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Abstract

The current study investigates the removal of phosphate from water using a new baffle plates aluminium-based
electrochemical cell (PBPR) taking consideration the influence of key operating parameters. This new cell utilises
perforated baffle plates as a water mixer rather than magnetic stirrers that require extra power to work. As this unit is
new, a comprehensive study has been carried to assess it performance. This study also includes preliminary estimates
of the reactor’s operating costs, the amount of H, gas produced and the yieldable energy from it. SEM (scanning
electron microscope) was used to investigate the influence of the electrocoagulation process on the morphology of the
surface of aluminium electrodes, and an empirical model developed to reproduce the phosphate removal process.

The results showed that 99% of phosphate was removed within 60 minutes of electrolysis at an initial pH (ipH) of 6,
inter-electrode distance (ID) of 0.5 cm, current density (J) of 6 mA/cm?, initial concentration of phosphate (IC) of 100
mg/L, and minimum operating cost of 0.503 US $/m>. The electrochemical cell produced enough H, gas to generate
4.34 KWh/m® of power.

Statistically, it was proved that the influence of the operating parameters on phosphate removal could be modelled
with an R? of 0.882, the influence of these operating parameters on phosphate removal following the order: ¢t > J >
IC > ipH > ID. Finally, SEM images showed that after several electrolysing runs, the Al anode became rough and

nonuniform which.could be related to the production of aluminium hydroxides.

Keywords: Electrocoagulation; phosphate; multiple regression model; hydrogen gas; SEM; operating cost.


mailto:k.s.hashim@ljmu.ac.uk

1. Introduction

Phosphorus is a non-metallic element with the atomic number 15 and an atomic mass of 30.974 amu (Fadiran et al.,
2008). It is an important nutrient for the growth of organisms (Barca et al., 2012) and it is not categorised as a harmful
or toxic element for mankind at low concentrations (Attour et al., 2014). Phosphorus occurs in the aquatic
environment as dissolved phosphate forms such as orthophosphates, polyphosphates and organic phosphate
(Behbahani et al., 2011; Lacasa et al., 2011). However, the most thermo-dynamically stable and dominant form of
phosphate is orthophosphate, which represents about 50% of the total amount of phosphate, other forms comprising
the remaining 50% (Fadiran et al., 2008; Sibley, 2013; Strileski, 2013). Due to the instability of polyphosphate in
water, it undergoes chemical reactions converting to orthophosphate making orthophosphate the most commonly

identified form of phosphate in the laboratories (Fadiran et al., 2008).

Although phosphate occurs naturally in the ecosystems due to the erosion of phosphate containing rocks, its natural
cycle has been significantly altered, during the last 50 years, by human activities (Bennett et al., 2001; Fadiran et al.,
2008). Since the turn of the last century, the world has witnessed an industrial and agricultural revolution, which has
significantly increased the production of waste phosphates. For instance, the agricultural industry in China consumes
300, 000, 000 kg/year of pesticides to enhance the crop production (Zhang et al., 2014), which in turn produces
significant amounts of phosphate-contaminated drainage water. Furthermore, the global overuse of fertilisers and
intensive farming practices have made agricultural effluent the major manmade source of phosphate (Wang et al.,
2012; Wang et al., 2016). In addition, with the increasing world population, many countries continue to import huge
amounts of both animal feeds and phosphate fertilisers, this long history of phosphate-containing products use have
built up phosphate levels in the freshwater ecosystems of some developed countries to least 75% greater than
preindustrial levels (Bennett et al., 2001; Bouwman et al., 2009). Beside the agricultural industry, other human
activities, such as the consumption of fossil fuel, detergents, cosmetics, and other technical uses, have more than
doubled the amount of wasted phosphate into the environment through the municipal and industrial wastewater

(Bouwman et al., 2009; Gautam et al., 2014).

The excessive concentration of phosphate in water is responsible for several environmental and industrial problems

(Behbahani et al., 2011). For instance, the excessive presence of phosphorus, 100ug P/L, promotes the growth of alga



(eutrophication phenomenon), which in turn substantially limits sunlight penetration and the flow of carbon dioxide,
subsequently depleting dissolved oxygen in the aquatic environment (Bektas et al., 2004; Sibley, 2013). Industrially,
the presence of phosphorus compounds in water results in costly maintenance as it promotes the fouling of water pipes
(Attour et al., 2014) as well as interrupting the removal of other dangerous pollutants such as arsenate (Ooi et al.,
2017). In addition, presence of high concentration of phosphate in drinking water results in many negative human
health impacts such as loss of habitat (Bouwman et al., 2009).Therefore, the Environmental Protection Agency (EPA),
limits the total phosphate concentration in streams, at the point where they discharge into lakes or reservoirs, to 0.05
mg/L (WRC, 2005). In terms of drinking water limitations, the total phosphate concentration must not exceed 0.1

mg/L (Fadiran et al., 2008).

