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Abstract

In this study, a new multiobjective optimization of the simultaneous removal of phosphates
and nitrates by electrocoagulation was studied using the Box-Behnken design. Ten
aluminium electrodes, connected in a monopolar configuration in a batch reactor, were
immersed in synthetic wastewater and then in real wastewater. The optimal conditions and
the effects of parameters (current intensity, electrolysis time and initial pH) on phosphate
and nitrate removal, the formation of by-products, and the operating cost were assessed in
the case of synthetic wastewater. This optimization allowed to eliminate 89.21 % of phos-
phates, 69.06 % of nitrates with an operating cost of 3.44 USD m™ against 13.67 mg L of
ammonium generated. Optimal conditions applied to real domestic wastewater made it
possible to remove 93 % of phosphates and 90.3 % of nitrates with an ammonium residual
of 30.9 mg L. The addition of sodium chloride reduced the residual ammonium content to
2.95 mg L. Further, XRD analysis of the sludge showed poor crystal structure and the FTIR
spectrum suggested that the phosphate is removed by adsorption and co-precipitation.

Keywords
Electrocoagulation; monopolar configuration; phosphates; nitrates; optimization

Introduction

Eutrophication is one of the serious environmental problems worldwide. According to statistics
from the Water Research Commission (WRC), South Africa, 54, 53, 48 and 28 % of the lakes in Asia,
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Europe, North America and Africa face eutrophication problems, respectively [1]. Manifested by
excessive growth of algae on the water bodies due to excess of phosphates and nitrate [2], this
phenomenon affects the quality, durability, biodiversity and organoleptic characteristics (colour,
taste and odour) of surface water, great reserves for the production of drinking water. The natural
evolution of eutrophication in waters is slow but has been accelerated under human intervention in
recent decades [3]. This is due to domestic and industrial activities as well as intensive use of
fertilisers [2]. The important quantities of effluents produced are beyond the self-purifying capacity
of the environment [4], leading to an increase in these nutrients in surface and ground waters. In
addition to environmental problems, a high nitrate concentration in drinking water constitutes a
health risk, the effects of which are mainly summarised in the synthesis of carcinogenic nitrosamines
and the formation of methaemoglobin in infants and pregnant women [5].

To avoid these problems, wastewater must be treated respecting the discharge standards
recommended by national and international organizations. Several methods have already been
developed and classified into physicochemical processes (ion exchange, membrane technologies,
adsorption, chemical precipitation) and biological processes [6,7]. All these methods often have
their own limitations in their implementation. lon exchange, adsorption and membrane techniques
do not destroy pollutants but concentrate them in a secondary waste [8]. Chemical precipitation
and chemical coagulation require high chemical costs and produce a large amount of sludge [9].
Biological method is slow and requires the removal of biomass sludge and disinfection of the treated
water [8]. In addition, this process is very sensitive to several parameters such as temperature, pH,
conductivity and toxic compounds [10].

Given the limitations of previous processes, research efforts have led to the development of more
efficient electrochemical techniques, such as electroreduction (ER) and electrocoagulation (EC) [11,12].
These methods have many advantages in terms of simplicity of equipment, ease of automation,
removal efficiency and use of fewer chemicals [13]. ER is a selective method that applies specifically
to certain pollutants such as nitrates and requires often very expensive electrodes (Ti, Pd, Pd/Sn,
Ti/IrO2-Pt, etc.). However, EC requires cheaper and easily accessible electrodes (Fe and Al) and
combines the advantages of several depollution processes such as coagulation-flocculation, flotation
and electrooxidation/reduction [9]. This makes it effective in the treatment of a wide variety of
pollutants (inorganic or organic) [9]. Unlike chemical coagulation, the EC process involves in situ
generation of coagulants by electrodissolution of Al or Fe anodes immersed in the effluent following
the passage of electric current [14,15]. Simultaneously, water molecules are reduced at the cathode,
producing hydroxide ions and hydrogen gas [16,17]. With Al electrodes, the main reactions that take
place in the vicinity of the electrodes are expressed by Egs. (1) and (2) [18-20]:

Al = AP* + 3¢ (1)
2H,0 + 2e- —H; + 20H" (2)

Metal cations (AI**) react spontaneously with hydroxide ions (OH") to form several coagulant
species, including Al(OH)?*, Al(OH),*, Al(OH)s(insoluble), AI(OH)a", Al2(OH),**, Alg(OH)153*, Alz(OH)17*
and Alg(OH)x0*, which are capable of destabilising, coagulating and adsorbing pollutants [19].
Indeed, the insoluble forms of metallic hydroxide Al(OH); have large contact surfaces to facilitate
the adsorption of pollutants [21].

The removal of phosphates and nitrates taken separately in EC reactor has been reported [20,22-31].
These studies have shown that the effectiveness of treatment is highly dependent on current
intensity, electrolysis time and initial effluent pH. A few studies on the simultaneous removal of both
phosphate and nitrate have been described in the literature [32]. To the best of our knowledge, the
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application of response surface methodology (RSM) for techno-economic assessment of simultaneous
phosphate and nitrate removal does not exist in the literature. Moreover, for nitrate EC removal, the
removal of its main by-products (ammonium and nitrite) is limited. Ziouvelou et al. [33] used a hybrid
system (EC/zeolite adsorption) to remove the ammonium generated from water. Benekos et al. [34,35]
used electrooxidation with anodic electrodes (IrO>/Ti) as EC post-treatment to remove ammonium
generated. The solutions found by these authors are expensive due to the high cost of electrodes
and the transfer of ammonium in zeolites that constitute a secondary source of pollution. It would
be interesting to find adequate conditions, less expensive, with the EC process and in situ production
of hypochlorite ions capable of oxidizing ammonium generated into gaseous nitrogen.

The main objective of this study is to optimize the simultaneous removal of phosphate/nitrate in
wastewater by the EC process with a minimal content of nitrate by-products. The specific objectives
of this work are: i) to model the removal efficiency of nutrients as well as ammonium generated
with Box-Behnken design (BBD), ii) to carry out a techno-economic study on the optimal conditions
obtained and iii) to apply the optimal conditions on real wastewater.

Experimental

Preparation of domestic synthetic effluent (DSE)

The DSE is a mixture of 100 mg L™ of phosphate and 120 mg L of nitrate prepared by simultane-
ously dissolving 1.5648 g of KNO3 (Panreac, 99 % purity) and 3.52 g of KH,PO4 (Panreac, 99 % purity)
in 8 L of distilled water, according to the method described by previous studies [9,25]. The pH of the
solutions was measured with a pH meter (HANNA HI 98150) and the initial pH was adjusted using
NaOH (1 M) and HCI (1 M) solutions before the beginning of the treatment.

Wastewater phosphate/nitrate -spiking

In view of testing EC in real effluents containing phosphates and nitrates, wastewater samples
were collected from the inlet of a treatment plant on the National Polytechnic Institute Félix
Houphouét-Boigny campus (Yamoussoukro, in the center of Ivory Cost). The effluent was enriched
with phosphate at 100 mg L and nitrate at 120 mg L. The adjustment of nutrients took into
account the initial concentrations of phosphate and nitrate ions in synthetic effluent. The
characteristics of effluent are summarized in Table 1.

