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ABSTRACT

The objective of this work was to study the effect of hydraulic retention time on the removal effi-
ciency of the chemical oxygen demand (COD), and to evaluate the energy consumption (EC) using
the electrocoagulation process in continuous mode with aluminum and iron electrodes. Three
volumetric flows of 10, 15 and 22.5 L/h, with hydraulic retention times of 0.5, 0.33 and 0.22 h were
studied. The COD and turbidity ranges were 5,400-9,500 mg/L and 2,000-2,600 NTU, respectively.
Experimental data were analyzed using kinetic equations: pseudo-first-order and pseudo-sec-
ond-order models considering both isothermal and non-isothermal conditions. Under optimal
conditions, voltage 8 V and hydraulic retention time of 0.33 h, the COD and turbidity removal
efficiencies were 62.2% and 99.5%, and 51.2% and 94.5% with aluminum and iron electrodes in a
time 60 min, respectively. The results showed that the data fit the pseudo-second-order isotherm
model (R? = 0.997-1.000). The study showed that the EC process strongly depends on hydraulic

retention time.

Keywords: Al/Fe electrodes; Oil and grease, Turbidity; Pseudo-first-order model; Pseudo-second-order

model

1. Introduction consumption as well as for industrial uses. The meat indus-

Environmental pollution in the world has increased
notably in recent decades. With a growing world popula-
tion, there is a greater demand for water both for human
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try generates large amounts of contaminated water, and we
have worked with this wastewater. Slaughterhouse waste-
water exhibits a high organic [1-3] and inorganic load;
high suspended solids content, etc. [2,4]. The main sources
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of organic materials in the slaughterhouse wastewater are
blood, fat oil and grease, etc. [1,2,5]. The wastewater has
a high strength in terms of biochemical oxygen demand,
chemical oxygen demand (COD), suspended solids, nitro-
gen, and phosphorus [6], compared to domestic wastewa-
ters [2,7]. When wastewater from the red meat processing
industry is discharged without treatment into the sewage
system, it leads to dissolved oxygen depletion, odor release,
sludge deposits, and floating scum [4,8]. There are sev-
eral methods to remove contaminants from water, such as
chemical coagulation and flocculation, by adding chemicals
[9,10]; electrocoagulation (EC)/electroflotation applying
electrical energy [11]; biological processes with the use of
microorganisms [12]; filtration, resin exchange, advanced
oxidation (Fenton/electro-Fenton) [13,14]; etc. The electro-
coagulation process is a method that generates coagulants
from the forced oxidation reaction at the anode or posi-
tive pole, and reduction reactions occur at the cathode or
negative pole. This is possible due to the current flow that
circulates between the poles. The electrocoagulation does
not require external chemicals and removes any size of sus-
pended solids, oil, and grease, as well as heavy metals [15].
The sacrificial electrodes used in this process are made of
iron and aluminum. The mechanism of forming the coagu-
lant with Fe electrode is explained [16-21]:
Oxidation reaction at the anode: Fe

Alkaline conditions (pH < 8.7):
Fe(s) - Fe™ (aq)+2e” €y
The ferrous-ion forms ferrous hydroxide [Eq. (2)].
Fe*'(aq)+20H (aq) — Fe(OH) (s) ©)

Under these conditions the ferrous-ion forms ferric
hydroxide [Eq. (3)].

4Fe™ (aq)+0O,(g)+10H,0(1) > 4Fe(OH)_(s)+8H"(aq) (3)
Water electrolysis [Eq. (4)].

2H,0(aq)-4e” > O,(g)+4H"(aq) )
Reduction reaction at the cathode [Eq. (5)].

6H,0(aq) +6e” — 3H, (g)+60H (aq) (5)

Ferric-ions electrochemically generated may form mono-
meric ions, ferric hydroxo complex with OH™(aq)- ions, and
polymeric species, which finally transform into Fe(OH),(s)
[22]: Fe(OH)*(aq), Fe(OH)j(aq), Fe(H,0),(OH)*(aq),
Fe(H,0),(OH)*(aq), Fe,(H,0),(OH)(aq), Fe(H,0)(aq),
Fe,(H,0),(OH);*(aq). These species are influenced by pH
(4-9), and have strong affinity for counterions, which causes
the coagulation and removal of contaminants from the
water. When the pH of the medium is higher than 9, the
dominant species is Fe(OH),(aq), which does not contrib-
ute to coagulation. The mechanism of coagulant formation
using the Al electrode is explained [16,23-26]:

Oxidation reaction at the anode: Al
2Al1(s) - 2A1* (aq) + 6e~ (6)

Reduction reaction at the cathode, [Eq. (5)]:
In solution, the generated Al**(aq) and OH-(aq)-ions
react to form AI(OH),(s) [Eq. (7)].

2A1* (aq) +6H,0(1) - 2A1(OH), (s) + 3H, (g) @)

The cathode may also be chemically attacked [Eq. (8)] by
OH (aqg)-ions generated during H,(g) evolution at high pH [27].

2Al(s)+6H,0(1)+20H" (aq) - 2A1(OH)_ (aq)+3H,(g) (8)

This complex anion is soluble and appears at pH > 10,
causing the sludge redissolution [28]. Thus, it does not help
to remove contaminants from wastewater. The EC pro-
cess with aluminum electrodes should be done at pH < 10
[26]. In 49 pH range, several monomeric and polymeric
species are formed [26,29,30]: Al(OH)*(aq), Al(OH);(aq),
ALOH)*(aq), AOH),(s), Al (OH)(aq),  AL(OH) (aq)
Al (OH)¥(aq), AL(OH)}*(aq), Al,(OH)3(aq), Al (OH)Z(aq),
and Al ,O,(OH)Z:(aq). The surface of these compounds has
large amounts of positive charge, which can lead to adsorp-
tion electrochemistry neutralization and net catching reac-
tion [26,31]. The flocculation process at pH lower than 6.5
is explained as precipitation, while for higher values are
explained as adsorption [30,31]. The passage of electric
current dissolves the anodes and its consumption per unit
volume of treated effluent is expressed by [Eq. (9)]. energy
consumption per unit volume of treated effluent can be
calculated by [Eq. (10)] or per unit organic load removed
(COD) [Eq. (11)], respectively [32] and [Eq. (10)] [33]:

I -
ELC L% :M 9)
m n-F-V,
kWh) 0001 U-I, -t
SECVOL( m’ j: 3600V, (10)
t
SEC,.. kWh |_ 1 u-I, -t a1
kgCOD | 3600 V,(COD,-COD,)

where M is the molar mass (g/mol) of the electrode; F is the
Faraday’s constant (96,500 C/mol); U (voltage, V); I (mean
current intensity, A); t (EC operating time, s); V, (treated vol-
ume, m?); and COD, and COD, (initial and at time t COD
concentrations, mg/L). The objective of this research work
was to study the effect of hydraulic retention time on the
removal efficiency of chemical oxygen demand, and evaluate
energy consumption using Al and Fe electrodes, as primary
treatment of wastewater from a slaughterhouse.

