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ABSTRACT

Dairy wastewater constitutes an essentially organic polluting load. Considering the environmental
nuisances generated, treatment is essential. In the present study, two treatment techniques recog-
nized for their easy and inexpensive applications have been optimized on real water from a local
dairy industry namely electrocoagulation (EC) and adsorption on Opuntia ficus-indica powder: OFIP.
The application of the cactus species for water treatment is relatively recent, even less for the adsorp-
tion process. The characteristic of this biomaterial, with high potential for recovery and available
in many countries all year round, lies in the fact that it has considerable adsorbing power on its
surface sites. Whether in EC or adsorption on OFIP, the results of monitoring the parameters con-
tinuously (chemical oxygen demand (COD), turbidity) and punctual (biochemical oxygen demand
(BOD,), Kjeldahl nitrogen, phosphorus, fat) are satisfactory. All the parameters measured after these
treatments have values that meet the local standardization requirements for industrial aqueous
residues. For comparison purposes, the EC gives turbidity (99%) and COD (80%) reduction rates
higher than those of adsorption on OFIP but an operational cost 10 times more. However, given
the advantages and disadvantages of each technique, the choice of the application of one or the

other process requires a compromise to be made in relation to the objectives sought.
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1. Introduction

Milk and its derivatives (yogurt, cheese, etc.) have a
privileged place in the dietary balance. The world demo-
graphic growth increases the need for these materials with
high nutritional qualities. Animal production is no lon-
ger enough, especially in countries affected by a draught;
this is why many dairy industries have been developed to
reconstitute milk based on powder [1]. However, signifi-
cant milk production requires high water consumption for
the manufacturing, cleaning, and disinfection of production
devices [2]. Unfortunately, a considerable volume of water in
the form of wastewater is often not reused with an organic

* Corresponding author.

load essentially [3]. This organic load would be a vital nutri-
tional supplement to the bacterial biomass conventionally
present in this type of water [4], which can cause a biolog-
ical degradation of the aqueous medium or even its possi-
ble eutrophication [5]. In a general way, this wastewater has
a considerable negative impact on aquatic flora and fauna
[6]; hence the need to treat it, to remedy this organic load
problem. Many authors offer aerobic or anaerobic biological
treatments [7,8]. Despite their effectiveness; these types of
treatment are often excluded by many countries with mod-
est means of investment. To meet this economic requirement
while keeping the quality criteria of the treated water, phys-
icochemical clarification processes are chosen. To this end,
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it is decided to clarify the wastewater from a local dairy,
by two techniques: electrocoagulation (EC) and adsorp-
tion in the presence of a potential and promising adsorbent
namely powder of Opuntia ficus-indica (OFIP), also known
as prickly pear. The OFIP has been used for a long time
because of its medicinal properties [9] and as a food intake
[10]. The application of cactus species for water treatment is
relatively recent, even less for the adsorption process [11-13].

Particular attention is paid to this natural biomaterial
instead of traditional sorbents, because of its abundance
in the world, especially in the Mediterranean region; at its
low possible operating cost, and above all respectful of the
environment.

Despite their use in dairy water treatment, the two tech-
niques chosen for this study were not carried out under the
conditions chosen in real water, and especially in the pres-
ence of OFIP for adsorption. Despite their seniority, they
are still sought after in many industrial, medical, and other
fields [14]. The reasons for the renewed attention and high
uses are: efficiency, speed of treatment, easy application, as
well as reduce the environmental nuisance in comparison
with other techniques [15]. The EC is based on the prin-
ciple of the soluble anode (Al or Fe). The application of a
suitable current density in an aqueous medium generates
an agglomeration of the cations formed (AI** or Fe*') with
the organic matter resulting in decantation in two phases:
clarified water plus mud [3]. For adsorption, it is a process
of separation or filtration of adsorbate (organic or metal-
lic materials) by an adsorbent (conventional material or
biomaterial). The choice of adsorbent conditions the effec-
tiveness of the treatment. This is why knowledge of the
physico-chemical characteristics, structure, and texture of
the material is necessary for any adsorption study [16]. The
optimization of each of the two techniques was carried out
on the basis of tests of the influences of a certain number of
important operating parameters in[on] the treatment. For
batch EC with two aluminum electrodes, the influences of
the current density, temperature, and initial turbidity of the
effluent were studied. For batch adsorption in the presence
of OFIP, the mass of material, temperature, and initial tur-
bidity are tested. The variation of pH has not been studied,
to remain at free pH and close to neutrality and also avoid
treating water at acid pH values causing phenomena of
chemical precipitation of colloidal matter and not adsorp-
tion. For each of the chosen processes, the effectiveness of
the treatment is measured by the parameters of turbidity
and chemical oxygen demand (COD). Other parameters
such as biochemical oxygen demand (BOD,), phospho-
rus, fat, etc., are measured before and at the end of each
treatment. In addition to the comparative efficacy results,
mechanisms and operational cost calculations are discussed.