To meet these limitations, a broad range of technologies have been applied to remove phosphate from water and
wastewater, such as adsorption (Xu et al., 2016; Ooi et al., 2017), microalgae cultivation (Wang et al., 2016) and
reverse osmosis (Gautam et al., 2014). Among this wide spectrum of phosphate removal methods, interest in
electrocoagulation technology (EC) is growing as a promising alternative as it poses advantages that eliminate the
drawbacks of traditional methods (Kobya et al., 2010; Coman et al., 2013; Hashim et al., 2016; Doggaz et al., 2018).
For instance, the EC method, which is a process of in-situ generation of coagulants by passing an electric current
through metallic electrodes, is characterised by the ease of installation and operation, short treatment time, and the
ability to remove very fine particles, as these are more easily attracted to the electric field when charged (Mollah et al.,
2004; Dura, 2013). More importantly, EC technology does not require chemicals additives as the coagulants are
freshly produced by eroding the sacrificial electrodes, which in turn prevents the generation of secondary pollutants
and significantly reduces the sludge production (Kobya et al., 2010; Garcia-Garcia et al., 2015; Shaw et al., 2017).
Therefore, the EC method is classified as a green technology for water and wastewater treatment (Neoh et al., 2016). It
has been well documented that EC technology is able to remove as much as 95-99% of various pollutants within a
relatively short treatment time (Gao et al., 2010; Ricordel et al., 2014; Hashim et al., 2017b; Nariyan et al., 2018). It
has been successfully used to purify water of pathogens (Ricordel et al., 2014), strontium (Nur et al., 2017), heavy
metals (Hashim et al., 2017c; Martin-Dominguez et al., 2018), phosphate (Behbahani et al., 2011; Attour et al., 2014),

and organic matter (Vepsaldinen et al., 2012).



However, the literature indicates that the EC method still has clear deficiencies in terms of both the lack of variety in
reactor design and the availability of models for its performance. Its performance is also highly influenced by key

operating parameters such as initial pH, current density (Kuokkanen, 2016; Hashim et al., 2017a).

The aim of the present project is therefore to address some of these gaps in the literature. Carrying out a
comprehensive study regarding optimising, assessing and the modelling of the removal of phosphates from water by

the EC technology.

2. Objectives

The specific objectives of the current study are:

To investigate the feasibility of using a new aluminium (Al)-based EC reactor as a phosphate treatment
method. This new reactor (PBPR) utilises perforated baffle plates as water mixers, which reduces the need for
external magnetic and electrical stirrers that consumes extra power to work. The influence of electrolysis
time () (0-60 min), initial pH value (ipH) (4 to 9), current density (J) (2 to 8 mA/cm?), electrode spacing (D)
(5 to 15 mm) and initial phosphate concentration (1C) (50 to 150 mg/L), will be taking into considerations.
The development of an empirical-model to reproduce the removal process in terms of the influence of the
above operating parameters.

To conduct a preliminary estimation of the reactors’ operating costs. This will provide a guide to the
operating costs of the removal of phosphate from water by the Al-based EC reactor.

To calculate how much hydrogen gas (H,) can be produced during phosphate removal, and the yieldable
energy. from this gas.

To carry out a SEM (scanning electron microscope) investigation of the influence of the electrocoagulation

process on the morphology of the surface of aluminium electrodes.

3. Brief description of electrochemical phosphate removal

Electrocoagulation technology is an electrochemical process that depends on the in-situ generation of coagulants by

passing an electric current through a sacrificial metallic anode to destabilise suspended pollutants in an aqueous media,



the cathode producing hydrogen gas that floats the pollutants (Essadki et al., 2009; Vasudevan et al., 2012; Heffron,
2015; Hashim et al., 2017a). The type of coagulants generated depends on the material of electrodes, which is selected
depending on the characteristics of the targeted pollutants, cost of material and oxidation potential (Hashim et al.,
2017c). Although a number of materials have been used as electrodes material in EC reactors, a wide body of literature
demonstrates that aluminium is one of the most effective and successful electrode materials (Essadki et al., 2009;

Heffron, 2015). Because of this, aluminium (Al) has been used, in the current study, as the electrode material.

