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A B S T R A C T

The removal of phosphates, to levels below the detection limit, was achieved over a 30 to 60 min period, de-
pending on the initial phosphate concentration, with Al−Mg anodes in an electrocoagulation cell at
11.0 mA cm−2 with a surface area to volume ratio of 11.7 m−1. The Al−Mg alloy performed well in low
chloride concentrations of 4.2 mM NaCl and the complete removal of phosphates from two real water samples
was achieved after a 15−min period. The removal efficiency, although depending on the initial pH, appears to
depend on the evolution of pH during electrocoagulation with more efficient removal at a final pH of 7.5. Using
the Freundlich adsorption model, the adsorption capacity, kF, was computed as 146 mg g−1, corresponding to
the adsorption of 146 mg of phosphate per gram of the aluminium−hydroxy coagulant. The efficient removal of
the phosphates was attributed to the low corrosion potentials and the lack of a passive region observed using
polarisation and cyclic polarisation experiments, which in turn facilitate dissolution of the anode.

1. Introduction

Phosphorus occurs naturally in water and wastewater mainly as
inorganic phosphates, such as orthophosphates and polyphosphates [1].
However, the presence of excess phosphorus in the effluent discharged
to natural water bodies has long been known to be associated with algal
bloom and eutrophication, particularly if nitrates are also present. Be-
cause of these problems, phosphate removal using chemical precipita-
tion and coagulation has been carried out for a number of years [2,3].
Recently, other physicochemical processes have been used to remove
phosphate from wastewater as alternatives to the more traditional
methods. These techniques include adsorption with various adsorbents,
ion−exchange, electrodialysis, hybrid systems containing adsorption
and membrane filtration and electrocoagulation [4–6].

In terms of a comparison between coagulation and electrocoagula-
tion, it has been reported that electrocoagulation has a number of ad-
vantages. The energy required in the dissolution of the sacrificial an-
odes can be provided by green energy, such as solar panels [7].
Secondary pollution is minimised as no chemicals are added. Moreover,
it produces low amounts of sludge and the flocs tend to be large, con-
tain low amounts of bound water, are stable and therefore can be easily
separated by filtration. The generation of gas bubbles, produced during
electrolysis at the cathode, is considered another advantage as the
bubbles can carry the lighter flocs to the top of the reactor where they
can be more easily collected. It is not surprising that in recent years,
there has been considerable interest in electrocoagulation and different

pollutants have been removed [8–10]. Electrocoagulation is particu-
larly suited to the removal of phosphates and these anions have been
removed successfully using pure aluminium and iron anodes [10–14].

In electrocoagulation, sacrificial anodes are employed and these
usually involve iron or aluminium. As the metals dissolve, cations, Al3+

or Fe2+, are produced, while hydroxide ions and hydrogen gas are
generated at the cathode in the cell. This leads to an increase in the OH–

concentration and an increase in the bulk solution pH. As a result, the
cations are hydrolysed and this gives rise to the formation of various
hydroxy−complexes, which favour the coagulation−flocculation pro-
cess and removal of the pollutant [8]. The coagulation−flocculation
process is complex and depends on the operating conditions used, the
type and concentration of the pollutant and the type and concentration
of the coagulant species. The coagulants depend on the concentration of
the electrogenerated cations and this in turn is connected with the
properties of the anode.

Although iron and aluminium are routinely employed, alloys may
have positive effects in terms of removal efficiency and energy con-
sumption. In a recent study, we showed that Al−Mg and Al−Zn−In
alloys were more efficient than pure aluminium in the treatment of a
synthetic wastewater [15]. This was attributed to the less passive be-
havior of the alloys and their ease of dissolution, compared to pure Al
that forms a stable passive film. The formation of passive films or
oxides, not only inhibits the dissolution of the anode, but gives rise to
localised corrosion, such as pitting attack in the presence of chloride
anions [16]. The breakdown or pitting potentials are well below the cell
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potentials employed during electrocoagulation, indicating that any
material prone to pitting attack will dissolve in a non−uniform
manner. Furthermore, the passive film inhibits dissolution and restricts
the charge−transfer reaction at the anode−solution interface and this
leads to excessive consumption of electricity and reduces the energy
efficiency of the process.

