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Abstract: Magnesium, aluminum, and iron electrode were common anodes in electrocoagulation
(EC), but there were few studies comparing the influence of operating parameters on the reaction and
the effects of these three different anodes in removing total phosphorus (TP) in cattle farm wastewater
(CFW). This study used these three different electrodes as the anode of the electrocoagulation method.
The operating parameters such as electrode distance (ED), initial pH, and voltage were examined
by the Taguchi method and single-factor method. The result of Taguchi analysis shows that voltage
has a significant impact on TP removal of magnesium (Mg) and aluminum anode (Al), and ED has a
significant impact on TP removal of magnesium and iron anode (Fe). Among the three operating
parameters, the first in the order of the impact on the reaction was ED because ED has the greatest
influence on the dissolution of the anode. The result of single-factor analysis shows that the optimum
conditions of Mg were ED =3 cm, voltage =5V, pH =7, Al were ED =3 cm, voltage =5V, pH =5, and
Fe were ED = 3 cm, voltage = 5V, and pH = 7. For Mg and Fe, the voltage and reaction results follow
the second-order reaction kinetics, and Al is the first-order reaction kinetics. Through comparison of
the three anodes, it was found that Al worked best in actual CFW. It was noted that the conditions
obtained by the single-factor method were more economical in the treatment of actual CFW. This
work could provide reference for determining the extent of the influence of operating parameters
when other contaminants are removed, and provide reference for comparing the other anodes in EC.

Keywords: total phosphorus; three different anodes; operating parameters; Taguchi method;
single-factor method

1. Introduction

In recent years, the discharge of domestic sewage and industrial wastewater increased
with the development of the economy and the increase in population, which resulted
in more and more serious nitrogen and phosphorus pollution in the water environment.
The excessive discharge of phosphorus wastewater causes the eutrophication of the water
environment, which leads to the frequent occurrence of eutrophication [1]. This caused
grave damage to the natural water ecological environment and threatened human health [2].
In particular, the wastewater from the aquaculture industry contains a lot of phosphorus-
containing pollutants, and it is easy to discharge into the natural water environment.
Farming wastewater (FW) generally contains a large amount of animal manure, urine,
small particle feed, antibiotics [3], etc. The feces and urine contain a lot of nitrogen and
phosphorus. According to China’s second pollution source survey, the phosphorus content
in wastewater from the aquaculture industry amounted to 212,000 tons [4]. Therefore,
the removal of phosphorus from wastewater became a research hotspot in the field of
water treatment.

The common methods of phosphorus removal in wastewater include the physical
method, chemical method, and biological method. The sensible method was mainly to
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remove phosphorus through adsorbents, or to remove phosphorus-rich sludge in water,
which is simple and easy to operate [5-7]. Industrial solid wastes such as coal slag and steel
slag were applied to adsorb phosphorus in water with good results [8,9]. In addition, a
large number of new adsorbents with nanostructures were also used to remove phosphorus
from water, such as iron-zirconium-modified activated carbon nanotube, La(OH)3 /Fe3Oy4
nanocomposites and La-porous carbon composites [10-12]. However, there were further
disadvantages, such as the high cost of adsorbent, poor circulation, and the possibility of
destroying the nitrogen and phosphorus balance of the water body. The principle of the
chemical method is that the inorganic metal salt agent added to the wastewater reacts with
phosphorus pollutants such as phosphate to produce insoluble phosphate precipitates;
and finally, the phosphorus in the wastewater is removed through solid-liquid separation.
Huang et al. investigated three metal salts (AlCl3, CaCl,, and MgCl,) to recover phosphate
form anaerobic digestion supernatant of sludge [13]. Kubar et al. studied some common
salts (ZnCl,, FeCls, FeCly, CuCly, NayCOj3, and NaHCO3) from biogas slurry [14]. It
can be seen that chemical phosphorus removal can achieve excellent results. However,
the large amount of chemical agents added in the treatment process can produce a large
amount of flocculent sludge, which may cause secondary pollution, and the chemical
method also has the disadvantages of a larger area and high cost. Biological phosphorus
removal methods are through the metabolism of denitrifying phosphorus-accumulating
and phosphate-accumulating bacteria [15,16]. However, in practical applications, the
biological method exposes two major disadvantages: (1) the treatment time is longer and
the phosphorus removal effect is insignificant; (2) the treatment cost of the remaining
phosphorus-containing sludge is higher [17,18]. Therefore, it is necessary to develop a
phosphorus removal technology with straightforward operation, low cost, small footprint,
and high treatment efficiency.

