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a b s t r a c t
The electrochemical process (EP) as an advanced treatment method has been widely applied to the 
removal of pollutants from wastewater streams. Several studies have investigated the efficiency 
and optimization of the electrochemical method for removing phosphorus compounds from aque-
ous solutions. However, the energy demand for this method has only been reported in limited stud-
ies. Therefore, this research aimed to determine the energy consumed during an electrochemical 
process to remove organic phosphorus from wastewater. This experimental bench-scale study was 
carried out in a batch system on 180 samples of phosphorus contaminated wastewater. In order to 
prepare synthetic wastewater samples, containing 2–32 mg/L organic phosphorus, adenosine mono-
phosphate salt was added to the dechlorinated tap water. The wastewater samples were then sub-
jected to treatment in an electrolytic cell which consisted of steel electrodes. Electricity power was 
immobile at 0.6 A DC (1.15 mA/cm2). The remaining phosphorus was examined by 4500P.D method 
described in 21st Edition of Standard Methods for Examination of Water and Wastewater. A mixed 
design analysis of variance test with repeated measurements by SPSS16 software was applied for 
data analyzes. The results showed that, the EP using steel electrodes is capable of removing organic 
phosphorus up to 98%. For the diminution of phosphorus from samples to less than 1  mg/L, the 
mean of maximum energy demands was about 0.59  kWh/g of removed organic phosphorus. The 
energy demand can be calculated by the suggested graphs depending on the initial concentration of  
organic phosphorus.
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1. Introduction

Excess phosphorus concentrations in effluents from 
municipal and industrial wastewater treatment facilities 
result in eutrophication, a phenomenon that upsets the bal-
ance of living organisms and affects water quality, mostly 

owing to the loss of dissolved oxygen caused by algal 
decomposition in many natural water bodies [1–3].

Total phosphorus in wastewater is classified into two 
operationally distinct fractions based on colorimetric 
detection techniques [4]. These fractions are referred to as 
reactive (inorganic fraction) and non-reactive phospho-
rus (condensed phosphates and organic phosphorus) [1]. 
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Although organic phosphorus has been reported as the 
minor component of total phosphorus in raw wastewater, 
a large portion can pass through conventional treatment 
methods unaffected [5]. The majority of total phosphorus 
in treated wastewater has been found to be in the form 
of dissolved organic phosphorus, which may threaten 
sensitive receiving waters [2,5].

Municipal wastewater contains 5–20  mg/L total phos-
phorus, of which 1–5 mg/L of which is organic, and derived 
from human excretions and detergents used. In addition to 
municipal wastewater, industrial wastewater may also con-
tain phosphorus compounds [6]. It has been documented 
that agriculture and animal husbandry waste streams lead 
to the accumulation of phosphorus in soil and water bod-
ies [7], particularly in regions where these activities are 
prevalent. Moreover, the increasing demand for organic 
phosphorus compounds in industries like pesticides, deter-
gents, and pharmaceuticals would result in a high concen-
tration of these compounds in the effluent [2]. Effective 
and efficient technologies for organic phosphorus removal 
from both municipal and industrial wastewater streams are  
required.

The electrochemical process (EP) as an advanced waste-
water treatment method has been widely applied to the 
treatment of organic and inorganic pollutants [8,9]. The major 
EP in wastewater treatment are electrocoagulation, electro 
flotation, electro-reduction, and electro-oxidation [10].

Ease of use, simple equipment, shorter hydraulic reten-
tion time, no need or reduction of chemical feeder equip-
ment, less sludge volume, environmental compatibility, 
adaptability, energy savings, more safety, compatibility with 
fluctuations, no corrosion and environmental pollution, 
and relatively low costs are among the advantages of the 
electrochemical method [10–12].