2. Materials and methods

2.1. Sample collection

The wastewater was initially pre-treated by screen-
ing and sedimentation and sent to a 170 m® tank (Fig. 1).
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Fig. 1. Storage of meat wastewater in the equalizing tank after pre-treatment.

Table 1 shows the physical-chemical characteristics of the  Table 1
effluent to be treated corresponding to the mean values of  Physical-chemical characterization of the meat effluent in the

six samples taken in a 3-month period. equalizing tank
2.2. Experimental set-up Parameter Unit Range
H 7.0-7.8
Fig. 2 shows the scheme for wastewater treatment }éh cal d 4 " 5 400-9.500
in continuous flow by EC. The reactor was designed ) emlca. oxygen deman me el
to treat 5 L of wastewater, with internal dimensions of BIOC}.‘eTmC"ﬂ oxygen demand  mg/L 2,300-3,950
0.13 m x 0.20 m x 0.25 m of transparent plexiglass material, Turbidity NTU 2,000-2,600
with a thickness of 0.009 m. The dimensions of the electrodes ~ Total suspended solids mg/L 800-1,800
(3 anodes and 2 cathodes) were 0.15 m x 0.133 m x 0.0016 m. Total Kjeldahl nitrogen mg/L 170-300
They were separated by 0.03 m. The experiments were per- Total phosphorus mg/L 25-55
foréne.d with thei electrodes. installed in vertifcalCl positiog Oil & grease mg/L 80-86
and in monopolar connection. Wastewater feed treated .y, 0 iolerant coliforms ~ MPN (100mL)  1.6-2.4.109
wastewater discharge and sludge discharge were controlled
P G 400 tpm, Stirrer
B il o v A
_' B CJ  Powersource ®
30V, 100 A s
T oY, S

250L 250 L

Ball valves i
12 inch Electrolytic cell

Effluent

homogenization Gearifaal s

0.25HP

Fig. 2. Continuous flow electrocoagulation system: electrolytic cell, power source and homogenizer tank.
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with 1/2 inch ball valves. Two tanks of 250 L were used to
homogenize the effluent, and a 0.25 HP centrifugal pump
was required to recirculate the effluent. To prevent sludge
from entering the reactor, the feed pipe was installed at half
the height of the tank, and the recirculation at 0.20 m from
the base of the tank. The characteristics of the power source
were a voltage variation range of 0-30 V and an amperage of
0-100 A. The samples for analysis of the different parameters
were collected at 0, 10, 25, 45 and 60 min. The electrodes were
weighed after each time indicated. The experiments were car-
ried out with three volumetric flows of 10, 15 and 22.5 L/h,
which correspond to hydraulic retention times of 0.5, 0.33
and 0.22 h, respectively. The COD and turbidity ranges were
5,400 to 9,500 mg/L and 2,000 to 2,600 NTU, respectively. In all
the tests carried out, the applied voltage was 8 V. This value
was selected in a previous research work in discontinuous
mode with the same effluent [33]. Experimental data were
analyzed using kinetic equations of pseudo-first-order and
pseudo-second-order models considering both isothermal
and non-isothermal, and also considering the linearization
and non-linearization of the respective models of removal
of the organic load for both configurations of the materials
aluminum and iron were used for anodes and cathodes. To
determine the mass of the electrodes, a Henkel precision
electronic balance with 5 mg readability was equipped.
Temperatures were measured using a multi-thermome-
ter-91000-050/F. A pH meter EC-HI98129 Hanna Instruments
was used to measure pH. 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 measure COD. Hanna Instruments and Hach are
headquartered in Woonsocket, Rhode Island and Loveland,
Colorado in United States of America, respectively.

2.3. Equilibrium studies

The amount of organic load coagulated at equilibrium,
q, (mg/g), was calculated using Eq. (12) [34,35].

C,-C
qe_( OW (J.Vt

where C; (mg/L) and C, (mg/L) are the initial and at equi-
librium COD concentration in the liquid phase. V, is the

treated volume (L) and W (g) is the mass of the coagulant
estimated from the Faraday’s Law according to Eq. (13) [34].

12)

M-It
nF

W

(13)

where M is the molar mass (g/mol) of the electrode (anode)
(M,, = 55.85 and M, = 26.98); I is the current (A); t is the
electrocoagulation time in seconds; n is the number of
electrons; F is the Faraday’s constant (96,500 C/mol). The
removal efficiency was calculated using Eq. (14):

% removal efficiency = [CUC_ €, J x100% (14)

0

2.4. Isothermal models of electrocoagulation—flotation kinetics

To predict the concentration of organic load expected
for a non-stationary state over a certain operating time, both
volumetric flow and voltage were determining parameters
in the kinetic control of the continuous EC experiments.
The experimental concentrations were modeled in the form
of linear and non-linear regression, using the Microsoft
Excel 2019 Solver tool.

