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Abstract: Treatment of olive mill wastewater (OMW) by electrocoagulation (EC) was
investigated in a stirred tank reactor (STR), the effect of different influential
parameters, namely, contact time, current density and pH was determined. Over 72 %
of COD, 93 % of polyphenols and 95 % of color intensity were removed efficiently at
pH of 5.2, current density of 58.33 mA/cm” and a residence time of 45 min. A kinetic
study of these three parameters was carried out and both COD and dark color removal
obey the first-order law model. On the other hand, the polyphenols reduction, fits the
pseudo second-order model with current- dependent parameters. A variable order
kinetic (VOK) model derived from the Langmuir-Freundlish equation was proposed to
determine the kinetics of pollutant removal reactions with EC. Results showed that the
model equations strongly fit the experimental concentrations of the three pollutants.

Keywords:  Olive mill wastewater; electrocoagulation; COD; polyphenols; kinetic study; variable
order kinetic
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INTRODUCTION

Extraction of olive oil using three-phase decanter
methods and traditional press generates a significant
amount of a highly contaminated wastewater that requires
treatment before discharge into the environment. The
annual production of olive mill wastewater (OMW) in the
Mediterranean region exceeds 30 million m® per year
(Yahiaoui et al., 2011; Casa et al., 2003). In addition to
their acidic pH (about 5), this effluent is characterized by
very high chemical oxygen demand (COD) values
(80—200 g/1), biological oxygen demand BOD values
(12-60 g/1), polyphenolic compounds (up to 80 g/1), and
total solids content (40—150 g/l) (Panizza & Cerisola,
2006, Un et al., 2006).

As environmental regulations became more strict and
stringent, different technologies have been proposed to
minimize the environmental impact of OMW, such as
aerobic and anaerobic biological treatment (Benitez et al.,
1997; Bertin et al., 2004), composting, fertilization, and
animal feeding (Zenjari et al., 2006; Cereti et al., 2004;
Hamdi, 1993), dilution, evaporation, sedimentation,
filtration and centrifugation (Paraskeva et al, 2007,
Achak et al., 2009), physico-chemical processes such as
coagulation-floculation =~ (Jaouani et al, 2005),
thermochemical treatment (Guida et al., 2016), as well as
other techniques for the production and recovery of
natural products from this effluents (Elkacmi et al., 2016;
Kaleh & Geillen, 2016; De Marco et al., 2007).

Recently, the electrocoagulation (EC) process was
found to be an effective technique for the treatment of
wastewaters, mainly owing to its simplicity, low energy
consumption, effectiveness, low sludge formation and
low dissolved solids. This technique have been used for
the treatment of water containing dyes and textile
wastes (Bennajah et al., 2009; Alinsafi et al., 2005),
restaurant wastes (Chen et al., 2000), oil refinery (Un et
al., 2009), suspended particles (Matteson et al., 1995),
leachate (Meunier et al., 2006), heavy metal (Kabdasli
et al., 2009), chemical and mechanical polishing
(Belongia et al., 1999), and mine wastes (Jenke &
Diebold, 1984).

In the electrocoagulation process, the coagulant is
generated in situ by dissolving electrically either
aluminum or iron ion materials at the anode.
Electrolytic gases (typically H,) are released around the
cathode. Several authors confirmed that aluminum is
very effective for pollutants removal, especially organic

The sacrificial anodes deliver AI’* which are
hydrolyzed as a function of pH to produce aluminum
hydroxide Al(OH); and are then polymerized to
Al,(OH);, which has strong affinity toward forming
aggregates with pollutants. Evolution of hydrogen gas
helps in mixing and flocculation. Once the floc is
generated, the hydrogen gas bubbles carry the pollutant
towards the liquid surface where it can be easily
concentrated, collected, and removed (Holt ef al., 1999).

AP+ 3 H,O—l (OH); + 3H"
nAl(OH); ___ AL(OH);,

Several studies have proved that electrocoagulation
are a very effective tool for the elimination of
polyphenols, COD and color content of olive mill
wastewater (Un et al., 2006; Adhoum & Monser, 2004;
Inan et al., 2004).

Abundant studies were performed on olive mill
wastewater treatments using EC, for example Adhoum
& Monser, 2004), who can remove more than 76 %
COD, 91 % of polyphenols and 95 % of dark color.
Nevertheless there remains a paucity of data concerning
the mechanism of the pollutants removal from this type
of effluent.

