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ABSTRACT

In order to study the treatment of wastewater from a meat plant in a batch reactor, the electroco-
agulation (EC) process with aluminum and iron electrodes was applied. Foams formed with iron
electrodes show brown, greenish, and reddish colors, and foams formed with aluminum electrodes
mainly show a whitish color. The effects of the applied voltages (6, 8, and 10 V) were analyzed over
time on parameters such as current density (A/m?), pH, temperature, removal percentage of ionic
conductivity (uS/cm), turbidity (nephelometric turbidity units), chemical oxygen demand (COD),
thermotolerant coliforms, and oil-grease. The removal efficiencies for turbidity and COD in meat
industry wastewater-slaughterhouse wastewater that were obtained were 99%, and 53%-59%, for
aluminum, and 81.5%-88.5%, and 59%—60% for iron electrodes and 25 min EC time respectively.
At 6V the energy consumption per unit volume of treated effluent (kg/m?) and per kg COD removed
(kwh/kg COD) with Al and Fe electrodes were (3.07 and 0.84) and (2.99 and 0.90), respectively.
The EC process with Al and Fe electrodes proved to be a technique that removes contaminants from
slaughterhouse wastewater with good yields.

Keywords: Electrocoagulation; Fe/Al electrodes; COD; Slaughterhouse; Esmeralda Corp S.A.C.

1. Introduction essential for life [1,2], and totally recyclable [1]. Manufacturing
and other kinds of industries use water during their pro-
duction process for either creating their products or for
cooling equipment used in creating their products [3].

Water is vital for life, as well as for sustaining life on
our planet. For these reasons, we are compelled to use it
responsibly. Water is the greenest substance imaginable [1]
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Water pollution is adding something to the water by
humans that alter its chemical composition, temperature
[4,5], or microbial composition to such an extent that harm
occurs to resident organisms or to humans [4]. Water pollu-
tion occurs when unwanted materials enter into the water,
changes the quality of water [6,7], and alters its chemical
composition, temperature [4,5], or microbial composition
to such an extent that harm occurs to resident organisms
[4], human health [4,8] and environment [8]. There are
strict laws in all countries for pollution control which must
be complied with. Modern management are of the opin-
ion that it is better to improve the working and process
efficiency of the chemical plants so that the generation of
effluents can be minimized if not discharged altogether [9].
Wastewater of a meat plant is full of insoluble and soluble
organic contaminants [10], such as fats, carbohydrates, pro-
teins, organic acids [11], and inorganic and organic solids
[10,12]. Untreated wastewater from meat processing typi-
cally contains high levels of oxygen demand substances
(like blood, fat, urine, and feces) [13,14] total suspended
solids [13,15], ammonia, nitrogen, phosphorus, oil and
grease, fecal bacteria, and pathogens [13,16,17]. Blood, one
of the major dissolved pollutants in abattoir wastewater, has
the highest chemical oxygen demand (COD) of any efflu-
ent from abattoir operations [15]. In several works, a value
of 375,000 mg/L is mentioned for COD [10,18-21]. When
released into waterways in large quantities and high con-
centrations, these pollutants can cause extensive damage to
waterways [13,17]. They drive excess algae growth [13,15],
create low oxygen dead zones that suffocate fish and other
aquatic life, and turn waterways into bacteria-laden pub-
lic health hazards [13]. Effluent discharge from slaughter-
houses has caused rivers to deoxygenate [19,20,22], and has
caused groundwater to contaminate [20,23]. The conven-
tional wastewater treatment plant (WWTP) processes are
designed primarily for the removal of organic matter, nitro-
gen, phosphorus, and pathogens [24]. Electrocoagulation
technology reduces contaminant levels by passing an elec-
trical current through water, which generates coagulant
precursors by electrolytic oxidation of sacrificial anode
material usually aluminum or iron [24,25]. During the EC
process, amorphous insoluble polymeric metal hydroxides
and oxides are formed, which adsorb (particulate and dis-
solved) pollutants during precipitation, making them eas-
ily separable [24,26], by either complexation or electrostatic
attraction followed by coagulation [27]. For example in sur-
face complexation mode, the pollutant acts as a ligand (L) to
chemically bind to hydrous iron [Eq. (1)] [28]:

L-H(aq)+(OH)OFe(s) - L—OFe(s)+H,0(1) 1)

In the case of aluminum electrodes, soluble and insolu-
ble pollutants can be coagulated by aluminum hydrates and
hydroxides and then effectively removed from effluent due
to the existence of monomeric and polymeric species over
a wide pH range [27,29]. In the case of Al, the contaminant
also acts as a ligand (L) to chemically bind to aluminum
hydrous [30]:

L-H(aq)+(OH)(OH), Al(s) - L-(OH), Al(s)+H,0(1)(2)

The calculation of ionic conductivity (uS/cm), turbidity
(nephelometric turbidity units, NTU), and COD removal per-
centage after EC process were performed using the following
formula [Eq. (3)].

XR (%)= % x100 3)

0

where X is the initial value of the parameter to analyze,
and X, is the value of the parameter after an EC processing
time. Energy consumption (kwh) and energy consumption
per unit volume (kwh/m?®) were evaluated with the following
formulas:

Energy(kwh)=0.001V x I xt 4)

Energy(kwh/ms) =0.001V xIxt/V, ©®)

where V (volt), I (current, A), t (time, h), and V, (treated
volume).

The main objective of this research was to analyze the
electrocoagulation process as a primary treatment, analyz-
ing the removal of organic matter from wastewater from
a cattle, poultry, and pig slaughterhouse using Al and Fe
electrodes.