Table 1 Characterization of wastewater treatment plant (WTP)

Physical and chemical parameters Measured values Standard
Turbidity, NTU 24.6 25°
Conductivity, uS cm™ 807 200-1000°
pH 6.93 5.5-8.5°
Cno, / mg ! 120 50%¢
Cro,> / mgL? 100 15°
Cno,- / mg L! 0.366 32
Cnh,t / mg L! 16.6 10°
Chemical oxygen demand, mg L 110 300°

aUnited States environmental protection agency (USEPA)); ®Standard of Ivorian ministry in charge of environment, water and forest
protection; ‘World health organization (WHO)
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Electrolytic reactor setup and experimental procedure

The experimental setup consisted of a reactor made of acrylic material (length = width = 12.5 cm;
height = 20 cm) and a capacity of 1.7 L. Ten electrodes, flat and rectangular shape (length = 11 cm;
width = 10 cm; thickness = 1 mm) each, are vertically immersed in the reactor (immersed area of
110 cm?) and connected to a direct current generator in the monopolar parallel mode with an inter-
electrode distance of 10 mm (Figure 1). The current is imposed by a generator (ELC-AL781D, France)
and measured using an ALDA DT-830D ammeter. All EC tests were performed in a batch reactor under
a galvanostatic regime. To assure constant homogeneity inside the reactor during EC treatment, the
effluent was constantly stirred at 700 rpm [25] with a magnetic stirrer (AGIMATIC -N type).
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Figure 1. Schematic representation of EC process setup: (1) current generator; (2) electrodes; (3) electrolytic
cell; (4) effluent; (5) magnetic stirrer

This study was carried out on a domestic synthetic effluent (DSE) in order to optimize the para-
meters such as current intensity, retention time and initial pH of the effluent. Then, the optimal
conditions obtained were applied to a real effluent. The experimental procedure for each EC test is as
follows. After having added 2 g of sodium chloride as electrolyte, the treatment of effluent started
according to the defined operating conditions. At the end of each test, the content of the reactor was
transferred to a 2 L cylinder for 24 hours of settling. Once decanted, the supernatant was filtered
under vacuum using a glass microfiber filter Whatman™ (circles diameter 47 mm). The filtrate was
collected to determine the residual concentrations of phosphate, nitrate, nitrite and ammonium. The
removal efficiency of nutrients (Y / %) and the nutrient mass removed (NMremoved ) Were calculated
using Egs. (3) and (4) [36]:

Y=100 (Co-GC)/ Go (3)
NM'removed = (Co - Cr) V (4)
where Co/ mg LY, G /mg Lt and V/L are the initial nutrient concentration, residual nutrient concen-

tration and volume of the solution, respectively.

Experimental design methodology

The process of phosphate and nitrate removal was described using RSM. Several designs of RSM
exist, the best used are the central composite design (CCD) and the Box-Behnken design (BBD). In
the framework of this study, BBD was used because it is simple, requiring only three levels in integer
values for each factor. In addition, this design requires fewer experiments, so the cost is lower than
that of CCD for the same number of factors. The number of experiments (N) necessary for the
development of the Box-Behnken matrix is defined by Eq. (5):
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N =2k (k-1) + No (5)
where k is the number of factors and Np is the number of tests in the centre of the domain.

According to our previous studies [9,25] the effect of three factors (current intensity (Xi),
electrolysis time (X2) and initial effluent pH (X3)) on four responses (Y1: phosphate removal, Y2: nitrate
removal, Y3: amount of ammonium generated and Ya: operating cost ) was selected in the present
study. The three coded values of factors (-1, 0, +1) and the experimental range are shown in Table 2.

Table 2. BBD experimental domain

Coded variables Real variables Levels
-1 0 +1
X1 Ui: current intensity, A 0.5 1.5 2.5
X2 U,: time, min 20 40 60
X3 Us: pH 4 7 10

With RSM, a collection of statistical tools is used to build mathematical models to evaluate the
effects of several variables and search for the optimum conditions for specified responses [37]. The
resulting mathematical models are generally second-degree polynomial functions (see Eq. (6)):

Y=bo+ SbhX i+ SSbiXi Xj+ ShiXi?;i#]j (6)
where Y, bo, bi, bi;, bi and Xi or X represent the predicted response, the constant coefficient, the
linear coefficient, the interaction coefficient, the quadratic coefficient and the coded values of the
factors, respectively. The coefficients of the mathematical model were estimated using the less
squares method [38]. The conversion of real values into coded values of factor i is done with Eq. (7):

Xi = (Ui - Uio)/AU; (7)
Where X, Ui, Uip and AU; represent coded value, real value, the real value in the centre of the
experimental domain and the step of variation, respectively. Design Expert software was used for
the calculation of the model coefficients and the coefficient of determination (R?), the analysis of
variance (ANOVA) with a confidence level of 95 % and to determine the optimal treatment
conditions. For multiobjective optimization, acceptable compromises have been found with the
desirability function approach [9].