As the electric current passes through the Al electrodes, the anode starts the corrosion process producing metal cations
that instantly undergo more reactions to form different polymeric metal hydroxides, similar to coagulant salts in
traditional chemical coagulation processes (Essadki et al., 2009; Behbahani et al., 2011). These reactions at the Al
electrodes and in the solution, can be summarised by the following equations (Behbahani et al., 2011; Tian et al., 2016;

Attour et al., 2015):

Anode reactions:

Al - Al + 3e 1)
Alfyyy +30H™ > Al(OH); Alkaline pH range )
Alf;q) + 3H,0 - Al(OH); +3H* Acidic pH range ©)

Cathode reactions:
3H,0 +3e & %HZ T +30H" (4)

In case of phosphate present in the solution being treated, it could be precipitated according to the following reaction

(Bektas et al., 2004; Attour et al., 2014):



4, Materials and methods

4.1. Reactor construction

The electrochemical phosphates removal experiments have been carried out using a new rectangular
electrocoagulation reactor (PBPR), as shown in Figure 1. This reactor consists of a Perspex rectangular container of
net dimensions of length 10 cm, width of 9.5 cm and a height of 7 cm. It is supplied with six parallel-perforated
rectangular baffle plates (electrodes) made from aluminium. Each electrode, width of 9.4 cm and a height of 8 cm, has
36 holes (0.4 cm in diameter) distributed in three rows and three 0.7 cm diameter holes distributed at the top and
bottom to fix it in the required position. It can be seen from Figure 1(A) that the three rows of holes in the anode are
shifted by 0.4 cm in comparison with those in the cathode, this is to ensure that the water follows in a convoluted path,
thereby efficiently mixing the water being treated. The electrodes were held in the required position inside the reactor

by 0.3 cm diameter PVC (Polyvinyl chloride) supporting rods. The distance between electrodes was controlled using
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Figure 1: (A) Al electrodes, (B) The new electrocoagulation reactor (PBPR).



0.1 cm thickness PV C fixation washers. During the phosphate removal experiments, these electrodes were arranged in

a monopole configuration and partially immersed in the water being treated (total effective area 304.4 cm?).

The PBPR was connected to a peristaltic pump (Watson Marlow type, model: 504U) to circulate the water, and a
rectifier (HQ Power; Model: PS 3010, 0-10 A, 0-30 V) to supply the required electrical current. Water temperature

and pH values were measured using a pH/temperature pocket tester (Type: Hanna; Model: HI 98130).

4.2. Solutions

All chemicals used in the current investigation were supplied by Sigma-Aldrich and used as supplied. Water samples
were collected from Al-Hila River, Irag. The initial test of phosphate concentration in these realistic samples showed
that the concentrations of phosphate were less than 20 mg/L. Thus; to.check the ability of the new EC reactor to
remove different concentrations of phosphate, the collected samples were spiked with phosphate up to 150 mg/L using
a synthetic phosphate solution. The synthetic phosphate synthetic solution, 200 mg P/L, was prepared by dissolving
878.7 mg of potassium diphosphate (KH,P0,) per litre of deionised water. Samples of lower concentrations were
prepared by dilution from this stock solution. The initial pH of the diluted samples was adjusted to the desired value
using 1 M HCl or 1 M NaOH solutions. All the runs were carried out at room temperature (20 + 1 °C), which was

controlled using a water bath (Nickel-Electro: Clifton).

The phosphate concentration was measured using standard Hach Lange phosphate cuvettes (LCK 348-350), according

to the standard method provided, and a Hach Lange spectrophotometer (Model: DR 2800).

At the end of each experiment, the electrodes were removed from the reactor, cleaned with HCI acid and rinsed with

deionised water before using them in the next experiment.

4.3. Procedures and analysis

The electrochemical experiments were initiated by connecting the Al electrodes to the corresponding terminals of the

rectifier. 500 mL of freshly prepared phosphate solution of the desired concentration, was fed into the PBPR and kept
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circulated, using the peristaltic pump, during the course of experiment. Treatment time was started when the rectifier

was switched on.

Progress of phosphate removal was monitored by collecting 0.5 mL samples from the reactor at 5-minute intervals
during the course of the experiment. The collected samples were filtered with 0.45 um filters (Sigma-Aldrich) to
separate the unwanted sludge. The filtrate was then labelled and refrigerated to be tested at the end of each experiment.
The residual phosphate concentration was measured, as mentioned before, using a standard phosphate cuvette test.

The removal efficiency (R%) was calculated using the following equation:

R% = ¢ % 100% (6)

Ic

where IC and FC are the initial and final concentrations of phosphate, in mg/L, respectively.