2. Materials and methods
2.1. Wastewater: sampling, parameters, and analytical methods

The wastewater sampling from the dairy studied is car-
ried out at the main collector. The rhythm and the method
of sampling wastewater at high and low flow rates are
reported in the work of Hazourli et al. [17]. These waters
are mainly composed of constituents of milk and its

derivatives, but also residues of cleaning and disinfecting
products from production installations. The sampling of an
average volume of 50 L of wastewater spanned a full day
of activity in the production workshops. The measurements
of turbidity, COD, BOD,, phosphorus, Kjeldahl nitrogen,
and fats, are carried out according to standardized analy-
sis methods [18]. All the used chemicals are of recognized
analytical purity (Sigma-Aldrich®, UK). The ultra-pure
water which is used to prepare the solutions has a resistiv-
ity of 18 MQ cm. The characterization of the waters stud-
ied by Hazourli et al. [17] and Aitbara et al. [19] showed
a similarity of the results with those obtained (Table 1).
The turbidity and COD parameters analyzed continuously,
have relative error averages of +5% and 10% successively.
The turbidity is carried out using a UV-visible spectro-
photometer (Jenway 7315), whereas COD has carried out
the method of chemical digestion of water (APHA, 2005).
Whether in EC or adsorption on OFIP, the calculation of the
pollution reduction rate of a given parameter X, expressed
as a percentage TX(%), is based on the following equation:

TX(%):wxloo (1)

i

where CX and CX: values of a parameter before and after
treatment successively.

Whether in adsorption on aluminum hydroxides (in EC)
or in adsorption on cactus, the amount of adsorbed material
is calculated according to Eq. (2):

-0 _mTf)V @

where T, and T, are the initial and equilibrium turbidity or
COD measurement values respectively, V is the volume of
water to be treated, m is the weight of OFIP (in adsorption),
and weight of electrode dissolved (in EC), estimated accord-
ing to Faraday’s Law [Eq. (3)].

M xI
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where M is the molecular mass of electrode
(M, o, = 0.02698 kg mol™), ¢ is operating time (s), 7 is the
number of electrons transferred (1,, = 3), and F is Faraday’s

constant (96.487 C mol™).

Table 1
Dairy wastewater properties

Average values Wastewater before treatment

COD (mg O, L™) 2,300
Turbidity (NTU) 1,000
BOD, (mg O, L™ 1,260
Phosphorus (mg L) 45
Kjeldahl nitrogen 138
Total fat (mg L) 64
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On the other hand, in EC, the consumed energy by the
unit of treated wastewater volume is given by Eq. (4). [19,20].

I
E k\N3h — u XX treact (4)
m 1%
where U is cell voltage (V), i is current (A), ¢__ is operating
time (h), and v is the volume (m?) of the wastewater.

2.2. Preparation and characterization of OFIP for adsorption

The prickly pear snowshoes collected from local agri-
cultural fields in the city of Tébessa (Algeria) were washed
thoroughly with double-distilled water to remove dust and
surface impurities. Once the thorns were removed, the racket
was cut into approximately 1 cm? dice and then dried in an
oven at 105°C for 72 h to evaporate all the residual moisture.
The dried mass was ground and the particle size fraction
less than 1 mm in diameter was kept for the adsorption tests
(Figs. 1a and b). Fine grinding and sieving are made possible
thanks to a JanKe and KunKel IKA labotechnik brand device.
Part of the dry matter was intended for the characterization
of the material, which is necessary to explain the adsorption
mechanisms. Thus, the structure and texture parameters of
OFIP were examined. The parameters tested are the spe-
cific surface analyzed according to the traditional method
of Brunauer, Emmet, and Teller (BET) [21], using a device
(Thermo Quest Sorptomatic 1990, Italy). Fourier transform
infrared spectroscopy (FTIR) was performed by the standard
method with KBr disk, at room temperature between 600
and 4,000 cm™, using a Shimadzu spectrometer (Japan). To
visualize the morphology of OFIP, scanning electron micros-
copy (SEM) was used using a Philips XL-3 CP microscope
(Belgium). X-ray diffraction (XRD) was performed on an
X-ray diffractometer (Philipps X’PERT PANalytical, Almelo,
Netherlands) with CuKa radiation at A = 1.54 A, operating
at 50.0 kV and 200.0 mA. The point of zero charges of OFIP
(PZC) was carried out from 50 mL of 0.1 M NaCl solutions
transferred to a series of 100 mL beakers containing aqueous
solutions adjusted to pH between 2 and 12 with HCl or NaOH
(0.1 M). A mass of 0.1 g of OFIP was added to each beaker
for stirring the suspension for 24 h at 150 rpm. The final pH
is measured to determine the PZC of OFIP by plotting the
curve of final pH-initial pH as a function of the initial pH [22].