Analytical details

Phosphate, nitrate, ammonium and nitrite concentrations were determined using a UV visible
spectrophotometer (JASCO V-530 UV/VIS, Japan) according to AFNOR standards. The sludge
obtained after filtration was dried in an oven at a temperature of 105 °C for 24 hours and then
analysed by XRD and FTIR. XRD analysis was carried out with 2 #values between 10 and 70° using a
diffractometer from Rigaku - Miniflex II, Japan. The identification of the functional groups on the
surface of the sludge was possible through infrared spectral data obtained from the Perkin Elmer
FTIR spectrometer (Spectrum BX). The samples were first conditioned as KBr pellets and scanned
over the range 650 to 4000 cm™.

Economic aspect

For the evaluation of operating cost (OC, USD), the electrode material cost and electricity charges
were taken into account [39] (Eq. (8)):

OC = gELC + bENC (8)
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where ELC (kg), ENC (kWh), a and b represent the electrode consumption, the energy consumption,
the unit price of the energy estimated approximately at 0.059 USD/kWh and the unit price of
aluminium estimated at 1.7618 USD kg%, respectively [9].

Electrode consumption is obtained by differentiating the electrode mass at the beginning and
the end of each experiment. It can be expressed according to Faraday's law as:

ELC=/tM / nF (9)
where I /A, t/s, M/ gmol?!and F (96500 C mol?) represent the current intensity, the electrolysis
time, the aluminium molecular weight and the Faraday’s constant.

The energy consumption was estimated using Eq. (10):

ENC = Ult (10)
where U/ V, 1/ Aand t/hrepresent the cell voltage, the current intensity value and the electrolysis
time, respectively.

Results and discussion

Development of quadratic models and analysis of variance (ANOVA)

The results of the tests carried out from the combination of the three independent variables
according to the BBD are given in Table 3. With the three factors, fifteen (15) tests were carried out
with Al electrodes.

According to Table 3, phosphate removal rates (Y1) varied between 54.5 and 96 %, nitrate
removal (Y2) varied between 19.58 and 70.06 % and the amount of ammonium generated (Y3) varied
between 4.94 and 15.66 mg L%. The high removal rates of phosphate and nitrate do not correspond
to the same experimental conditions. Current intensity of 1.5 A, a treatment time of 40 min and a
pH 7 were necessary to eliminate 96 % of phosphate, whereas, with the nitrate, a current of 2.5 A,
a duration of 60 min and a pH 7 were necessary. Also, the quantities of nitrite (0.156 to 0.368 mg L
1) obtained are very low and even lower than the limit value authorized by the US EPA (3 mg L)
[40]. This low level confirms that nitrite is an intermediate product during the electro-reduction of
nitrate. Regarding operating cost (Y1), the values vary from 0.251 to 2.51 USD m™3.