2. Materials and methods

In this study, we worked with the effluent generated
at the Esmeralda Corp., S.A.C. company, located in the
district of San Juan de Miraflores (SJM), Province of Lima,
Department of Lima, Peru. The tributary is generated due
to the various activities that are developed in the Meat
Business Unit involved in the slaughter of cattle, pigs, and
other kinds of animals. Blood, fats, and ruminal material
are incorporated into the water, along with the washing
waters of the equipment and process facilities containing
detergents and surfactants which are discharged into the
wastewater. These waters with high organic and microbio-
logical content make up line 3 of the tributary of the waste-
water treatment plant (WWTP) with an approximate flow of
130 m3/d. Fig. 1 shows the homogenizer tank with a capacity
of 170 m® from which the water samples for this research
were obtained. It is important to mention that, according
to law, the effluent produced in this WWTP cannot be
discharged into the sewage system; and it is delivered in
donation to the municipalities of the districts of San Juan de
Miraflores and Villa Maria del Triunfo in the southern zone
of Lima for the irrigation of parks and gardens.

2.1. Batch mode

Fig. 2 shows the system for the removal of pollut-
ants in batch mode. It was designed to treat 5 L of water,
in the form of a parallelepiped whose internal dimensions
are 0.13 m x 0.20 m x 0.25 m of transparent Plexiglas mate-
rial, whose thickness was 0.009 m. The separation between
the anode and cathode was 0.03 m. The dimensions of the
electrodes were 0.15 m x 0.133 m x 1/16". The reactor has a
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Fig. 2. System batch mode: electrolytic cell (3 anodes and 2 cathodes), power source (0-20 V and 0-100 A).

1/2" ball valve for the discharge of the treated effluent. We
worked with three voltages: 6.0, 8.0, and 10.0 V correspond-
ing to current densities in the range of 47-103 A/m% The
initial voltage of 6.0 V was experimentally selected where
the process is sustained over time and changes are notori-
ous in gas production, formation of flocs as well as change
in water color. The characteristics of the power source were
voltage variation range of 0-30 V and amperage of 0-100 A.
Samples for analysis of the different parameters of the efflu-
ent treated by electrocoagulation were collected at 10, 25, 45,
and 60 min. The experimental development was organized
to analyze the effect of the voltage applied over time on the
parameters: current density, pH, temperature, removal of
ionic conductivity, turbidity (NTU), COD, and fecal coliform
bacteria.

Temperatures were measured using a multi-thermom-
eter-91000-050/F. A combo pH and EC-HI 98129 Hanna
Instruments instrument were used to measure pH and
conductivity. A 2100AN-turbidimeter Hach model was

used to measure turbidity. A HI 83980 COD reactor-Hanna
Instruments thermoreactor and a HI 83224 WTP-Hanna
Instruments multiparameter photometer were used to mea-
sure COD. Hanna Instruments and Hach are headquartered
in Woonsocket, Rhode Island and Loveland, Colorado in
United States, respectively. The equipment was purchased
in Peru from the EQUINLAB S.A.C Company, representative
and authorized distributor of both companies in Peru.

3. Results and discussion
3.1. Electroflotation of pollutants

Electroflotation is a unitary operation to separate a solid
phase from a liquid phase [31]; floating pollutants to the
water surfaces [32], using the generated gas in situ consist-
ing of hydrogen and oxygen produced by water electroly-
sis. Fig. 3 shows the reactor working in batch mode with
Fe (a and b) and Al (c and d) electrodes and the differences
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Fig. 3. (a) Batch reactor with the effluent, (b) EC process with 3 Fe anodes and 2 Fe cathodes at 8 V and 25 min, (c) EC process with 3
Al anodes and 2 Al cathodes at 8 V and 25 min, and (d) effluent at the end of the EC process.

in color of the floated foams. The different colors observed
in floated foams are explained by considering the differ-
ent oxidation states of Fe and the compounds it forms [33].
The reddish-brown color (Fig. 3b) consists of three layers of
iron oxide at different oxidation states [Eqgs. (6-8)]: hydrous
ferrous oxide FeO-nH,O (or ferrous hydroxide Fe(OH),).
Fe(OH), is usually green, turns greenish-black (Fig. 3b)
because of oxidation by air.

Fe* (aq)+20H" (aq) - Fe(OH) (s) (6)

Fe(OH), (s)+(n-1)H,0(1) » FeO-nH,0 @)

When the oxygen is dissolved in water or when the foam
reaches the surface of the water, it converts the ferrous oxide
into ferric oxide hydrated (Fe,O,-H,O) or ferric hydroxide
(Fe(OH),(s)). This oxide is orange to red-brown (observed)
in color and most of it is ordinary rust, and it is explained
with Egs. (8) and (9) Mixtures of Fe(II)-Fe(Ill) hydroxides are
also green.

4Fe(OH), (s)+0,(g) — 2Fe,0, -H,0(s) @)

Fe’*(aq)+30H (aq) - Fe(OH), (s) )

Aluminum hydroxide (AI(OH),(s)) forms white hydro-
gel foam on the surface of the water. The hydrogel foam
may have a gray color [34] (Fig. 3c) that is produced by the
excess of aluminum hydroxide that dissociated generates
Al(s) [Eq. (10)] [34,35].

Al(s)+3(OH) (aq)— AI(OH), (aq)+3e” (10)

The chemical equations that explain the anodic and
cathodic process of the formation of these gases are
explained below [Egs. (11-13)] [31,36]:

Anode reaction:

2H,0(1) > 4H" (aq) + O, (g) + 4e~ (11)
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Cathode reaction:

4H,0(1)+4e” —4OH (aq)+2H,(g) (12)
Total reaction:
2H,0 - 2H,(g)+0,(g) (13)

The gas bubbles which adhere to one phase (oil and
grease) causes a decrease in the apparent density of that
phase such that it will rise and float [31,37,38]. The coagulant
species is formed by the electrolytic oxidation of the anode
(M) and the process is as follows. Oxidation of the anode (M):

M —>M" +ne” (14)
Here, we will not show the chemical equations of the
different species that are formed by hydrolysis from the oxi-
dized species M™ formed of Fe or Al. These processes are
explained extensively in several articles and books [14,39-
44]. The applied current density determines the production
speed of the coagulant, and the gas bubbles [44,45]; and
the gas bubbles have a significant role in the controlling of
the electroflotation process [46,47]. If the current density
increases, the size of the bubbles decreases [48,49]. The size
of the bubbles has a direct effect on the removal of oils and
fats. It depends on several parameters: pH, current density,
and electrode material [44]. In neutral and alkaline media
the size of the hydrogen gas bubbles varied from 15 to
20 um and the oxygen bubbles from 30 to 55 pm [49]. The
smaller bubbles have more contact area and a greater prob-
ability of interacting with the flocs maintaining the stability
of the formed flocs [50]. Hence hydrogen bubbles are more
effective in the process of removal than oxygen bubbles.
The removal mechanism could be via adsorption, charge
neutralization, or sweep coagulation [51-53].