In this study, Al−Mg was used as an anode in an electrocoagulation
cell for the removal of phosphates. To the best of our knowledge, this
alloy has not been used previously in the removal of phosphates.
Instead, aluminium anodes, typically at 99.0% to 99.9% purity have
been employed, which contain various impurities, such as Cu, Si and Fe
[17,18]. In our previous paper [15], a synthetic wastewater was em-
ployed containing an organic dye, zinc and phosphate ions, together
with sulfates, chlorides, calcium and magnesium ions. A less complex
solution where phosphate is the only pollutant, in a low 4.2 mM NaCl
solution, is now considered, resulting in no competition between the
pollutants during the removal of the phosphates. Using a combination
of electrocoagulation experiments, adsorption studies and corrosion
related measurements, the potential application of the Al−Mg as an
anode in an electrocoagulation cell is evaluated. The Al−Mg anode was
used to remove phosphates at different pH values, chloride ion con-
centrations and to remove phosphates from real wastewater samples.

2. Experimental method

All chemicals were supplied by Sigma−Aldrich®. Potassium dihy-
drogen phosphate, KH2PO4, was used as the source of phosphates. All
solutions were prepared using distilled water and the pH was adjusted
to the desired value. The phosphate concentrations were measured
using the vanadomolybdo-phosphoric acid colorimetric method [19] at
470 nm using a Unicam Thermo Spectronic® UV 540 double−beam
spectrometer. Following the electrocoagulation experiment, 5−mL
samples were taken from the reactor and allowed to settle for 15 min.
This solution was replaced with fresh aliquots to maintain a constant
SA/V ratio and all computed concentrations were corrected for this
dilution. Then, the supernatant was filtered with Whatman™ filter
membranes (pore size 11 μm, followed by 0.45 μm). A 3.5 mL sample of
this filtered solution was combined with an equal volume of the va-
nadate-molybdate reagent, allowed to sit for 10 min and then analysed
for the presence of phosphate. Using this approach very good re-
producibility was achieved with the difference in the measured absor-
bance being less than 0.003 for repeated measurements. The removal
efficiency, η, was calculated using Eq. (1), where Co is the initial con-
centration of the analyte and Ct is the concentration of the analyte at
time t. The experiments were repeated at least three times and this is
indicated by the n value shown in the figure captions. The limit of
detection, DL, was obtained using the regression line of the calibration
curve and Eq. (2), where yB is the blank signal and sB is the standard
deviation of the blank. The detection limit was estimated as
0.15 mg L−1 phosphate.

= ×C C
C

(%) 100o t

o (1)

= +y sDL 3B B (2)

The Al−Mg alloys were supplied by Goodfellow© with the fol-
lowing composition: 1.7–2.4% Mg, 0.5% Fe, 0.5–0.1% Mn, 0.4% Si,
balance Al. The samples used in the electrocoagulation tests were cut to
form sheets with dimensions of 4.0 cm× 6.0 cm. The sheets were
abraded with water lubricated Buehler® silicon carbide paper (Grit P
320 to P 2500), washed with deionised water and dried in a stream of
air. The electrocoagulation tests were carried out using a two−elec-
trode cell with a steel cathode (AISI 310) in 4.2 mM NaCl at room
temperature. The electrodes were positioned and held in the cell
(300 cm3 of solution) to give an immersed surface area of 35.1 cm2 and
a surface area to volume of solution ratio, SA/V, of 11.7 m−1. The

distance between the anode and the cathode was maintained at 1 cm to
facilitate good solution mixing and to reduce Ohmic (IR) drops that
were evident at higher distances. The solution was agitated and a
constant current density of 11.0 mA cm−2 was applied to deliver a fixed
amount of Al3+ to the solution phase. For comparison purposes, pure Al
(99.9%) was employed as the anode in the electrocoagulation cell.