2.3. EC equipment and experimental procedure

All the EC treatment tests for dairy wastewater were
carried out in the batch reactor presented in Fig. 2. The
choice of this equipment (dimensions of the electrodes
and the reactor, methods of connecting the electrodes, and
circulating the water to be treated) was motivated by the fact
that it is already used successfully in our laboratory. It has
shown its ability to remove food coloring [23] and to clarify
industrial mining wastewater [24]. The assembly comprises
a cylindrical glass reactor of 1 L capacity, thermoregu-
lated, and in which two identical aluminum electrodes are
immersed. The flat and parallel electrodes, of the total sub-
merged surface of 45 and 36 cm? respectively, are spaced
1 cm apart in order to minimize the ohmic drop in the reac-
tor. The connection between the electrodes is of monopo-
lar type, where a given current density is applied by means
of a potentiostat (Metrix-AX-502). Sufficient conductivity
(3.2 ms cm™) of the solution to be treated was ensured by
the addition of 1.5 g L of NaCl in the reactor. After each
test and in order to remove the residues and salt deposits
mainly coming from the wastewater, the electrodes and the
reactor are cleaned and then rinsed with HCI (0.1 M) and
the double-distilled water successively. The reactor assem-
bly and electrodes are then dried before being reused.
The water to be treated is placed in the reactor with mechan-
ical stirring at 200 rpm for a reaction time to be optimized.
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Fig. 2. Equipment used in EC.

Fig. 1. Prickly pear racket (a) dried, crushed, and sieved (b).
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At the end of each experiment, the treated water is decanted
for 30 min minimum, in order to achieve good clarifica-
tion. After decantation, approximately 50 mL of superna-
tant is sampled to measure the turbidity and the COD or
the other chosen parameters for this study. Optimizing
the EC required studying the influence of a number of
important operating parameters such as current density
and reaction time, initial water turbidity, and temperature.

2.4. Recovery and analysis of the mud formed after EC treatment

At the end of each EC test and after minimum decan-
tation of 30 min of the treated water, the mud is measured
in the reactor. This volume of liquid sludge is converted
into dry sludge by introducing the liquid sludge in an
oven at 80°C for 24 h until reaches a constant weight. On
the dry mud obtained, the morphology and the elemen-
tal composition were studied using SEM (Zeiss Evol5)
and EDS (EDX 5 detector), respectively. Some heavy met-
als recommended by the European Commission [25] such
as chromium, copper, lead, nickel, and zinc were first
extracted from 200 mg of dry sludge by oxidative mineral-
ization (10 mL of 65% HNO, and 5 mL of H,O, at 20%) on
microwave (Ethos Milestone). The recovered suspension is
filtered at 0.45 pm then adjusted to 50 mL with ultra-pure
water of 18.2 MQ) cm. These mineralized elements were ana-
lyzed by the atomic emission plasma torch (ICPAES-Model
Panorama 61). All measurements were reproduced on at
least two identical samples of liquid or dry mud.

2.5. Adsorption equipment on OFIP and experimental procedure

This batch adsorption part required optimization tests
where the particle size of the OFIP and the contact or equi-
librium time were optimized beforehand and kept con-
stant at 1 mm and 60 min successively for all subsequent
tests of adsorption. Also, the pH of the solutions is not
varied (pH, , = 7.03) to keep it within a pH range of natu-
ral waters in general, but also for comparison purposes
with the EC treatment which is at its optimum efficiency
at this pH. The tests concerned with the optimization are
the influences of OFIP concentration, initial turbidity, and
temperature. For the influence OFIP concentration, the
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masses tested are between 0.005 and 0.1 g; for the influence
of the initial turbidity, the waters tested have turbidities of
between 100 and 1,000 NTU; whereas for the temperature
it is between 10°C and 40°C. For each of these influences,
50 mL of wastewater containing OFIP is stirred at 200 rpm
for a contact time of 60 min. After this time, the mixture
was filtered to analyze in the filtrate: turbidity, COD, etc.
The calculation of the reduction rate for each of the param-
eters considered is expressed according to Eq. (1). While
their quantities are fixed on the adsorbent by Eq. (2).