3.2. Effect of applied voltage on current density

Fig. 4 shows the behavior of the current density with
Al and Fe anodes during the EC process, with voltages of
6, 8, and 10 V. In both cases, after 25 min the current den-
sity has a more stable profile. In all cases, the current density
with Al anodes is greater than the processes with Fe anodes.
The average current densities for these voltages with Al elec-
trodes were: 52.48 + 2.51, 71.79 + 5.21, and 95.21 + 9.80 A/
m?, and with Fe electrodes were: 51.11 + 1.90, 68.89 + 5.09,
and 87.01 + 9.32 A/m% In all electrochemical process, the
current density is the most important parameter for con-
trolling the reaction rate within the EC reactor [54,55]. It
determines the production rate of coagulant adjusts bubble
production, and hence affects the growth of flocs [54,56].

Other studies for the removal of contaminants from
wastewater from the food sector in batch mode show very
varied current densities. Some examples with Fe electrodes
are dairy wastewater (270 A/m? [57] and 60 A/m? [58]),
and potato chips manufacturing (300 A/m? [59]). Some
examples with Al electrodes are potato chips manufactur-
ing (20 A/m? [59]), almond industry (50 A/m? [60]), and
vegetable oil refinery (350 A/m?, [61]).

3.3. Effect of applied voltage on pH

Fig. 5 shows the effect of the applied voltage on the pH.
The initial pH of the effluent varies in a range of 7.8-8.16.
In all cases, there is an increase in pH. For the same volt-
age, the greatest change in pH occurs with Fe anodes. These
pH changes in 25 min with Fe and Al anodes were (1.00,
1.2, and 1.34) and (0.17, 0.24, and 0.12), respectively. These
values in 60 min were (1.54, 1.96, and 1.92) and (0.06, 1.06,
and 0.49), respectively. Hydroxyl ions are produced contin-
uously in the cathode as shown in Eq. (7), and the increase
in pH can be attributed to the imbalance between the pro-
duction and consumption of hydroxyl ions to neutralize

110
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(=]

Current derwity (A/m2)
L]
(=]

—o—6V(Al, j=52.48 Aim2) —e— 8 V(Al j=71.79A/m2)

-B -6 V({Fe. =51.11 Aim2)

--B--8V (Fe, =68.89 A/m2)

Time(min)

—o— 10 V(Al, j=95.21 A/m32)

—B -10V (Fe. j=87.01 A/m2)

Fig. 4. Effect of voltage on current density with Al and Fe electrodes: 3 Al anodes and 3 Fe anodes.
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Fig. 5. Effect of voltage on pH with Al and Fe electrodes: 3 Al anodes and 3 Fe anodes.

opposite charges before these ions finally form iron or alu-
minum hydroxide. In addition, the pH may increase due to
low water buffering capacity [62]. As can be observed for
the process with Al anodes, the pH stabilizes faster with
respect to the process with Fe anodes in a range of 8-9.
This is due to the buffering effect of hydroxo-aluminum
species that balance the quasi-static variation of the con-
centration of hydroxyl ions through the formation of mono-
meric and polymeric complexes of aluminum hydroxides.
Several acid-base pairs can be formed in the medium that
buffer the pH, the value is around 9 [63]. For a pH range
between 4 and 9, adsorption occurs, AI** and OH- ions
generated by the electrodes react in order to form vari-
ous monomeric species such as Al(OH);, AI(OH)Z" etc,,
and polymeric species such as Al (OH)>, Al (OH)}?, and
Al (OH)3; that finally transforms into insoluble amorphous
Al(OH),  through complex polymerization/precipitation
kinetics [59,64,65]. Ferric ions electrochemically gener-
ated may form monomeric ions, ferric hydroxo complexes
with OH- ions, and polymeric species. These species/ions
are: FeOH*, Fe(OH);, Fe,(OH)}", Fe(OH),, Fe(H,0) -OH%,
Fe(H,0),(OH);, Fe(H,0),(OH)y", and Fe,(H,0) (OH)Z,
which further react to form Fe(OH),(s) [66,67]. The pH of
the effluent changes slightly when the initial pH value is in
the neutral range of 6-8 [27]. Moreover, hydrogen bubbles
produced at the cathode are smallest and finest at neutral
pH, providing sufficient surface area for gas-liquid-solid
interfaces and mixing efficiency to favor the aggregation
of tiny destabilized particles and colloids [27,68,69].

3.4. Effect of applied voltage on temperature

Fig. 6 shows the variation of the water temperature with
the voltage applied during the EC process. An excellent lin-
ear relationship is obtained with both electrodes. For the
same voltage, the variation in temperature (T/°C) over time
(t/min) in all cases is always greater for Al:

For 6V:

AL T, =0.175¢t + 18.621, R2= 0.988, dT, /dt = 0.175
Fe: T, =0.1341¢ + 19.526, R* = 0.993, dT, /dt = 0.134

For 8V:

Al: T, =0.3686t + 19.299, R*=0.999, dT, /dt = 0.369
Fe: T, =0.2314t +19.26, R*=0.997, dT, /dt = 0.231

For 10V:

Al: T, =0.5463t + 18.963, R*=0.991, dT, /dt = 0.546
Fe: T, =0.3795t +18.694, R*=0.991, dT, /dt = 0.380

From the data shown in the study conducted by [70], lin-
ear relationships are obtained between temperature and time
with R? that vary in a range of 0.944-0.997.