The purpose of the present work is to evaluate the
removal of COD, polyphenols and dark color from
OMW. Furthermore, the study of the operational
parameters influence such as EC time, current density
and pH, in order to determine for the first time, the
kinetic of the removal of pollutants will be performed in
order to estimate the time required for treatment. In
addition, a modeling approach was conducted to
simulate EC data for a better understanding of the
mechanisms for OMW treatment.

MATERIAL AND METHODS

Characteristics of olive mill wastewater

Olive mill wastewater was obtained from an olive oil
producing plant in Béni Mellal-Khénifra region, central
of Morocco. OMW was collected in a closed plastic
container and stored at ambient temperature. The main
characteristics of OMW used in this work are presented
in Table 1.

Table 1: Main characteristics of the raw OMW used in this study

(Can et al., 2003; Bensadok et al., 2008) and inorganic _Parameter Value
(Guzman et al., 2016; Heidmann & Calmano, 2008) pH 5.2
matter from wastewater. The electrochemical reactions Conductivity (mS/cm) 5.1
occurring at the electrodes are: Total polyphenols (g/1) 3.75
Total suspended solids (g/1) 0.84
Anode (Aluminum oxidation): COD (g/1) 27.6
Al(s) —A» +3e” DBO (g/l) 13.42
Absorbance (278 nm) 15.6
Cathode (water reduction): Absorbance (395 nm) 8.5

2H,0 +2e B, (g) +20H
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Electrochemical cell

The electrochemical treatment of OMW was studied in
continuously stirred tank reactor (CSTR), consisted of
two aluminum electrodes with rectangular geometry
with the dimensions of 120 mm X 50 mm x 2 mm. The
electrodes were disposed vertically at a distance of 1 cm
from each other, and 2 cm from the bottom. The total
effective surface area of plates immersed in OMW was
60 cm2 with a rotational stirring rate of about 400 roun
the volume of the OMW treated was 3.5 dm’.

The plates were connected to a direct current (DC)
power supply providing voltage in the range of 0-30 V
(0—6 A). The current intensity was measured by an
amperemeter. Current density values (j) between 25 and
66.66 mA/cm? were investigated, which corresponded
to an electric current (I =j.S) in the range of 1.5—-4 A.

Analytical methods

Before analyzing the evolution of COD, polyphenols
and dark color intensity, the sample was filtrated using
filtration papers (0.45 m, Millipore, USA).

The pH and conductivity were measured using a
ProfilLine pH197i pHmeter (WTW, Germany) and CD-
810 conductimeter (Radiometer Analytical, France).

The chemical oxygen demand (COD) and suspended
solids (SS) were measured according to the standard
methods for the examination of Water and Wastewater
(APHA, 1998). Color intensity was determined via
measuring the sample absorbance at 395 nm (9ol anak
sta3melti spectrophotometer) (Sayadi et al., 1996).

The initial concentration of polyphenols was
determined using the Folin—Ciocalteu reagent according
to the procedures developed in (Folin & Ciocalteau,
1927), Monitoring the total polyphenols, during
treatment, was carried out by measuring the absorbance
at 278 nm (Esfandyari ef al., 2014).

The removal rate (pourcentage) of COD,
polyphenols and dark color from OMW by
electrocoagulation was calculated as follow:

CcOoD,-COD
Y (%)=—-"2——x100 (1)
COD,
A, — A
Y (%) =2 x100 2)

0

Yer) and Yoy Were calculated using the same
equation, Eq. (2), based on absorbance measurements at
278 nm and 395 nm respectively.

The specific electrical energy consumption in
kWh/m® (E) was calculated using the following formula:

_UxIxt

E(kWh/m?) 3)

where U: applied voltage (V); I: current intensity (A), t:
retention time (h); V: volume of the treated olive mill
wastewater (1)

The amount of electrodes dissolved per unit volume
of treated olive mill wastewater, was calculated using
Faraday’s law:

_ IxtxM y
ZxFxV

C, (kgdl/m’) 107

where I: current intensity (A), t: time of electrolysis (s),
M: the molecular weight of aluminium (26.98 g/mol), z:
the number of electron transferred (z = 3), F: Faraday’s
constant (96 487 C/mol), V: the volume of the treated
olive mill wastewater in m®.

