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The current research aims to investigate the treatment of real chrome tanning effluent by continuing
electrocoagulation (EC) with electrodes of aluminum (anode) and iron (cathode). Also, the kinetic study and the
effect of current density and operating time on Cr (VI), turbidity, and chemical oxygen demand (COD) removal
efficiency were evaluated. The results show that maximum removal efficiency of 84.7 % for Cr (VI), 88.7 % for
turbidity and 81.0 % for COD occurred at a current density of 679.3 A /m2. The maximum turbidity removal value
was reached after 15 minutes of operation, while it took 20 minutes to remove the maximum value of Cr (VI)
and COD at pH 3.5. The kinetic data were fitted to the pseudo second order model for COD and the pseudo
first order for Cr (VI) showing a higher removal rate of Cr than COD. The estimated operating cost was USD
2.74/m?3 of effluent. This value only included anode material and energy consumption costs.

1. Introduction

Tannery and textile industry effluents are characterized by containing various substances, such as dyes, organic
compounds, and chromium, but the oxidation of chromium to Cr (VI) is an important concern since it is
considered carcinogenic and toxic (Moussa et al., 2017; Castiblanco et al., 2021; Gonzales Delgado et al.,
2022). In addition, there are acids, alkalis, tannins, solvents, sulfides, and auxiliary dyes, these substances are
not completely fixed to the skins and remain in the effluent (Lofrano et al., 2013). The tanning process is
characterized by using huge quantities of water; approximately 90 % of this water is discharged into the
environment (Chowdhury et al. 2013). Electrocoagulation (EC) lies at the intersection of three basic sciences
(electrochemistry, flotation, and coagulation), it combines the functions and advantages of conventional
coagulation, flotation, and electrochemistry (Koukkanen, 2016). Also, due to the high removal efficiencies and
low operating costs achieved by the EC, this technology has attracted much attention from the scientific
community (Rehman et al., 2015). If aluminum anodes are used, Al®* ions are generated on their surface and
combined with OH" ions generated at the cathode, this combination gives rise to monomeric species that finally
transform into Al (OH)s«) (Koukkanen, 2016). The Al (OH)s (s) formed (sweep flocs) has a large surface area,
this characteristic allows rapid capture of colloidal particles, and these flocs are easily eliminated by
sedimentation or flotation (Koukkanen, 2016 and Hakizimana et al. 2017). A general scheme of the batch cell
of EC is shown in Figure 1.The electrode reactions in the aluminum anode are shown in Eq (1) and (2)
(Hakizimana et al. 2017):

Algy = AlESy +3e” 1)
Al +nHy0 - AL(OH)3™ +nH* @)
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Figure 1 Electrocoagulation Process

Likewise, the generation of oxygen at the anode is possible, Eq(3), at alkaline pH and high anodic potentials

conditions (Chen et al. 2016);
20H™ + 2e~ - 1/20, + H,0 3)

In cathode, the generation of hydrogen bubbles and OH~ions is shown in Eq(4) (Hakizimana et al. 2017).
2e” + 2H,0 - H, + 20H~ 4)

In Lima (the capital of Peru), there are about 80 tanneries but only 8 of them are legal and have government
permits, the majority of illegal tanneries are small, or poorly run, they also represent a big environmental problem
because do not treat their effluents (Ahmad, 2015). Therefore, it studied valued the removal of COD, turbidity,
and Cr(VI) by electrocoagulation process, from real chrome tanning wastewater. Additionally, kinetic studies
and the operational cost are also investigated.

2. Materials and methods
2.1 Tannery effluent samples, and experimental set-up

The samples were collected directly from storage tanks of the chromium tanning step, in a small tannery in Lima.
The wastewater characteristics and all the samples after the EC process was delivered to the ALAB analytic
laboratory E.I.R.L for analysis of COD and Cr (VI) according to the standard methods of APHA (APHA, 2005).
The pH and conductivity of the treated water were measured using a pH meter, model basic 20, Crison, and a
conductivity meter, model HI 8633 Hanna. Samples of 20 L were collected and stored in appropriate conditions.
Samples of 2 L were used for each experiment in a continuous system, all experiments were performed in
triplicate to minimize experimental error.