3. Results and discussion
3.1. Results of EC treatment of dairy wastewater
3.1.1. Influence of current density

It is well-known that the current density controls the EC
process in terms of the quantity of coagulant distributed in
solution, the speed and the size of the bubbles produced at
the electrodes as well as the electrolysis time [19,20]. The
influence of this parameter on the efficiency of the EC treat-
ment was carried out at densities of 3-20 mA cm™ while
keeping constant: the free pH at 7.03 and the initial turbidity
at around 1,000 NTU (Fig. 3). It can be noted that the efficien-
cies of water clarification and the reduction of COD increase
with increasing current density. Thus, the electrolysis time
is shorter the higher the current density. In this case, there is
more coagulant (aluminum) available per unit of time result-
ing in maximum treatment efficiency. Consequently, the opti-
mal density chosen for the subsequent experiments is that of
15 mA cm™ with a short reaction time of 15 min.

3.1.2. Influence of initial turbidity

Dairy water is recognized as a colloidal solution com-
posed of organic matter, especially protein. The study of
the dilution of this water was necessary given the impor-
tance of the turbidity/quantity of colloidal particles rela-
tionship [26]. This study was carried out by carrying out,
from wastewater at 1,000 NTU, dilutions of 100, 300, 500,
700, and 900 NTU. For each of these solutions, at a current
density of 15 mA ecm™, a reaction time of 15 min, and a free
pH at 7.03, the results of the EC tests (Fig. 4), showed strong
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Fig. 3. Effects of current density and reaction time on the reduction of turbidity (a) and COD (b).
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Fig. 4. Influence of the variation of the initial turbidity on the
efficiency of the EC.

reductions in turbidity regardless of the turbidity tested
(>95%) and a marked improvement in the efficiency of COD
removal from the least turbid to the most turbid solution
(from 40% for 100 NTU to 80% for 1,000 NTU). For each of
the turbidities tested, the reduction efficiency rate was high;
it would be linked to the applied current density which is
sufficient to supply the aluminum necessary for clarifica-
tion, that is to say, the formation of flocs decantable alumi-
num hydroxides. For COD, the increasing reduction rate
from low turbidity to highest would be attributed to the
increase in degradable protein materials. This result was
also reported by Sengill and Ozacar [27] when reducing
COD and fats from dairy wastewater in a batch system.

3.1.3. Influence of the initial temperature

The effect of temperature on the EC is very little stud-
ied, despite the fact that this process has been known for
a long time and that industrial installations are often out-
side at room temperature or in premises with low heating.
In this study, all the tests were carried out at room tempera-
ture. However, in order to observe the effect of the tem-
perature on the treatment of EC, the temperatures ranging
between 10°C and 40°C were tested by keeping constant
the free pH of the solution (7.03), a current density at
15 mA cm™, a reaction time of 15 min, and initial turbidity
of 1,000 NTU. The results compared to room temperature
(Fig. 5) show an efficiency reduction of around 10% for tur-
bidity and around 15% for COD corresponding to tempera-
tures of 10°C, 20°C, and 40°C. This could be linked to the
kinetics of formation of the flocks of aluminum hydroxides
slowed down at low temperature, fast and stable at 20°C,
but mobile, unstable, and dissociable beyond this tempera-
ture [28]. Reported that a temperature rise increased the
solubility of the formed aluminum hydroxide precipitates.
Similar results have been observed in a continuous treat-
ment of dairy wastewater [19].

3.2. Data on the mud formed after EC treatment

One of the disadvantages of the CE technique is the pro-
duction of sludge [14]. This production is closely related to
the applied current density and the particles in the solution
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Fig. 5. Influence of the variation of the initial temperature on the
efficiency of the EC.