2.4.1. Pseudo-first-order and pseudo-second-order
kinetic model

A kinetic model is a mathematical representation of
the rate at which physical-chemical processes take place.
Adsorption kinetics controls the rate of adsorption. It also
determines the time required to reach equilibrium of the
adsorption process. Kinetic models provide information
about the adsorption pathways and the likely mechanism
involved [36]. The speed of these adsorption processes var-
ies from very fast to very slow [37,38]. However, the process
is controlled by the slowest stage [36]. The control mecha-
nism of the organic load sorption process was analyzed with
pseudo-first-order kinetic models in its non-linear form [Eq.
(15)] [39,40]; linear form [Eq. (16)] [39,41-44]; pseudo-sec-
ond-order in its non-linear form [Eq. (17)] [40]; and lin-
ear forms type I [Eq. (18)] and type II [Eq. (19)] [43,45-48].
Lagergren’s first-order rate equation is widely used to
describe the adsorption kinetics of different pollutants from
liquid phase into the porous media [46].

g,=q,-(1-¢™*) (1)

ln(qe —q,):lnqe —kt (16)
where g, and g, (mg/g) are the adsorption capacities at equi-
librium and at time ¢, respectively. k, (min™) is the rate con-
stant of pseudo-first-order adsorption. The straight-line plot
of In(g, - q,) against t gives k, as slope and intercept equal
to In(g,). Hence, the amount of adsorbed solute per gram
of sorbent at equilibrium (g,) and the first-order sorption
rate constant (k,) can be evaluated from the slope and the
intercept [41].

kg%t
q,= - 24, (17)
+kyq,t
t 1 t
== +— (18)
9, kgl a,
1 1
—=——(k,)t 19)
9, 9.4,

where k, (g/mg-min) is the rate constant of the pseudo-sec-
ond-order equation. A plot of (t/g,) vs. (t) was used to cal-
culate k, and g, (mg/g) which is the adsorption capacity at
equilibrium, and g, (mg/g) is the amount adsorbed at time
t (min). The initial adsorption rate /1 (mg/g-min) was evalu-
ated with Eq. (20).
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h=kyq’ (20)

2.5. Non-isothermal kinetics model of pseudo-first-order
and pseudo-second-order adsorption of
electroflotation—electrocoagulation

To understand the effect of temperature on adsorption
process, thermodynamic parameters should be determined
at various temperatures [49]. The energy of activation
for adsorption of the organic load can be determined by
both the pseudo-first-order constant (k;) and pseudo-sec-
ond-order rate constants (k,) expressed in Arrhenius form

[Eq. (21)] [50].

E,
k,=k,-e ®T (21)
where k is the constant of the equation (g/mg-min); E_is the
energy of activation (J/mol); R is the gas constant (8.314 J/
mol'K); and T is the temperature (K). If we replace Eq. (21)
in the mathematical expression (pseudo-first-order kinetics
model), it gives rise to Eq. (16), and, we obtain Eq. (22) for:

t E,
Ing, - ln(qg - qf) = Jko e Rt (22)
0

While, similarly, for the mathematical expression (pseu-
do-second-order kinetics model) which gives rise to Eq. (13)
by replacing Eq. (21), we obtain Eq. (23) for:

t E,
L_l — J-ko -eiﬁdt
9.9 4. o

(23)

Experimentally, it is observed that the temperature
variation with time has a good linear behavior (Fig. 6).
Therefore, it is possible to assume (T = T, + Bt so that dT/
dt = B). Replacing this assumption into Eq. (2), and operat-
ing properly, Eq. (24) can be obtained. At the same way, by
replacing the linear temperature gradient assumption into
Eq. (23), Eq. (25) can be obtained. Both Eq. (24) and Eq. (25)
must be solved by iteration to determine g, This mathe-
matical training can be reviewed by Lyon [51].

E,
In ln(qe)—ln(qe _%)+ k"RT"Z e_RT"] —21n(T) = Ir{k”Rj— E,

BE, BE,) RT
(24)

2 _E
In ! —l+ KRT, e &% —21n(T):ln kR _L (25)
9.-4, 4. BE, BE, | RT

2.6. Adsorption kinetics in a continuous process before reaching
the steady state

The steady state mass balance is represented by
Eq. (26). The experiments were carried out in an open
stirred reactor. Thus, there is an equality between the con-
centrations of the chemical oxygen demand inside the

reactor ([COD], ) and at the reactor outlet ((COD]_ ). The
volumetric flow rates at the reactor inlet and outlet are

equal (Q = Qin = Qout)'

d[CcoD] 0

QinCCOD,in - QoutCCOD,out +V dt

(26)

During the continuous EC process, COD concentrations
followed a decreasing exponential profile, hence consider-
ing stationary states were not reached. Then the proposed
mathematical modeling [Eq. (27)] [32] is adjusted to the
experimental data.
C,=Ae™+C, (27)
where A, and B, are constants. C, (mg/L) and C_ (mg/L)
are the COD concentrations at time t and at equilibrium,
respectively. The capacity of adsorption at time ¢, g, (mg/g),

for a EC continuous system was calculated using [Eq. (28)]
based on Eq. (12):

CD_C!
(5

where Q (L/h) is the flow rate and W (g/h) is the specific
electrode consumption assuming a Faraday’s Law linear
dissolution of the anodes. C is the initial COD concentra-
tion according to [Eq. (28)] C, = A, + Cey Consequently, by
operating properly, g, can be obtained in terms of A, B, and
the EC continuous parameters, expressed in Eq. (29).

(28)

A -Q(1-e™
4, =1(W) (29)

Compared to the pseudo-first-order g, non-linear form
in Eq. (15), we can obtain experimental values for q, and k,

[Eq. (30)].

(30)

Based on the work done by Tounsi et al. [32], we sim-
ilarly propose a decreasing fractional profile for modeling
COD concentrations [Eq. (31)].

A, -t
1+B,-t

C =C +

t 4

G2))

where A, and B, are constants. C is the initial COD concen-
tration according to Eq. (32). By operating properly, g, can be
obtained in terms of A, B, and the EC continuous param-
eters, expressed in Eq. (32). The capacity of adsorption at
time ¢, g, (mg/g) for a EC continuous system was calculated
using Eq. (28).

A-Q-t

W(1+B,-t) 42

9, =-
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By comparing Eq. (32) with the pseudo-second-order
non-linear form Eq. (17), values for g, and k, [Eq. (33)] can be
obtained experimentally.