3.5. Effect of applied voltage on ionic conductivity

Fig. 7 shows the behavior of water conductivity with the
different voltages applied over time. Ionic conductivity is
a very important parameter for electrochemical processes
and has a relevant effect on current density, which could
reduce energy consumption [71]. Usually, NaCl is added
to water to improve ionic conductivity [39,55]. In our case,
there was no need to add this salt. With Al electrodes for the
three voltages applied, the removal levels of this parameter
are practically equal, and show a linear trend that overlap. In
25 and 60 min of the EC process a low removal is reached of
7.5% and 11%, respectively, which favors the process. With Fe
electrodes, there is also a clear linear trend in the removal
of conductivity during the EC process. For each applied
voltage, the removal levels are practically double with
respect to the Al electrodes at 25 and 60 min, respectively.

For 6V:
Al: C,, (removal %) = 0.1655¢ + 1.8256, R* = 0.898, dC/
dt=0.1655
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Fig. 6. Effect of voltage on temperature with Al and Fe electrodes: 3 Al anodes and 3 Fe anodes.

100

onductivity (uS/em) remowval (%)
L
=

1

C

Time(min)

—e—6 V(AL j=52.58 A/lm2) —e— 8 V(AL j=71.79A/m2) —e— 10 V(Al j=95.21 A/m2)
-B-6V(Fe. j=51.11 A/lm2) --8--8V (Fe.j=6889 A/m2) —8 -10V (Fe.j=87.01 A/m?2)

Fig. 7. Effect of voltage on conductivity (C) removal with Al and Fe electrodes: 3 Al anodes and 3 Fe anodes.

Fe: C,, (removal %) = 0.4099t + 0.3735, R* = 0.988, dC/ Fe: C,, (removal %) = 0.5893t + 1.8687, R* = 0.982, dC/
dt =0.4099 dt=0.5893
For 8V:
3.6. Effect of applied voltage on turbidity removal
Al: C,, (removal %) = 0.1545t + 1.5861, R* = 0.911, dC/ ffect of app 8 4
dt =0.1545 Fig. 8 shows the effect of the applied voltage on turbid-
Fe: C,, (removal %) = 0.5606¢ + 0.0278, R? = 0.998, dC/ ity removal. This parameter with Al electrodes in 25 min of
dt= 0.5606 process reached a removal level of 99%, and remains con-
For 10V stant after this time. With Fe electrodes in 25 min for the
or :

applied voltages, the removal varied from 81.5% to 88.5%,
Al: C,, (removal %) = 0.1634t + 1.5675, R* = 0.851, dC/ and in 60 min a range of 94%-97% was reached. Other
dt=0.A11634 studies also show a behavior similar to ours, increasing
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Fig. 8. Effect of applied voltage on turbidity (NTU) removal with Al and Fe electrodes: 3 Al anodes and 3 Fe anodes.

the removal of this parameter over time when the current
density increases, with Al and Fe electrodes [72], with Al
electrodes [73], and with Fe electrodes [74]. In the study
conducted by [75], a 96% removal efficiency of this param-
eter with current densities of 25-125 A/m? is reported.
Fig. 9 shows the turbidity removal at different times and
it can be seen that this parameter is excellently removed as
seen in Fig. 8.

3.7. Effect of applied voltage on COD

Fig. 10 shows the effect of voltage on COD removal. In
25 min of the process with Al electrodes a removal level
between 53% and 59% is obtained, and with Fe electrodes

between 59% and 60%. After 1 h of process, the aver-
age removal of this parameter is 61%. Therefore, it is not
advisable to work with times greater than 25 min. The
COD load is also reduced, because dissolved organic sub-
stances may be adsorbed onto solids that are removed by
flotation [76,77]. The electrochemical treatment of poultry
slaughterhouse wastewater showed removal efficiencies
of COD (76%—-85%) applying current densities in a range
of 30 to 150 A/m? [78]. In the study conducted by [75], the
COD removal efficiency varied in a range of 40% to 61%
with current densities of 25-125 A/m? It is also possible
to improve ionic conductivity with a supporting electro-
lyte (NaCl) by adding 1.0-10.0 g/L, and improve the COD
removal efficiency. With Fe electrodes, the increase was

Fig. 9. Color and turbidity removals during batch EC at 8 V at times: 10, 25, 45, and 60 min with Al (a) and Fe (b) electrodes.
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Fig. 10. Effect of applied voltage on chemical oxygen demand removal with Al and Fe electrodes: 3 Al anodes and 3 Fe anodes.

from 91.40% to 95.47%. The COD removal efficiency for the
Al electrode increased from 89.69% to 94.60%. In both cases,
the current density was 16.1 A/m? [79]. Chemical coagu-
lation of slaughterhouse wastewater has also been stud-
ied by adding aluminum salts and polymer compounds,
and a maximum COD removal efficiency of 45%—-75% was
reported [14,80].

3.8. Effect of applied voltage on thermotolerant coliforms and oil/
grease removal

Table 1 shows the removal of thermotolerant coliforms
with Fe electrodes and 8 V. Thermotolerant coliforms (fecal
bacteria), and oils and grease are excellently removed in
10 min of EC process.