Power consumption (Cp,w.r) Was calculated using the following formula (Ghosh et al., 2011; Un et al., 2013):

IxV*t
= o )

C
power Vol.

where Cpoyer i the power consumption (W.h/m®), I is the applied current (A), V is the potential (V), t is the

electrolysis time (hrs), and Vol. is the volume of solution (m®).
4.4. Modelling of phosphate removal

Several methods-and techniques have been used as described in the literature, to reproduce the performance of water
and wastewater treatment processes, such as the finite element method (Ulinici et al., 2014), artificial neural networks
(zhang and Pan, 2014) and response surface methodology (Hakizimana et al., 2017). However, the multiple
regression technique (MRT), which is a family of techniques with the ability to carry out complex investigations of the
interrelationships among several variables (Tabachnick and Fidell, 2001), has recently gained increasing popularity as
a modelling and/or optimising statistical tool (Mustapha and Abdu, 2012; Hashim et al., 2017c). Therefore, this
technique has been used in the present investigation to develop an empirical model to reproduce the performance of
PBPR in terms of phosphate removal. MRT encompasses standard, hierarchical and stepwise multiple regression, but

the most popular is the standard multiple regression (SMR) (Pallant, 2005).
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The general enhanced regression equation (Mustapha and Abdu, 2012) is:

Y=A+ BlX1+ 32X2+"'+Bka+£ (8)

where Y, A, By, X, and € represent the expected value of the dependant variable, the Y intercept, the regression

coefficients, the independent variables and the random error coefficient (??), respectively.

The ability of the EC method to remove a pollutant from aqueous media is a function of the influence of
different key operating parameters such as ¢, ipH,J,ID, and IC (Un et al., 2013; Hashim et al., 2017a), which

could be expressed by the following formula:

Removal of a pollutant = f(t,ipH,],ID, ... etc) (C)]

In the current investigation, the influence of ¢, ipH, J, 1D, and IC on the electrochemical phosphate removal was

investigated. Therefore, in the current study, equation 9 could be written as follows:

R% of phosphate = f(t,ipH,],ID,IC) (10)

In order to develop an SMR model based on the formula stated above, the following three basic steps are crucial to
ensure the reliability of the model: (1) examination of the assumptions of the MRT, (2) evaluation of the developed

model, and (3) assessment of the contribution of each independent variable (Pallant, 2005; Hashim et al., 2017b).

4.4.1. Examination of the assumptions of the SMR

The development of an SMR model must start by checking the basic assumptions of the MRT, which are the
generalisability, multicollinearity, outliers, the nature of the variables’ relationships and the distribution of scores

(Pallant, 2005; Hashim et al., 2017c). Normally distributed data is preferred for the MRT technique.

The normality of data can be established using the Kolmogorov-Smirnov test and the z-value of skewness (Z,) and
kurtosis (Z;,). The statistical significance (p) of this test for normally distributed data, must be greater than 0.05, while
the z-value of both Z, and Z,,, (equations 11 and 12), must be within the range of £ 1.96 (Heffron, 2015; Musheer et

al., 2016; Sleight et al., 2017; Shiota et al., 2017).



Z, =X (11)

7, =% (12)

where K, S, S and S, are the calculated kurtosis, the standard error for kurtosis, skewness and the standard error for

skewness, respectively.

The generalisability of the developed SMR model is determined by the size of the dataset, as the MRT is not
applicable for small datasets (Pallant, 2005). Tabachnick and Fidell (2001) developed the following equation to

calculate the minimum required number of data points to develop a generalisable SMR model:
Number of observations > 50 + 8m (13)
where m is the number of independent variables.

The existence of both multicollinearity and outliers within a dataset negatively influences the outcomes of the SMR
model (Tabachnick and Fidell, 2001). The existence of multicollinearity, which indicates an unwanted relationship
between two independent variables, can be established by calculating the tolerance (TO) value, where small TO

values (< 0.1) indicate the existence of the multicollinearity (O’Brien, 2007):
TO = 1 — R? 14)
where R is the coefficient of determination of a regression.

Outliers are_defined as data points that are extremely different from the mean of dataset, these extreme point
significantly influencing the outcomes of the developed model (Hashim et al., 2017b). Therefore, outliers must be
removed from the data before performing the MRT (Pallant, 2005). The presence of outliers can be established by
calculating the standardised residuals (SR) for the data, any data point with an SR value out with the range 3.3 to -3.3
considered an outlier. Mahalanobis distance (MD) should be calculated for the detected outliers to check whether they

need an additional analysis or not. Any outlier with an MD value greater than the critical MD could have a negative

10



influence on the outcome of the model (Hashim et al., 2017¢). The critical MD values can be calculated by equation

15, which has been developed using the critical values provided by Pallant (2005).

Critical MD value = —0.0713 x m? + 2.7304 x m + 8.6739 (25)

Eqg. 15 is applicable to a maximum of 7 independent parameters.

Finally, the nature of the variables’ relationships and the distribution of scores (i.e., the normality, linearity and
homoscedasticity of residuals) can be examined by creating a scatterplot of the standardised residuals (SR), where it is

expected that less than 1% of the SR values of the data will exceed the range 3.0 to=3.0 (Pallant, 2005).