= Az.Q
W-B

9. qgkz =B, (33)

2

3. Results and discussion
3.1. Influence of hydraulic retention time on energy consumption

Tables 2 and 3 show in each interval time the mean
current intensity and the energy consumption (SEC) per
cubic meter of treated water (kWh/m?) at different hydrau-
lic retention time using Al and Fe electrodes. There is a
remarkable trend between hydraulic retention time (HRT)
and applied current intensity as well as SEC, for all cases.
The lower flow rate or volumetric flow generates the
higher HRT value, thus requiring higher electrical current
and power consumption. At 8 V, the energy consumed per
cubic meter for continuous EC has almost the same value

Table 2

for any time. For instance, at HRT: 0.33 h (15 L/h), for Al
and Fe electrodes the SEC,,, were 4.71 and 4.66 kWh/m’.
The specific energy consumption per unit of treated vol-
ume is slightly higher Al electrodes at any time. However,
as Table 4 presents, the energy consumption per kg of COD
removed using Al electrodes were 1.27 + 0.07, 0.92 + 0.05
and 0.65 + 0.09 kWh/kg COD while using Fe electrodes the
SEC, were 1.50 = 0.17, 1.16 + 0.23 and 0.85 + 0.20 kWh/
kg COD. The electrocoagulation process with Al elec-
trodes has lower specific energy consumption per unit
of COD removed regarding Fe electrodes at an average
of 0.22 kWh/kg COD for any hydraulic retention time. In
addition, it is notorious that the rate of decrease in SEC__,
is always lower with Al electrodes, which favors the EC
process in shorter operation times with respect to Fe elec-
trodes. Therefore, it is convenient to work at longer oper-
ating times with Fe electrodes to reduce the energy con-
sumption per COD removed. In other research, with cattle
slaughterhouse effluent using Al electrodes with a flow
rate of 1.62 L/h, the energy consumption was 0.87 kWh/m?
with a hydraulic retention time of 60 min [52].

Energy consumption per m® of treated water at voltage 8 V with Al electrodes

HRT (h) 0.50 0.33 0.22
Interval Mean intensity Energy consumption Mean intensity Energy consumption Mean intensity Energy consumption
(min) (A) (kWh/md) (A) (kWh/m?) (A) (kWh/m?)
0-10 9.25 7.40 8.68 4.63 8.84 3.14
0-25 9.28 7.42 8.88 4.74 8.92 3.17
0-45 9.23 7.38 8.88 4.74 8.94 3.18
0-60 9.23 7.38 8.88 4.74 8.94 3.18
Table 3
Energy consumption per m? of treated water at voltage 8 V with Fe electrodes
HRT (h) 0.50 0.33 0.22
Interval Mean intensity Energy consumption Mean intensity Energy consumption Mean intensity Energy consumption
(min) (A) (kWh/m?) (A) (kWh/m?) (A) (KWh/m?)
0-10 8.84 7.07 8.65 4.61 8.68 3.09
0-25 8.89 7.11 8.70 4.64 8.78 3.12
0-45 8.84 7.07 8.70 4.64 8.73 3.10
0-60 8.84 7.07 8.70 4.74 8.73 3.10
Table 4

Energy consumption per chemical oxygen demand removed (kWh/kg COD) at voltage 8 V with Al and Fe electrodes

HRT (h) 0.50 0.33 0.22

Interval (min) Al electrodes Fe electrodes Al electrodes Fe electrodes Al electrodes Fe electrodes
0-10 1.38 1.77 1.00 1.54 0.81 1.19

0-25 1.29 1.53 0.93 1.12 0.62 0.81

0-45 1.23 1.36 0.89 0.99 0.60 0.72

0-60 1.19 1.34 0.88 0.98 0.58 0.67
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3.2. Influence of hydraulic retention time on current efficiency

To present a general trend of the degree of conversion of
the electrodes (anodes) into the coagulant electrogenerated
due to the passing current in the continuous EC process,
the current efficiency during each interval time is depicted
as a box plot in Fig. 3 for the process with 8 V and HRT
of 0.22, 0.33 and 0.5 h working both with Al and Fe elec-
trodes. Current efficiency was calculated as the coefficient
of the real mass of anodic consumption and the theoretical
mass consumption according to Faraday’s Law [Eq. (9)].
For continuous EC with 8 V (at interval 0 to 10, 25, 45 and
60 min), HRT of 0.22, 0.33 and 0.5 h using Al electrodes, the
current efficiencies were 74.4% =+ 3.6%, 86.6% + 1.9% and
96.4% + 4.1%, respectively. Regarding the Fe electrodes, at
the same HRT, the values were 45.9% + 0.3%, 56.4% + 1.8%
and 72.0% =+ 3.3%, respectively. The electrocoagulation
process with Al electrodes has always higher current effi-
ciencies with respect to Fe electrodes. In addition, Table 5
shows in each time interval the consumption of electrodes
per unit volume of wastewater treated for each HRT ana-
lyzed, the result is a double consumption rate for Fe elec-
trodes with respect to Al electrodes. At HRT: 0.33 h (15 L/h)
and 60 min operating time, for instance, the electrode con-
sumption rates were 0.33 and 0.65 kg/m? of treated water
for Al and Fe electrodes, respectively.

3.3. Influence of hydraulic retention time on current density

Fig. 4 shows the variations of the current densities and
their tendency to stabilization working both with Al and
Fe electrodes, clearly an indicative of non-passivation of

100

90
80
70
60
50 /

40
30
20
10

0

Current efficiency /%o

015 020 025 030 035 040 045 0350 055
HRT/h
-0-Al 8V —0-Fe, 8V

Fig. 3. Box plot for the influence of hydraulic retention time on
the behavior of the current efficiency.

Table 5

437

the electrodes [53]. For the process with 8 V and HRT of
0.22, 0.33 and 0.5 h using Al electrodes, the current densi-
ties stabilized at values of 82.91, 82.05 and 81.20 A/m>2. In
each case, the average values at 60 min were 81.54 + 3.39,
78.89 + 4.80 and 78.85 + 3.67 A/m? respectively. Regarding
the Fe electrodes, the values stabilized at the same time
were 80.34, 78.63 and 79.49 A/m? and their average values
of 78.60 + 3.93, 76.75 + 3.35 and 77.52 + 3.97 A/m? respec-
tively. The electrocoagulation process with Al electrodes
has higher current densities with respect to Fe electrodes at
2.94, 2.14 and 1.33 A/m? respectively. For the three applied
flow rates: 10, 15 and 22.5 L/h, the HRT were 0.50 h, 0.33 h
and 0.22 h. In other research with slaughterhouse waste-
water using Al electrodes with a flow rate of 1.62 L/h and
HRT: 60 min the current density was 40 A/m? [52].