An electrochemical reactor was constructed with acrylic (14 cm long, 10 cm wide, and 17 cm height). It
contained 5 cathodes (iron) and 5 anodes (aluminum). A pre-treatment to the electrode was performed (active
surface 6.9 cm x 9.6 cm). First, it was mechanically polished with abrasive paper, rinsed and dried before
operation. The electrodes were connected vertically with a gap distance of 10 mm in monopolar parallel mode
to a DC power supply. The electrochemical reactor was fed with a constant flow using a peristaltic pump, at flow
rates suitable to maintain nominal residence times of 10 to 30 min.

The effect of the current density (increasing from 377.4 to 754.8 A/m?, at pH 3.5 and 20 minutes of operating
time), on the removal of turbidity, Cr (VI) and COD was evaluated. The Cr, DQO or turbidity removal were
evaluated by Eq(5) (Hakizimana, 2017):

% removal = C"C;Oct x 100

®)

Where C, and C; are the initial and the final value of turbidity, COD, or chromium (VI). Furthermore, aluminum
dissolution (my;, g) has been defined according to Faraday’s law by Eq(6) (Hakizimana, 2017).

1

> ©)
Where, |, t and F are the applied current (A), time (seconds), and Faraday constant, F= 96 486 C/eq)
respectively, My; is the molar weight of aluminum (g /mol) and z the number of electrons transferred during the
anodic oxidation of the metal, z = 3 for Aluminum (Hakizimana et al., 2017).

my =— My
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2.2 Kinetic modeling and operation cost

For the kinetic study, the pseudo first and pseudo second order kinetic model were considered, in a batch
system. The pollutants removal can be modeled by adsorption phenomena and the calculation of adsorption
capacity (gt) of pollutant onto adsorbent at any time, in mg/g, according with Eq(7) (Hakizimana et al., 2017):
_ V(Co—Cp)

p=2ocd )
Where V is the volume of the solution in liters, M is the dissolved mass of the anode (oxidation) in grams; Co
and Ctare the initial concentration and contaminant concentration at any time in mg/L.
The Pseudo first order kinetic model was determined using the Eq(8) (Moussout et al., 2018). Where K;is the
pseudo first order rate constant in min=".

In(ge — q¢) = Inqe — kst (8

For the second order model the Eq(9) was used (Ouaissa et al., 2014):
t 1 t

4 K245 de

Where K, is the second-order rate constant (g/mg. min).
The operation cost of this study included only the anode and energy consumption cost. The dissolved anode
material and electricity costs are the main cost components of all processes. It should be noted that it is only
rough estimates of the total cost, because the price of materials and energy changes over time (Vepsalainen,
2012), however, it is important information for industrial application.

The amount of electrical energy used was computed by Eq(10) (Hakizimana et al., 2017)

uIT

E=— (10)

Where E is the specific energy used in kWh/m?3, U is the voltage in volts, | is the current in amperes, T is the
time in hours and V is the volume of the treated wastewater in m3.

)

3. Results
3.1 Characterization of effluent

The main physicochemical parameters of crude tanning water used in this study are shown in table 1. These
parameters were compared with the Peruvian maximum permissible limit values (LMP) (Vivienda, 2009) for
wastewater discharged. It is observed that Cr, COD and pH do not comply with national regulations.