4.4.2.  Evaluation of the developed model.

This step of the modelling process examines the ability of the developed model to explain variations in the dependent
variable (DV), the reliability of the model. Although there are many statistical tools to check reliability, the coefficient
of determination (R?) is one of the more widely used tools to achieve this goal (Field, 2008; Jafer et al., 2016). The R?

value should be between 0 and 1: the higher the R?, the better the prediction ability.

4.4.3. Assessment of the contribution of each independent variable

The final step in the modelling process regards the influence each independent variable (IV) has on the outcome of the
developed model. The contribution of each 1V to the SMR model is evaluated by determining its p-value, the latter
indicating whether each 1V makes a statistically significant contribution to the model or not. Any IV with a p-value
less than 0.05, makes an important contribution to the SMR model (Pallant, 2005). Additionally, the Beta coefficient,
which/is an effective statistical toll to compare the influence of the studied parameter on the outcomes of the SMR

model (Hashim et al., 2017b), has been calculated.

The statistical analyses in the current study was conducted using SPSS-23 package.
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4.5. Economic analysis

The aim of this part of study is to explain the approach taken to estimate the operating cost of phosphate removal from
water using a lab scale EC unit. The operating costs include fixed costs such as construction and equipment costs, .and
running costs including the cost of energy, chemicals, sludge treatment, labour and maintenance (Kobya et al., 2009;

Hashim et al., 2017c).

However, the operating costs of a lab scale EC unit only comprise the cost of energy, chemicals, and electrode
material (Kobya et al., 2009; Ozyonar and Karagozoglu, 2011). In the current study therefore, the following equation

has been used to calculate operating costs:
Operating cost = «a Cpower + Y Cmaterial + .8 Cchemicals (16)

where Cpoper (KWhIm®), Cpaceriar (kg AI/M?), and Copemica: (Kg/mS) are the consumed power, electrode material and

chemicals, respectively. a, ??, and S are the unit prices of energy, electrode material and chemicals, respectively.

The amount of electrode material consumed-during the electrolysing process is calculated using Faraday’s Law

(Equation 17).

IXtxm

Cinaterial = ZxF x 1073 7)

Crnateriar 1S the lost mass of the anode (kg), I the applied current (A), t the treatment time (second), m the molecular
weight of electrode material (26.98 g/mol for Al), Z the number of electrons (3 for Al) and F Faraday’s constant

(96487 C/mol).

4.6. Hydrogen gas production

Like any other treatment method, EC units produce some by-products such as hydrogen gas (H,). This gas is
considered one of the most useful advantages of EC technology, as it is categorised as a high energy fuel (Eker and
Kargi, 2010; Lakshmi et al., 2013). Therefore, the collection and conversion of the H, gas generated during the

electrolysing process into electrical energy could minimise the energy demands of the whole process. Phalakornkule et

12



al. (2010) demonstrated that about 5.8 to13% of the energy demand of the EC cell could be obtained from conversion

of H, gas into electrical energy.

The amount of H, gas produced by an EC unit can be estimated using the following formula (Phalakornkule et-al.,

2010):

Qu, = (18)

F

where, Qy,, J, A, t, H, and F are the amount of H; gas (mole), applied current density in (A/m?), effective surface area
of electrodes (m?), treatment time (sec), number of hydrogen molecules (1/2) and Faraday’s constant (96,500),

respectively.

Taking into account that each 1.0 mole of H, gas contains 0.244 MJ of energy, which is enough to generate 0.0678
kKWh of power (Phalakornkule et al., 2010; Hashim et al., 2017c), the power contents (Py,) of the collected H, gas can

be calculated using the equation:
Py, (kWh) = Q, X 0.0678 (19)
4.7. Influence of the electrochemical phosphate removal on the morphology of the surface of electrodes

The SEM study has been carried out to establish the influence of the electrochemical phosphate removal process on
the morphology of the surface of Al anode using an electron microscopy (FEI SEM model Inspect S) with an

accelerating voltage of 25 kV.

To achieve this goal, two square pieces (8 x 8 mm) of the Al anode, before and after the electrocoagulation process,

were cleaned and dried, and then characterised by the scanning electron microscopy.
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5. Results and discussion
5.1. Experimental work

5.1.1. Influence of initial pH

It has been widely reported that the EC process is highly sensitive to the pH value as the latter governs the speciation of

Al hydroxides which in turn influence removal efficiency (Attour et al., 2014; Garcia-Garcia et al., 2015).