3.4. Influence of hydraulic retention time on pH

Fig. 5 shows how pH changes under the effects of the
hydraulic retention time indicated above working with Al
and Fe electrodes, as well as their stabilization trend. During
the electrocoagulation process, the formation of the differ-
ent Fe or Al species derived from these electrodes is influ-
enced by the pH of the medium [54,55] and determines the
performance of the process [56,57]. With the Al electrodes,
the final pH values were 9.7, 8.65 and 8.38, and their average
values were 8.65 + 0.60, 8.34 + 0.45 and 8.10 + 0.45, respec-
tively. In each case, pH increases were 1.57, 1.18 and 1.25.
When the pH of the aqueous solution to be treated is in the
range of 4-9, it will increase [58]. Regarding the Fe elec-
trodes, the values at the end of the process were 9.54, 9.32
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0 5 10 15 20 25 30 35 40 45 50 55 60
Time/min
—o—AIL 8V, HRT=0.33h

—o—Al 8V, HRT=0.22h —0—AlL 8V, HRT=0.30h

-B-Fe 8V, HRT=0.22h -B-Fe 8V, HRT=033h -O-Fe 8V,HRT=050h
Fig. 4. Influence of hydraulic retention time on the behavior of

the current density (A/m?).

Electrode consumption per m? of treated water (kg/m?) at voltage 8 V with Al and Fe electrodes

HRT (h) 0.50 0.33 0.22

Interval (min) Al electrodes Fe electrodes Al electrodes Fe electrodes Al electrodes Fe electrodes
0-10 0.57 143 0.34 0.70 0.18 0.37

0-25 0.60 1.31 0.35 0.70 0.21 0.38

0-45 0.60 1.29 0.35 0.67 0.20 0.37

0-60 0.61 1.28 0.33 0.65 0.19 0.37
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0 5 10 15 20 25 30 35 40 45 50 55 60
Time/min
—o— Al 8V_HRT=033h

—e—Al 8V.HRT=022h —0—Al 8V, HRT=0.50h

-B -Fe 8V,HRT=0.22h -8 -Fe 8V,HRT=0.33h -0 -Fe 8V,HRT=0.50h
Fig. 5. Influence of hydraulic retention time on the behavior

of pH.

and 9.02 with average values of 8.92 + 0.71, 8.77 + 0.64 and
8.49 + 0.62, respectively. In each case, the pH profiles for
Fe electrodes are always above the pH profiles for Al elec-
trodes. The migration of the OH" ion from the cathode to
the anode increases the pH of the anodic zone [59], favor-
ing the formation of ferrous hydroxide [Eq. (2)] [60]. If the
medium is acid, ferric hydroxide will be formed [Eq. (4)].
The cathodic reaction given by [Eq. (6)] shows the formation
of hydroxyl ions, which increase the pH. The observed pH
differences are a consequence of the different mechanisms
with which the in situ generated coagulants act at pH > 7.
The surfaces of these coagulants are positively charged and
have the capacity to adsorb contaminants [58]. In addition,
hydrogen and oxygen [Eq. (5)] gases adhere to the formed
flocs, helping the electroflotation of the contaminants [61,62].

With the aluminum electrodes, the final pH values were
9.7, 8.65 and 8.38, and their average values were 8.65 + 0.60,
8.34 + 0.45 and 8.10 + 0.45, respectively. The pH increases
in each case were 1.57, 1.18 and 1.25. When the pH of the
aqueous solution to be treated is in the range of 4-9, it will
increase [58]. Regarding the iron electrodes, the values at the
end of the process were 9.54, 9.32 and 9.02 with average val-
ues of 8.92 + 0.71, 8.77 + 0.64 and 8.49 + 0.62, respectively.
The pH profiles for iron electrodes in each case are always
above the pH profiles for aluminum electrodes. The migra-
tion of the OH™ ion from the cathode to the anode increases

Al,10L/h T=0.2086t + 23.415 R?=0.9729
HRT=0.22h dT/dt = 0.2086°C/min

81.54 +3.39 A/m?
Al, 15L/h T=0.1792t + 25.427 R?=0.9788
HRT=0.33h dT/dt = 0.1792°C/min

78.89 +4.80 A/m?
Al,225L/h T=0.1792t + 25.427 R?=0.9788
HRT =0.50 h dT/dt = 0.1792°C/min

78.85+3.67 A/m?

3.6. Influence of hydraulic retention time on turbidity

Fig. 7 shows the removal of turbidity with Al and Fe
electrodes. When the flow of wastewater to be treated
increases, the yields decrease with both electrodes. The best
performances are achieved with Al electrodes. For these

Temperature /°C

Time/min

—0—AlL §V.HRT=0.22h
-#--Fe.§V,HRT=0.22 h

—o—Al, 8V, HRT=0.33 h
-fi--Fe, §V.HRT=0.33 h

—— Al 8V.HRT=0.50h
-{+-Fe, 8V.HRT=0.50h

Fig. 6. Influence of hydraulic retention time on temperature
behavior.

the pH of the anodic zone [59], favoring the formation of
ferrous hydroxide [Eq. (2)] [60]; if the medium is acid, fer-
ric hydroxide will be formed [Eq. (4)].The cathodic reaction
given by [Eq. (6)] shows the formation of hydroxyl ions,
which increase the pH. The observed pH differences are a
consequence of the different mechanisms with which the
in-situ generated coagulants act at pH > 7. The surfaces of
these coagulants are positively charged and have the capac-
ity to adsorb contaminants [58]. In addition, hydrogen and
oxygen [Eq. (5)] gases adhere to the formed flocs, helping
the electroflotation of the contaminants [61,62].

