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Abstract

Performance of an electrocoagulation (EC) process in batch and continuous operating modes was
thoroughly investigated and evaluated for enhancing wastewater phosphorus removal under
various operating conditions, individually or combined with initial phosphorus concentration,
wastewater conductivity, current density, and electrolysis times. The results revealed excellent
phosphorus removal (72.7-100%) for both processes within 3—6 min of electrolysis, with relatively
low energy requirements, i.e., less than 0.5 kWh/m? for treated wastewater. However, the removal
efficiency of phosphorus in the continuous EC operation mode was better than that in batch mode
within the scope of the study. Additionally, the rate and efficiency of phosphorus removal strongly
depended on operational parameters, including wastewater conductivity, initial phosphorus
concentration, current density, and electrolysis time. Based on experimental data, statistical model
verification of the response surface methodology (RSM) (multiple factor optimization) was also
established to provide further insights and accurately describe the interactive relationship between
the process variables, thus optimizing the EC process performance. The EC process using iron
electrodes is promising for improving wastewater phosphorus removal efficiency, and RSM can be
a sustainable tool for predicting the performance of the EC process and explaining the influence of
the process variables.

Keywords: Electrocoagulation; Iron electrode; Phosphorus removal; Energy consumption;
Response surface methodology

1. Introduction

In recent decades, the link between eutrophication and algal blooms has come to light and become
a global issue (Heisler et al. 2008, Ye et al. 2016). Both of these phenomena have been identified
as potential serious threats to natural water resources and aquatic ecosystems and pose risks to
human health via food chains due to toxic algal species (Anderson et al. 2008, 2002, Sommariva
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et al. 1997). These phenomena have been ascribed mainly to surplus phosphorus concentrations in
effluents, primarily coming from agricultural runoff, sewage, and industrial wastewater treatment
plants (WWTPs) (Rajeshwar and Ibanez 1997, Lai et al. 2011, Nguyen et al. 2016, Ye et al. 2016),
which leads to phosphorus accumulation exceed balancing of the receiving water (Conley et al.
2009, Sommariva et al. 1997). Furthermore, to prevent negative impact and improve environmental
quality, national discharge regulations for residual phosphorus concentrations in effluents have
become increasingly stringent. Hence, existing WWTPs require retrofitting with efficient and
compact technologies that can be easily integrated in order to upgrade/improve the efficiency of
phosphorus removal and capacity expansion (Nguyen et al. 2014b, Tran et al. 2012, Wang et al.
2015).

Therefore, advanced/innovative technological solutions and tools (such as higher efficiency
handling of phosphorus loading, more compact size, less operator assistance, less energy
consumption, capability of treating large quantities, and modular expansion) are urgently needed
for treating and controlling residual phosphorus before it is discharged into the environment, in
order to minimize negative environmental impacts.

Thus far, a wide range of treatment technologies is available for reducing phosphorus in effluents
and they can be classified into two main groups as follows. (i) The first group includes
physicochemical treatment methods such as precipitation (Al-Harahsheh et al. 2014, Huang et al.
2015), ion exchange, and adsorption (Li et al. 2006, Lin et al. 2014, Yildiz 2004). These techniques
often have to use a variety of reagents (for pH adjustment, coagulation, flocculation, etc.) and
multiple devices, have high energy requirements, and produce a large amount of sludge (Huang et
al. 2017, Li et al. 2006, Tran et al. 2012, Zelmanov and Semiat 2015), therefore requiring complex
operations (because of the dependence on many operation parameters). As a result, they might not
be economical, flexible, nor effective enough to produce high-quality effluents. (i1) The second
group includes biological treatment methods, which are more common and attractive than
physicochemical treatments (Ye et al. 2016) because they can simultaneously remove many
contaminants (e.g., BOD, COD, nitrogen). However, these methods require reactors with large
capacities, and the phosphorus removal efficiency is still modest (less than 30%) (Deliyanni et al.
2007, Sommariva et al. 1997), because a small portion of phosphate is taken up and stored in the
microbial biomass in the activated sludge, ultimately resulting in the removal of excess sludge that
is rich in phosphates (Hosni et al. 2007, Monclus et al. 2010, Yang et al. 2010).