The electrochemical behaviour of the Al−Mg anode was studied
using polarisation experiments with a Solartron 1287 potentiostat.
These tests were carried out in a three−electrode cell with a saturated
calomel electrode as the reference and a high surface area platinum
wire as the counter electrode. The Al−Mg rod electrodes, employed as
the working electrode, were prepared and set in a Teflon® holder with
epoxy resin. Electrical contact was made using a copper wire, which
was threaded to the base of the sample. The exposed electrode surface
was abraded on a Buehler® MetaServ grinder polisher with water lu-
bricated Buehler® SiC grinding papers to a 2500 grit finish. The elec-
trodes were then sonicated in a Branson 1510 ultrasonic bath and po-
lished with successively finer grades of Buehler® MetaDi
monocrystalline diamond suspensions ranging from 30 to 1 μm on
Buehler® polishing microcloths. Finally, the electrodes were rinsed with
deionised water and ethanol, sonicated and dried in a stream of air. The
electrodes were polarised from 300 mV below the corrosion potential,
Ecorr, at 1.0 mV s−1 following a 30−min immersion period. In cyclic
polarisation measurements the potential was reversed and cycled in the
opposite direction when the current reached 0.01 mA cm−2.
Electrochemical impedance spectroscopy measurements were per-
formed with a Solartron 1287 potentiostat coupled with a 1255B fre-
quency response analyser using a perturbation potential of 5 mV at the
open−circuit potential. Optical micrographs were recorded using an
Olympus® BX51M microscope at different magnifications in a dark−-
field mode. The micrographs were collected with a CCD camera (Leica
DFC 2280 digital camera) and Olympus® DP version 3.2 software.

The phosphate removal was fitted to adsorption isotherms. These
experiments were performed by varying the initial concentration of
phosphate from 2.0 to 150.0 mg L−1 in 4.2 mM NaCl, at a pH of 5.0 at
25 °C. The data were analysed using SigmaPlot™. A non−linear re-
gression method based on the Levenberg−Marquardt algorithm was
used to fit the experimental data with the adsorption equations and the
goodness of fit was obtained using the adjusted R2 values.

3. Results and discussion

3.1. Removal of phosphates

In Fig. 1, the normalised concentrations of phosphate, Pt/Po, are
plotted as a function of the electrocoagulation period in solutions
containing 20, 60 and 150 mg L−1 of phosphate in a 4.2 mM NaCl so-
lution adjusted to a pH of 5.0. In this analysis, Pt represents the con-
centration of phosphate at time, t = t min and Po represents the initial
concentration at time, t= 0 min. This relatively low concentration of
chloride was used to reflect the typical concentrations of chloride found
in wastewater samples, while the initial pH of 5.0 was used as it is
generally accepted that slightly acidic pH values give more efficient
removal. It is evident that the phosphate concentration is reduced to
very low levels for all three concentrations following a 60−min period,
where the efficiency was greater than 98% for all three solutions.
However, it is also clear that the experiments performed at lower initial
concentrations show higher removal efficiencies at shorter times. This
is evident in Table 1, where the efficiencies are shown following a
10−min, 20−min and 60−min electrocoagulation period. For com-
parison purposes, similar data are presented for pure aluminium at
initial phosphate concentrations of 20 and 60 mg L−1, and while the
removal of phosphates is readily achieved, the removal efficiency is
somewhat lower than that observed with AleMg as the anode mate-
rials. The removal of phosphates can also be described by Eq. 3, where
[P] is the concentration of phosphate, [Al(OH)n(3−n)] is the
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concentration of the hydrolysis products of Al3+ ions, k is the rate
constant, and x and y are the partial orders of the reaction. Assuming
that the production and consumption rates of the hydrolysis products
are equal, then Eq. (3) can be reduced to Eq. (4), where x is the order of
the reaction.