Using the EP, phosphorus compounds (depending on 
the medium composition and pH) could be eliminated by 
different processes, including coagulation, complexation, 
adsorption on metal hydroxide surfaces, or direct precipi-
tation with metal cations discharged into the water [8,10]. 
The combination of many processes in the electrochemical 
method results in a high efficiency of the method at waste-
water treatment [13]. However, energy consumption for 
removal of pollutants from water and wastewater is a major 
issue that should be considered in the EP. Although several 
studies have investigated the efficiency and optimization of 
the EP in removing phosphorus compounds from aqueous 
solutions [3,8,9,12,14–17], the energy demand has only been 
reported in limited studies [3,9,15,16]. Irdemez et al. [16] 
studied the effects of current density and concentration of 
phosphate on phosphorus removal from wastewater using 
an electro-coagulation process. The phosphorus removal 
efficiency in the reaction time of 8 min for the initial con-
centrations of 25, 50, 100, and 150  mg/L of phosphorus 
has been reported to be 100%, 98%, 61%, and 42%, respec-
tively. Furthermore, the amounts of energy consumed for 
the aforementioned time and concentrations have been 
reported at 0.81, 0.506, 0.444, and 0.323 kWh/g, respectively. 
In another study, Irdemez et al. [9] investigated the effect 
of pH on phosphate removal from wastewater by an elec-
tro-coagulation process using iron electrodes. They found 
that in the reaction time of 20 min, in a solution with a pH 

of 3, the phosphate removal efficiency and energy con-
sumption were 40% and 0.5  kWh/g, respectively. When 
the pH was raised to 7, these parameters changed to 93% 
and 0.64  kWh/g, respectively. While the efficiency and 
energy consumption for a pH of 9 were reported to be 
61% and 0.56 kWh/g, respectively.

Since there are some contradictions in energy consump-
tion in the removal of phosphorus by the EP, the present 
study was conducted with the specific aim of investigat-
ing the energy needs of the EP for the removal of organic 
phosphorus from artificial wastewater.

2. Materials and methods

In the present study, organic phosphorus was removed 
from synthetic wastewater using an electrolytic cell in a 
bench-scale batch system and the energy demand was esti-
mated. In the first step, the characteristics of the tap water 
that was used further for the preparation of synthetic 
wastewater were determined as follows:

Electrical conductivity (EC)  =  2,070  micro-Siemens per 
centimeter, pH = 7.2, total dissolved solids (TDS) = 1,242 mg/L, 
temperature  =  21°C, total hardness  =  516  mg/L as CaCO3, 
calcium hardness  =  318  mg/L as CaCO3. Also, the mea-
sured phosphate concentration was 0.049 mg/L.

In the second step, the phosphorus-contaminated waste-
water was synthetized by adding adenosine monophos-
phate salt to the dechlorinated tap water. The initial pH 
of solution was adjusted using HCl and NaOH (1 N, 5 N) 
before experiments. For preparing a complete mixed solu-
tion a magnetic stirrer was used. In this study, we prepared 
six different concentrations of phosphorus (2, 4, 8, 16, 24, 
and 32 mg/L).

The electrolytic cell was composed of eight pieces of 
steel plate with dimensions of 15  cm  ×  2.5  cm  ×  0.02  cm 
(length × width ×  thickness) as anode and cathode which 
were fixed 1.5  cm apart from each other. Prior to the ini-
tiation of the experiments, electrodes were washed by 
hydrochloric acid (1:6). Then, 2,000  mL of the synthetic 
wastewater sample was poured into the electrolytic cell. 
The electrodes were submerged into the sample to the 
extent of 13  cm of their length. The contents of the elec-
trolytic cell were mixed at 300 rpm using a magnetic stir-
rer. It should be noted that the experiments were repeated 
five times for each of the aforementioned concentrations 
of phosphorus. The input power was measured using an 
ammeter and a voltmeter. All experiments were conducted 
at a laboratory temperature of about 21°C. The current 
intensity of 0.6  A was applied to the reactor contents, 
which was selected based on the optimal results of the pre-
vious studies conducted by the authors [18,19]. Progress 
of phosphorus removal from wastewater was monitored 
by taking samples from the reactor at 10  min intervals 
during 1  h. Therefore, for each concentration, the effi-
ciency of phosphorus removal was investigated at 10, 20, 
30, 40, 50, 60 min from the beginning of the experiments. 
A total of 180 samples were analyzed (6  concentrations, 
6 reaction times, and 5 replications for each). Samples were 
filtered thorough cellulose acetate membrane filters with 
a pore diameter of 0.45  µm to separate unwanted sludge 
and then analyzed. To prevent passivation of electrodes, 
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cathode and anode were changed every 10  min during  
experiments.