RESULTS AND DISCUSSION

Effect of operating time on the removal of COD,
polyphenols and dark color

Figure 1 illustrates the effect of the operating time on
the evolution of the COD, polyphenols and dark color
removal efficiency for the STR at (pH=5.2,
j=50mA/cm?®). It shows that the removal rate
(percentage) of pollutants is high after 45 min of
process, 69%, 86% and 89% of COD, polyphenols and
dark color have been removed, respectively. The OMW
samples during the treatment became visually very clear
as shown in Fig. 2.

Effect of initial pH

Electrocoagulation process is reported to be strongly
dependent on pH, Fig.3 illustrates the evolution of
COD, PP and dark color removal efficiency at five
various values of pH=2, 4, 5.2, 8 and 10, using
hydrochloric acid and sodium hydroxide solutions. It is
obvious that the removal efficiency presented a
maximum corresponding to an initial pH about 5-6.

100 -
90 -
80

.;5‘\

= 70 A

=

g 60 4

g

= 50 A =4—Datk Color
»—g 40 1 =@=Polyphenol
%‘ 30 cOD

=

20 i
10 /
0K :

0 10 20 30 40 50 60

Time (min)

Fig. 1 Effect of operating time on the pollutants removal rate: COD;
polyphenol and dark color (initial pH = 5.2, j = 50 mA/cm?).
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Fig. 4 Evolution of pH values during EC for different values of
Fig. 2 Color change of OMW during treatment at (pH = 5.2, initial pH (j = 58.33 mA/cm?).

j =50 mA/cm").

Similar results have been previously reported by ()

other authors (Holt ez al., 1999; Kul et al., 2015; Hanafi "
et al., 2010) who found that OMW can be treated R ::
directly without adjustment with chemical products o E S
(acid or base). Furthermore, during the process, the pH | = o R
changed. Its evolution depended on the initial pH. In E 50 7> —:—.:":.::u..
this work as in previous studies (Bennajah et al., 2009; : v 5 s
Kobya et al., 2003), the pH tended towards about 7 ki :: : o 2smavem
which suggests that electrocoagulation exhibits a w0 | /s
buffering effect, especially in an alkaline medium as o 8
Shown in Fig. 4. 0 10 20 30 10 30 &0
“lime {min
Effect of current density ®)
Current density is an important parameter in the
electrocoagulation process, which determines the z 133 o088 o GiGomAiem)
coagulant production rate at the anode and the size of | 2 w P _/,.--/: . — et e
bubble production at the cathode. é 70 ) /.;//':/--'}/'j"" e -
The effect of current density variation on the COD, | 2 7 /;/' A = o made
polyphenols and dark color removal efficiency is shown g 10 ) ,j/__,'/'/ . —o— 41 66uA/c2
in Fig. 5. T S0 |
. . R ! &/ - —8—3333mA/em2
When current density was varied from 25 to | 2 ¥ & & 0
66.66 mA/cm® the removal efficiency of COD, g’ lg ',/;S?—-l-’""""' ‘ —o2mA/im2
polyphenols and dark color were clearly rose from 59%, 0 10 20 30 40 50 6D
65% and 76% to 75%, 93% and 97%, respectively after Time (min)
45 min. At a density of 58.33 mA/cm’ the removal
100 -
90 - ©
To0n
g 70 ™ G = o
g 60 .:g z: ¢ ®/ := ’ —o—G6.GEmA/cm2
g 50 - E o H o 8 - —8—5833mA/m2
,i:: 40 - % " ,= : . —8—50mAfom2
g 30 |  —e—DarkColor S 8 o ® 4L66mA/cm2
g z o —8—33.33mAfcm2
& 20 |  =—M=Polyphenol 12: /_.r"'/: . —8— 25mA/cm2
10 4  ===—COD )
0 T T T T ] ’ ; T M k1l ai Lk ]
0 2 4 6 8 10 et
Initial pH Fig. 5 Effect of current density on the pollutants removal rate:

Fig. 3 Effect of initial pH on the pollutants removal rate: COD; (a) COD; (b) polyphenol; (c) dark color (initial pH = 5.2).
polyphenol and dark color (j = 58.33 mA/cm?).
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efficiency of COD, polyphenols and dark color were
72%, 93% and 95%. Therefore the current density of
58.33 mA/cm’ is chosen as an optimal current density
for the treatment of OMW with respect to the maximum
density 66.66 mA/cm’, since it the quickest removal rate
with the lowest cost (which will be examined later).