Therefore, the influence of this key parameter on phosphate removal has been investigated by treating 100 mg/L
phosphate containing solutions of different initial pH values (4 to 9) for 60 minutes. The J and ID were kept constant at
4 mA/cm?® and 0.5 cm, respectively. Figure 2-(A) illustrates phosphate remaval efficiency for different initial pH

values. It can be clearly seen that a slightly acidic environment is preferable for the electrochemical removal of
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Figure 2: A) Phosphate removal efficiency versus treatment time for different initial pH values, B) pH level

versus treatment time.

phosphate from water.

This can be explained by columbic attraction, where in the acidic range of the pH, the surface of freshly produced
coagulants exhibits a positive charge, which enhances the removal of anionic phosphate. In basic pH ranges,
coagulants exhibit a negative charge that repulses anionic phosphate, this decreasing removal efficiency (Kobya et al.,
2010; Behbahani et al., 2011). These results are in good agreement with those of Behbahani et al. (2011) and Attour et

al. (2014).
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It is noteworthy to highlight that it has been noticed that the pH value increased gradually with the treatment time,
Figure 2-(B). This increase in the pH value could be mainly attributed to the continuous production of OH~ at the

cathode.

Following this, the remaining experiments in the current study will be carried out at an initial pH of 6, the average pH
of wastewater, surface and drinking water ranging between 5 and 8.2 (Liang et al., 2009; Zhu et al., 2013; Zeng, 2014;
Zhao et al., 2017). The results also showed a minimal and non-significant decrease in phosphate removal efficiency as

the initial pH increased from 4 to 6 (less than 8%).

5.1.2. Influence of current density

Current density (J) is one of the most effective operating parameters in any electrocoagulation process as it governs the
anodic dissolution rate, floc's growth and rate of bubble-generation (Un et al., 2009; Gao et al., 2010). To study its
influence on phosphate removal efficiency, four different current densities (2, 4, 6, and 8 mA/cm?) were applied, for

60 minutes, to 100 mg/L phosphate containing samples at ID of 0.5 cm, ipH of 6, and IC of 100 mg/L.

The results obtained confirmed that the phosphate removal efficiency increased with the increase of J. It can be seen
from Figure 3-(A) that PBPR required only.14 min at J 8 mA/cm? to remove 80 mg/L of phosphate; it took 45 min to
remove the same amount of phosphate at J of 4 mA/cm? This could be explained by the fact that the dissolved
aluminium ions from the anode increase as the J increases, and enhances flocs formation and fluoride removal as a

consequence (Zhu et al., 2007; Behbahani et al., 2011).

However, it was observed that power consumption increased as J increased. Figure 3(B) shows an increase in power
consumption from approximately 0.6 to 5.9 kW.h/m® as the J increased from 2 to 8 mA/cm? respectively. It may

therefore be reasonable to infer that a J of 6 mA/cm? is the best value to carry out the remaining experiments.

5.1.3. Influence of the inter-electrode distance

A wide body of literature indicates that the efficiency of EC units is influenced by the distance between electrodes
(ID). The latter determines the ohmic resistance of the cell, which in turn determines the production of coagulants and

energy consumption (Mohora et al., 2012; Shaw et al., 2017). Therefore, a set of experiments was carried out to assess
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its influence on phosphate removal by treating 100 mg/L phosphate solution at three different IDs (0.5, 1 and 1.5 cm),

an ipH of 6, and J of 6 mA/cm?.

The results obtained (Figure 4(A)), revealed a reverse proportional relationship between phosphate removal efficiency
and ID. After 30 min of treatment, the residual concentration of phosphate increased from 14 mg/L to 32 mg/L as the
ID increased from 0.5 to 1.5 cm. This is because when ID increases, coagulant production decreases, consequently

decreasing removal efficiency.

Increasing 1D dramatically increases energy consumption; Figure 4(B) shows that an increase in ID from 0.5to 1.5 cm
increased power consumption from 3.42 to 9.11 kWh/m?. This increase in power consumption is due to the increase in

ohmic resistance; if the 1D increases, cell resistance will also increase, which in turn increases power consumption.
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Figure 3: Influence of ID on: (A) Phosphate removal, (B) Power consumption.

Therefore, the ID was maintained at 0.5 cm for the remainder of the current investigation.
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5.1.4. Influence of initial phosphate concentration

Sets of water samples with three different concentrations of phosphate (50, 100, and 150 mg/L) were treated for 60
min with an ipH of 6, ID of 0.5 cm, and J of 6 mA/cm?, to examine the influence of the initial phosphate concertation

on the performance of the PBPR.