Recently, to meet new requirements for the removal of pollutants (e.g., phosphorus and arsenic),
considerable attention has been paid to the electrocoagulation (EC) process, using aluminum or
iron electrodes. Positive results have been obtained, such as having high efficiency, being economic
and compact, requiring simple operation, and generating little sludge during treatment, in addition
to possibly not requiring the addition of any chemicals (Bayar et al. 2014, Chen 2004, Huang et al.
2017, Lacasa et al. 2011, Mollah et al. 2004). Additionally, the electrodes are available worldwide
at reasonable cost (Can et al. 2014, Chen 2004, Nguyen et al. 2016, Tran et al. 2012). Despite the
proven usefulness of the EC process, however, its application has not yet been fully utilized as a
significant technological advantage in improving the critically needed phosphorus treatment
procedure. The main mechanism of the EC process for phosphorus removal is the generation of
metal and hydroxyl ions from the anode and cathode, respectively. These ions rapidly form
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coagulant species, and as a result, they can absorb and/or precipitate contaminants, which are then
separated by sedimentation, filtration, or flotation (Bayar et al. 2013, Chen 2004, Daneshvar et al.
2006, Nguyen et al. 2014a). However, virtually all prior studies mainly focused on evaluating the
effectiveness of phosphorus removal in wastewater by changing one or two parameters, while
keeping the remaining parameters fixed. For a system with multiple dependent variables, this
approach is unlikely to have practical application and cannot simultaneously assess the level of
interaction among the variables.

Therefore, for a better understanding of potential EC application, it is essential to solve these
problems. In the present work, we mainly aimed to investigate the EC performance of phosphorus
removal in batch operating mode (BOM) and continuous operating mode (COM) using synthetic
wastewater (SWW) under various experimental conditions (i.e., initial phosphorus concentration,
wastewater conductivity, current density, and electrolysis time). We verified whether the statistical
model of response surface methodology (RSM) was applicable to describe correctly the effects of
simultaneously operational variables on the response functions and optimized the EC performance
based on experimental findings. Energy consumption, iron consumption, and the ratio of iron
consumption to phosphorus removal were also evaluated.

2. Materials and methods
2.1. Preparation of the wastewater

The composition of SWW used in the experiments was prepared by dissolving various
concentrations of sodium chloride (NaCl, 99.5%) and potassium dihydrogenophosphorus (KH2PO4,
98%) in tap water depending on the required concentrations of phosphorus (1-3 mg/L) and
conductivity (455-1152 uS/cm). The initial pH value (6.22—-7.26) of SWW was adjusted using
sodium hydroxide (NaOH, 99%, South Korea) and sulfuric acid (H2SO4, 99.9%, South Korea).

2.2. Experimental set-up and sampling

BOM and COM systems are shown in Fig. 1a, b, respectively. Each system and experimental
scheme used in this study are described in detail by (Nguyen et al. 2016) and briefly as follows.

A batch EC system (Fig. 1a) was set up in a 3534-mL polyacrylate reactor with rectangular parallel-
piped geometry and a working volume of 3000 mL. A pair of cylindrical iron electrodes of the
same height (130 mm) were fixed in concentric cylinders with a gap of 26.75 mm between the two
electrodes and immersed in the solution (wastewater). Internal and external cylindrical electrodes
had diameters of 57 and 110.5 mm, respectively, corresponding to a surface area of 233 and
451 cm?, respectively. These electrodes were connected directly to a DC power supply (Sunchang
Electronic Co., Ltd., South Korea), which could provide direct current (0—15 A) and voltage (0—
30 V) at the desired values. A lab stirrer and portable probes for temperature, pH, and conductivity
were also mounted in the reactor.

A continuous EC system (Fig. 1b) consisted of a 200 L raw wastewater holding tank that was
mounted with a lab stirrer to ensure complete mixture of the contents. The system was connected
to a peristaltic pump for continuous supply of raw wastewater at different flow rates into the EC
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compact device and a DC power supply (Sunchang Electronic Co., Ltd., South Korea) that was
connected to electrodes to supply the direct current. The EC compact device had a polyacrylate
cylindrical distribution box at the bottom and two fixed concentric coaxial cylinder iron electrodes
at the top. Internal and external cylindrical iron electrodes had working surface areas of 1700 cm?
(57 mm inside diameter x 945 mm height) and 3300 cm? (110.5 mm outside diameter x 1000 mm
height), respectively. The gap between the electrodes was 26.75 mm. The wastewater from the
cylindrical distribution box of the EC device flowed from the bottom up in an annular region
between two coaxial cylinder electrodes and then overflowed into the inner electrode prior to
discharge.