Kinetic study

In order to examine the removal of the pollutants, the
mass conservation of pollutant is expressed as:

_dc_ 3)

dt
where (-7) is the removal rate of pollutant in g/l, and t is
the electrocoagulation time in min. For the first order
model (- = k,C) and by integration, one may write:
C

7

In| = |=—k,t 4
CO
The second-model order (-r = k,C) and after
integration is of the form:
LI S )
Cc C,
The pseudo first-order can be expressed as:
In(C, —C)=InC, -kt (6)

The linear form of pseudo-second order model was
t 1

expressed as:
—=——+ t
C kC;

where k|, k>, k3 and k, are the equilibrium rate constants
in min™, and Ce is the amount of pollutant adsorbed at

1

C

e

(7

Elkacmi, Kamil and Bennajah

equilibrium in mol/I.

Determination of suspended solid concentration in
(g/l) gives a linear relation (R*=0.988) with
color absorbance, as shown in Fig. 6.

It is clearly shown that suspended solid concentration
increased proportionally to the color absorbance, this
result can be used in the study of kinetics reduction of
color intensity from olive mill wastewater.

The kinetic parameters of the four models with the
R’ values at different current densities are given in
Tables 2 and 3. As can be seen, the color reduction can
be described by first-order kinetics since the correlation
coefficient (R”) is mostly higher than 0.93%. For the
polyphenols removal, except the lower density of 25
mA/cm’, the R’ values that correspond to the first-order
model can also be a representative model to its removal
rate.

0.9 4
0.8

[Tss)(e)

y=0,093x+ 0,004
R#=10,988

*

10

w0 -

4 6

2

Abgorbance (395 nm)

Fig. 6 Calibration curve of suspended solid (g/l)xabsorbance at 395 nm.

Table 2. Comparison between the parameters of first- and second-order removal rates of COD polyphenols (PP) and dark color at different

current densities with solution volume = 350 cm’, initial pH=

5.2 and conductivity x = 5.1 mS/ cm.

First-order model

Second-order model

Parameters CD (mA/cmz) K, (min’l) R I (min") R
COD 25 0.0184 0.9417 0.0011 0.9433
33.33 0.0198 0.9517 0.0013 0.9538
41.66 0.0213 0.9510 0.0015 0.9566
50 0.0218 0.9456 0.0016 0.9565
58.33 0.0229 0.8627 0.0019 0.9073
66.66 0.0227 0.8736 0.0020 0.9360
PP 25 0.0260 0.8695 0.0023 0.6830
33.33 0.0273 0.9460 0.0037 0.8897
41.66 0.0327 0.9649 0.0057 0.9631
50 0.0389 0.9724 0.0084 0.9492
58.33 0.0515 0.9597 0.0179 0.9004
66.66 0.0558 0.9728 0.0245 0.9357
Color 25 0.0300 0.9492 0.0082 0.9336
33.33 0.0342 0.9599 0.0111 0.9324
41.66 0.0397 0.9636 0.0160 0.9286
50 0.0435 0.9669 0.0211 0.9319
58.33 0.0581 0.9389 0.0493 0.9142
66.66 0.0728 0.9465 0.1033 0.8885
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Table 3. Comparison between the parameters of pseudo first and pseudo second-order removal rates of COD, polyphenols (PP) and dark
color at different current densities with solution volume = 350 cm’, initial pH= 5.2 and conductivity ¥ = 5.1 mS/ cm

Pseudo First-order model

Pseudo Second-order model

Parameters  CD (mA/em’) = =0 0 Ce(gl) R Ky (min™) Ce(gl) R
COD 25 0.0265 11.43 0.8572 0.0153 10.47 0.9713
33.33 0.0293 10.35 0.8707 0.0165 9.43 0.9697
41.66 0.0301 9.31 0.9182 0.0178 8.41 0.9676
50 0.0340 8.61 0.9110 0.0195 7.80 0.9692
58.33 0.0556 7.55 0.9498 0.0269 6.88 0.9844
66.66 0.0533 7.11 0.9732 0.0284 6.32 0.9837
PP 25 0.0222 131 0.6027 0.0243 0.99 0.8829
33.33 0.0291 122 0.8275 0.0275 0.90 0.8950
41.66 0.0621 0.75 0.9584 0.0430 0.63 0.9357
50 0.0861 0.53 0.9716 0.0535 0.44 0.9107
58.33 0.4377 0.27 0.8046 0.0947 0.23 0.8847
66.66 7.4686 0.24 0.9170 0.1230 0.17 0.8773
Color 25 0.0940 0.19 0.8640 0.0645 0.18 0.9360
33.33 0.1494 0.15 0.8763 0.0775 0.13 0.9236
41.66 0.3993 0.11 0.9225 0.0978 0.09 0.9052
50 0.8696 0.09 0.9302 0.1229 0.07 0.9012
58.33 0.1139 0.04 0.9331 0.2601 0.03 0.9028
66.66 0.0670 0.02 0.9315 0.4763 0.02 0.8669