Figure 5 shows that removal efficiency is inversely proportional to the initial concentration of phosphate, where the
removal efficiency, after 30 min of treatment, decreased from 87% to 65% as the initial phosphate concentration
decreased from 100 to 150 mg/L, respectively. This could be because of the availability of adsorption sites, where a
constant quantity of coagulants is dissolved from the Al anode for the same J and-electrolysis time, i.e., the same
quantity of coagulants was produced in the PBPR during the removal of the different phosphate concentrations. The

flocs generated at higher concentrations, were not sufficient to absorb all the phosphate ions. Therefore, PBPR
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Figure 4: Phosphate removal efficiency versus treatment time for different concentrations of phosphate.

requires mare time to remove high phosphate concentrations.

In summary, the obtained results confirms that about 50 min of electrolysing using the PBPR, at the optimum
operating conditions, is enough to achieve a complete removal of phosphorus (0 mg/L) even when the initial

concentration of phosphate is 100 mg/L.
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5.2. Modelling of phosphate removal

SSPS-23 has been used, in the current study, as a statistical tool to model the variation of phosphate removal (DV)

with the change in the operating parameters (I1Vs).

5.2.1. Examination of the assumptions of the SMR.

Initially, the normality of the collected data was examined using Kolmogorov-Smirnov test, Z; and Z,. The initial
analysis indicated that the data was not normally distributed as the values of p for Kolmogorov-Smirnov, Z and Z,,
were 0.01, 2.89, and -1.97, respectively. Therefore, before checking MRT assumptions, the dataset was screened to
remove extreme outliers and then normalised (using the SQRT method) to ensure reliability of the developed model
and to avoid statistical bias. The values of p of Kolmogorov-Smirnov, Zs and Z;, after the normalisation process were
0.2,0.19, and -1.91, respectively, which confirms the normality of the data. Figure 6 shows the normality plots and the

Q-Q plots of the data before and after normalisation.

In terms of generalisability, the minimum number of data points required to develop a generalisable SMR model,

according to Eq. 13, is 90 points. This assumption has been met as the data consists of 208 experimental readings.

The results obtained from the statistical analysis (Table 1), indicate the absence of multicollinearity within the

normalised data as the TO value of each IV is greater than 0.1.

According to the calculated SR values (Table 1), there are two outliers in the data. The MD values of these points were
calculated and.compared to the critical MD value (Eq. 15). The results (Table 1), confirm that the MD values of these
outliers were less than the critical MD value, which means they will not exert a significant influence on the outcomes

of the developed model.

Finally, the results confirm that the assumptions of normality, linearity and homoscedasticity of residuals was not

violated as less than 1% of the SR values lay outside the range 3.0 to -3.0.

According to the calculated coefficients (Table 1), the SMR model for phosphate removal could be written as follows:

R% = (3.87 — 0.144 X ¢ + 0.557 X ipH — 0.887 X ] + 2.097 x ID + 0.045 x IC)? (20)
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Table 1: Summary of the statistical analysis.

3.870

-0.144 1.00 0.00 -0.74
0.557 0.98 0.00 0.21
-0.887 0.92 0.00 -0.43
2.097 0.93 0.00 0.19
0.045 1.00 0.00 0.27

118
170

4.123
4.688

7.883
11.332

118
170

4.123
4.688
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5.2.2. Evaluation of the developed model.

The ability of the developed SMR model (Eq. 20), to explain variations in phosphate removal has been checked by
calculating the coefficient of determination (R2). An R? of 0.882 confirms the ability of the SMR model to explain
88.2% of the variance in phosphate removal performance of PBPR, which is an acceptable value for experimental data

(Jafer et al., 2016; Hashim et al., 2017a).
5.2.3. Assessment of the contribution of each independent variable

The statistical significance (p-value) of each operating parameter has been calculated to check whether it influences
the outcomes of the SMR model. Table 1 shows that the p-value of each individual operating parameter was less than
0.05, indicating that all the parameters contribute to the outcome of the model. ' However, each operating parameter
exerts a different influence that varies from ignorable to significant. The Beta coefficient, which measures how

strongly each parameter influences the outcomes of the SMR madel, has been calculated for each parameter. Figure 7

0.8 -
0.7 A
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Figure 6: Absolute Beta coefficients of the operating parameters.

illustrates that influence following the order: t > ] > IC > ipH > ID.

Finally, the SMR model was applied to a randomly selected dataset, 50 points of experimental data. This random
dataset was selected using SPSS-23 software to avoid any statistical bias. Figure 8 shows very good agreement

between measured and predicted phosphate removal efficiencies, the R? value for this random sample 0.869.
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In conclusion, based on the results of the statistical analysis, the developed SMT model could be used to reproduce the
performance of the PBPR in terms of phosphate removal from water. However, this model is only applicable within

the range of operating parameters included here; a wider / different range could result in different outcomes. Further

100 T~
R? =0.8696
80 A

60 4

40

Predicted removal (%)

20 A

0 O—O0—~ T T T 1
0 20 40 60 80 100

Measured removal (%)

Figure 7: Measured versus predicted phosphate removal for randomly selected data points.

research with wider ranges of operating parameters should be carried out to develop more generalisable model.
5.3. Economic analysis

In the current preliminary economic study, the operating cost for phosphate removal from water using PBPR was
calculated according to the unit prices of the Iragi market in August 2017 (14 pence/kWh of electricity, and 1.53%/kg

of Al).