NOTE:

(1 Lab stirrer

[Z] Electrodes

(3] Electrolysis reactor
DC power supply
pH meter
Conductivity meter
(7] Container

(8] Peristaltic pump

h > EC device

Continuous EC system

Fig. 1 Schematic diagram of the electrocoagulation system for batch operating mode (a) and
continuous operating mode (b)



Calculations
Removal efficiency (R, %) was calculated using Eq. 1:
\ Ci—C
R (%) = ‘C = % 100 (1)

(8]

where Ct is the influent concentration of phosphorus (mg TP/L), and Cs is the effluent concentration
of phosphorus (mg TP/L).

The current density (CD) was calculated via Eq. 2 as follows:
5 /
CD (A/nr) S (2)
(A1) /2

where [ is the average current intensity (A), 41 is the area of the inner electrode (m?), and A2 is the
area of the outer electrode (m?).

The efficiency of the EC process in removing contaminants strongly depends on the amount of iron
from the electrodes dissolved in the wastewater. This was determined theoretically using Faraday’s
law to estimate the value (Eq. 3).

[ <t M
I!Tmar:dc’(g) = ( F ) X (T) (3)

where manode 1s the anode mass dissolved (g), ¢ is the electrolysis time (s), F is the Faraday constant
(96,485 C/mol), M is the molar mass of the substance (55.847 g/mol), and z is valence number of
ions.

Specific energy consumption (SEC) per cubic meter of treated wastewater (kWh/m?) is a very
important economical parameter of the EC process. The specific SEC was calculated using the
following equation (Eq. 4) (Akbal and Camc1 2011, Martinez-Huitle and Brillas 2009).

Ux1Ixt

V x 3.6 4)

SEC (kWh / m’ ) =
where U is the average cell voltage (V), and V' is the volume of the cell (L).

2.3. Data analysis

The data were analyzed using Microsoft Excel 2010 with a data analysis add-in program (ToolPak)
and a trial version of Minitab 17 (Minitab Inc., USA).

2.4. Analytical methods

Throughout the experiments, all treated wastewater and effluent samples from the reactor were
collected in clean high-density polyethylene (HDPE) bottles over a predetermined period, and
proper laboratory protocols for sampling, preservation, and storage of specimens were always
followed. All samples were filtered with 0.45-pm glass microfiber filters before analysis. The water
quality parameters of suspended solids (SS), total phosphorus (TP), electrical conductivity, voltage,
and pH were analyzed according to standard methods as described in detail in (Nguyen et al. 2014a).
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3. Results and discussion
3.1. Batch EC system performance

To determine the optimum electrolysis time and electrical conductivity needed to achieve the best
TP removal results, experiments were conducted by manipulating these variables, while
maintaining applied voltage, electrical conductivity, and initial TP concentration at consistent
levels through several runs. The experiments were executed in several steps. In each step, one
variable was changed and then their optimum value was proposed for the next part of the
experiment. The goal was to arrive at the optimum conditions for phosphorus removal from
wastewater by employing the EC process. Experiments were conducted using SWW, and the
specific characteristics and operating conditions of each experiment are summarized in Table 1.

Variations in TP concentration, pH values, TP removal efficiency, SEC, mass ratio of Fe/TP, and
specific iron consumption (SIC) as a function of time, under different conditions of conductivity
and initial TP concentration in BOM at an applied electrical potential of 10 V, are shown in Figs. 2—
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Fig. 2 Variations of pH and TP concentration (a), TP removal efficiency (b), SEC (c¢), and mass
ratio of Fe/TP and SIC (d) as a function of time at different conductivities in BOM at 10 V and an
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Table 1 Operating conditions and key experimental parameters of the EC process using SWW

Experiment no. NaCl conc  Volt Conductivity Current Current density pH

(wt.%) V) (uS/cm) A) (A/m?)