Table 3. Experience matrix and results of BBD

Coded values Responses
Runs - = X X Y1/ % /%  Ys/mgL™ Ys/USDm?3 Cno, / mgL?
1 -1 -1 0 54.5 19.58 4.94 0.251 0.156
2 1 -1 0 89.5 35.00 8.29 1.077 0.368
3 -1 1 0 82.0 36.77 12.30 0.710 0.353
4 1 1 0 89.0 70.06 15.66 3.640 0.350
5 -1 0 -1 82.0 38.33 10.44 0.540 0.182
6 1 0 -1 92.0 49.39 14.65 2.510 0.328
7 -1 0 1 64.0 31.96 10.04 0.506 0,326
8 1 0 1 94.0 45.19 14.61 2.170 0.39
9 0 -1 -1 87.5 17.77 6.08 0.700 0.273
10 0 1 -1 93.5 66.34 12.40 2.380 0.354
11 0 -1 1 60.5 18.37 5.43 0.660 0.280
12 0 1 1 91.0 49.15 11.35 2.280 0.368
13 0 0 0 96.0 39.02 11.01 1.516 0.307
14 0 0 0 91.0 40.61 11.78 1.507 0.327
15 0 0 0 96.0 44,94 10.87 1.418 0.312
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Taking into account the variation of the responses according to the trials, the modelling of the
responses by multiple regression allows having the following equations (Eqgs. (11) to (13)):
Phosphate removal efficiency, %
Y1 =94.330 + 10.250X; + 7.940X; - 5.690X3 - 7.850X12 - 7.730X>2 -3.480X3? -
- 7.000X1X2 + 5.000X1X3 + 6.130X2X3 (11)
Nitrate removal efficiency, %
Y>=41.520 + 9.120X;1 + 16.450X; - 3.400X5 + 1.070X12% - 2.240X>%-1.380X3% +
+4.470X1.X2+ 0.543X1X3 - 4.450X2X3 (12)
Ammonium generated, mg L%
Y>=11.220 + 1.940X;1 + 3.370X; - 0.267X3 + 1.350X12- 2.270X,%- 0.134X32 +
+0.025X1X2 - 0.090X1X3 - 0.100X2X3 (13)
Before the optimization step, it is important to check the quality of models through the analysis
of variance (ANOVA). ANOVA analysis allows us to study the significance of the models and the lack
of fit. The significance of the models is acquired for high Fischer values (F-values) and low probability
values (p-value) less than 5 % [41]. The lack of fit of the models allows to assess the suitability of the

models by comparing the residual error to the pure error from replication [42]. The statistical
ANOVA based on the BBD was carried out with the Design Expert and summarised in Table 4.

Table 4. ANOVA for fit of each response

Responses Sources Squares sum df* Medium square F-value p-value, %
Regression 2486.6 9 276.29 26.97 0.102
Residual 51.23 5 10.25 - -
v, Lack of fit 34.56 3 11.52 1.38258 44.6
Pure error 16.67 2 8.33 - -
Total 2537.83 14 - - -
R? = 0.9798; R%.qj. = 0.9435
Regression 3113.78 9 345.98 9.12 1.27
Residual 189.65 5 37.93 - -
Y, Lack of fit 170.87 3 56.96 6.07 14.5
Pure error 18.77 2 9.39 - -
Total 3303.43 14 - - -
R?=0.9426; R%,4; = 0.8393
Regression 149.24 9 16.58 41.68 0.0358
Residual 1.99 5 0.3979 - -
v, Lack of fit 1.51 3 0.5030 2.1 33.9
Pure error 0.4808 2 0.2501 - -
Total 151.23 14 - - -

R? = 0.9868; R%.qj. = 0.9632

*degree of freedom

According to this table, the F-values (26.97 for Y1, 9.12 for Y> and 41.68 for Y3) are above the critical
value (Fc=4.77) and p-values (0.102 % for Y1, 1.27 % for Y2 and 0.0358 % for Y3) are below 5 %, showing
that the models are statistically significant. The variations in predicted responses are, therefore, not
random but are due to variations in the factors. The lack of fit of models is not significant as the p-
values are high and above 5 % (44.6 % for Y1, 14.5 % for Y> and 33.9 % for Y3). The absence of the lack
of fit shows that the adequacy of the generated models is verified [42]. Furthermore, the values of R?
close to unity (0.9798, 0.9426 and 0.9868 for Y1, Y2 and Y3, respectively), prove a strong fit between
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the experimental and predicted responses. So, the models explain the electrocoagulation process
well. Only 2.02, 5.74 and 1.32 % of the total variations could not be explained by the empirical
models of phosphate removal rate, nitrate removal rate and generated ammonium, respectively.