Subsequently, the residual phosphorus in the taken sam-
ples was changed into orthophosphate using the persulfate 
digestion method (Standard Methods for Examination of 
Water and Wastewater 4500-P.B.5) and the concentration 
of formed orthophosphate was determined using the tin 
chloride method (Standard Methods for Examination of 
Water and Wastewater 4500  P.D.) [4]. The concentration of 
remaining phosphorus was measured at a wavelength of 
690  nm using a spectrophotometer model DR/2010. In this 
study, experiments that reduced residual phosphorus to 
less than 1  mg/L were subjected to energy demand calcu-
lation, subsequently [20].

The following equation was used to determine the 
energy consumed:

EC �
� ��� ��

UIt
V C Ct1 000 0,

where EC = kWh/g of phosphorus removed, U  =  the aver-
age voltage (in Volts) during the EP, I  =  the average elec-
tric current intensity (A) during the EP, t  =  the time of the 
electrolysis process (h), V = the volume of under processed 
wastewater (m3), C0  =  the initial phosphorus concentration 
(g/m3), Ct  =  the phosphorus concentration after t reaction 
time (g/m3).

For statistical analysis, SPSS 16 software and a mixed 
analysis of variance test with repeated measures were  
used.

3. Results

The study investigated energy consumption in the 
EP for the removal of organic phosphorus from synthetic 
wastewater at a constant 0.6  A electric current (current 
density  =  1.15  mA/cm2). The reaction time ranged from 10 
to 60  min, and the initial organic phosphorus concentra-
tion was in the range of 2–32  mg/L. The process removed 
organic phosphorus efficiently, up to 98%.

In Fig. 1, the energy consumption of electrochemically 
removing phosphorus for different initial concentrations of 
organic phosphorus at different time points was compared. 

Statistical analysis showed significant differences in reac-
tion time and also between different initial concentrations 
of organic phosphorus in energy demand (P-value  <  0.05). 
The lowest energy consumption was observed in samples 
in an initial concentration of 16  mg/L and 10  min reaction 
time. On the other hand, samples with 2  mg/L organic 
phosphorus initial concentration which were treated for 
60 min consumed more energy.

The average energy consumption based on reaction time 
vs. initial concentration of organic phosphorus is depicted 
in Fig. 2. In this case, energy consumption decreased from 
0.59 to 0.03  kWh/g as the initial concentration of organic 
phosphorus in samples increased from 2 to 32 mg/L.

As is shown in Fig. 3 with increase in the organic phos-
phorus removal efficiency, the average amount of energy 
consumed increased. Exponential equations presented in 
Figs. 2 and 3 can be used for estimation of energy demand 
in similar EP for organic phosphorus removal from aquatic 
samples at different concentrations and times, respectively.

4. Discussion

The results showed that the EP using steel electrodes 
is capable of removing organic phosphorus up to 98%. 
This finding is compatible with the results reported by 
Mesdaghinia et al. [18] and Rabbani et al. [19] in which EP 
resulted in the removal of 93% of phosphorus compounds 
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from activated sludge effluent. In a study conducted in 
Spain, complete removal of phosphate by electrocoagula-
tion using iron and aluminium electrodes was reported [17]. 
Another study achieved up to 99% removal of phosphate 
from water using a new baffle plates aluminum-based elec-
trochemical cell within 60  min at an initial concentration 
of phosphate of 100  mg/L [21]. However, lower efficiency 
(80.74%) for phosphate removal (at initial concentration of 
15–75 mg/L) using iron electrode was reported in the Ano 
et al. study [8].

Since the main goal in our study was to investigate the 
variation in energy consumption during the removal of 
various concentrations of organic phosphorus from waste-
water, parameters including pH, temperature, and cur-
rent density were retained constantly during experiments. 
Optimized conditions for efficient removal of organic phos-
phorus were reported in the previous studies performed 
by the authors [18,19].

In the current study, pH of bulk wastewater subjected 
to electrochemical degradation was neutral (~7) and the 
removal efficiency was achieved up to 98%. Irdemez et al. 
[9] investigated the effect of pH on phosphate removal from 
wastewater in the electro-coagulation process using iron 
electrodes. They showed that in the reaction time of 20 min, 
with a pH of 7, the phosphate removal efficiency and energy 
consumption were 93% and 0.64 kWh/g, respectively. In the 
electrochemical systems, reduction of water molecules at 
the cathode resulted in the production of OH–, increase in 
local pH, and promotion of phosphorus crystal formation. 
It has been proven in other studies that bulk pH is not criti-
cal in electrochemical systems [22,23]. Lei et al. [22] reported 
that the local pH near the cathode can reach as high as 13.2, 
which is significantly higher than the bulk pH. In a study 
conducted on the electrochemical removal of phospho-
rus from domestic wastewater, removal efficiency at bulk 
pH of 7.5 was reported to be 55%, and at acidic pH (3.8) 
it was not significantly different (about 49%).