Avg. Avg. Avg. + Stdev Avg. £ Stdev Avg. + Stdev  Avg. £ Stdev
Operating in batch mode (BOM)
Series 1
SWW1.1 0.02 10 455.57+0.53 0.65 +0.00 19+0.0 6.47 £ 0.04
SWW1.1 0.02 455.57+£0.53 0.65+0.00 19+0.0 6.47 £0.04
SWW1.2 0.03 663.86 + 1.07 0.85+0.00 24.85+0.0 6.42 +0.05
SWW1.3 0.04 893.86 + 1.21 1.1 +£2.4E-16 32.16+£0.0 6.37£0.06
SWWwW1.4 0.05 1100.71 £2.43 1.4+ 2.4E-16 40.93+0.0 6.28 £0.04
Serial 2
SWW2.1 0.02 10 44357+19 0.6 +0.00 17.54+£0.0 6.60 £ 0.06
SWw2.2 0.03 684.29 +1.38 0.85+0.00 24.85+0.0 6.51+0.04
SWw2.3 0.04 899.57+2.99 1.15 £ 2.4E-16 33.62+0.0 6.44 +0.05
SWw2.4 0.05 1126 +3.06 1.4+2.4E-16 40.93+0.0 6.42 +0.03
Serial 3
SWW3.1 0.02 10 477.86+3.18 0.65+0.00 19+0.0 6.40 = 0.03
SWW3.2 0.03 687.14 £ 4.53 0.9+0.00 26.31+0.0 6.42 £0.02
SWW3.3 0.04 944 +3.79 1.2+0.00 35.08+£0.0 6.41 +£0.02
SWW3.4 0.05 1149.29+3.9 1.4 +£2.4E-16 40.93+0.0 6.40 +£0.02
Operating in continuous mode (COM)
Series 4
SWW4.1 Not added 10 539.11+£3.55 3.33+0.1 13.37+0.42 8.08 £0.52
SWw4.2 528.89 £ 1.05 2.88 £0.05 11.56 £ 0.21 8.63£0.23
SWw4.3 531+2.27 2.99 +0.07 12.01 £0.3 8.21+£0.46
SWw4.4 533.5+3.34 2.97+0.06 11.95+0.23 8.20+£0.61
SWW4.5 535.88 +3.48 3.04+0.05 12.21+0.19 8.06 +=0.40

SWW synthetic wastewater, Avg. average, Stdev standard deviation, Volt. voltage

The results depicted in Fig. 2a, b demonstrated that additional NaCl or increased conductivity in
the influent wastewater with a constant applied potential of 10 V ensured a steady increase in
phosphorus removal efficiency. The initial values of TP concentration and conductivity of the
solution were 1.0 mg/L and 456 puS/cm, respectively. It took only about 4 min for the EC process
to achieve a steady state of 97%, which corresponded to a final effluent TP concentration of
0.03 mg/L. Conversely, if the conductivity was increased to 1101 pS/cm, the removal efficiency of
the EC process rose to 99% within 2 min of starting electrolysis. This corresponds to a final effluent
TP concentration of 0.01 mg/L. Thus, for SWW with an initial TP concentration of 1.0 mg/L,
approximately 2 min of electrolysis can increase the EC process’ removal efficiency by 16.5 times
when the conductivity of the solution is increased from 456 to 1101 uS/cm. Results also indicate
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that, under the same experimental conditions, NaCl added directly to the solution will lead to a
significant increase in TP reduction and shorter electrolysis time when compared to no addition of
NaCl. This was probably due to the increase in the amount of dissolved iron in solution, resulting
in increased removal of TP. Meanwhile, as depicted in Fig. 2¢, d, the SEC and SIC exhibited linear
upward trends during the experimental period. The mass ratio of Fecons/TPrem. (mg/mg) is equal to
the proportion of the mass of iron consumption and mass of total phosphorus removed. This ratio
was considered for investigating the mechanism of TP removal.
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Fig. 3 Variations of pH and TP concentration (a), TP removal efficiency (b), SEC (¢), and mass
ratio of Fe/TP and SIC (d) as a function of time at different conductivity in BOM at 10 V and
initial TP concentration of 2.0 mg/L