= kd[P]
dt

[P] [Al(OH) ]x
n
3 n y

(3)

= kd[P]
dt

[P]obs
x

(4)

In this approximation the rate constant reflects the contribution of
several reactions, involving both the coagulation and the flocculation
phases. Typical plots where the logarithm of Pt/P0 is shown as a
function of time are presented in Fig. 1(b), assuming x is unity. The
linear plots indicate that the rate of the reaction is governed by pseudo
first−order kinetics during the early stages of removal. It is clearly
evident that the rate constant, kobs, decreases with increasing initial
concentration of phosphate, with kobs values varying from
0.1531 min−1 for 20 mg L−1, 0.0832 min−1 for 60 mg L−1 to
0.0525 min−1 for 150 mg L−1 of phosphate. This decrease in removal
efficiency with increasing initial concentrations has been reported for
several pollutants [20,21] and is explained in terms of the ratio of
coagulant, the aluminium hydroxycomplex species, to pollutant. When
the ratio is low, corresponding to high initial phosphate concentrations,
the rate of removal is slow. The influence of the applied current density
is illustrated in Table 2, where the rate constants for the removal of
phosphate are shown at current densities of 5 and 11 mA cm−2. It is
clearly evident that the phosphate is removed at a higher rate when the
current density is maintained at 11 mA cm−2. On the application of a

higher current density, the cell potential increased giving a more sig-
nificant energy consumption and therefore the current density was
maintained at 11 mA cm−2.

The influence of pH on the rate of phosphate removal was studied
using a solution containing 85 mg L−1 of phosphate. The concentra-
tions of phosphate remaining in solution as a function of the electro-
coagulation period are displayed in Fig. 2(a). The maximum removal of
phosphate is achieved at a pH of 3.2 with a residual phosphate con-
centration of 1.1 mg L−1 after a 30−min period. On increasing the
initial pH, a gradual decrease in the amount of phosphate removed from
the solution is observed. There is no general agreement on the optimal
initial pH required to remove phosphates. According to Bektaş et al.
[22] the optimal initial pH for phosphate removal is 5.0 to 6.0. A si-
milar finding was reported by Vasudevan et al. [23], while İrdemez and
co-workers [24] demonstrated that the highest efficiency was achieved
at an initial pH of 3.0. These variations are probably connected to the
manner in which the pH evolves during electrocoagulation. This re-
lationship between the initial and final solution pH is illustrated in
Fig. 2(b). When the initial pH is acidic, the final pH value shows a
marked increase, from 3.2 to 7.1. On the other hand, solutions with
initial pH values close to neutrality exhibit a more moderate rise. This
increase in pH is normally attributed to the water reduction reaction at
the cathode, Eq. (5), and this in turn will depend on the rate of the alloy
dissolution reaction. The pH will influence the nature of the aluminium
hydroxy species and this is shown in Fig. 3(a) which was obtained using
the algorithm developed by Eriksson [25]. It is evident that the
monomeric hydroxy−aluminium cations are stable at low pH, while
increasing the pH to values close to 7.0 leads to the production of ca-
tionic aluminium hydroxy species, and the Al(OH)3 precipitate. It is
evident in Fig. 3(b) that the phosphate exists as anions, from about
pH 3.0 to 14.0. Initially at a pH of 3.0, the Al3+ ions exist and while
electrostatic interactions between Al3+ and the anionic H2PO4

− are
possible, these are unlikely to give rise to efficient removal of the
phosphates. However, these acidic conditions will inhibit the formation
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Fig. 1. Variation of (a) concentrations, Pt/Po, of phosphate and (b) first−order kinetics plots in solutions containing Po of ● 20 mg L−1, □ 60 mg L−1 and ▲
150 mg L−1 (n= 3).

Table 1
Removal efficiency (η) as a function of time and initial concentration of phos-
phate (Po), at a pH of 5.0 in 4.2 mM NaCl.

Al-Mg Pure Al

t/min Po/mg L−1 η/% η/%

10 20 79 ± 4 68 ± 3
60 58 ± 2 41 ± 2
150 43 ± 1

20 20 95 ± 3 84 ± 4
60 82 ± 2 70 ± 2
150 62 ± 3

60 20 100a 97 ± 2
60 100a 95 ± 2
150 96 ± 0.8

a 100% indicates concentration is below detection limit.

Table 2
Influence of the current density on the rate of removal of phosphate from a
4.2 mM NaCl solution.