[29]. The tests (Fig. 6) showed that the volume of liquid
mud formed at the end of EC treatment is proportional to
the applied density. At optimum density, the volume of
mud is between 200 and 250 mL L' of treated water, which
corresponds to approximately 1 g of dry sludge per liter
of treated water. This result is similar to that obtained by
Aitbara et al. [19] to treat the same dairy water in EC at con-
tinuous mode. Despite the low mass of mud obtained, its
recovery remains possible. This type of mud has long been
valued; for example in poultry feed [30]. Characterization of
the sludge formed after EC is necessary to assess the possi-
bility of its reuse or treatment. For this, the mud recovered
under optimal conditions of treatment efficiency by EC was
analyzed by SEM, and the elemental composition by EDS
as well as some heavy metals often sought in the sludge.
The SEM image and the elemental composition of the
sludge analyzed by EDS are shown in Fig. 7. The SEM image
(Fig. 7a) showed granular clusters of particulate flocs (alu-
minum hydroxides/organic materials) which can serve as an
adsorbent. Indeed Sassi et al. [31] have used dairy sludge
as an adsorbent to eliminate by adsorption of Pb and Cd at
100 ppm in synthetic solution. On the other hand, the ele-
mental composition of the sludge expressed as a weight frac-
tion of the total weight of atoms in the sample (% by weight)
(Fig. 7b) showed that carbon and oxygen represented the
majority proportion compared to other elements. The pres-
ence of silicon was attributed to the glass slit used for the
EDS analysis of the sample. The appreciable concentrations
of calcium and aluminum are attributed successively to the
calcium-rich whey discharged in the wastewater and to
the aluminum electrodes used for the EC. Only aluminum
would be problematic in the case of the use of sludge in the
food sector; additional treatment of the sludge is therefore
necessary. For example [32], treated textile sludge contain-
ing aluminum and chromium by electrokinetic or electro-
migration treatment. Nevertheless, in soil amendment, the
presence of aluminum in the sludge can have rather ben-
eficial effects. Indeed, a recent long-term incubation study
has shown that aluminum has a sequestering power on reac-
tive phosphorus and did not negatively affect plant-available
phosphorus [33]. Aluminum can also have a positive effect
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on reducing ammonia volatilization and phosphorus losses
through runoff without increased runoff and Al availability
in soils or aluminum uptake by plants [34]. For the analysis of
heavy metals in the sludge studied, the results showed very
low concentration values of chromium, copper, lead, nickel,
and zinc at 6.1, 39.2, 4.9, 3.8, and 325 mg kg™ successively.
Copper and zinc are in the majority but can constitute micro-
nutrients necessary for plants [35]. All heavy metal values
remain significantly lower than those recommended for an
acceptable quality of compost derived from bio-waste ([36]:
the best reference in the absence of a more specific norm).

4. Results of the adsorption treatment of dairy
wastewater by OFIP

4.1. Characterization of OFIP

The characterization of the structure and texture
of a material is necessary before any adsorption study.

300
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Fig. 6. Effect of current density on mud production after EC.

This would help better understand the phenomenon at
the adsorbent/adsorbate interface. The surface structure
and morphology of OFI powders were revealed by SEM
(Fig. 8a), shows a structure with firm and rigid-looking lam-
inated layers in the presence of cavities of disparate sizes
favorable to adsorption. Microcrystallites arranged in a dis-
ordered manner can also be observed (Fig. 8b). According
to Malainine et al. [37], these crystallites of millimetric sizes
and star-shaped and spiny forms, are calcium oxalates or
whewellite. XRD analysis (Fig. 9) indicates that OFIP con-
tains these whewellite microcrystallites or complex poly-
morphous hydrated crystals. The signal intensity produced
is negligible compared to metal. The OFIP has a specific sur-
face (BET) of 0.41 m? g™. This surface value is close to that
of an OFIP of Morocco found at 0.53 m? g [38]. This small
surface does not exclude the adsorbing power of OFIP given
the presence on its surface of functions or sites confirmed
by the IR spectrum. This IR spectrum (Fig. 10) shows that
the surface of the material is lined with a variety of organic
functional groups. Several bands are observed; the widest is
between 3,200 and 3,600 cm™ (conformation 3) correspond-
ing to the elongation of the O-H bonds. The bands from
2,846.7 t02,923.8 cm™ (conformation 4) are due, respectively,
to the asymmetric elongation vibrations of CH, and the
symmetrical elongation of —-CH, of aliphatic acids. The nar-
row and intense band at 1,700 cm™ (conformation 5) is due
to the vibrations of the bonds: C-O. The band at 1,500 cm™
(conformation 6) is due to the vibration of elongation of
the carboxylic groups. The band observed at 1,370.45 cm™
(conformation 7) reflects vibrations of the symmetrical or
asymmetric valence of the carboxylic groups of pectins.
The narrowband at 1,319.2 cm™ (conformation 8) comes
from the vibration of elongation of the -OH groups of the
phenolic compounds. The band at 1,026 cm™ (conforma-
tion 9) could be due to the vibration of the C-O-C or -OH
groups and of the polysaccharides. Absorption bands in the
region of wave numbers less than 800 cm™ (conformation 10
and 11) can be attributed to nitrogen bioligands. The point
of zero charge (PZC) of OFIP is obtained at pH 5.6 (Fig. 11).
Above this pH value, the surface of the material is negative

0 C Ca

Al §i P S
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Fig. 7. SEM image (a) and the weight composition of mud formed after EC (b).
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Fig. 9. Diffractogram of the OFIP.

but below, its surface is positive. The PZC value is in agree-
ment with the free pH of the OFIP solution which is 4.7.