Effect of independent variables on phosphate removal

Figure 2 shows the interaction terms of phosphate removal efficiency. Keeping pH at the centre
of the experimental domain, Figure 2a shows the interactions between current intensity and
electrolysis time. It appears that better phosphate removal rate of 96 % is recorded for high current
intensity (2.5 A) and long processing times (60 minutes). Previous studies have demonstrated that
increasing current intensity and electrolysis time positively affect EC phosphate removal [22]. In fact,
an increase in the current intensity and the electrolysis time help to release large quantities of Al3*
ions, OH ions and hydrogen gas in agueous medium according to Faraday's law [7]. These ions can
precipitate directly phosphate as AIPO4 or can form a large quantity of metal hydroxides Al(OH)s,
increasing the adsorption sites of phosphate [22]. Also, the large quantity of hydrogen gas could
help to float phosphate out of the water [43]. The graph in Figure 2b shows the interaction between
current intensity and pH on phosphate removal. It allows the detection of pH zones where the
optimum is located. The graph shows that pH has a negative effect on phosphate removal. To
achieve high phosphate removal efficiency, the pH must be at a low level. It is well known that pH
is one of the key factors having a significant effect on the performance of the EC process because it
affects the availability of the various coagulant forms in equilibrium in water as well as the surface
charges of the coagulant species [44]. At pH values of 4-7, Al(OH)s, having low solubility and
apparent positive charges, can easily adsorb the predominant species of anionic phosphates (H2PO4
, HPO4%) by neutralization [25,45]. On the other hand, at pH greater than 10, Al(OH)s; passes under
the ionic form AI(OH)4™ thus losing its capacity for adsorbing phosphate anions due to the forces of
electrostatic repulsion [45].

Phosphate

removal, %
Phosphate
removal, %

Figure 2. 3D response surface plots showing the evolution of phosphate removal for: (a) current intensity-
time interaction (X1Xz) and (b) current intensity-pH interaction (X1Xs)

Effect of independent variables on nitrogen compounds removal

The relationships between nitrate removal efficiency and the interaction terms are shown in Figure
3. According to Figure 3a, a high nitrate removal efficiency of 70 % is recorded for high current intensity
(2.5 A) and long treatment time (60 minutes). Figure 3b shows that increasing in pH values has a
negative effect on nitrate removal efficiency. The removal rate decreases from 55 % to approximately
27 % when the pH increases. The increase in nitrate removal rate with current (or time) can be
explained by the large quantity of Al(OH)s produced by increasing nitrate adsorption sites [24,32,46].
Additionally, the oxidation rate of the anode increases with current intensity, resulting in a high
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number of electrons at the interface electrodes/aqueous solution (Eq.(1)) that reduces
electrochemical nitrate to ammonium, nitrite and nitrogen gas [32]. This is responsible for increasing
the ammonium content in the medium (Figure 5a). A higher ammonium content occurred for high
current intensity and long reaction time. 15.66 mg L' of ammonium are formed when current
intensity and reaction time reach 2.5 A and 60 min, respectively. The effect of pH on nitrate removal
could be due to the high availability of protons in an acid medium since the reduction of nitrate to
ammonium consumes protons (Egs. (14) and (15)) [9] :

NOs™ + H,0 + 2e” — NO2™ + 20H" (14)

NOs + 6H,0 + 8¢ — NHs + 90H" (15)

Indeed, by increasing pH of water, the number of protons decreases, resulting in the
electrochemical reduction of nitrate. The improvement in the removal rate of nitrate at acidic pH
can also be explained by the favourable adsorption of nitrate anion on the positive surface of
Al(OH)s [47]. Finally, Figure 4b shows the insignificant effect of pH on ammonium generated.