Table 1: Physicochemical parameters of raw tannery wastewater used in this study

Parameter  Unit Average National Limit *
Cr (V1) mg/L 3.2+ 0.01 0.5

COD mg/L 3045.1+ 10.2 1000

Turbidity UNT 35.9+ 0.5

conductivity pS/cm 86007.3+£ 0.5

pH 3.5+0.2 6-9

*D.S.N° 021-2009 (Vivienda 2009)
3.2 Effect of current density

The current density is directly proportional to the coagulant production rate, bubble production, and,
consequently, the growth of flocs (Elabbas et al., 2016). So, current density affects the performance of the EC
process. Figure 2a shows that an increase in current density improved removal efficiencies of Cr (VI), COD and
turbidity. Thus, when the current density value increased from 754.8 to 1358.7 A /m?, maximum removal was
viewed as 84.7 %, 81 % and 88.6 % for Cr (VI), COD and turbidity, respectively. This result could be attributed
to the dissolution of the Al anode which generated: high aluminum ions, production of Hz bubble, and hydroxide
ions (OH-) at the cathode by Eq(1) and (4). So, while current density was increasing, conditions became
favorable for coagulant production and flocs, consequently improving the removal efficiency of parameters
evaluated. Singh and Mishra. (2016) report that Cr (VI) ions are reduced to Cr(lll) by reactions around the
cathode. Once Cr (lll) is formed, it stars precipitating as Cr(OH)s. Similarly, EI-Ashtoukhy et al. (2010) achieved
higher removal efficiency of Cr(VI) at pH 3.5. However, other authors reported higher removal efficiency under
acidic and neutral conditions (Zewail & Yousef., 2014). Also, it was noticed that for higher values that 1358.7 A
/m?, percentage reduction of turbidity, COD and Cr (VI) remain constant. Moussa et al. (2017) attributed this
behavior to the existence of a critical value for the current density such that even using a higher value the treated
water does not show a significant improvement. At high current density values, a considerable amount of Al3*
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ions are available by the anode dissolution, consequently, the molecules formed (Al (OH)3) are entrained to the
surface without the presence of contaminants due to the saturation of the sites of adsorption formed by
aluminum hydroxide (Benaissa et al. 2014).

In addition, residual energy through the use of high working current values has been associated with the
increase in water temperature (Moussa et al. 2017). In this study, a current density value of 1358.7 A/m?, pH
3.5 and 21 °C were used for evaluation by other parameters.

3.3 Effect of operation time

A shorter electrolysis time, 15 minutes, is required to reach maximum turbidity (79 %) and COD (88.7 %)
removal.The effect of contact time on the efficiency of Cr(VI) removal (figure 2b) was different from the other
parameters studied. Two stages are observed in the removal of this parameter: First, a slow Cr(VI) removal
efficiency in the first 10 minutes and the second stage, a faster removal efficiency between 10 and 20 minutes
of operation time. The maximum chrome removal was 84.7 % in 20 min, after this time a fall to efficiency values
is observed (51.1 % at 30 min). The high current generates Hz bubbles rapidly, which inhibits the formation of
flocs, results to decrease in the percentage removal of Cr (VI). Varank et al. (2014) reported 82.2 % and 67.4
% of COD removal efficiency, using Al-Al electrodes and Fe-Fe electrodes, at 5 and 45 min; Likewise, Sengila
et al. (2009) reported 82 % of COD removal efficiency (Fe-Fe, electrodes) at 10 min (current density of 350 A
/m2 and pH 3). Likewise, Espinoza-Quifiones et al. (2009) reported removal of 96 %, 98 % and 50 % of turbidity,
Cr and COD respectively in 30-45 min. The same operation time for Cr (VI) removal was reported by Zewail &
Yousef (2014). However, Elabbas et al. (2016) indicated that 360 minutes of operation time was necessary by
maximum removal efficiency of COD y Chromium by EC from real chrome tanning wastewater.