Similar to experiments with an initial TP concentration of 1.0 mg/L, experiments using cylindrical
iron electrodes were conducted with the initial TP concentration changed to 2.0 and 3.0 mg/L. As
can be seen from Figs. 3a and 4a, the ability to remove TP exhibited a downward trend, which is
similar to the experiments utilizing an initial TP concentration of 1.0 mg/L (Fig. 2a), with the
residual TP concentration in the wastewater being directly proportional to conductivity. The ability
to remove TP followed a first-order exponential decay relationship with electrolysis time. Partially,
the results showed that phosphorus removal during the same elapsed electrolysis time was
enhanced when adjusting solution conductivity by adding more NaCl. For example, for
experiments with an initial TP concentration of 2 mg/L and electrolysis time of 3 min, the removals
of TP (residual TP) were 10.5% (1.97 mg/l), 18% (1.6 mg/L), 98% (0.04 mg/L), and 99% (0.02
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mg/L), which correspond to solution conductivities of 444, 684, 900, and 1126 uS/cm, respectively
(Fig. 3a, b). For experiments with an initial TP concentration of 3 mg/L and electrolysis time of 3
min, the removals of 9.67% (2.71 mg/L), 20.33% (2.39 mg/L), 82.33% (0.53 mg/L), and 99.33%
(0.02 mg/L) TP (residual TP) corresponded to solution conductivities of 4478, 684, 944, and 1149
uS/cm, respectively (Fig. 4a, b). These results are presented in Figs. 2a, 3a, and 4a as a function of
operating time and show that the TP removal rate in BOM follows the first-order exponential decay
equation.
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Fig. 4 Variation of pH and TP concentration (a), TP removal efficiency (b), SEC (¢), and mass
ratio of Fe/TP and SIC (d) as a function of time at different conductivities in BOM at 10 V and
initial TP concentration of 3.0 mg/L

Under the same experimental conditions, a wastewater conductivity of 1125.3 +20.55 uS/cm was
required in order to achieve a residual TP concentration of less than 0.02 mg/L in the final effluent.
The electrolysis time required for influent TP concentrations of 2, and 3 mg/L was 2, 2 to 3 min,
respectively. Meanwhile, if the conductivity of this solution is reduced to 678.4 + 10.95 uS/cm, the
minimum electrolysis time required increases to 3 min, 4 to 6 min, respectively.

The variations of SEC and SIC during 6 min of electrolysis in BOM, with different initial TP
concentrations and varied NaCl concentration are shown in Figs. 2c, d; 3c, d; and 4c, d. These
results indicate that SEC and SIC increase proportional to electrolysis time, with a constant applied
voltage of 10 V. SEC and SIC are very important parameters for the strategies used in choosing
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wastewater treatment technology. Based on this data, operating costs corresponding to the desired
discharge requirements can be evaluated and effectively compared with other processes. The SEC
and SIC in BOM fit very well to the first-order linear equations (R? > 0.98) in our study (data not
shown). They corresponded well to the concentration of TP (1-3 mg/L), applied voltage of 10 V,
and conductivity of solution ranges (440—1150 uS/cm).

The observed data also demonstrate that the influence of initial TP concentration on the SEC and
SIC of the EC process is not apparent under the same conditions of conductivity and applied voltage
of 10 V.

Observations and resultant data are presented in Figs. 2d, 3d, and 4d. It emerged that the amount
of iron electrode dissolved into wastewater could be calculated because it corresponded to the
amount of TP, as measured concentrations were dealt with using the same experimental conditions.
From this, it is possible to project the electrodes’ real-time functional lifespan accurately. This will
eliminate a major objection of operators opposed to using this technology. Instead, it will enable
them to have a sophisticated (CPM/engineering based), predictable, real-time, and well-budgeted
(reliable annual budgeting projections for system management and maintenance) plan in place for
routine electrode replacement.

The results presented in Figs. 2a, b; 3a, b; and 4a, b demonstrate that the EC process in BOM with
SWW successfully removed phosphorus from wastewater, with TP concentration in the final
effluent reduced to 0.02 mg/L or below. The EC process is capable of very efficiently removing an
exceptionally high initial amount of phosphorus of up to 3 mg/L.. Removal efficiency ranged from
72.67 to 100%, corresponding to a conductivity that varied from 478 to 1149 puS/cm and pH values
that varied in the neutral range of 6.22—6.66, even at a constant applied electrical potential of 10 V.
One hundred percent efficiency is an exceedingly high level for TP removal. Although this result
has been achieved experimentally at the laboratory level, this technology seems to be reliable and
is considered as a potential option for the removal of phosphorus in wastewater.