The amount of energy consumed and electrode material used were calculated according to equations 7 and 17,
respectively, the amount of chemicals calculated experimentally. The minimum operating cost for phosphate removal,

according to Eq. 16, in this study is:

) 14 UsS$
Operating cost = 100 x 3.42 + 1.53 x 0.574 x 1073 + 0.023 = 0.503 3

This cost is comparable with that documented for EC methods in the literature. Ozyonar and Karagozoglu (2011)

reported that the cost to remove COD, turbidity and phosphorus using an EC cell at a current density of 1-15 mA/cm?
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as approximately 0.86 $/m°. Hashim et al. (2017b) reported the minimum required cost for electrochemical nitrate

removal from drinking water to be 0.455 $/m°.

It is noteworthy to mention that, according to the literature, the iron-based electrocoagulation is cheaper than
aluminium-based electrocoagulation (Lacasa et al., 2013). However, the aluminium electrodes are more efficient than
the iron electrodes in terms anion removal, they produce larger flocs in comparison with iron electrodes, and
aluminium is much lighter than iron that greatly facilitates the installation and mobility of the electrocoagulation units

(Behbahani et al., 2011; Hashim et al., 2017b; Vainio, 2017).

5.4. Hydrogen gas production

Quantification of H, gas emissions from the FCER during electrochemical phosphate removal, was carried out using

Eg. 21 as follows:

60 *0.0285 #3600 * 0.5
96500

= 0.032 mole

QH2 =

This amount of H, gas is produced during the treatment of 0.5 L of phosphate solution, equivalent to 64 mole/m®. The
amount of electrical power produced by recycling the H, gas emitted during the electrochemical phosphate removal

from water, according to Eq. 19, is:

Py, = 64 X 0.0678 = 434 =

These results show that a considerable amount of energy could be obtained by recycling H, gas emitted from

field-scale EC plants.

5.5. Influence of the electrochemical phosphate removal on the morphology of the surface of electrodes

SEM technology was used to examine the influence of the electrochemical phosphate removal process on the
morphology of the Al anode surface. The SEM images of the Al anode, before and after the treatment process, are

shown in Figure 8. It can clearly be seen from the images that the initially smooth surface of the Al anode became

22



rough and nonuniform after several electrolysing runs, this related to the passivation of the Al anode due to the product

ion of coagulants.

Figure 8: SEM images of Al anode, (A) before the EC process, and (B) after the EC process.

6. Conclusion

The current study investigated the suitability of using a new Al-based electrocoagulation unit for the treatment of
water with high concentrates of phosphate. This study also investigated the applicability of the multiple regression
technique to model phosphate removal performance taking into consideration the influence of key operating
parameters. The results obtained indicate that phosphate removal is more efficient at slightly acidic pH levels, the
phosphate removal proportional to a combination of both current density and electrolysis period. In contrast,
phosphate removal is inversely proportional to the distance between electrodes and the initial concentration of
phosphate. Statistically, it has been illustrated that the influence of the key operating parameters on the phosphate

removal performance of the electrocoagulation unit could be modelled with R? of 0.882.

Additionally, perhaps most importantly, the outcomes of this study indicated that the new bench scale baffle plates
reactor (FCER) achieved similar phosphate removal efficiency to those in literature without the need for external
mechanical or magnetic stirrers which require extra power to work. Therefore, FCER could be a cost-effective

alternative to the traditional lab-scale EC reactors. Furthermore, the electrocoagulation method could be used for
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economic phosphate removal due to the potential to produce a considerable amount of energy by recycling emitted H,

gas.

For future work, the empirical model developed here could be enhanced by including the influence of other operating
parameters (such as water temperature) and/or by studying wider ranges of the parameters already included. The
sludge which is produced could be characterised using SEM technology, this providing information regarding the

development of better sludge handling methods.
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Highlights
Highlights

» The new aluminium-based EC reactor, PBPR, removed 99 mg/L of phosphate
within 60 minutes.

> PBPR produced enough hydrogen gas to generate 4.34 kWh/m® of power.

» The influence of the operating parameters on phosphate removal could be
modelled with an R? of 0.882

» SEM images showed many dents on the anode due to the production of Al

hydroxides.
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