3.4 Changes of pH and conductivity and operation cost

Changes in pH and conductivity are shown in Figure 2c. According to Barrera-Diaz et al. (2006) at pH lower
than 3.5, the main species present in the system is Al®*, however, for 4<pH<9.5, AI(OH)ss) is the most
predominant species in the system. In this study, values of pH 5.97-6.27 were observed between 15 and 20
minutes of operation, this coincides with the maximum removal values achieved. This increase in pH is related
to the production of hydroxide ions (OH") which are continuously generated from the cathode by electrolysis of
water, as indicated in Eq(4) (Elabbas et al. 2016). So, in this short period, there was a higher HO™ produced by
water electrolysis and it was used in hydroxides and/or polyhydroxides production or were bound to the sludge.
So, the major presence of Al(OH)s achieved by high pH values has positively affected the removal of
contaminants evaluated. The results are consistent with those reported by Benaissa et al. (2014).The
conductivities of samples depended on the concentration of residual aluminum and pH in the system. When the
initial pH is acidic, conductivity is naturally high. The lowest conductivity values (61.0 - 57.0 mS/cm) are observed
during the first 15 and 20 min. This indicates that ionic substances present in the system contributed quickly to
flocs generation in this range of time, consequently increasing removal efficiency values and conductivity
decrease. There was no major change in effluent conductivity during the 30 minutes of treatment. This differs
from conventional coagulation, which significantly increases the concentration of salts, such as chlorides or
sulfates, in water (Vepsalainen, 2012).
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Figure. 2 Effect of a) current density and b) operation time on the removal of chromium, COD, and Turbidity. c)
conductivity and pH variations by EC process.
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The cost of operation is considered one of the main disadvantages in the EC process and is related to its low
application to an industrial scale (Moussa et al., 2017). So, the consumed energy E (kWh/ m?) was calculated
by Eg. 8, at the optimum operation conditions of current density 679.3 A/m?, operation time 15 min and
monopolar parallel connection mode. The consumed energy was 13.5 KWh/ m3. The current market prices of
electricity in Peru in January 2022, were 0.203 US$/KW (Luz del Sur 2022). The current market price of Al was
3.86 US$ /kg Al, (Infomine 2022). The cost of EC was 2.74 $ /m? of treated effluent. This cost is higher than 1.7
and 1.089 $ /mS reported by Espinoza-Quifiones et al. (2006) and Bingiil et al. (2022). However, Olmez (2009),
reported that the total cost of the EC process is about two-folds of the conventional process, because of higher
electrical energy demand.

3.5 Kinetics studies

According to the literature, a diffusion-controlled process is better described by a pseudo second order model
than a pseudo first order model (Simonin 2016). Figure 3a and 3b, shows values of R = 0.98 for Cr (VI) an R?
=0.97 for COD. There is a good agreement between experimental and theoretical data to the pseudo first and
second order kinetic model to describe the adsorption of Cr (VI) and COD onto aluminum hydroxide respectively.
Kcr was determined from the slope of the line, (Kcrviy = 0.083 min?). Also, KCOD was determined (KCOD =
3.11 x10-5 min'). The results show a higher removal rate for Cr than for COD. The same way other studies
reported the first order kinetic model with good correlation for Cr (Bingdil et al., 2021, Singh and Mishra 2016
and Vasudevan et al. 2011) and to COD removal more suited to second order model (Bingll et al., 2022). Other
studies reported the pseudo first order model for COD removal from dyebath effluent (Kabdasli et al., 2009) and
dairy wastewater (Benaissa et al. 2014).
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Figure. 3 kinetic model plot for a) Cr (VI)- first-order and b) COD-Second-order

4. Conclusions

According to our results, the maximum removal efficiencies are obtained at a current density of 679.3 A/m?.
The kinetics of Cr (VI) and COD removal is best explained by pseudo first and Pseudo second order kinetic
model, with higher R? =0.98 and R?=0.97 respectively. The results showed that the optimized removal
efficiency of 84.7 % for Cr (VI), 88.7 % for Turbidity, and 81.0 % for COD occurred at a current density of
679.37 A/m? during a contact time of 15 min for turbidity and 20 min for Cr (VI) and COD respectively. The
concentrations of Cr (VI) and COD after the EC process were lower than the Peruvian limits for effluent
discharge.
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