4.2. Optimization of operating parameters
4.2.1. Influence of OFIP concentration

The tests are carried out at concentrations between 0.1
and 2 g L™ in OFIP while keeping the following parameters
constant: initial turbidity at 1,000 NTU, a free pH at 7.03, an
ambient temperature at around 21°C, an optimal contact
time at 30 min, and a particle size of the material at 1 mm.
The results presented in Fig. 12 show that the optimal OFIP
concentration is 1 g L for an efficiency rate of 55% for tur-
bidity and 50% for COD; which corresponds to 544 NTU g™
and 1,188.16 mg COD g™ successively. Below this adsorbent
concentration, the yield is approximately 50% for turbidity
and 40% for COD. This behavior is often associated with an

|

Postion ['2Trea) (Copoes U

increase in the number of surface sites available with the
increase in the biosorbent [39]. On the other hand, beyond
the optimal concentration of adsorbent, a reduction in the
yield of at least 5% is observed, whether for turbidity or
COD. This would be the consequence of a partial aggrega-
tion of little dissociated organic particles, which results in
a reduction in the specific surface available for adsorption.
Various authors have also reported this decrease in adsorp-
tion after optimization of the adsorbent concentration [38].

4.2.2. Influence of initial turbidity

The effect of the initial turbidity was tested between
100 and 1,000 NTU corresponding to a COD of between
259.4 and 2,300 mg L7, a free pH at 7.03, an ambient
temperature at around 21°C and an optimal time 30 min
adsorption in the presence of 1 g L™ of OFIP. The results



160

Transmittance (%0)

Wavnumber (cm™)

Fig. 10. IR Spectrum of OFIP.

i I e O%
11 @ .
0 . — e v 5 :
; 2 4 t. 8 10 12 1
Ris S
< .
*
-4 .
-5 *
g
-6
Initial pH
Fig. 11. Point of zero charges of OFIP.
50 =
——e-—-Twbidt, --M--COD
e
it -~ '.--.\ -"-_‘.
s Y o N -
S s N £ Cw__T>.g
e 4
.§ 40 =, -
E ‘\‘.-”'
= 30
20 T T T T
0 0,5 L 1.5 2 2,5

Concentration OFH’ (g LY

Fig. 12. Effect of OFIP concentration on the effectiveness treat-
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(Fig. 13) show that the absorption rate of turbidity
decreases slightly but remains between 55% and 60%. For
COD, the reduction rate increases with increasing initial
turbidity; the reduction rate doubles at the extreme values
of turbidity; 25% for the initial turbidity 100 NTU and 50%

R. Abrane et al. | Desalination and Water Treatment 228 (2021) 153-164

for 1,000 NTU. For turbidity, the decrease in adsorption
efficiency at high turbidity (1,000 NTU) and its increase
at low turbidity (100 NTU) could be explained in a similar
way as for the effect of the concentration of the biosor-
bent. At low turbidity, there would be an increase in the
number of surface sites available, and at high turbidity,
an effect of partial aggregation of little dissociated organic
particles and reduction of the specific surface available
for adsorption[38,39]. For the gradual increase in the
efficiency of the COD with the increase in the initial tur-
bidity, it would be linked to the strong gradient of nega-
tively charged organic particles leading to their attractions
from the aqueous solution to the surface sites of OFIP.
Similar adsorption behavior for dairy wastewater has been
reported by [29] but for commercial activated carbon.

4.2.3. Influence of the initial temperature

The effect of the initial temperature was tested between
10°C and 40°C, for initial turbidity at 1,000 NTU corre-
sponding to a COD of approximately 2,300 mg L™, a free
pH at 7.03, an optimal adsorption time of 30 min, in the
presence of 1 g L™ of OFIP. The results (Fig. 14) show that
at low (10°C) and high (30°C and 40°C) temperatures, the
reduction rates of turbidity and COD decrease. The opti-
mal reduction rates are obtained at room temperature
close to 20°C; 55% for turbidity and close to 50% for COD.
At high temperatures (30°C and 40°C), the reduction in
the attraction forces of the adsorbent for organic parti-
cles in an aqueous solution (low viscosity, high mobility)
would rather favor repulsion. At low temperatures (10°C),
the viscosity of water is higher, thus limiting the interac-
tion between organic particles and OFIP. Pathak et al. [40]
reported a similar discussion on dairy waters with rice
husk as an adsorbent. Similarly, Chakraborty et al. [41]
remove a dye from modified rice husk.
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Fig. 13. Effect of variation of initial turbidity on the treatment
effectiveness of turbidity and COD.

4.3. Comparative results of EC treatments of
adsorption and mechanisms

4.3.1. Comparative efficacy of EC and
adsorption treatments on OFIP

The quantitative analysis of the turbidity parameters,
COD, BOD,, phosphorus, Kjeldahl nitrogen, and total fat,
is essential and often carried in the search of quality con-
trol of dairy wastewater [3,29,42]. The analysis results of the
water studied (Table 2) show a very significant reduction
in the initial pollution for all the parameters considered;
whether for EC treatment or for adsorption on OFIP. The
residual values of the parameters at the end of each treat-
ment are for the majority, lower than the country’s industrial
rejection standards [43]. This treated water could be reused
for agricultural needs or discharged into rivers without
major risks for the environment. With regard to the choice
of OFIP for the adsorption of dairy water, for the parame-
ters and operating conditions considered, Table 3 shows
that OFIP could be used as a potential adsorbent all the
more since it is abundant and environmentally friendly.