17.77 I 70.06 (a) 17.77 I 70.06 (b)

Nitrate
removal, %

Nitrate
removal, %

Figure 3. 3D response surface plots showing the evolution of nitrate removal for: (a) current intensity-time
interaction (X1Xz2) and (b) current intensity-pH interaction (X1Xs)

404 I 15.66 (@) 294 I 566 (b)

Ammonium
generated, mg L*
Ammonium
generated, mg L

Figure 4. 3D response surface plots showing the evolution of ammonium generated: (a) current intensity-
time interaction (X:Xz) and (b) current intensity-pH interaction (X1Xs)

Process optimization and validation of optimal conditions

In this section, the optimal values of current intensity, electrolysis time and initial pH for the
simultaneous phosphate and nitrate removals were studied. The objective is to maximize nutrient
removal. The maximum overall desirability is 0.93 and the optimal conditions are defined by a
current intensity of 2.45 A, an electrolysis time of 58 minutes and pH of 6.8. These conditions predict
a phosphate removal rate of 91 %, a nitrate removal rate of 68 % and an amount of ammonium
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generated of 15.22 mg L. The validation tests were tripled and the experimental results are as
follows: 89.21+3.36 % of phosphate removal; 69.06+1.84 % of nitrate removal; 3.35+0.08 USD m3
of treatment cost; 13.68+1.92 mg L™! of ammonium generated.

Unsurprisingly, these experimental results are strongly in agreement with the results predicted
by the model. Consequently, the response surface methodology with a desirability approach has
proven to be an effective method for optimizing the experimental conditions.

Application of the optimal condition on real domestic wastewater

The real domestic wastewater was treated, without the addition of electrolyte support, under
optimum operating conditions of 2.45 A, 58 minutes treatment time and pH 6.8. Under these
conditions, after 58 minutes of treatment, the residual concentrations of phosphate and nitrate are
7.03+0.54 and 11.68+1.02 mg L%, respectively. This corresponds to a phosphate removal efficiency
of 93.0 % and a nitrate removal efficiency of 90.3 %. At the end of the treatment, a residual
ammonium concentration of 30.9 mg L't and a treatment cost of 2.11 USD m3 were recorded.

Electrooxidation of generated ammonium

The removal efficiency of phosphates and nitrates, as well as the emergence of by-products
(ammonium and nitrite), were examined under optimal conditions by adding different amounts of
NaCl electrolyte to the reactor (from 0 to 3 g) (Figure 5). According to Figure 5, nitrate removal rate
decreases from 90.26 to 68.43 (Figure 5a). Regarding phosphate ions, the efficiency rate increases
slightly and reaches the value of 94.72 % for sodium chloride mass of 1.5 g, then decreases until
reaching a rate of 88.02 % (residual concentration of 11.98 mg L). This residual phosphate content is
below the discharge standard authorized in Ivory Coast. Figure 5b shows the evolution of nitrogen
compounds in the aqueous medium. An increase in nitrate levels and a decrease in ammonium
generated are observed.
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The residual concentration of nitrate increases in the medium and reaches the content of
37.88 mg L%, while the ammonium decreases from 30.9 to 2.95 mg L%, Nitrate residual concentration
is below the discharge standards (see Table 1). The evolutions of nitrate and ammonium levels is in
agreement with previous work suggesting the existence of competition between chloride and nitrate
at the interface of Al(OH)s adsorption sites [48]. In addition, the chloride ions present in the solution
oxidize electrochemically into active chlorine in the form of hypochlorite (ClIO") ions, which react with
nitrite to regenerate nitrate (see eq. (16)). The decrease in ammonium concentration is explained by
its transformation into N by the action of hypochlorite ((Eg. (17)).