According to the evidence from the experiments mentioned above, the efficiency of phosphorus
removal increased as either the electrolysis time, the solution conductivity, or both increased. The
mass ratio of iron consumption per TP removed (Fecons/TPrem.) (mg/mg) was inversely proportional
to conductivity in the carrier solution. This means that increasing the conductivity of the solution
increases the efficiency of the EC process, shortens electrolysis time, and uses optimum levels of
dissolved iron. However, it slightly raises SEC.

3.2. Continuous EC system performance

The configuration of the electrolysis devices used in the COM experiments followed a sophisticated
design that employs twin, nested iron cylinders. This configuration provides ample surface area to
ensure sufficient interparticle contact will occur, thus increasing the ionic mass transport coefficient
needed to achieve the particulate agglomeration required for effective contaminant, specifically TP,
removal. Furthermore, it provides a moderate vertical shearing stress created by the upward flow
of wastewater caused by tiny bubbles of hydrogen and oxygen gases formed by the ionic
electrolysis of H20. This secondary effect scours or “washes” the surface of the electrodes,

minimizing the build-up of insoluble hydroxides and sludge layers on the electrode surface. This,
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SEC (KWh/m?)

in turn, ensures that the iron surface is adequately exposed to the solution and maintains stable
performance of the EC process in-situ, for the life of the electrode. To create this harmonious
combination of processes, slightly more electrical power consumption is required; however, this is
easily offset by the optimum removal efficiency of the technology. The resultant corrosion on the
surface of the electrodes will be homogeneous, and consequently, the lifetime of the anode can be
guaranteed for a long period. Additionally, local fabrication is readily available worldwide at
reasonable cost. To improve the performance of the EC process in both COM and BOM, the
polarity of the electrode was also alternated frequently.

A series of experiments was conducted with SWW in COM. Samples were taken from the effluent
of the EC reactor at predetermined flow rate values of 8.5, 8, 7, 6, 5, 4, 3, and 2 L/min, which
corresponded to the electrolysis times of 0.78, 0.83, 0.95, 1.11, 1.33, 1.66, 2.22, and 3.33 min
(Table 1).

The following experiments were carried out for this study: COM at an applied steady voltage of
10 V, the effects of initial TP concentration and flow rate on efficiency in removing phosphorus
based on SEC, and resulting anode SIC rates (Fig. 5). To determine the optimum retention time,
the SEC and SIC were evaluated based on these results.
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The EC process was implemented by changing the initial TP concentrations of 1.04, 1.51, 2.03,
2.48, and 2.99 mg/L, respectively. Meanwhile, experimental wastewater was retained in the actual
wastewater scenario (e.g., temp., pH, conductivity). These correspond to the residual TP
concentrations measured at the flow rate of 2 L/min (electrolysis time of 3.33 min) and were
0.03 mg/L (97.12%), 0.08 mg/L (94.7%), 0.1 mg/L (95.07%), 0.16 mg/L (93.55%), and 0.13 mg/L
(95.65%), respectively. Observing the plotted results in Fig. 5 led to the conclusion that when the
electrolysis time increases, TP removal efficiency in COM improves because it achieves greater
iron release and longer contact time. Together the pH value also tends to rise (7.08-9.01, within
the parameter ranges studied), owing to various iron hydroxides formed and hydrogen ion removal
by cathodic reactions during EC. In contrast, the flow rate tends to decrease and the SEC and SIC
tend to increase.

When the electrolysis time was less than 2.22 min (at a flow rate of more than 3 L/min), TP removal
efficiency increased at a rate inversely proportional to the initial TP concentrations. For example,
sample analysis after 0.95 min of treatment time (at a flow rate of 7 L/min) demonstrated that the
TP removal efficiencies for experiments with initial TP concentrations of 1.04, 1.51, 2.03, 2.48,
and 2.99 mg/L were 87.50% (0.13 mg/l), 47.02% (0.80 mg/L), 47.29% (1.07 mg/L), 37.9%
(1.54 mg/L), and 35.45% (1.93 mg/L), respectively. Meanwhile, if the electrolysis time was longer
than 2.22 min (at a flow rate of less than 3 L/min) and the initial TP concentration rose from 1.04
to 2.99 mg/L, TP treatment efficiency did not seem to change much. For example, sample analysis
after 3.33 min of treatment (at a flow rate of 2 L/min) demonstrated TP removal efficiencies for
experiments with initial TP concentrations of 1.04, 1.51, 2.03, 2.48, and 2.99 mg/L were 97.12%
(0.03 mg/L), 94.7% (0.08 mg/L), 95.07% (0.1 mg/L), 93.55% (0.16 mg/L), and 95.65%
(0.13 mg/L), respectively.