Po/mg L−1 Current density
5 mA cm−2

Current density
11 mA cm−2

kobs/min−1 R2 kobs/min−1 R2

20 0.0877 0.995 0.1531 0.999
60 0.0487 0.994 0.0832 0.999
150 0.0274 0.995 0.0525 0.997
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of passive films at aluminium, as evident from the Pourbaix diagram of
aluminium. As more Al3+ is electrogenerated, the pH changes rapidly
due to the water reduction reaction at the cathode, Eq. (5), until the
aluminium−hydroxy species are formed to give a buffering−type ef-
fect, with the removal of OH– form the solution. Now electrostatic in-
teractions are possible between the anionic phosphate and the cationic
Al(OH)2+ and AlOH2+, and indeed other hydrolysed aluminium hy-
droxy species, facilitating the efficient removal of phosphate. It has

been shown that insoluble AlPO4 is also formed [4]. As illustrated in
Fig. 3, the formation of small amounts of insoluble AlPO4 is possible at a
pH in the vicinity of 6.0 to 7.0, where the Al3+ and PO4

3− ions co−-
exist. While the concentrations are very low, once these ions are re-
moved through the precipitation of AlPO4, they will be restored as a
new equilibrium position is established to give further precipitation of
the insoluble AlPO4. It appears that a final pH which is close to neutral
conditions, where the aluminium hydroxy species and anionic phos-
phates exit at relatively high concentrations, and where AlPO4 has a
low solubility [4], provide the highest removal efficiency, as illustrated
in Fig. 2(b).

+ +?2H O 2e 2OH H (g)2 2 (5)

The effect of chloride concentration on electrocoagulation has been
investigated in a number of studies [26,27] with some authors re-
commending that the solution contains at least 20% Cl− ions to ensure
normal operation [28]. In Fig. 4(a) the residual concentration of
phosphate after 30 min in solutions containing various concentrations
of NaCl and 85 mg L−1 phosphate is shown. A near 10−fold increase in
the NaCl concentration, from 4.2 to 44 mM, results in a slight increase
in the removal efficiency from 85.2% to 88.8%. However, the chloride
concentration has a marked effect on the potential adopted by the
Al−Mg anode and consequently the energy consumption. The potential
is shown as a function of the electrocoagulation period in Fig. 4(b),
where it is clearly evident that the potential increases to more positive
potentials with decreasing chloride concentrations and this increase is
more significant at the lower chloride concentrations. Furthermore,
while the anode potential is reasonably constant in the presence of
higher chloride concentrations, it tends to increase further with in-
creasing electrocoagulation times in the presence of lower chloride
concentrations. In solutions containing 4.2 mM NaCl the average cell
potential is 2.2 V vs. SCE, but then increases after about 1500 s to ap-
proximately 3.0 V vs SCE. This is probably related to passivation of the
anode and as a result higher potentials are required to deliver the re-
quired current. As the chloride concentration is low and there is an
increase in the pH of the solution during electrocoagulation, passivation
of the anode is favoured, over its dissolution. At these potentials, con-
current reactions occur at the anode, such as the oxidation of water
(Eo = 1.23 V vs. SHE) or the formation of chlorine−containing oxygen
compounds [29]. Although these side reactions may help flotation or
pollutant oxidation, they give rise to a lower current efficiency. The
energy consumption, in terms of specific electrical energy consumption
(SEEC), was computed using Eq. (6), where Ecell is the average cell
voltage, J is the current, t is the electrocoagulation time, and V is the
volume of the solution treated. The energy consumption was found to
vary from 3.15 to 0.15 kWh m−3 as the chloride concentration was
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increased from 4.2 to 44 mM. These data illustrate the important role of
the solution conductivity and the chloride concentration.

=SEEC E Jt
V

cell
(6)

3.2. Polarisation behavior of Al−Mg

The potentiodynamic polarisation curves recorded for Al−Mg in
0.017 M and 0.170 M NaCl solutions are compared in Fig. 5(a). These
two concentrations were chosen as the 0.170 M NaCl solution is con-
ducting with little resistance (no IR drop) in the electrochemical cell,
while a 10−fold decrease in the chloride concentration to give a
0.017 M NaCl solution is more representative of the typical chloride
concentrations found in water or wastewater samples. The corrosion
potential, Ecorr, in 0.170 M NaCl is −0.664 V vs. SCE, compared to a
value of −0.554 V vs. SCE in 0.017 M NaCl. The corrosion currents,
jcorr, were computed using the Tafel equation, Eq. (7), where η re-
presents the overpotential, E is the applied potential, jcorr is the corro-
sion current density, j is the measured current density and α is the
transfer coefficient.