The study conducted by Yusoff et al. [81] also reports a
superb level of removal of fat oil and grease (FOG). Using
an Fe electrode at 8 V of applied voltage with 30 min of
treatment time, the removal was 91%. In the same condi-
tion using Al electrodes the removal of FOG was 87%. Other
studies also report an increase in the removal efficiency
of bacterial indicators with increasing voltage. Maximum
removal efficiency (>99.9%) was obtained in applied
voltage 60 V [82]. The removal efficiencies for oil-grease
in slaughterhouse wastewaters using Al and Fe electrodes

Table 1
Thermotolerant coliforms and oil and grease removal

were 94.7% and 92.8% at (pH 4, 100 A/m? and 20 min EC
time for Al; pH 6, 100 A/m? and 20 min EC time for Fe) [83].

3.9. Energy consumption analysis

Table 2 shows the energy consumption per cubic meter
of treated water with Al and Fe electrodes. At 6 V and 25 min
of EC process, the energy consumed by each cubic meter of
treated water has practically the same value. For the elec-
trodes of Al and Fe the values are 3.07 and 2.99 kwh/m?®. For 8
and 10 V the power consumption kwh/m? is greater with the
Fe electrodes at any time.

Fig. 11 shows the energy consumption behavior (kwh/
m?®) and the COD removal level with both Al and Fe elec-
trodes. With 6 V, 2.99 kwh/m? 25 min (Table 1), and Fe
electrodes, a 58.8% removal are achieved. If the energy
is doubled, the COD removal increases by less than 4%.
Under the same conditions of voltage and time with the Al
electrode a 53% removal is achieved.

Fig. 12 shows the effect of time on energy consumption
(kWh) per kgCOD removed with both Al and Fe electrodes.
For both electrodes, there is a linear trend for the three
applied voltages. At 10 V a large energy consumption is
required to remove a kg COD when Fe electrodes are used.
For this same voltage, the Al electrodes require less energy

Voltage Time Thermotolerant coliforms Thermotolerant Oil and grease Oil and grease
V) (min) (MPN/100 mL) coliforms removal (%) (mg/L) removal (%)

0 1.6 x10° 0.00 85.14 0.00
8 10 5.4 x10° 99.97 <0.5 99.41

25 350 100.00 <0.5 99.41

45 45 100.00 <0.5 99.41

60 <1.8 100.00 <0.5 99.41
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Energy consumption per m? of treated water, with Al and Fe electrodes

Voltage Time Amperes (A) Energy (kWh) kWh/m? Amperes (A) Energy (kWh) kwh/m?
V) (min) 3 Al anodes, 2 Al cathodes 3 Fe anodes, 2 Fe cathodes
0 0.0000 0.00 0.0000 0.00
10 0.0061 1.23 0.0060 1.20
6 25 6.14 0.0154 3.07 5.98 0.0150 2.99
45 0.0276 5.53 0.0269 5.38
60 0.0368 7.37 0.0359 7.18
0 0.0000 0.00 0.00 0.00
10 0.0082 1.64 0.0107 2.15
8 25 8.4 0.0205 4.09 8.06 0.0269 5.37
45 0.0368 7.37 0.0484 9.67
60 0.0491 9.82 0.06 12.90
0 0.0000 0.00 0.0000 0.00
10 0.0102 2.05 0.0170 3.39
10 25 11.14 0.0256 5.12 10.18 0.0424 8.48
45 0.0461 9.21 0.0764 15.27
60 0.0614 12.28 0.1018 20.36
70
60
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g 40
E
£ 30
o
=)
~ 20
10
0

0 3 6 9
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Fig. 11. Effect of energy consumption on COD removal.

for the same purpose. These linear behaviors are only shown
at 6 V for both electrodes:

For:

Al electrode: Y, (kWh/Kg COD) = 0.0389t — 0.0642,
R>=0.993

Fe electrode: Y, (kWh/Kg COD) = 0.0402t - 0.714,
R?>=0.997

4. Conclusions

The batch EC processes studied were performed to eval-
uate the influence of voltage on several parameters already

mentioned, with emphasis mainly on COD removal. The
removal of pollutants from the wastewater is favored with
the increase in the time of the EC process, generating greater
energy consumption. At 6V, 51.11 A/m?, using Fe electrodes
and 3 kwh/m?3, 59% COD removal was achieved in 25 min EC
time, and 53% removal with Al electrodes at 52.58 A/m? at the
same time. The increase in water temperature is always lower
with Fe electrodes, which favors the energy efficiency kwh/
m?. After 25 min of EC time, there is no significant increase in
the level of COD removal. The results of this study show that
EC as a primary treatment is a good alternative to remove
contaminants from slaughterhouse wastewater. It remains to
be investigated to what extent this primary treatment with
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Fig. 12. Effect of time on energy consumption (kWh) per kg COD removed.

CD would help reduce costs of low-water treatments, which
are necessary to apply to the effluent considering that this
effluent cannot be discharged through the sewer system.

Acknowledgment

We wish to thank Esmeralda Corp., S.A.C. for having
given the financial support as well as its facilities for this
study.

References

[1] S.Manahan, Fundamentals of Environmental and Toxicological
Chemistry: Sustainable Science, 4th ed., CRC Press, Boca Raton,
FL, 2013.

[2] WHO, Guidelines for Drinking-water Quality, 3rd ed., World
Health Organization, Geneva, 2004, p. 494.

[8] CDC, Industrial Water Uses in Manufacturing and Industry,
Centers for Disease Control and Prevention, 2016.

[4] A.G. Heath, Water Pollution and Fish Physiology, 2nd ed.,
Lewis Publishers, Boca Raton, FL, 1995.

[5] C. Sivaperuman, A. Singh, A. Velmurugan, I. Jaisankar,
Biodiversity and Climate Change Adaptation in Tropical
Islands, Academic Press, India, 2018.

[6] M.Haseena, F.M. Malik, A. Javed, S. Arshad, N. Asif, S. Zulfiqar,
J. Hanif, Water pollution and human health, Environ. Risk
Assess. Rem., 1 (2017) 16-19.

[7] S.A. Alrumman, A.F. El-Kott, M.A. Kehsk, Water pollution:
source and treatment, Am. J. Environ. Eng., 6 (2016) 88-98.

