electrode) for electrocoagulation in the treatment of leachates, considering the best removals of color,
turbidity, solids (total, suspended and dissolved) and COD; the maximum removal percentage being 61.70%
of total suspended solids. (Rincén et al., 2009), evaluated the results obtained in the treatment of vinasse
from an alcohol distillery through an electrocoagulation - electroflotation process. Different operating
variables such as initial pH of the solution, current density and concentration of NaCl, as electrolyte support,
were evaluated in a factorial design, using aluminum electrodes. The results indicate that this technique
could be used in the stillage concentration process. Total solids removal of 37% was obtained without using
an electrolytic support.
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During electrolysis, a series of physical and chemical processes take place that allow the removal of
pollutants. In these processes the metals connected to the anode of the cell are dissolved and a range of
coagulant species and hydroxides are formed which destabilize and coagulate the suspended particles, in
addition to absorbing dissolved contaminants (Mejia et al., 2012). In the case of using carbon steel plates
both in the anode and in the cathode, the possible main reactions that occur could be:

Reactions at the anode:

Fe = Fe@)+2e i, )
Fe) — B FEB) +30 i (2)
2H2O —  AH "+ Ozg)t 4€ oo (3)

From the equations presented, most of the investigations assume that the main dissolution of iron is that of
valence +2. (Barrera-Diaz et al, 2003a); (Pretorius et al, 1991).

Reactions at the cathode:

2H20 + 26" — > Ho(g)+ 20H" ..o, 4)

There is a theory that direct reduction of cations at the cathode can occur (Pretorius et al., 1991). On the
other hand, there are other types of reactions in the areas close to the Fe 2+ ions generated at the anode,
such as the reduction of chromium, such a reaction could be written:

CrO4% + 3Fe?* + 4H,O0 —» Cr3 + 3Fe3 + 80H ...... (5)

Once the chromium 3+ cations have been obtained, and the increase in pH due to the production of
hydroxide ions in the cathode (reaction 4), this induces the precipitation of trivalent chromium to its
corresponding hydroxide, such a reaction would be:

Cr3* + 30H =P Cr(OH)3 ...oeieiiieiie e (6)

Many factors are involved in the electrocoagulation process and some of these factors have a greater
influence on the process. The pH influences the efficiency of the process, it has been determined in some
cases that the highest efficiency in the removal of a contaminant occurs within a specific pH range, and even
this range can be wide. In general terms, the best removals have been obtained for pH values close to 7.
Examples of this situation can be seen in the removal of arsenic in drinking water, where the highest
percentage of removal of arsenic occurs at pH between 6 and 8 and the best removals of turbidity and COD
in the waters of the textile industry occur at a pH of 7. The reactions that occur during the electrocoagulation
process give the aqueous medium whose pH variations are in the range from 1 to 3. Especially in alkaline
wastewater, this property prevents large changes in pH, with which the dosages of chemical substances to
regulate the pH are lower (Hunsom et al., 2005). As the electrical variables in the electrocoagulation process
are the parameters that most influence the removal of the contaminant from a wastewater and are linked to
economic factors, greater attention should be paid to their study. Removal efficiency and energy
consumption increase with increasing current density. For some conductivities of the aqueous medium,
energy consumption increases proportionally with increases in conductivity, which leads to higher energy
consumption. For high energy consumptions there are losses due to the transformation of electrical energy
into heat, producing an increase in the temperature of the aqueous medium. The current supply to the
electrocoagulation system determines the amount of aluminum Al*3 or iron Fe*? ions, released by the
respective electrodes. In general, an increase in current density generates an increase in pollutant removal.
Too high a current density would cause a significant decrease in efficiency. The selection of the current
density could be made taking into account other operating parameters, such as pH and temperature (Holt
et al., 2004). An increase in electrical conductivity in turn generates an increase in current density. When
the voltage supplied to the electrocoagulation cell is kept constant and additionally the conductivity
increases, keeping the current density constant, there is a decrease in the applied voltage. The addition of
some electrolytes such as NaCl or CaCl2 generates an increase in the conductivity of the wastewater. In
addition, it has been found that chlorine ions can reduce the adverse effects of ions such as HCO3 and SO**
since the presence of carbonate or sulfate ions can lead to the precipitation of Ca*? and Mg*?, producing an
insoluble layer deposited on the electrodes that would increase the potential between them, thus decreasing
the efficiency of the current. It is recommended, however, that for a normal electrocoagulation process,
amounts of CI- are kept around 20%. The effects of temperature on electrocoagulation have not been much
investigated, but it has been found that the efficiency in the current increases initially until reaching 60 °C,
point where it becomes maximum and then decreases. The increase in efficiency with temperature is
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attributed to the increase in the destruction activity of the aluminum oxide film on the surface of the electrode
(Ruiz, 2005).