It is well known that the applied current density plays an 
important role in the electrochemical degradation of organic 
compounds because the amounts of ions and complexes are 
related to the applied current density [24]. In our study, the 
current density was kept constant at 1.15 mA/cm2. Lei et al. 
[22] reported that the phosphorus removal efficiency was 
increased from 0.05 to 0.13 mg/L when the current density 
was increased from 26 to 150 A/m2 (batch operation, 18.6 mg/L 
phosphorus). Recently, Wang et al. [23] reviewed studies on 
the application of EP in phosphorus removal and revealed 
that energy demands in these processes ranged from 2 to 
2,000 kWh/kg of phosphorus using different cathode mate-
rials at different current densities and initial concentrations 
of phosphorus. According to Al Aji et al. [25], the energy con-
sumption for heavy metal removal was reported at 49 kWh/
m3, and the efficiency and current density were 25 mA/cm2 
and 96%, respectively. In the study of Lacasa et al. [17], the 
current densities were in a range of 0.1–5 mA/cm2, and higher 
electrocoagulation rates were observed at higher current den-
sities. However, energy consumption increases with increas-
ing current density. The low current densities preserved the 
raw metal and reduced the energy consumption [17,26].

For the EP, energy demand is an important factor that 
determines the economic feasibility of the process. The major 
operating cost is associated with electrical energy consump-
tion during the electrochemical degradation process [24,27]. 
Therefore, optimizing energy consumption and process 
efficiency is critical. The higher the initial concentration of 
organic phosphorus, the greater the possibility of collisions 
between the hydroxides produced during the EP, resulting 
in higher process efficiency and lower energy consumption. 
The maximum energy required to reduce organic phospho-
rus from solutions containing 2–32 mg/L to less than 1 mg/L 
(as the Iranian Standard for Phosphorus Concentration in 
Wastewater) was on average 0.59  kWh/g [20]. As depicted 
in Fig. 1, the lowest energy consumed was observed at the 
initial concentration of 16  mg/L, and at higher concentra-
tions, no significant decrease in energy consumption was 
observed. In a previous study, 98% removal of phosphorus 
compounds from filtered effluent of activated sludge sam-
ples was achieved with energy consumption of 0.45  kWh/
m3 [3]. These findings are compatible with whatever may 
have been declared by Irdemez et al. [16], that reported 
energy consumption for phosphorus removal from solu-
tions with concentrations of 25, 50, 100 and 150  mg/L as 
0.81, 0.506, 0.444 and, 0.323 kWh/g, respectively [16]. Their 
study showed that at the reaction time of 8 min, the removal 
efficiencies for the mentioned initial phosphorus concen-
trations were 100%, 98%, 61% and 42%, respectively [16]. 
In a study conducted on phosphate removal from rinse 
water, the energy consumptions were 0.18–11.29  kWh/
m3 for aluminum electrode and 0.24–8.47  kWh/m3 for iron 
electrode in the same current density range [26].

As is mentioned earlier, in our study, by increasing 
the initial concentration of organic phosphorus beyond 
16 mg/L, the energy consumption did not decrease signifi-
cantly. An excessive increase in the initial concentration of 
the contaminant increases the possibility of the formation 
and accumulation of intermediates during the treatment 
process [28]. These intermediates could compete with 
the degradation of organic compounds and thus decrease 
energy efficiency [24,29].

5. Conclusion

The result of the study reveals that an EP using steel 
electrodes can efficiently remove organic phosphorus from 
wastewater, and energy consumption for economic assess-
ment can be calculated using the equations obtained from 
the presented figures. In practice, depending on the initial 
concentration of organic phosphorus, the energy demand 
can be determined by Figs. 2 and 3, and to find the suitable 
reaction time, Fig. 1 can be used. The main design parame-
ters that have been represented in this work are useful for 
the design of an EP to remove phosphorus from wastewa-
ter in future studies. Based on the results of our study, EP 
in comparison with conventional phosphorus removal 
methods can be more cost-effective. However, further stud-
ies should be conducted on system stability and efficiency 
under long-term operation and for different wastewater 
compositions and energy demands of large-scale reactors.
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