[8] D. Briggs, Environmental pollution and the global burden of
disease, Br. Med. Bull., 68 (2003) 1-24.

[9] KR. Golwalkar, Chapter 7: Pollution Control, In: Production
Management of Chemical Industries, Springer International
Publishing, Nagpur, 2016, pp. 121-155.

[10] J.S. Abdullahi, K. Joseph, F.H. Joseph, The impact of kalerwe
abattior wastewater effluent on the water quality of the Nsooba
channel, Agric. Res. Technol. Open Access J., 6 (2017) 1-9.

[11] S.B. Zueva, A.N. Ostrikov, N.M. Ilyina, I. De Michelis, F. Veglio,
Coagulation processes for treatment of waste water from meat
industry, . Waste Resour., 3 (2013) 1-4.

[12] M. Cournoyer, Sanitation and Stabilization of Slaughter-House
Sludges Through Compositing, Proceedings of the Canadian

[13]

[14]

[13]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Meat Research Institute Technology Symposium, Canadian
Meat Research Institute, Toronto, ON, 1996, pp. 1-7.

EIP, Water Pollution from Slaughterhouses Three Quarters of
U.S. Meat Processing Plants that Discharge into Waterways
Violated their Permits 2016-2018, Environmental Integrity
Project, 2018, pp. 1-47.

E. Bazrafashan, M.F. Kord, M. Farzadkia, K.A. Ownagh,
A.H. Mahvi, Slaughterhouse wastewater treament by combined
chemical coagulation and electrocoagulation process, PLoS
One, 7 (2012) 1-8.

P. Kundu, A. Debsarkar, S. Mukherjee, Treatment of slaughter
house wastewater in a sequencing batch reactor: performance
evaluation and biodegradation kinetics, BioMed Res. Int., 2013
(2013) 1-11.

L.C. Bustilloo M. Mehrvar, Slaughterhouse Wastewater:
Treatment, Management and Resource Recovery, In: Physico-
Chemical Wastewater Treatment and Resource Recovery,
Intech, Zagreb, 2017, pp. 153-174.

I. Hamawand, Anaerobic digestion process and bio-energy in
meat industry: a review and a potential, Renewable Sustainable
Energy Rev,, 44 (2015) 37-51.

M. Botis, Purification of the wastewater from meat industry,
J. Process. Energy Agric., 19 (2015) 21-23.

E.I Atuanya, N.A. Nwogu, E.A. Akpor, Effluent qualitities of
government and private abattoirs and their effects on Ikpoba
River, Benin City Edo State, Nigeria, Adv. Biotechnol. Res.,
6 (2012) 196-201.

D.I. Massé, L. Masse, Characterization of wastewater from hog
slaughterhouses in eastern Canada and evaluation of their in
plant wastewater treatment systems, Can. Agric. Eng., 42 (2000)
139-146.

W.P. Tritt , F. Shuchardt, Materials flow and possibilities of
treating liquid and solid wastes from slaughterhouses in
Germany, Bioresour. Technol., 41 (1992) 235-245.

J.M. Quin, PN. McFarlane, Effects of slaughterhouse and dairy
factory wastewaters on epilithon: a comparison in laboratory
streams, Water Res., 23 (1989) 1267-1263.

AlY. Sangodoyin, O.M. Agbawhe, Environmental study on
surface and groundwater pollutans from abattoir effluents,
Bioresour. Technol., 41 (1992) 193-200.

M.M. Cook, E.M. Symonds, B. Gerber, A. Hoare, E.S. Van Vleet,
M. Breitbart, Removal of six estrogenic endocrine-disrupting
compounds (EDCs) from municipal wastewater using
aluminum electrocoagulation, Water, 8 (2016) 1-15.



[25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

[33]

[34]

[35]

[36]

(37]

[38]

(39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

W. Redtegui-Romero et al. / Desalination and Water Treatment 202 (2020) 206-218

A.A. Al-Raad, M.M. Hanafiah, SM. Ahmed, M.A. Ajeel,
A.O. Basheer, T.A. Aljayashi, M.E. Toriman, Treatment of
saline water using electrocoagulation with combined electrical
connection of electrodes, Processes, 7 (2019) 1-13.

M.Y.A. Mollah, R. Schennach, J.R. Parga, D.L. Cocke,
Electrocoagulation (EC)—science and applications, J. Hazard.
Mater., 84 (2001) 29-41.

I.Kabdagl, A.I. Arslan, H.T. Olmez, O. Tiinay, Electrocoagulation
applications for industrial wastewaters: a critical review,
Environ. Technol. Rev.,, 1 (2012) 1-45.

M. Rebhun, M. Lurie, Control of organic matter by coagulation
and floc separation, Water Sci. Technol., 27 (1993) 1-20.

X. Carrier, E. Marceau, J.F. Lambert, M. Che, Transformations
of y-alumina in aqueous suspensions: 1. alumina chemical
weathering studied as a function of pH, J. Colloid Interface Sci.,
308 (2007) 429-437.

D. Ghernaout, A. Alghamdi, B. Ghernaout, Electrocoagulation
process: a mechanistic review at the dawn of its modeling,
J. Environ. Sci. Allied Res., 2 (2019) 22-38.

LK. Wang, N.K. Shammas, B.C. Wu, Electroflotation, In:
Handbook of Environmental Engineering Flotation Technology,
Humana Press, New York, NY, 2010, pp. 165-197.

I. Mickova, Advanced electrochemical technologies in
wastewater treatment. Part II: electro-flocculation and electro-
flotation, Am. Sci. Res. J. Eng. Technol. Sci., 14 (2015) 273-294.
C.H.A. Moreno, D.L. Cocke, J.A.G. Gomes, P. Morkovsky,
J.R. Parga, E. Peterson, C. Garcia, Electrochemistry behind
electrocoagulation using iron electrodes, Electrochem. Soc.,
6 (2007) 1-15.