2. Materials and Methods

The sample consisted of 30 liters of artificial chrome plating effluents. Table 1 offers information on the
effluent used. Table 2 indicates the variables and their levels used in the present investigation. Figure 1
shows the experimental sequence developed in the present investigation.

Table 1. Initial characterization of the artificial chrome effluent used in the research

Property Initial value
Temperature (°C) 23.5
pH 3.8
Hexavalent Chromium (ppm) 20

Table 2. Levels of the study variables

Independent variables of study Study levels
Factor (A): Electrocoagulation time (min) 20,40y 60
Factor (B): Electrode area/effluent volume ratio (m2/L) 0.0456; 0.0684; 0.0912

Dependent variable of study
Reduction percentage of hexavalent chromium

£ g

Preparation of End characterization of Analysis of obtained
electrodes effluent under study results
Construction of the Sample coding Electrocoagulation and
electrocoagulation cell data collection
Preparation and initial Electrocoagulation and 1
characterization of data collection Analysis of obtained
effluent under study results

: |

Figure 1. Block diagram of the experimental procedure

2.1.- Preparation of electrodes:

The electrodes used were made of A36 structural steel, the same ones that were cut to the following
dimensions of (5 x 5 x 0.2) cm, taking into account that they should not have any surface contaminants such
as oils, grease or dust; They proceeded to be gently sanded and washed with detergent, rinsed with tap
water, then degreased with thinner, dried with a cloth; then weigh and encode them.

2.2.- Construction of the electrocoagulation cell:
Made of transparent plastic material, it has a capacity of 0.30 L, with a square section of 5 cm on each side.
The scheme of the electrocoagulation system used in this case is shown in figure 2. The effective area used
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was 2.28 x 10 m? per electrode. Table 3 shows in summary form the conditions used for the
electrocoagulation process carried out in the present investigation.

4l T ]J]:
@O 99 4

I I Where:
1.- Current source
2.- Electrocoagulation cell
(3) 3.- Steel electrodes
e 4.- Magnetic stirrer

oooo (4) @

Figure 2. Diagram of the installation of the electrocoagulation cell used.

Table 3. Operating conditions for electrocoagulation cell

Sample: Chroem plating artificial effluent Number of electrodes: variable
Treated/Assay Volume: 0.1 L Electrodos separation: variable
Used voltage: 3.0 V. Cathode: minimum 01 / steel
Treatment time: variable Anode: minimum 01 / steel
. ) Electrode size:
Operation type: batch (5*5*%0.2) cm

Electrode area/effluent volumen ratio = variable
Test time = variable
Initial concentration of hexavalent chromium: 20 ppm

2.3.- Electrocoagulation:

The electrocoagulation process was carried out in the cell shown in figure 2, using steel electrodes; data
such as pH, conductivity and electrical variables were taken three times in each test at equal intervals; the
mass variations of the electrodes were made at the beginning and end of each electrocoagulation test. The
samples tested were subjected to a chemical analysis, in order to evaluate the quantitative variation of the
concentration of hexavalent chromium in the effluent under study, in such a way that it was possible to verify
the reduced ppms of chromium, by using the electrocoagulation method, according to the conditions already
mentioned.

3. Results

3.1. Reduction percentage of hexavalent chromium:

Table 4 shows the average data corresponding to the amount of hexavalent chromium present after each
electrocoagulation test; While in table 5, the average data corresponding to the percentage of reduction of
hexavalent chromium of artificial chrome plating effluents are presented; after the application of the study
variables, in the electrocoagulation process.
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Table 4. Average values of hexavalent chromium at the end of the electrocoagulation tests

Electrode area/effluent volumen ratio (m2/L)
Percentages of residual hexavalent chromium (ppm)
0.0456 0.0684 0.0912
Treatment time 20 13.33 12.45 11.51
(minutes) 40 7.31 6.46 5.71
60 2.86 2.28 1.67

Table 5. Reduction percentage values of average hexavalent chromium

Electrode area/effluent volumen ratio (m?/L)
Percentages of removed hexavalent chromium