The results illustrate that the TP removal rates in COM experiments with differing initial TP
concentrations seem almost equivalent. It is obvious that experiments with less influent TP, higher
SEC, and more iron anode consumption are required, as the more iron that was dissolved, the
greater the reduction in electrical energy consumption or level of TP removal.

The data show that higher flow rates enhance the reduction rate of phosphorus removal. This could
be explained because an increase in flow rate causes a corresponding decrease in retention time,
and so a larger volume of phosphorus was exposed to treatment during a short time period.

From the results for Fecons/TPrem., shown in Figs. 2d, 3d, 4d, and 5d, it can be observed that in the
initial period of the EC process, the mass ratio of Fecons/TPrem. suddenly jumped to an unusually
high level and became unstable within 2—5 min, depending on the original characteristics of the
wastewater (such as initial TP concentration and initial conductivity). This can be explained by
charge neutralization and coagulation. Following that, these ratios rapidly decreased to their
optimum values, and afterward tended to increase slowly in stability when the curves of TP removal
efficiency reached a plateau, indicating that the treatment was almost complete. In addition, it is
noted that a large amount of iron was required for the actual operation compared to what was
predicted based on the chemical reactions alone between iron ions and soluble orthophosphate to
produce a precipitate.

12



The experimental results indicate that the removal of TP in COM was more efficient compared to
that in BOM under the same operating conditions. Based on these results, it also emerged that even
under different operating conditions, removal efficiency increased when electrolysis time or
voltage also increased. It is remarkable that this trend coincides with BOM.

3.3. Statistical model verification and evaluation

Based on experimental data, statistical model verification of RSM was applied to investigate and
correctly describe the effects of independent/operational variables on the response functions, as
well as to optimize the EC system’s performance (Adjeroud et al. 2015) through controlled
operating parameters and energy consumption.

The regression equation was fitted as a second-order response (as Eq. 5) for the application of the
central composite design.

y = Bo + XBix; + X8 + XBjexin 3)

Where y is the predicted response (dependent variables); xj and xk are independent variables; fo is
the intercept; and p;, B, and Bjk are the linear, quadratic, and interactive coefficients, respectively.

Experimental results obtained in both BOM and COM for the different conditions and in a previous
study (Nguyen et al. 2014a) showed that, within the range studied, the pH and temperature did not
significantly affect the EC system efficiency. Hence, pH was excluded from the regression equation.

The dependent (response) variables were the TP concentration in effluent ¥ (mg/L), TP removal
efficiency for Y (%), and electrolysis energy consumption SEC (kWh/m®). The independent
variables were the initial TP concentration (x1, mg/L), current density (x2, A/m2), electrolysis
time (x3, £), conductivity (x4, uS/cm), and TP removal efficiency (xs, %).

Iterative regression analyses of the experimental data and elimination of the terms did not result in
a statistical significance (p > 0.05). The empirical polynomial equation explains the interactive
effects between each independent variable on the response variables in BOM and COM processes,
to obtain the following second-order polynomial equations (Egs. 6-8).

}’B{m(mg/L) = —2.258 + 1.210x,-0.007x> + 1.614x3
+ 0.003x4—0. 147.\'_3‘ —0.001xx4—0.002x3x4 (63)
(n=43,p < 0.001,R* = 0.894)

P (mg / L) — —968.778-21.531x,-9.027x, + 4.085x;
+ 3.891x4—0.162x3 + 0.22x3-0.004x]
—0.442x,x,—0.241x,x3 + 0.052x,x4 (6b)
+ 0.24x5x3 + 0.025x5x4—0.015x3x4

(n=37.p < 0.001,R* = 0.993)
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Yom(%) = 39.591 + 6.298x; + 0.852x,-44.053x;
—0.096x; + 5.526x3-6.781x1x3 + 0.077x3x4 (7a)
(n=43,p < 0.001,R* = 0.828)

Ycom(%) = 43389.2 + 432.6x) + 27.4x,—195.5x3—163.3x4
—10x3 + 0.2x3 + 5.4x1x3—0.8x1x4—12.4x2x3 (7b)
+0.7x3x4 (n=37,p < 0.001,R* = 0.987)