As can be observed in the Table 2, the correlation
coefficient (R%) of the COD removal for pseudo-second-
order reaction are too close to unity (R’> 0.9676).
Comparing the rate constants, it was found that
increasing the current resulted in a significant increase
of the rate constants. k= 0.0300 to 0.0728 min™, k;=
0.0260 to 0.0558 min"' and ,=0.0153 to 0.0284
min' for dark color, polyphenols and COD
removal respectively.

Adsorption equilibrium isotherms theory

In order to describe the adsorption capacity of a specific
adsorbent, related to its active sites, it is necessary to
relay on the adsorption isotherms. The adsorption

equilibrium isotherms represent the adsorption
equilibrium  (adsorbed  quantity) at  different
concentrations of the adsorbate, in an isotherm

environment. On an experimental level, the adsorption
equilibrium isotherms are performed by measuring the
quantity adsorbed after reaching equilibrium for
different concentration of adsorbent. The experiment
should be performed at a fixed temperature. The
adsorption  equilibrium  isotherm diagram isn’t
significant itself. It should there for be related to one of
the 20 models developed, that allow a better
apprehension of the adsorption isotherm data. The
Langmuir model and Freundlich model, were found to
fit most of adsorption isotherms data, and are by far the
most widely used.

Langmuir model

Langumir model characterizes the adsorption as a
monolayer adsorption, meaning that an active site only

receives a single particle of adsorbate, after the layer
(only layer here) is saturated; the adsorption reaches
equilibrium as there are, in theory, no more active sites
to host the adsorbate particles. The langumir adsorption
isotherm is mathematically characterized by the Eq. (8):

qe — qmakaCe (8)
1+k,C,

where ge is the amount adsorbed at equilibrium (gram
of adsorbate per gram of adsorbent), qmax is the
maximum adsorption capacity (gram of adsorbate per
gram of adsorbent), Ce is the equilibrium concentration
of the adsorbate (g/1), and k; is Langumir coefficient.
The linearization of the Eq. (8) allows the numeric
identification of the constants qmax and k; .

Freundlich model

Freundlich model on the other hand, describes the
multilayer adsorption. It is applicable mostly when the
adsorbent has a great specific area. The multilayer
adsorption means that the active sites of the adsorbent
may receive more than a particle of the adsorbate. When
the first layer is saturated, the adsorption continues on
the second layer, formed by the juxtaposition of
adsobate particles already adsorbed. The number of
layers is limited though, depending on the adsorbent.
The Freundlich model is mathematically modeled by the
Eq. (9) where ge is the amount adsorbed at equilibrium
(gram of adsorbate per gram of adsorbent), C, is the
equilibrium concentration of the adsorbate (g/1). k¢ and
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p are Freundlich constants to determine through the
Eq. (9) linearization.
1

g, =k.C’ 9)

Langmuir—Freundlich combined model

Eventhough Langumir and Freundlich are the most used
models to characterize the behavior of a
adsorbate/adsorbent couple, the gap between theoretical
results and experimental data may sometimes appear
flagrant (Bennajah et al, 2010). Thus limiting the
applicability of theoretical results to an industrial plan.
The combined Langumir —Freundlich was first proposed
by (Bennajah ef al., 2010) to a better modeling of a very
similar adsorption case. Therefor, a modified combined
model was applied to fit the equilibrium data, its
validity will be confirmed further in this study. The

langumir-Freundlich  isotherm is  mathematically
modeled by the Eq. (10).
_ qmax kLF Ce (10)

1=k, C

where ge is the amount adsorbed at equilibrium (gram
of removed pollutant per gram of AI(OH);), qmax 1S the
maximum adsorption capacity, and ki are the
equilibrium constants or the affinity parameters of
binding sites (g/l), n is the constant which shows
greatness of relationship between adsorbate and
adsorbent (index of heterogeneity) and Ce is the
equilibrium concentration of the adsorbate (g/1).