4.3.2. Comparative study of energy consumption and
cost of EC and adsorption treatments on OFIP

This comparative study of energy consumption and
cost of the two treatment processes studied under optimal

Table 2
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Fig. 14. Effect of variation in water temperature on the treatment
effectiveness of turbidity and COD.

conditions of efficiency took into account the consumption
of aluminum for the EC and energy consumption essen-
tially. In EC or adsorption, the prices of the agitators were
not taken into account in this economic evaluation. They
are included in the fixed ratios. Thus, the equations for cal-
culating operational costs are represented by Eq. (5) for the
EC (sum of Egs. (3) and (4) and the energy consumed by
the agitator) and Eq. (6) for adsorption on OFIP.

OC=a-E+a-E +b-C

©®)

Stirrer AP

OC=a-E +c- Quantity( 6)

Stirrer OFIP )

where (g) and (b) are ratios for the calculation of international
market prices for energy and chemicals for the year 2011.
They are successively 0.05 US $ kWh, or ~ 4 DZD kWh,
and 3.08 $ kg, or ~ 240 DZD kg* of aluminum. The
c.Quantity ., part of Eq. (6) may be overlooked since
OFIP is not currently considered a marketable product
and therefore the ratio (c) is zero. The operational cost for
adsorption on OFIP is then represented by Eq. (7).

OC=a- EStirrer (7)
where E__ is the energy consumed by the agitator for opti-
mal agitation time; the power of the agitator used is that

Dairy wastewater analyzes before and after a treatment EC or adsorption on OFIP

Parameters Wastewater before ~ Reduction (%) after

Reduction (%) Standard norms in Algeria:

treatment EC treatment after adsorption maximum concentration allowed
treatment For industrial wastewater discharge

COD (mgO, L™) 2,300 + 230 80 50 120

Turbidity (NTU) 1,000 + 50 99 55 -

BOD, (mgO, L™ 1,260 + 126 98 60 35

Phosphorus (mg L) 44.5+22 80 70 10

Kjeldahl nitrogen 138 £6.9 84 65 30

Total fat (mg L™) 460 +23 97 48 20
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in heating therefore overestimated (380 W). The results
(Table 4) show that, despite a moderate reduction in pollu-
tion, adsorption on OFIP has a negligible operational cost
compared to treatment with EC. In this study, the EC process
has an operational cost of around 10 times more, compared
to other work on dairy waters but with different composi-
tions [45,46,17]. This difference in cost would be linked to
the presence of fats in the water studied (500 mg L) which
would increase the resistance in the EC reactor, therefore the
voltage and the current and the energy consumption. Thus
the choice of treatment by adsorption on OFIP or EC would
be a compromise to be made in relation to the objectives
targeted by the use of the first or second treatment.

4.4. Mechanisms

Due to the multiplicity of parameters involved in the
treatment of EC or adsorption on OFIP, it is difficult to pro-
pose a mechanism that takes into account all of the phe-
nomena involved in the first or second treatment. However,
the mechanisms proposed (Fig. 15) for each of the studied
treatments are different, they take into account the main
constituents of dairy water, reactions with aluminum elec-
trodes for EC, the structure and texture for adsorption on
OFIP. Dairy wastewater mainly consists of proteins (col-
loidal casein and soluble proteins: albumin, and globulin)
and milk sugar (soluble lactose) [47]. For the OFIP, despite
a low specific surface of 0.41 m? g, nevertheless, accord-
ing to the IF analysis (Fig. 10), it has a surface filled with
surface sites which allows it to have an interesting adsorp-
tion power. Many studies have shown the presence of
complex sugars in OFIP such as l-arabinose, d-galactose,