= =E E RT
F

j
F

j2.303 log 2.303RT logcorr corr (7)

The corrosion current density jcorr, was computed as 1.20 × 10−6 A
cm−2 for both chloride concentrations, indicating little influence of

chloride concentrations between 0.017 M and 0.170 M. The current
density increases sharply at potentials higher than Ecorr. Consequently,
the electrode exhibits no clear passive region and in electrocoagulation
applications this feature would be advantageous for the energy supply
to the system. The breakdown potentials, Ebr, were taken at a reason-
ably high current density of 0.01 mA cm−2, and in 0.017 M NaCl it was
found at −0.530 V vs. SCE while in 0.170 M NaCl it is observed at
−0.636 V vs. SCE. In Fig. 5(b) the breakdown potential, Ebr, is plotted
as a function of the logarithm of the chloride concentration to give a
linear relationship, as illustrated in Eq. (8). The slope value of
−0.108 ± 0.012 V shows the influence of chloride concentration on
the dissolution behavior of the alloy. Similar experiments carried out
with pure Al gave a much higher dependence on chloride concentration
with a gradient of −0.204 V. The surface morphology following dis-
solution is shown in the inset in Fig. 5(a), where clusters of pits were
evident and appear to merge to give a corroded area of about 100 μm in
diameter.

=E 0.712 0.108 log[Cl ]br (8)

In the presence of phosphates, the polarisation behavior and the
surface morphology are altered, as illustrated in Fig. 6. This is con-
sistent with the corrosion inhibition properties of phosphates [30].
There is a 50 mV shift in the Ecorr value to more positive potentials and
a reduction in jcorr from 1.09 × 10−6 A cm−2 to 7.13 × 10−7 A cm−2

on the addition of phosphates. A hysteresis loop exists and is clearly
evident as the potential is reversed and cycled to lower values. This
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indicates that while the phosphates inhibit the initiation and propaga-
tion of the pits, once the pits are activated they continue to develop and
are difficult to repassivate. The micrographs presented in Fig. 6(b) show
that localised corrosion occurs, however the size of the pit clusters is
somewhat smaller, with diameters reaching 80 μm. In addition to the
circular−like clusters seen in the chloride solutions, some irregu-
lar−shaped clusters are evident in the presence of phosphates. These
data clearly show that while phosphates are corrosion inhibitors, the
Al−Mg alloy can be activated to induce dissolution in the presence of
phosphates and the variations in chloride concentration have less in-
fluence on the dissolution of Al−Mg compared to pure Al. This is
consistent with the data presented in Fig. 1 where the removal of
phosphate is efficient in a relatively low (4.2 mM) concentration of
chloride.

Electrochemical impedance data, shown as a complex plane im-
pedance plot, are presented in Fig. 7, where the impedance is compared
for pure Al and Al−Mg. The symbols show the experimental data, while
the dotted traces represent the simulated data. The data were recorded

at the open−circuit potentials, −0.88 V vs SCE for Al−Mg and
−0.72 V vs SCE for pure Al in a 0.17 M NaCl solution following a 2−h
period in order to achieve steady−state conditions. The open−circuit
potential adopted by the Al−Mg alloy following a 2−h immersion
period is lower than the Ecorr value evident in Fig. 5 and this is due to
the fact that the electrode is polarised from below the Ecorr value at a
relatively slow rate in Fig. 5. The equivalent circuits employed in fitting
the data are shown in the figure, where the two−time constant model
was used to represent the Al−Mg alloy. In these circuits, Rs corresponds
to the solution resistance, Q1 represents a constant phase element, RCT
denotes the charge−transfer resistance and the additional R1/Q2
couple was used to represent the formation of a corrosion layer at the
Al−Mg. The circuit parameters are summarised in Table 3. It is evident
from a comparison of the figure and the data summarised in the table,
that the impedance is different for the two systems. The pure Al is
characterised by a RCT/Q1 couple representing a distorted capacitance
and a charge−transfer resistance and an additional constant phase
element, Q2, which corresponds to a diffusional element (n= 0.52).
This is consistent with the formation of a passive layer. On the other
hand, the Al−Mg alloy has a higher charge−transfer resistance and
this is possibility connected to the build−up of corrosion products. The
additional R1/Q2 couple (n= 0.87 for Q) is consistent with the for-
mation of corrosion products at the surface as a result of the dissolution
of the alloy. These polarisation and impedance data show that Al−Mg
is prone to dissolution, in the presence of chloride anions, and this is
consistent with the good removal of phosphates, Figs. 1 and 2.