The experimental data of OMW treatment by
electrocoagulation were obtained by changing current
densities from 25 to 66.66 mA/cm®, keeping all other
experimental conditions constant (pHi=5.2, V=
3.5 cm’, t =45 min).

The adsorption capacity, q. (g/g), was calculated as
follows:

(Co — Ce )V

m

qg.= (11)

where C, and C. are the initial concentration and
concentration at equilibrium (g/l), respectively, V
volume of solution (1) and m is the mass of adsorbent
Al(OH); (g) released from the anode obtained by the
electrode mass difference before and after
electrocoagulation process..

The Langmuir and Frendlish parameters were
determined by plotting Ce/qe versus Ce and In qe
against In Ce, respectively based on the linear forms of
models. For the model of Langmuir-Freundlich (LF), qe
was directly plotted against Ce, and the three parameters
(qmax» kirp and n) were determined by nonlinear
regression method using the solver add-in function of
the Microsoft Excel by minimum chi-square estimation:

Table 4: Langmuir, Freundlich and Langmuir-Freundlich isotherm
parameters for COD and polyphenols adsorption

COD

Langmuir-

Langmuir Frendlish  Frendlish

Qmax (2/8) 9.708 - 23.95
ke (g/) 0.075 - -
kg (g/1) - 0.019 -
ker (g/1) - - 0.249
n - - 0.997
P - 0.312 -
R’ 0.790 0.943 0.991
Polyphenols

Langmuir-

Langmuir  Frendlish  Frendlish
Qmax (&/8) 3.507 - 7.355
ki (g/1) 0.717 - -
kr (g/1) - 1.469 -
ker (g/1) - - 0.264
n - - 0.823
p - 1.437 -
R’ 0.481 0.844 0.992
Color
Langmuir-
Langmuir Frendlish  Frendlish
Qmax (8/8) 0.534 - 55.314
ke (g/1) 12.07 - -
kg (g/1) - 1.304 -
ke (g/1) - - 0.029
n - - 0.727
P - 1.533 -
R’ 0.927 0.903 0.993
2
;{2 _ Z (qmod qexp) (12)

QSXP
The coefficient of the three models with the
regression coefficients R are reported in Table 4. As
can be observed, the Langmuir—Freundlich model can
be used to ensure a better representation of the
experimental data of adsorption isotherms.

Variable Order Kinetic approach

In fact, the kinetic model can’t faithfully describe the
adsorption phenomenon in this case. Hu et al. (2007)
stated that a flagrant gap was noticed between the
calculated resident time and the effective resident time
measured in industrial plants. It is in fact inaccurate to
base the resident time calculations only on the kinetic
model, since it neglects the capacity of the adsorbent as
an influencing factor.

VOK model (Variable Order Kinetic) was developed
in order to best represent experimental results. The aim
of the VOK is to describe as accurately as possible the
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adsorption kinetics for a comprehensive estimation of
the time required for treatment due to the change in
mass of adsorbent. By presenting a comprehensive
mathematical model, where all factors are taken into
consideration.

This model was proposed by (Hu et al., 2007) based
on Langmuir isotherm in order to estimate the time
required to defluoridation by EC in a 1L stirred cell.
(Bennajah et al., 2010) developed a similar approach in
two batch reactors (20 L): a stirred tank reactor (STR)
and an external-loop airlift reactor (ALR) to describe
the kinetics of fluoride removal based on the Langmuir-
Freundlish equation.

The VOK model was conducted for the first time to
describe and study the EC mechanisms effect of
detoxification of OMW in (STR) using aluminum
electrodes.

The concept of the model based on the combination
of the three following laws:

e Faraday law, Eq. (4).

e Constant current density, detoxification is
proportional to the production of aluminum in
solution, with a close current efficiency (¢.).

e The adsorption equilibrium model.

As shown in the kinetic study part, the floc formation
and the precipitation of AlI(OH); followed first order
kinetic for the color and polyphenols reduction and
pseudo-second-order for COD removal.

As demonstrated previously, the treatment rate in the
VOK approach is related to the kinetics of aluminium
release, expressed as the total aluminium concentration
in solution [Al]r,. Considering that the adsorption is
instantaneous and that the adsorbent formed is
permanently in the adsorption equilibrium with the
pollutants in solution, the detoxification rate can be
expressed as follows:

dc dl4il;,,
—— =04, —
dt dt
where @ is the efficiency of the formation of flocs and
[Al]s is the total aluminium dosage liberated from the
anode which can be determined from Faraday’s law:

(13)

dlAll,,

’ I
dt cde gy

where @, is the current efficiency (faradic yield), I is the
applied current (A), Z is the valence of the Al (Z =3), F
is Faraday’s constant and V is the volume of the reactor
(m?).