3.5. Influence of hydraulic retention time on temperature

Fig. 6 shows the behavior of the temperature with the
voltage and different HRT of the wastewater to be treated.
The temperature profiles with both Fe and Al electrodes
show a linear behavior. In all the cases, for the same HRT,
the temperature profile using Al electrodes is slightly
higher than the temperature profile using Fe electrodes. At
the end of the process the temperature fluctuated between
35°C-37°C. The conversion of electrical energy into thermal
energy increases the temperature, and is due to the electri-
cal resistance of the aqueous medium. This physical phe-
nomenon is known as the Joule effect [63-65].

Fe, 10L/h T=0.2314t +21.887
dT/dt = 0.2314°C/min
78.60 £3.93 A/m?
T=0.2163t +21.99
dT/dt =0.2236°C/min
76.75 + 3.35 A/m?
T=0.2341t +22.412
dT/dt = 0.2341°C/min
77.52 +3.97 A/m?

R*=0.9943

Fe, 15L/h R?=0.9869

Fe, 22.5L/h R?=0.9988

electrodes there are no differences when the wastewater
flows were 10 and 15 L/h with average current densities of
81.54 + 3.39 A/m? and 78.89 + 4.80 A/m? in a time of 60 min.
The yields achieved were of 99.46% and 99.47%, respec-
tively. When the flow was 22.5 L/h with an average current
density of 78.85 + 3.67 A/m?* at 60 min of EC process, the
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yield was 98.71%. With the Fe electrode at 60 min of pro-
cess with flows and average current densities of (10 L/h,
78.60 = 3.93 A/m?), (15 L/h, 76.75 + 3.35 A/m?) and (22.5 L/h,
77.52 + 3.97 A/m?), the yields were 96.44%, 94.49% and
93.39%, respectively. When HRT increases also performance
increases. The same effect was found by [53,66].

3.7. Influence of hydraulic retention time on chemical oxygen
demand

Fig. 8 shows the percentage of COD removal. Working
with Al electrodes, higher yields were obtained with
respect to Fe electrodes. After 60 min and HRT of 0.22,
0.33 and 0.50 h, the yields with the Al and Fe electrodes
were 65.18%, 62.22% and 53.18% and 56.96%, 51.21% and

100
90
80
70
60
50
40
30
20
10

Turbidity removal /%

0 5 10 15 20 25 30 35 40 45 50 55 60
Time/min

—e—Al 8V.HRT=0.22h —e—Al. 8V. HRT=0.33h —o—Al. 8V, HRT=0.50h

-®-Fe, 8V, HRT=0.22h -®-Fe, 8V, HRT=0.33 h -& -Fe, 8V, HRT=0.50 h

Fig. 7. Influence of hydraulic retention time on the percentage
of turbidity removal.

Table 6
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48.63%, respectively. Process efficiency decreased with
increasing wastewater inflow rate or decreasing HRT.
Other research also show the same trend [66,67].

3.8. Isothermal models of electrocoagulation—flotation kinetics

Tables 6 and 7 show the kinetic parameters g, and k, for
both, working with Al and Fe electrodes, considering con-
stant temperature during the EC process, g, and k, for pseudo-
first-order [Eq. (16)], and g, and k, for pseudo-second-
order [Eq. (18)] calculated by plotting linearization where
g, comes from the slope and k, comes from the intercept.
While those kinetic constants g, and k, were obtained by a
non-linearized method by adjusting experimental values

100

COD removal /%

Time/min

—e—Al, §V,HRT=0.22h —e—Al 8V,HRT=0.33h —0—Al,§VHRT=0.50h

-8 -Fe, 8V, HRT=0.22h -B-Fe, 8V, HRT=0.33h -0-Fe, 8V,HRT=0.50 h

Fig. 8. Influence of hydraulic retention time on the percentage
of chemical oxygen demand removal.

Summary of the kinetic parameters and the isothermal model fitting for continuous EC at 8 V with Al electrodes at different

hydraulic retention times

HRT (h) 0.50 0.33 0.22

Electrode consumption W (g/h) 6.10 5.06 4.36

Model q, k, R? q, k, R? q, k, R?
Linear pseudo-first-order (n=1) 9,886.3 1.89E-1 0.993 16,206.3 1.05E-1 0.946 28,2452 8.69E-2 0.971
Linear pseudo-second-order (1 = 2) 9973.6 1.66E-4 0996 16,749.8 1.95E-5 0.995 30,0265 6.51E-6 0.996
Non-linear pseudo-first-order (ExpDecay) 9,784.6 141E-1 0968 158924 132E-1 0979 27,6777 1.12E-1 0.99
Non-linear pseudo-second-order (FracDecay) 9,962.5 8.89E-5 1.000 16,541.0 295E-5 1.000 30,7174 6.29E-6 0.997

Table 7

Summary of the kinetic parameters and the isothermal model fitting for continuous EC at 8 V with Fe electrodes at different

hydraulic retention times

HRT (h) 0.50 0.33 0.22

Electrode consumption W (g/h) 12.69 9.76 8.32

Model q, ’ R? q, k, R? q, k, R?
Linear pseudo-first-order (n = 1) 4,158.2 8.46E-2 0950 7,398.0 6.98E-2 0977 12,7048 6.57E-2 0.991
Linear pseudo-second-order (1 = 2) 4,614.6 3.14E-5 0984 8,568.8 1.12E-5 0.991 14,663.6 6.25E-6 0.999
Non-linear pseudo-first-order (ExpDecay) 4,122.6 9.82E-2 0975 7,2864 9.12E-2 0998 12,583.0 6.76E-2 0.993
Non-linear pseudo-second-order (FracDecay) 4,394.3 5.62E-5 0998 84463 142E-5 0.999 14,781.0 6.13E-6 0.999
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to the respective equations for COD decay concentrations,
that is, for pseudo-first-order, n = 1 [Eq. (30)] and for pseu-
do-second-order, n = 2 [Eq. (33)]. The mentioned tables also
present the coefficients of determination R? of the isother-
mal models, which represents the conformity between the
model values and experimental data [68], for the continu-
ous EC process at 8 V and for each analyzed HRT. The com-
parison of the kinetic models shows that the kinetics of the
reaction follows the pseudo-second-order model, since the
R? for the pseudo first order kinetic models are relatively
smaller than the R? of the pseudo-second-order kinetic mod-
els for the adsorption of COD using Al electrodes as well as
Fe electrodes. Fig. 9 (linear pseudo-first-order) and Fig. 10
(linear pseudo-second-order), as well as, Fig. 11 (non-lin-
ear pseudo-first-order) and Fig. 12 (non-linear pseudo-sec-
ond-order) show the experimental and predicted values for
COD removal by continuous EC process at 8 V and for three
HRT: 0.22, 0.33 and 0.5 h. Predicted values were previously
calculated by considering a plotting linearization (Figs. 9
and 10) and by adjusting to an equation of kinetics decay
(Figs. 11 and 12), respectively. For both cases, pseudo-first-
order models (Figs. 9 and 11) have a notorious deviation
for predicted values before 25 min, and are not suitable
to predict COD removal further from equilibrium. Based