0.0456 0.0684 0.0912

Treatment time 20 33.35 37.75 42.45
(minutes) 40 63.45 67.7 71.45
60 85.7 88.6 91.65

Figure 3 shows how the treatment time decreases the hexavalent chromium concentration from 20 mg/L to
1.67 mg/L in the best of cases, which is a value corresponding to the 91.65% reduction in hexavalent
chromium; the same trend of reduction of hexavalent chromium is also appreciated with the variation of the
ratio of electrode area / volume of effluent, although the effect of treatment time is much more pronounced
than the effect of the ratio of area / volume, since in table 5 it can be seen in each column that corresponds
to a certain area / volume ratio, the increase in the percentage of reduction of hexavalent chromium is
approximately 30%; while the increase in the reduction percentage in the case of the rows of the same table
does not exceed 5% at most. In the case of the increase in the area / volume ratio, we could say that the
improvement in the percentage of reduction of hexavalent chromium is probably due to the reduction in
resistivity between iron electrodes, this means less ion travel, greater movement capacity of these; it is
appropriate to note that the electrical voltage variable was not altered. Therefore, the quantity of electrons
supplied is the same, having a higher transfer capacity, slightly improving the cell current; Therefore, the
improvement in the reduction percentage is small, this could lead us to say as mentioned in Rodie and
Hardenberg (1987); that electrical variables are the motor of electrocoagulation and in this case an
improvement could occur with respect to the area / volume variable if and only if the voltage applied to the
cell is increased.

T T T T T T T

20 Area ratio of -

electrodes / volume
5 effluent (m2/ L)
;’ 16 -
g —=— A/V = 0.0456
‘é’ —e— A/V = 0.0684
S —A— A/V =0.0912
— 12 - -
IS
<)
=
O
g 8 .
Q
g
©
x
U 44 i
T
0 T T T T T T T

0 20 40 60
Electrocoagulation time (minutes)

Figure 3. Effect of electrocoagulation time at different A / V values on hexavalent chromium concentration.
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Figure 4 shows the effect of the mentioned variables on the percentage of reduction of hexavalent chromium
in the chrome plating effluents.

100 T u T T T

Electrode area / effluent volume ratio (m2 / litroy

AV = 0.0456
80 || I AV =0.0684
B AV = 0.0912

60

40

20

Percentage reduction of hexavalent chromium

20 40 60
Electrocoagulation time (minutes)

Figure 4. Percentage reduction of hexavalent chromium

In order to give a better explanation to the results obtained on the percentage of reduction of hexavalent
chromium, of the artificial chromium plating effluents, additional data was taken such as the variation of pH
of the effluent during the electrocoagulation process, the data was shown in table 6, as well as in figure 5,
in addition the variation of iron concentration in the effluent was evaluated, theoretically and experimentally,
in order to help us in explaining what happened and give us an idea of the efficiency in the anode, said
results are shown in table 7 and in figure 6. Theoretical calculations of iron dissolution (Fe2 + and Fe3 +),
were carried out by applying the Faraday equation (A detailed example of this type of calculation is presented
in the annexes); the experimental dissolution calculations were obtained by the weight variation of the
anodes of the cell; in their respective electrocoagulation times; From these, the experimental anodic
dissolution rate of iron in the electrocoagulation cell was obtained; all these data are shown and compared
in figure 6.

Table 6. pH variations in the electrocoagulation cell

Electrode area/effluent volumen ratio (m?/L)
pH of effluent
0.0456 0.0684 0.0912

0 3.8 3.8 3.8

10 4.2 4.78 5.01
Electrocoagulation time 20 6.45 6.72 7.02

30 7.95 8.25 8.34

40 8.2 8.7 8.8

60 8.6 8.9 9
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Figure 5. Effluent pH variation during electrocoagulation process

The electrocoagulation process is used in the treatment of wastewater in a wide spectrum of industries, this
process focuses on the application of direct current in an electrolytic cell, in which chemical reactions take
place both in the anodes and in the cathodes Thus, in the present research work, steel anodes and cathodes
were used (since these are inexpensive and any coating plant has them); achieving a maximum reduction
percentage of hexavalent chromium from artificial chrome effluents, of 91.65%, with respect to the initial
concentration (20 mg/L), for a test time of 60 minutes and a ratio of electrode area / effluent volume 0.0912
m?/L, showing the high efficiency of this effluent treatment method; this can be seen in table 7 of the results
presentation section.