SECBoMm (kWh / n{'-) — —0.227 + 0.004x, + 0.010x, + 0.077x3
—3.0 x 107°x4 + 2.54 x 10%x5—9.6 x 107x3 (8a)

—0.005x3
(n=43,p < 0.001,R* = 0.977)

SECcom (kWh / n{‘) — 0.736-0.051x,-0.050x,—0.002x;3
—0.001x4 + 4 x 107x5—0.002x; x5
% 10 *%1305 4107420+ 5% 107 %15 (Sb)
+ 0.006x2x3 + 10 x20x04—4 x 10 °x2x5
(n=37,p < 0.001, R* = 0.999)

Results of the analysis of variance from all responses indicate that the regression of the reduced
second-order polynomial models was statistically significant and reliable, with values of the
determination coefficient of R? > 0.82 and probability (p) value < 0.001 in both modes (BOM and
COM). This indicated that more than 82% of the total variations can be explained by the regression
model. This means that there were significant interactions among the independent variables of
initial TP concentration, current density, electrolysis time, and conductivity, and they could
contribute significantly to EC performance efficiency, but their degree of contribution differed
from BOM to COM (Egs. 6-8).

Equation 6a, b and Figs. SI and S2 indicate that in both operating modes, the initial TP
concentration (x1) and electrolysis time (x3) had greater effects on TP reduction rate and TP removal
efficiency as compared to current density (x2) and solution conductivity (x4). Meanwhile, the
current density (x2) and electrolysis time (x3) had a greater effect on the energy consumption as
compared to initial TP concentration (x1) and solution conductivity (x4). Similar to the results of
the above experiments, the results of the regression correlation analysis also suggest that the TP
reduction rates in the effluent and TP removal efficiencies of the EC process increased as either or
whole current density (x2, A/m2), electrolysis time (x3, min.), and conductivity (x4, pS/cm)
increased. Parallel to this, the corresponding power requirements also increased. Consequently, it
is recommended to balance TP removal efficiency and power requirement (cost-effectiveness).

The distribution plots of the actual and predicted values for all responses of TP concentration in
the effluent, TP removal efficiency, and electrolysis energy consumption are demonstrated in
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Predicted TP effluent (mg/L)

Predicted TP effluent (mg/L)

Figs. 6 (BOM) and 7 (COM). As indicated, the coefficient of correlations were found to be higher
than 0.92 and 0.98 in BOM and COM, respectively. It can, therefore, be concluded from Figs. 6
and 7 that good correlation exists between the proposed model and the experimental results for
both operating modes, confirming that the fitted model was considered adequate to reflect the
expected optimum operating ranges in order to obtain optimum TP reduction and energy
consumption.

30 Ec:uat\on ) y= ‘;+ b*x ] i }%_- — Equau;m \: =a+ .b‘x Equ.auon ;I= a+ b‘.x
Intercept 0.128+0.074 c\o 90 Intercept 7.93843.303 & N Intercept 0.003+0.004
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Fig. 6 Experimental data versus predicted values for TP concentration in effluent (a), TP removal
efficiency (b), and SEC (c¢) in BOM
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Fig. 7 Experimental data versus predicted values for TP concentration in effluent (a), TP removal
efficiency (b), and SEC (c¢) in COM

2. Conclusions

Both configuration and operating mode of EC were exhaustively investigated and evaluated under
various conditions for phosphorus removal performance. The remarkable results are summarized
as follows:

e The EC process was excellent performance for treating phosphorus in wastewater. It can
potentially use scrap iron for the electrodes, thus reducing the system’s operational costs.
However, a large amount of iron was required for the actual operation compared to what
was estimated based on the chemical reactions alone between iron ions and soluble
orthophosphate to produce a precipitate.
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e Rate and efficiency of phosphorus removal significantly depend on the wastewater
conductivity, current density, initial phosphorus concentration, and electrolysis time.

e Inthe same period of electrolysis time, phosphorus removal rate in continuous EC operation
is faster than in batch EC operation.

e The proposed model for the effect of independent variables on the response functions was
highly significant with very low probability values (< 0.001) and reasonably matched the
experimental data in this study. It also demonstrated that optimum operation performance
of the EC process can be achieved by controlling and adjusting the operating parameters.
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