The result of the combination of both Eqs (13) and
(14) with Eq. (10) was illustrated as:

(14)

dc Dok s C 1
—— =P

(15)
d 1+k,,C" ZFV

The first-order rate constant (k;) can be expressed as
Eq. (16):

n—1
Qmax kLF Ce [
k, = 16
1 ¢A1¢C 1+kLFCen_1 ZFV ( )
Using Eq. (15), the pseudo-second-order rate
constant (k,) can be expressed as follows:

k,.C’ 1
k4 — ¢A1¢C ( Qmax LF >~ e (17)

1+k,C"\C-C,) ZFV

By integrating Eq. (15), the retention time required
(ty) to eliminate an acceptable concentration of
pollutants (C,) can be expressed as:

ZFV
ty=—"—
¢AI¢C] max

1
kL (1—11)

The (VOK) model derived from the Langmuir-
freundlish equation will be applied to the experimental
data obtained in Section 3.3, the effect of current
density was studied at optimal conditions (pHi = 5.2 and
t =45 min).

Figure 7 shows the wvariations of pollutants
concentration during EC and (VOK) model versus time
at I= 1.5, 2, 2.5, 3, 3.5 and 4 A corresponding to a
current densities of CD =25, 33.33, 41.66, 50, 58.33
and 66.66 mA/cm’, respectively.

As it can be seen, the VOK model strongly fits the
experimental data. Thus demonstrating the validity of
VOK in modelling the detoxification of OMW
phenomenon with various current densities. The
parameters (m.x and ki ¢ for the three pollutants were not
varied with current densities and n>1 indicating that the
adsorption on the floc takes place on the external
surface and intercalation into the interlayer space at the
same time (positive cooperativity) (Table 5).

The effect of CD variation on treatment of OMW
was investigated, at I< 3A corresponding to a current
density of 58.33 mA/cm’ the kinetics of pollutants
removal, especially polyphenols was not exactly
proportional to current in the experiments, while for
higher currents, a good fitting of the experimental data
was obtained using Langmuir-Freundlich isotherm. The
coefficient n is nearly constant and the corresponding
2 values at all current densities have an average
minimum value of around y 2 = 0.56, 1.47, 0.75 for
COD, PP and color, respectively.

(G—C)+ (@ fl”)} (18)
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Fig. 7. Variations of pollutants concentration during EC (pHi=5.2,
t=45min) at different applied current densities and
comparison with the predictions of the VOK model: (a)
Polyphenols (b) COD (c) Total suspended solids.

Energy and electrodes consumptions

Electrical energy consumption is one of the most
important economical parameters in the
electrocoagulation process. Therefore, in the same

operation conditions (pHi=35.2, V=3.5 cm’), after
45min and 60 min of electrocoagulation), the amount of
dissolved electrodes Cy (kgAl/m’), the electrical energy
consumption E (kWh/m®) and the corresponding removal
efficiencies for the three pollutants at different current
densities is also represented in Table 6 and Fig. 8.

As seen in Table 6, when the current density was
increased from 25 to 66.66 mA/cm’, the theoretical
concentration of aluminum was increased from 0.107 to
0.383 kgAl/m’ and the power requirement was
increased from 1.01 to 31.35 kWh/m’ after EC
treatment time varied between 45 and 60 min
as demonstrated in many electrolytic studies (Panizza &
Cerisola, 2006; Chen et al., 2000; Martinez-Huitle &
Brillas, 2009).

After 45 min EC treatment, the removal efficiencies
ranged between 58.57-74.24%, 64.84-93.26% and
76.46-97.64% for COD, polyphenols and dark color,
respectively. These results can be explained by the fact
that, the extent of anodic dissolution of aluminum
increases, resulting in a greater amount of aluminum
hydroxides Al(OH);s necessary to form coagulants
(according to Faraday’s Law) (Lemlikchi et al., 2012;
Bazrafshan et al., 2016).