Table 7. Theoretical and experimental data on the rate of dissolution of iron in the electrocoagulation process

Theoretical dissolutio Theoretical dissolutio Experimental Experimental fgrmanon
. . rate Fe
rate Fe?* rate Fe3* dissolution rate Fe

0.86 mg/minute 0.57 mg/minute 0.874 mg/minute ND
(Faraday's Law) (Faraday's Law) (average value)

. mg . mg . mg Time mg

Time dissolved Time dissolved Time dissolved

20 17.2 20 11.4 20 18.1 20 ND
40 34.4 40 22.8 40 33.5 40 8.4
60 51.6 60 34.2 60 52.7 60 14.6

ND = No determined / No calculated
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Figure 6. Theoretical and experimental dissolution rates of iron

The reduction of pollutants by means of this method is based on the reactions, ions or molecules, which are
generated both in the anode and in the cathode of the electrocoagulation cell, being the one that possibly
predominates in the anode. For this case, with equation (1), the dissolution of iron as a divalent cation is
favored before the trivalent cation (equation 2) or before the reaction in which the water decomposes
releasing oxygen (equation 3), since such As shown in Table 7, the experimental dissolution rate of iron is
0.874 mg / minute; comparing this data with the corresponding divalent and trivalent iron dissolution rates
obtained by Faraday's equation and as shown in figure 6, the dissolution rate is better adjusted to that
indicated by Faraday to the dissolution of divalent iron; Furthermore, no bubbling was observed at the anode
of the cell during the tests, this would mean that the current supplied by the external equipment would be
used in the formation of divalent iron cations, having an efficiency of almost 100% at the anode, (Barrera-
Diaz et al., 2003b; Pretorius et al., 2001; Hunsom et al., 2004; Holt et al., 2005).

In the case of the cathode, although equation (4) is probable, we must not forget that the reference indicates
that there is the possibility of a direct reduction on the cathode of the electrocoagulation cell; in this case the
equation that would represent this statement could be:

CrO4(2 +3e +4H0 =Cr*3) + BOHO (7)

Despite this, equation (5) would be a preferential reaction in the reduction of hexavalent to trivalent
chromium, since if equation (7) were to be preferred, it would have to compete with equation (4), which
would indicate a low or no formation of hydrogen bubbles in the cathode, which was not the case, on the
contrary the bubbling in the cathode is vigorous during the tests, another detail that reaffirms this statement
is the fact that it has already been mentioned that the production of divalent iron in the anode is most likely,
so it would be used as an agent for the reduction of hexavalent chromium preferably, rather than a direct
reduction in the cathode, in addition to that in table 7 it can be seen that although the experimental dissolution
rate of the Iron is better suited to the formation of divalent cations (Faraday), trivalent cations, although in
much smaller amounts than theoretically expected, are present, which are probably formed from part go
from equation (5).

Therefore, the preferential reaction for the reduction of hexavalent to trivalent chromium probably, for the
test conditions carried out, would be:

CrOs% + 3Fe?* + 4H,O0 —» Cr3* + 3Fe3* + 80H- ...... (5)
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But the electrocoagulation process still allows the reduction to continue (since equation 5 allows the
reduction from +6 to +3): Remember that equations (4 and 5) indicate an increase in the concentration of
OH- ions, an increase in the pH of the effluent, this statement is supported by figure 5. Around the first 10 -
15 minutes the pH of the solution increases significantly to almost 9 at 40 -45 minutes; The increase in pH
results in the formation and stability of chromium hydroxide, which is formed by equation (6), which is
appreciable in a species stability diagram (Pourbaix Diagram), they also reached such a conclusion the
research works of the references (Celenza, 2000; Ramallo, 1993).

Rigola (1989) states that the reaction that occurs at the anode and cathode of an electrocoagulation cell,
allows the formation of species that react, destabilize or drag the contaminants present, in this case the
divalent iron cations formed in the anode and OH- radicals are the tools for the reduction and precipitation
of the hexavalent chromium present.

4. Conclusions

The maximum reduction percentage achieved was 91.65%, with respect to the initial concentration (20
mg/L), for a test time of 60 minutes and a ratio of electrode area / effluent volume of 0.912 m2/L.

The electrocoagulation time and the electrode area/effluent volume ratio influence the percentage of
hexavalent chromium reduction of the chrome plating artificial, as supported by the ANOVA and F test.
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