COD removal /%

0 10 20 30 40 50 60
Time / min
AL8V,0.5h Exp.  —+AL8V,050,Pred. B ALS8YV,033h,Exp. ——Al8V.033h,Pred.
Al 8V,022h,Exp. ——Al,8V,022h Pred  ® Fe 8V,0.5h Exp. -+ Fe, 8V,05h, Pred.
Fe.8V,033h,Exp. --+-Fe,8V,033h,Pred. @ Fe,8Y,0.22h,Exp. --+-Fe,8V.0.22h, Pred.

e B m

Fig. 9. COD removal efficiency using continuous EC at 8 V and
different volumetric flow rates. Experimental and predicted val-
ues considering isothermal pseudo-first-order linear model.

COD removal / %
n
=

0 10 20 30 40 50 60

Time / min
Al 8V,05h Exp. —+—Al8V,05h, Pred B Al8V.033h Exp. —+—Al 8V, 0.33h, Pred
Al 8V,0.22h,Exp. ——AL8V,022h,Pred. ® Fe,8V,0.5h Exp. --+-Fe 8V,0.5h, Pred
Fe,8V.033h,Exp. --+-Fe,8V,033h,Pred @ Fe,8V,022h Exp. --+-Fe 8V, 022h, Pred

e B N

Fig. 10. COD removal efficiency using continuous EC at 8 V and
different volumetric flow rates. Experimental and predicted val-
ues considering isothermal pseudo-second-order linear model.

on determination coefficients for comparing pseudo-sec-
ond-order models, that is, linear pseudo-second-order and
non-linear pseudo-second-order (FracDecay) with Al elec-
trodes shown in Table 6, R*> were (0.995-0.996 and 0.997-
1.000), and with Fe electrodes shown in Table 7, R* were
(0.984-0.999 and 0.998-0.999), respectively. It was found
that the experimental data fitted better with pseudo-sec-
ond-order isothermal model assessing R? = 0.997-1.000 for
continuous EC process working both with Al and Fe elec-
trodes. The operating parameters considered for non-lin-
ear pseudo-second-order (FracDecay) kinetic model were:
volumetric flow rate (HRT, L/h), initial COD concentration
(mg/L) and electrode consumption rate (g/h) for EC process
at constant voltage of 8 V, and, considering an adsorption
rate (k) at constant temperature. Moreover, the effects of
the initial concentration on the removal efficiency of organic
contaminants were analyzed in continuous EC for wastewa-
ter from the livestock industry of slaughterhouses by [52].
Similarly, previous studies on the kinetic removal of
organic contaminants by EC process using Al electrodes
[68,69] showed an excellent fit of the pseudo-second-order
model and also the chemisorption of amorphous Al(OH),(s),

CODremoval / %
n
3

0 10 20 30 40 50 60
Time / min
Al 8V,05h, Exp. —+—ALS8V,0.5h, Pred. B AL 8V,0.33h,Exp. ——AL8V,0.33h,Pred.
Al,8V,022h,Exp. ——AL8V,022h, Pred @ Fe,8V,0.5h Exp. --+-Fe,8V,0.5h, Pred.

Fe,8V,0.33h,Exp. -—+-Fe,8V,033h,Pred.  © Fe,8V,022h,Exp. --+ Fe,8V,0.22h, Pred.

@ B m

Fig. 11. COD removal efficiency using continuous EC at 8 V
and different volumetric flow rates. Experimental and pre-
dicted values considering isothermal exponential decay model
(ExpDecay).

COD removal / %
=

0 10 20 30 40 50 60

Time / min
Al SV,05h,Exp. ——ALSV,05h Pred. B AL 3V,033h,Exp. ——AI 8V,033h,Pred.
B ALSV,022h.Exp. ——ALSV,022h,Pred @ Pe,8V,0.5h Exp. -+ Fe,8V,05h, Pred.
© Fe,8V,033h,Exp. -+-Fe.8V,0.33h,Pred  © Fe,8V,022h,Exp. --+-Fe,8V,0.22h,Pred

Fig. 12. COD removal efficiency using continuous EC at 8 V
and different volumetric flow rates. Experimental and pre-
dicted values considering isothermal fractional decay model
(FracDecay).
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monomeric aluminum cations Al(OH)*(aq), Al(OH);(aq),
and polymeric hydroxy chains, such as AL(OH)}*(aq) and
Al (OH),#(aq), which involves electron transfer between that
species and pollutants as the dominant pathway during EC
process. The polymeric chains are large surface area spe-
cies and cause adsorption of entrapment of soluble organic
and inorganic compounds as well as colloidal particles. The
adsorption and entrapment will separate from the solu-
tion by settlement or floating by bubbles [70]. The inverse
relationship between the hydraulic retention time and the
equilibrium adsorption capacity (g,) is noteworthy, which
is attributed to a lower consumption of electrodes and a
higher COD is eliminated as the HRT values decrease, which
is indicative. of a good loading capacity on the surface of
the coagulant generated. In addition, in all cases the results
show that the adsorption capacities are always higher for
Al electrodes with respect to Fe electrodes, this is related to
the large surface area of aluminum polymeric species.