A. Landels, T.A. Beacham, C.T. Evans, G. Carnovale, S. Raikova,
LS. Cole, P. Goddard, C. Chuck, M.J. Allen, Improving
electrocoagulation floatation for harvesting microalgae, Algal
Res., 39 (2019) 1-16.

C. Valenzuela, Quimica General Introduccion a la Quimica
Teorica, Ediciones Universidad Salamanca, Salamanca, 1995.

X. Chen, G. Chen, Electroflotation, C. Comninellis, G. Chen,
Eds., Electrochemistry for the Environment, Springer, New
York, NY, 2010, pp. 264-277.

LK. Wang, N.K. Shammas, P.C.N.L. Wang, Remediation of
Sites Contaminated by Underground Storage Tank Release,
LK. Wang, Y.T. Hung, N.K. Shammas, Eds., Handbook of
Advanced Industrial and Hazardous Wastes Treatment, CRC
Press, Boca Raton, FL, 2009, pp. 687-758.

M. Krofta, L.K. Wang, Flotation Engineering Technical Manual
No. Lenox/1-06-2000/368, Lenox Institute of Water Technology,
Lenox, MA, 2000.

S.H. Abbas, WH. Ali, Electrocoagulation technique used to
treat wastewater: a review, Am. J. Eng. Res., 7 (2018) 74-88.
B.M.B. Ensano, L. Borea, V. Naddeo, V. Belgiorno,
M.D.G. de Luna, E.C. Ballesteros, Removal of pharmaceuticals
from wasterwater by intermittent electrocoagulation, Water,
9 (2017) 1-15.

S. Thakur, M.S. Chauhan, Treatment of wastewater by
electrocoagulation: a review, J. Eng. Sci. Innovative Technol.,
5 (2016) 104-110.

P. Canizares, M. Carmona, . Lobato, F. Martinez, M. A. Rodrigo,
Electrodissolution of aluminum electrodes in electrocoagulation
processes, Ind. Eng. Chem., 44 (2005) 4178-4185.

M. Eyvaz, Treatment of brewery wastewater with
electrocoagulation: improving the process performance by
using alternating pulse current, J. Electrochem. Sci., 11 (2016)
4988-5008.

H. Liu, X. Zhao, J. Qu, Electrocoagulation in Water Treatment,
C. Comninellis, G. Chen, Eds., Electrochemistry for the
Environment, Springer, New York, NY, 2010, pp. 245-262.

M.S. Kim, S. Dockko, G. Myung, D.H. Kwak, Feasibility study
of high-rate dissolved air flotation process for rapid wastewater
treatment, J. Water Supply Res. Technol. AQUA, 64 (2015)
927-936.

R. Issaoui, I. Ksentini, M. Kotti, L.B. Mansour, Effect of current
density and oil concentration on hydrodynamic aspects in
electroflotation column during oil/water emulsion treatment,
J. Water Chem. Technol., 39 (2017) 66-170.

[47]

(48]

[49]

(50]

(51]

[52]

(53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

217

V.A. Kolesnikov, V.N. Kudryavtsev, Theoretical and Applied
Aspects of Using Electrofloatation Method for Wastewater
Treatment of Surface Finishing Industry, Mendeleyev University
of Chemical, Technology of Russia, Moscow, 2000, pp. 491-502.
Z. Al-Qodah, M. Al-Shannag, Heavy metal ions removal
from wastewater using electrocoagulation processes: a
comprehensive review, Sep. Sci. Technol., 52 (2017) 2649-2676.
M.Y. Ibrahim, S.R. Mostafa, M.FM. Fahmy, A.. Hafez,
Utilization of electroflotattion in remediation oily wastewater,
Sep. Sci. Technol., 36 (2001) 3749-3762.

D.H. Kwak, M.S. Kim, Feasibility of carbon dioxide bubbles
as a collector in flotation process for water treatment, . Water
Supply Res. Technol. AQUA, 62 (2013) 52-65.

SM. Safwat, A. Hamed, E. Rozaik, Electrocoagulation/
electroflotation of real printing wastewater using cupper
electrodes: a comparative study with aluminum electrodes,
Sep. Sci. Technol., 54 (2018) 1-13.

S. Barisgi, O. Turkay, Domestic greywater treatment by
electrocoagulation using hybrid electrode combinations,
J. Water Process. Eng., 10 (2016) 56-66.

X. Zhang, H. Lin, B. Hu, The effects of electrocoagulation on
phosphorus removal and particle settling capability in swine
manure, Sep. Sci. Technol., 200 (2018) 112-119.

M. Kobya, E. Demirbas, Evaluations of operating parameters
on treatment of can manufacturing wastewater by
electrocoagulation, J. Water Process Eng., 8 (2015) 64-74.

G. Chen, Electrochemical technologies in wastewater treatment,
Sep. Purif. Technol., 38 (2004) 11-41.

A. Aouni, C. Fersi, M.B.S. Ali, M. Dhahbi, Treatment of textile
wastewater by a hybrid electrocoagulation/nanofiltration
process, J. Hazard. Mater., 168 (2009) 868-874.

J.P. Kushwaha, V.C. Srivastava, I.D. Mall, Organics removal
from dairy wastewater by electrochemical treatment and
residue disposal, Sep. Purif. Technol., 76 (2010) 198-205.

LA. Sengil, M. Ozacar, Treatment of dairy wastewaters by
electrocoagulation using mild steel electrodes, J. Hazard.
Mater., 137 (2006) 1197-1205.

M. Kobya, H. Hiz, E. Senturk, C. Aydiner, E. Demirbas,
Treatment of potato chips manufacturing wastewater by
electrocoagulation, Desalination, 190 (2006) 201-211.

D. Valero, ] M. Ortiz, V. Garcia, E. Exposito, V. Montiel,
A. Aldaz, Electrocoagulation of wastewater from almond
industry, Chemosphere, 84 (2011) 1290-1295.