3.3. Adsorption processes

It is reasonable to assume that the adsorption processes associated
with electrocoagulation are rapid and at the end of the electro-
coagulation process equilibrium is achieved. Consequently, the

Fig. 6. (a) Cyclic polarisation curve recorded at 1 mV s−1 for Al−Mg in 0.017 M NaCl and 8.12 × 10−4 M phosphate, (b) micrographs recorded at the end of the
cyclic potentiodynamic polarisation scan.

Fig. 7. Impedance data with equivalent circuits recorded for ● pure Al and Δ
Al−Mg in 0.17 M NaCl under open−circuit conditions, dotted traces represent
the simulated data generated using the equivalent circuits.

Table 3
Summary of impedance data recorded for Al−Mg and Al.

System RCT/kΩ cm2 Q1/Ω−1 cm−2 sn1 n1 R1/kΩ cm2

Al−Mg 10.6 3.1 × 10−5 0.85 16.2
Al 0.97 1.9 × 10−5 0.81 –
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concentration of phosphate at equilibrium, Pe, can be taken as the final
concentration of phosphate in solution, Pt. To support this assumption,
the residual concentration of phosphate in solution was measured as a
function of time immediately after stopping the coagulant dosing. It
was observed that equilibrium was achieved in the first 2 min as there
was no further change in the residual concentration of phosphate after
this interval. However, the concentration of phosphate was measured
after 15 min to ensure equilibrium. The adsorption capacity was ob-
tained using a mass equilibrium equation which is expressed Eq. (9),
were, qe is the amount of phosphate adsorbed at equilibrium per unit
mass of adsorbent, Po and Pe are the initial and the equilibrium con-
centrations of phosphate, respectively, V is the volume of the solution,
and M is the amount of adsorbent.

=q P P V
m

( )
e

o e
(9)

The electrogenerated adsorbent may comprise Al(OH)3 as well as
other hydrolysis products of aluminium. Consequently, the amount of
adsorbent generated, m, is difficult to measure and instead was con-
sidered as the amount of Al3+ ions generated by electrodissolution of
the Al−Mg electrode, mAl. The total mass was calculated using
Faraday's law, Eq. (10), where m is the mass, J is the current, t is the
time, EW is the gram equivalent weight of the material and F is Far-
aday's constant. The evaluation of mAl was achieved using Eq. (11),
where W is the atomic weight, f is the mass fraction, and Z is the va-
lence of the elements present in the alloy [31].

= =m JtEW
F

JtW
FZ (10)

= + = +m m m Jt
F

W
Z

f
W
Z

fAl Mg
Al

Al
Al

Mg

Mg
Mg

(11)

Two models were used, the Langmuir and Freundlich models. The
Langmuir equation, Eq. (12), where qm is the maximum sorption ca-
pacity and kL represents the affinity of the binding sites, is based on
monolayer adsorption without interaction between the adsorbed mo-
lecules. On the other hand, the Freundlich model, Eq. (13), proposes
multilayer adsorption with a heterogeneous energetic distribution of
active sites accompanied by interactions between adsorbed species. In
this analysis, Kf and n are associated with the adsorption capacity.