As mentioned above, when the current density was
raised to 58.33 mA/cm? the removal efficiency of COD,
polyphenols and dark color rose to 72.63%, 92.53% and
95.20%, respectively after 45 min of EC treatment and
the corresponding consumptions of electrical energy
with the amount of dissolved electrodes were 23.51
kWh/m® and 0.287 kgAl/m®, respectively. Furthermore,
it is seen that after one hour of treatment the removal
efficiency of pollutants remained approximately
constant for current density greater than 58.33 mA/cm?,
75.55%, 93.41% and 97.66% of DCO, PP and dark
color have been removed, accompanied by a
consumption of 31.35 kWh/m’ and 0.383 kgAl/m’, for
electrical energy and aluminium electrode, respectively,
which proves that the best EC in terms of lowest energy
consumption and cost of aluminum dosed was obtained
at this optimum value.

In addition, Fig. 8 illustrates the effect of current
density on electrodes consumption (anode + cathode)
compared with the theoretical mass. As per Fig. 8, for
the optimim value of CD = 58.33 mA/cm’, the
experimental amount of dissolved Aluminium from the
loss of anode mass had a value of 0.314 kg Al/m’
exceeding the theoretical value (0.287 kg Al/m’).
Beyond this point, a very important difference will be
observed, this mass overconsumption of aluminum
electrodes explained by the fact that, at higher currents,
the supply of aluminum ions is generated rapidly, due to
the chemical hydrolysis of the cathode, and the
“corrosion pitting” phenomenon which causes holes on
the electrode surface (Holt et al., 2002; Essadki et al.,
2008).
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Table 5: Values of n using the VOK model coupled with Langmuir—Freundlich isotherm: influence of current density (pHi = 5.2, t = 45min)

Removal efficiency (%)

CD (mA/cm®) t (min) Ca (kgAl/m®) E (kWh/m’) COD PP Color
25 45 0.107 1.01 58.57 64.84 76.46
25 60 0.143 1.35 59.13 72.92 77.15
33.33 45 0.143 3.11 62.46 67.22 81.32
33.33 60 0.191 4.15 63.01 74.35 82.00
41.66 45 0.179 5.62 66.26 79.97 86.06
41.66 60 0.239 7.49 67.08 81.49 87.08
50 45 0.215 8.98 68.78 85.83 89.20
50 60 0.287 11.97 69.49 87.15 90.09
58.33 45 0.251 16.21 72.63 92.53 95.20
58.33 60 0.335 21.61 72.82 93.19 95.18
66.66 45 0.287 23.51 74.24 93.26 97.64
66.66 60 0.383 31.35 75.55 93.41 97.66

Table 6: Electrical energy and removal efficiencies at different current densities and EC time with solution volume = 350 cm’, pHi = 5.2.

COD PP Color
CD (mA/cm®) n }(2 n 7(2 n }(2
25 1.315 0.75 1.276 1.96 1.141 0.96
33.33 1.324 0.64 1.274 1.25 1.141 0.74
41.66 1.331 0.59 1.281 1.86 1.153 0.73
50 1.354 0.45 1.291 1.34 1.165 0.88
58.33 1.321 0.58 1.281 1.29 1.155 0.52
66.66 1.364 0.37 1.296 115 1.086 0.71
06 7 ¢ (o Al —o—Anode Gmars kir and n stay constant as the current density
==Theoretical 1ncreases.
. The effects of the different operational parameters
Calliode . .
were investigated. The results showed that
04 4 electrocoagulation can remove 72.63% of COD, 92.53%
of polyphenols and 95.20% of dark color, just after 45
min of treatment without any pH adjustment. In
addition, it was demonstrated that the reduction rate of
02 COD follows pseudo-second-order, and first-order
model is more appropriate to represent reduction rate of
polyphenols and dark color.
oh | | | | As a conclusion, the variable order kinetic (VO.K)
. 2 0 6 i approaqh cpupled with a Langmuir—Fregndhch
Current density (Avert?) adsorption isotherm can be wused to simulate

Fig. 8 Effect of current density on electrodes consumption.
(pHi = 5.2, t = 45 min).

CONCLUSION

In this paper, a variable order kinetic model (VOK) was
applied to better understand the kinetics of the
detoxification of olive mill wastewater with EC using
aluminum electrodes. A variable (VOK) model derived
from the Langmuir-Freundlich equation has been
successfully applied for the first time to describe the
removal rates of COD, polyphenols and dark color from
this types of OMW. Since the agreement between the
predictive equations and experimental kinetic data were
satifcatory, and the values of the critical parameters

electrocoagulation data, in order to predict the
experimental conditions, for performing an effective
OMW treatment.
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