U.T. Un, A.S. Koparal, U.B. Ogutveren, Electrocoagulation of
vegetable oil refinery wastewater using aluminum electrodes,
J. Environ. Manage., 90 (2009) 428—433.

S. Chellam, N.P. Gamage, C.T. Tanneru, M.A. Sari, Aluminum
Electrocoagulation and Electroflotation Pretreatment for
Microfiltration: Fouling Reduction and Improvements in
Filtered Water Quality, U.S. Department of the Interior Bureau
Reclamation Technical Service Center Denver, Colorado, 2014,
pp. 1-125.

K. Mansouri, K. Ibrik, N. Bensalah, W.A. Abdel, Anodic
dissolution of pure aluminum during electrocoagulation
process: influence of supporting electrolyte, initial pH, and
current density, Ind. Eng. Chem. Res., 50 (2011) 13362-13372.
A. Nawel, D. Farid, M. Belkacem, PL. Jean, M. Khodir,
Improvement of electrocoagulation — electroflotation treatment
of effluent by addition of Opuntia ficus indica pad juice, Sep.
Purif. Technol., 144 (2015) 168-176.

B. Merzouk, B. Gourich, A. Sekki, K. Madani, M. Chibane,
Removal turbidity and separation of heavy metals using
electrocoagulation-electroflotation technique a case study,
J. Hazard. Mater., 164 (2009) 215-222.

V. Kuokkanen, T. Kuokkanen, J. Ramo, U. Lassi, Recent
applications of electrocoagulation in treatment of water and
wastewater: a review, Green Sustainable Chem., 3 (2013) 89-121.
M. Kobya, O.T. Can, M. Bayramoglu, Treatment of textile
wastewaters by electrocoagulation using iron and aluminum
electrodes, J. Hazard. Mater., 100 (2003) 163-178.

H. Lyklema, Pair Interactions, In: Fundamentals of Interface
and Colloid Science, Vol. 4, Academic Press, Netherlands,
2005, pp. 3-190.



218

[69]

[70]

[71]

[72]

[73]

[74]

[73]

[76]

W. Redtegui-Romero et al. / Desalination and Water Treatment 202 (2020) 206-218

J.T.G. Overbeek, Recent developments in the understanding of
colloid stability, J. Colloid Interface Sci., 58 (1977) 408—422.

K. Brahmi, W. Bouguerra, B. Hamrouni, E. Elaloui, M. Loungou,
Z. Tlili, Investigation of electrocoagulation reactor design
parameters effect on the removal of Cadmium from synthetic
and phosphate industrial wastewater, Arabian ]J. Chem.,
12 (2019) 1848-1859.

C. An, G. Huang, Y. Yao, S. Zhao, Emerging usage of
electrocoagulation technology for oil removal from wastewater:
a review, Sci. Total Environ., 579 (2016) 537-556.

M.AM. Altufaily, Z.A. Abedalaama, Enhancing turbidity
removal using electrocoagulation method, J. Eng. Appl. Sci.,
13 (2018) 97-104.

M.K.N. Mahmad, R.R. Mohd, I. Abustan, N. Baharun,
Electrocoagulation process by using aluminium and stainless
steel electrodes to treat total chromium, colour and turbidity,
Procedia Chem., 19 (2016) 681-686.

M.F. Ni'am, F. Othman, J. Sohaili, Z. Fauzia, Removal of
COD and turbidity to improve wastewater quality using
electrocoagulation technique, Malaysian J. Anal. Sci., 11 (2007)
198-205.

A. Cerqueira, C. Russo, M.R.C. Marques, Electroflocculation
for textile wastewater treatment, Braz. . Chem. Eng., 26 (2009)
659-668.

N. Shammas, L. Wang, H. Hanh, Fundamentals of
Wastewater Flotation, L.K. Wang, N.K. Shammas, W.A. Selke,
D.B. Aulenbach, Eds., Handbook of Environmental Engineering
Flotation Technology, Vol. 12, Humana Press, New York,
NY, 2010, pp. 121-164.

[77]

[78]

[79]

[80]

[81]

[82]

[83]

LK. Wang, EM. Fahey, Z. Wu, Dissolved Air Flotation,
Physicochemical Treatment Processes, The Humana Press Inc.,
Totowa, 2005, pp. 431-500.

L.O. Paulista, P.H. Presumido, ].D.P. Theodoro, A.L.N. Pinheiro,
Efficiency analysis of the electrocoagulation and electroflotation
treatment of poultry slaughterhouse wastewater using
aluminum and graphite anodes, Environ. Sci. Pollut. Res.,
25 (2018) 19790-19800. .

N.P. Tanatti, I.A. Sengil, A. Ozdemir, Optimizing TOC and COD
removal for the biodiesel wastewater by electrocoagulation,
Appl. Water Sci., 8 (2018) 1-10.

N.Z. Al-Mutairi, M.F. Hamoda, I. Al-Ghusain, Coagulant
selection and sludge conditioning in a slaughterhouse
wastewater treatment plant, Bioresour. Technol.,, 95 (2004)
115-119.

M.S. Yusoff, AM. Azwan, M.EM.A. Zamri, H.A. Aziz,
Removal of colour, turbidity, oil and grease for slaughterhouse
wastewater using electrocoagulation method, AIP Conf. Proc.,
1892 (2017) 1-7, doi: 10.1063/1.5005692.

E. Bazrafshan, H. Moein, M.F. Kord, S. Nakhaie, Application
of Electrocoagulation Process for Dairy Wastewater Treatment,
J. Chem., 2013 (2013) 1-8.

F. Ozyonar, B. Karagozoglu, Investigation of technical and
economic analysis of electrocoagulation process for the
treatment of great and small cattle slaughterhouse wastewater,
Desal. Water Treat., 52 (2014) 74-87.


https://doi.org/10.1063/1.5005692