=
+

q
q k P

k P1e
m L e

L e (12)

=q k Pe F e n
1

(13)

The experiments were carried out by varying the initial concentra-
tion of phosphate from 2 to 150 mg L−1 in solutions containing 4.2 mM
NaCl at an initial pH of 5.0 and at a temperature of 25.0 ± 0.5 °C. Each
experiment was performed in triplicate. Fig. 7 shows the amount of
phosphate adsorbed at equilibrium per unit mass of Al3+ ions, qe, as a
function of the equilibrium concentration of phosphate, Pe. The
non−linear regression plots for the Langmuir and the Freundlich
models are displayed in Fig. 8 with the corresponding experimental
plot. The goodness of fit of the two models was tested using the adjusted
R2 value and the data are summarised in Table 4. Clearly, the Freun-
dlich model gives a better fit and adsorption is favoured with a kF value
of 146 mg g−1 and n is higher than 1.0. This suggests that the phos-
phates are removed through an adsorption process. The Freundlich
equation, although empirical, implies that the affinity for the adsorp-
tion sites decreases exponentially with increasing saturation. This as-
sumption is more realistic than the constant binding energy inherent in
the Langmuir equation. These data are consistent with the variations in
pH and the speciation diagrams of hydrolysis products, Figs. 2 and 3,
where adsorption is facilitated by the cationic hydroxy aluminium
species and anionic phosphates.

3.4. Removal of phosphates from real water samples

Given the positive results obtained for the removal of phosphates in
the presence of low chloride concentrations, the Al−Mg electrode was
used as an anode material to treat real wastewater samples that were
obtained from two wastewater facilities and these are labelled as
Sample A and B. The samples were collected at the primary settlement
areas and their physico-chemical characteristics, such as the pH, the
concentration of chloride ions, the conductivity and the concentration
of phosphate ions, are presented in Table 5. The samples were used in
electrocoagulation tests without any pre-treatment but 10 mg L−1 of
phosphate was added to Sample A, as the concentration of phosphate
was very low. Fig. 9 shows the efficiency of removal plotted as a
function of the electrocoagulation period for both samples. It is clear
that at the end of 15 min the phosphate ions are completely removed
from both samples. For comparison purposes, similar data are shown
for pure Al using Sample A. Again, good removal is achieved, however,
the efficiency is lower at the earlier times when compared to the AleMg
alloy.

4. Conclusions

It is evident from this study that aluminium alloyed with magne-
sium to give Al−Mg provides efficient removal of phosphates at dif-
ferent concentrations of chloride, pH and also in real water samples.
The removal of phosphates is achieved within 15 min in real water
samples. AleMg alloys are used in a variety of engineering applications
and like pure aluminium, they are light weight alloys. Their efficiency
in removing phosphates appears to be related to the ease of dissolution

Fig. 8. Adsorption plots with ● Experimental data ee Freundlich isotherm,
and − − − Langmuir isotherm fitting at 25.0 ± 0.5 °C.

Table 4
Langmuir and Freundlich model constants and adjusted R2 values.

Langmuir model Freundlich model

kL/L mg−1 qm/mg g−1 Adjusted R2 kF/mg g−1 n Adjusted R2

0.18 ± 0.08 552 ± 69 0.883 146 ± 22 2.9 ± 0.1 0.943

Table 5
Physico−chemical characteristics for the real samples A and B.

Sample pH Cl−/mM κ/mS cm−1 P/mg L−1

A 6.8 0.71 ± 0.03 0.32 1.1
B 7.4 4.74 ± 0.04 1.00 4.6
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of the alloy which was evident using polarisation, cyclic polarisation
and electrochemical impedance spectroscopy. Furthermore, dissolution
of the Al−Mg alloy appears to be more general−like compared to the
deep pitting attack that is seen with pure aluminium. AleMg is less
susceptible to passivation compared with pure Al, making this alloy
suitable as an anode in electrocoagulation. The simple two electrode
system used in this study can be easily scaled up to give multiple and
alternating cathodes with Al−Mg anodes that facilitate the flow of
water through the unit, making it suitable for small-scale water treat-
ment facilities. Furthermore, it is apparent that potentiodynamic and
cyclic polarisation curves coupled with Tafel analysis and electro-
chemical impedance spectroscopy are convenient and simple techni-
ques that can be used to provide information on the probable perfor-
mance of an anode in electrocoagulation studies.
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