Table 3

I-thamnose, dxylose, and galacturonicacid [48]. According
to Nharingo et al. [49], Galacturonicacid is one of the main
agents involved in adsorption; it showed that Pb and Cd
adsorb on the polysaccharide chains serving as a “bridge”
on which the particles adsorb. The OFIP zero charge point
curve (Fig. 11) confirms its adsorption power since it can
adsorb anionic or cationic substances depending on the pH
of the medium. For the EC, the mechanisms are explained in
a similar way as those of a study carried out in our labora-
tory on dairy waters but in dynamic mode [29]. Interactions
are possible between the reactive and formed species at the
aluminum electrodes with the colloidal (CM) and organic
(OM) particles successively specified by the insoluble casein
and the soluble lactose (Fig. 5, Egs. (9)—(11)). According to
the Pourbaix diagram, complex aluminum species (AIOH?*,
Al(OH),) can reside depending on the pH of the medium;
the formation of the flocculating species AI(OH), is found
at a pH between 6 and 7.5 [50]. At the optimum of clarifi-
cation, the AI(OH), and residual aluminum species become
the majority. Several mechanisms can coexist together or
separately such as the trapping of (CM) (Fig. 15A), the
adsorption of (CM) and (OM) on the amorphous Al(OH),
formed (Fig. 15B), the destabilization of (CM) by neutraliza-
tion of the colloidal surface by existing positive aluminum
species (Fig. 15C) or by the complexion and precipitation of
Al-OM which can be removed by separation (Fig. 15D). For
the adsorption part on OFIP, the turbidity reduction mech-
anisms or COD would be attributed to surface sites and
not to the low porosity and specific surface of OFIP. Thus,
the physical adsorption dipole-dipole via the hydroxyl of
the lactose molecule (OM), the amines of casein (CM) with
the carboxylic forms of OFIP, would be privileged (Fig. 15E).

Comparison of the effectiveness of OFIP with other biomaterials for the treatment of dairy wastewater

Adsorbant Operating conditions Reduction (%) References
adsorbent dose (g L)/pH/ cop BOD, Turbidity Phosphorus KN
contact time (min) (mgO,L") (mgO,L’) (NTU) (mgl)  (mgL?
Tamarind kernel 4/7.8/35 68 - 57 - - [40]
Water hyacinth 0.3/8.0/10 84 - 94 80 90 [41]
Multi-walled carbon  4/6.5-7.1/15 40 - - - - [42]
nanotube
Modified dried 7/6/60 75 65 - 65 90 [43]
activated sludge
Crab shell chitosan 0.15/5/50 75 - 90 - - [44]
OFIP 1/7.03/30 50 60 55 70 65 This study
Table 4
Comparative study of the operational cost between the EC and the adsorption on OFIP
Parameter CAI; (kg m™) EC Adsorption OFIP
E (kW m™) Egpree (KW m™) OC ($ m™) Egpree (KW m™) OC ($ m?)
Turbidity
or 0.030 421.308 0.190 21.1 0.380 0.019

COD




R. Abrane et al. | Desalination and Water Treatment 228 (2021) 153-164

Treatment
dary wastewater

Actne speces

163

Possble mechanism

AXs) — Al( lq)" X)) Ql(msoloble casem~AlOH(am) (A)
JHO = 32 i 3 .H =3 (10) OM (soluble lactose)= AIOH)am) (B)
EC A1) = 3HO—p -\kOH\,\!)-:H\iqj (1) CM=Al ©
Al" AIOH", AYOH),", AXOH);(am) OMEAL OM{am)-Al D)
Or

- Acidic form -COOH," Q-I_C‘\I (nsoluble casein)
Adsorption | Active sites OFIP Basicform -C0O~ ®

OFIP Carboxylic “‘-o. Nevtral form -C‘:-O ‘_1_ OAI (soluble lactose)

OH

Fig. 15. (A-E) Possible mechanisms of EC and adsorption on OFIP of dairy wastewater.

A similar approach has been described by Pathak et al. [40]
but for the adsorption of wastewater by the husk of rice.

5. Conclusion

Dairy wastewater has essentially organic pollutant
which can harm the environment, particularly the aquatic
environment when it is discharged without prior treatment.
This water deserves special attention due to a level of pol-
lution that sometimes exceeds that of domestic wastewater.
Each technical treatment used (EC or adsorption) has been
optimized based on important operating parameters. The
results showed a reduction in the initial pollution of the
parameters analyzed continuously (turbidity, COD) and
punctual (BOD,, phosphorus, Kjeldahl nitrogen, and fat).
Whether for EC or adsorption on OFIP, all the measure-
ments carried out after treatment meet local standards for
industrial aqueous discharges. However, the EC has higher
turbidity and COD treatment efficiencies than those of
adsorption on OFIP but an operational cost 10 times more,
and the disadvantage of the mud formed after EC to be
taken into account for removing aluminum. Also, the use
of OFIP in adsorption is advantageous for more than one
reason; it is a material that has shown adsorption of organic
pollutants due to its composition and specific texture, inex-
pensive, abundant in many countries in large quantities
throughout the year, respectful of the environment. In con-
clusion, the use of EC or adsorption on OFIP could be rec-
ommended as a treatment for organic pollution. However,
given the advantages and disadvantages of each technique,
the choice of the application of one of the methods requires
a compromise to be made with the objectives sought.
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