NO, + ClO" — NOs + CI- (16)
2NH4* + 3HCIO — N3 + 3H,0 + 5H*+ 3CI (17)

The decrease in nitrate reduction efficiency could also be explained by the conversion of
chlorides to chlorine, which delays the oxidation of aluminum to Al3* ions. In fact, it will have a few
Al(OH)s flocs to adsorb the maximum amount of nitrate. Thus, in the case of this study, it is observed
that the electrode mass loss decreases with increasing amounts of NaCl (see Figure 5c). In addition,
a decrease in power consumption was also observed due to the increase in conductivity associated
with the increasing addition of electrolytes. The higher the conductivity, the lower the voltage of
the electrolytic cell, resulting in a reduction in energy consumption. This increase in conductivity is
conducive to phosphate removal up to a mass of 1.5 g of electrolyte, followed by a slight decrease.
This decrease in efficiency is due to the competition effect between the adsorption of phosphate
and chloride ions on aluminum hydroxides.

Residues sludge characterization

The dried EC sludge, obtained under optimal conditions, was analysed by XRD and FTIR in order to
identify the nature of the crystalline phases and the surface functional groups (Figure 6). To this end,
the spectrum (Figure 6a) reveals the existence of distinct peaks that is attributed to Al(OH)s and AIPO4
[32]. In addition, examination of IR spectrum (Figure 6b) made it possible to associate the
characteristic peaks with the functional groups present on the sludge surface. It can be seen that the
spectrum is characterized by a broad peak at about 3369 cm™. This peak is attributed to the -OH
stretch in the Al(OH)s structure [49]. The peak at 1640 cm " is attributed to the bending of the hydroxyl
groups of the water molecules [50]. Finally, the band observed around 1043.7 cm™ is due to the
bending vibration of Al-O-P in the phosphate ion [50]. The components of the precipitate are
aluminum hydroxide, aluminum hydroxyphosphate and/or aluminum phosphates. The results of the
FTIR spectra confirm that the phosphate is removed by adsorption, precipitation and co-precipitation.
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Figure 6. XRD (a) and FTIR (b) spectrum of sludge
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From the XRD and FTIR spectra, nitrate was not detected in the crystalline phase of the dried
sludge. However, to check for the presence of different nitrogen compounds, the sludge was
dissolved in concentrated sulfuric acid. Then we added distilled water until we reached the volume
of the reactor. The measurement of the levels of nitrogenous compounds reveals a content of
8.01 mg L of nitrate, 3.02 mg L't of ammonium and 0.032 mg L of nitrite. This result shows that
part of the nitrate as well as these by-products, were trapped by the sludge produced during the
treatment. Therefore, the analysis of the treated water and the sludge confirms that nitrate is
eliminated by reduction to ammonium and adsorption.

Conclusion

The current study examined the potential of the EC process to simultaneously remove phosphate
and nitrate from water as well as ammonium, which is the main by-product. This study also inves-
tigated the applicability of response surface methodology, in this case, the Box-Behnken design, to
model and optimize the performance of simultaneous phosphate and nitrate removal. The factors
taken into account are the current intensity, the initial pH and the treatment time. The results obta-
ined indicate that the removal of phosphate and nitrate is more efficient at slightly acidic pH, at high
current intensities and long treatment times. On the other hand, the removal of nitrate is accom-
panied by a significant production of ammonium. Multiobjective optimization of the EC process
allowed the removal of 89.2 % of phosphate and 69.1 % of nitrate from synthetic water with 13.7
mg L™t of ammonium generated and an operating cost of 3.35 USD m3. Then, 93.0 % phosphate and
90.3 % nitrate were recorded by applying the optimal conditions on real domestic effluent. Finally,
the progressive addition of sodium chloride in the domestic effluent allowed the reduction of the
remaining ammonium (30.9 mg L) until reaching 2.95 mg L. From the analysis of the sludge, the
results revealed that phosphates were removed by adsorption on aluminum hydroxides and by
precipitation as aluminum phosphate, while nitrates were removed by electroreduction to
ammonium and by adsorption.
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