3.9. Method for non-isothermal kinetic adsorption

Tables 8 and 9 show the kinetic parameters g, k, and
E, for both, working with Al and Fe electrodes, consider-
ing temperature linear variation during the EC process due
to Joule’s effect. The kinetic parameters were calculated by

Table 8

441

plotting linearization and iteration for pseudo-first-order
[Eq. (24)], and for pseudo-second-order [Eq. (25)] assum-
ing a constant temperature slope (B). The mentioned tables
present the determination coefficients (R?) of the non-iso-
thermal models for the EC process at 8 V and for each
analyzed HRT. Similar to isothermal models, the reaction
kinetic is more likely to follow the pseudo-second-order,
since R? for pseudo-first-order kinetic models were rela-
tively lower than those for pseudo-second-order kinetic
models for COD adsorption using Al electrodes as well
as with Fe electrodes. Fig. 13 (linear non-isothermal pseu-
do-first-order) and Fig. 14 (linear non-isothermal pseu-
do-second-order) show the experimental and predicted
values for COD removal by continuous EC process at 8 V
and for three HRT: 0.22, 0.33 and 0.5 h. The determination
coefficients for linear non-isothermal pseudo-first-order
and linear non-isothermal pseudo-second-order with Al
electrodes shown in Table 8, R? were (0.431-0.787 and 0.860—
0.999), and with Fe electrodes shown in Table 9, R* were
(0.866-0.963 and 0.960-0.995), respectively.

It has been observed that the experimental data best
fit the non-isothermal pseudo-second-order model for the
continuous EC process with Al and Fe electrodes, and sev-
eral values were obtained that do not fit properly when
R?<0.95. The activation energies of the kinetic reaction were

Summary of the kinetic parameters and the non-isothermal model fitting for continuous EC at 8 V with Al electrodes at

different hydraulic retention times

HRT (h) 0.50 0.33 0.22

Electrode consumption 6.10 5.06 4.36

W (g/h)

Parameter Linear pseudo- Linear pseudo- Linear pseudo- Linear pseudo- Linear pseudo- Linear pseudo-
first-order second-order first-order second-order first-order second-order
non-isothermal non-isothermal non-isothermal non-isothermal non-isothermal non-isothermal

q, 9,886.3 9,973.6 16,206.3 16,749.8 28,245.2 30,026.5

k0 7.37E+15 1.24E+13 3.40E+13 2.32E+15 1.28E+22 2.17E+17

E, 96,650 97,807 85,195 116,999 135,688 131,222

R? 0.787 0.999 0.570 0.876 0.431 0.860

Table 9

Summary the kinetic parameters and the non-isothermal model fitting for continuous EC at 8 V with Fe electrodes at different

hydraulic retention times

HRT (h) 0.50 0.33 0.22

Electrode consumption 12.69 9.76 8.32

W (g/h)

Parameter Linear pseudo- Linear pseudo- Linear pseudo- Linear pseudo- Linear pseudo- Linear pseudo-
first-order second-order first-order second-order first-order second-order
non-isothermal non-isothermal non-isothermal non-isothermal non-isothermal non-isothermal

q, 4,158.2 4,614.6 7,398.0 8,568.8 12,704.8 14,663.6

k, 2.61E+4 6.99E-1 1.58E+0 1.97E-2 1.48E+4 1.39E-2

E, 32,276 25,642 8,956 19,358 31,502 19,926

R? 0.866 0.960 0.963 0.974 0.947 0.995
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Time / min

E AL 8V,0.33h. Exp.
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Al 8V,0.5h, Exp.
Al 8V,0.22 h, Exp.
Fe,8V,0.33 h, Exp.

—+—Al 8V,0.5h, Pred.
—+—Al 8V,0.22 h, Pred.
--+-Fe, 8V, 0.33 h, Pred.

——Al, 8V, 0.33 h, Pred.
--+-Fe.8V,0.5 h, Pred.
--+-Fe, 8V, 0.22 h, Pred.

e B

Fig. 13. COD removal efficiency using continuous EC at 8 V and
different volumetric flow rates. Experimental and predicted
values considering the non-isothermal pseudo-first-order model.

COD removal / %

0 10 2 30 40 50 60
Tame / min

——Al, 8V, 0.5 b, Pred.

——Al, 8V, 0.22 h, Pred.

-+ Fe, 8V, 0.33 b, Pred.

——AlL 8V, 0.33 h, Pred.
--+- Fe, 8V, 0.5 h, Pred.
--+- Fe, 8V, 0.22 h, Pred.

B Al 8V,0.5h, Exp.
E Al 8V,0.22h,Exp.
@ Fe, 8V,0.33h,Exp.

B Al,8V,0.33 h,Exp.
@ Fe,8V,0.5h, Exp.
© Fe,8V,0.22h,Exp.

Fig. 14. COD removal efficiency using continuous EC at 8 V and
different volumetric flow rates. Experimental and predicted val-
ues considering the non-isothermal pseudo-second-order model.

calculated from the slope of the linearized equation [Eq.(26)]
for Al electrodes were 97.8-131.2 k]/mol higher than the val-
ues for Fe electrodes 8.9-25.6 kJ/mol indicating domination
of activated chemisorption phenomena for EC process. The
operating parameters considered for the non-linear pseu-
do-second-order (FracDecay) kinetic model were: hydraulic
retention time (HRT, h); initial COD concentration (mg/L);
and electrode consumption rate (g/h) for EC process at
constant voltage of 8 V; and considering an adsorption rate
(k,) at constant temperature. For the non-linear pseudo-sec-
ond-order model (FracDecay), temperature is not a signifi-
cant parameter to model COD removal for continuous EC
due to the decrease in R

4. Conclusions

Electrocoagulation is an electrochemical technology
and was applied to investigate the influence of hydraulic
retention time on the removal of COD in continuous mode
as primary treatment for wastewater from slaughterhouses.
This technology applied as a continuous mode process is
strongly dependent on the hydraulic retention time, and its
application is viable for this type of wastewater. The exper-
imental data were analyzed using pseudo-first-order and

pseudo-second-order kinetic equations considering isother-
mal and non-isothermal conditions, and it was found that
the data best fit the pseudo-second-order isothermal model
with R?* = 0.997-1.000, in both cases working with elec-
trodes of Al and Fe.
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