Electrochemical (EC) water treatment technology has the advantages of environmental
friendliness, low cost, simple structure, convenient operation [19], etc., which attracted
wide attention of researchers. EC uses electric current to address and flocculate pollutants
without adding flocculants. EC was a technique wherein the anode energization leads
to the release of metal cations into wastewater, facilitating the formation of flocculates
consisting of metal cations and hydroxide ions that effectively adsorb pollutants present in
the wastewater. In comparison to electro-oxidation, electroflocculation exhibits superior
capability in removing inorganic substances from wastewater. EC mainly removes pollu-
tants in water through the following ways: (i) anodic dissolution, (ii) hydroxyl polymer
formation, and (iii) pollutant precipitation [19-21].

At present, electrocoagulation technology was applied to treat a variety of difficult-to-
treat wastewater. Electrocoagulation has a good treatment effect on a variety of pollutants,
such as poultry wastewater [22], cattle slaughter wastewater [23], tannery wastewater [24],
laundry wastewater [25], restaurant wastewater [26], silica [27], and microalgae [28] dyes
and textile wastewater [29-33], heavy metal [34-37], oil, and grease [38—41]. In addition,
electrocoagulation technology was also applied to remove phosphorus pollutants from
wastewater. Gao et al. utilized double iron electrodes to build an electrocoagulation reactor,
and the phosphorus removal rate reached 100% under the best conditions [42]. Liu et al.
used magnesium as the anode of the electrocoagulation reactor, which can remove 80% of
the TP in 60 min [43]. Mores et al. used a continuous flow electrocoagulation reactor to treat
pig farm wastewater, the phosphorus removal rate of the iron anode electrocoagulation
reactor was 96%, and that of the aluminum anode electrocoagulation reactor was 93% [44].
It can be observed that electrocoagulation technology can efficiently remove phosphorus
pollutants in FW.

The anodes used in electrocoagulation reactors were mainly metals such as magnesium
anode (Mg), aluminum anode (Al), and iron anode (Fe). However, at present, assessing
the performance of different metal anode electrocoagulation reactors for the treatment of
phosphorus pollutants in FW was few.
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According to Kobya et al. [45] the operating parameters such as ED, initial pH, and
voltage were the main parameters. However, there was little research on the relationship
between parameter levels and reaction results.

In the study, Mg, Al, and Fe were employed in EC reactor, respectively, in order to
investigative the following issues:

(1) The relationship between three reaction parameters (ED, pH, and voltage) and the
removal of TP in simulated cattle farm wastewater (SCFW).

(2) The optimal reaction conditions for withdrawing the parameters of TP in SCFW.

(3) Determining which of the three metal anodes are more suitable for actual cattle
farm wastewater (ACFW).

2. Materials and Methods
2.1. Chemicals and Materials

Sodium hydroxide (NaOH, >96.0%, Zhiyuan Chemical Reagent Co., Ltd., Tianjin,
China) and hydrochloric acid (HCI, 37%, Zhiyuan Chemical Reagent Co., Ltd., Tianjin,
China) were used to adjust the pH. Sodium chloride (NaCl, >99.5%, Zhiyuan Chemical
Reagent Co., Ltd., Tianjin, China) was used as an electrolyte. Potassium dihydrogen phos-
phate (KHPOy, >99.5%, Zhiyuan Chemical Reagent Co., Ltd., Tianjin, China) was used
to prepare phosphorus wastewater. Ascorbic acid (C¢HgOg, >99.0%, Zhiyuan Chemical
Reagent Co., Ltd., Tianjin, China), ammonium molybdate ((NH4)sMo0;0,4-4H,0O, >99.0%,
Zhiyuan Chemical Reagent Co., Ltd., Tianjin, China), and potassium antimony tartrate
(K(SbO)C4H40O4-1/2H50, >99.0%, Zhiyuan Chemical Reagent Co., Ltd., Tianjin, China)
were used to measure the TP content of the solution. Potassium dichromate (K,Cr,Oy,
>99.8%, Zhiyuan Chemical Reagent Co., Ltd., Tianjin, China), sulfuric acid (H2SO4, 98%,
Zhiyuan Chemical Reagent Co., Ltd., Tianjin, China), phenanthroline (C1,HgN,-H>O,
>99.0%, Zhiyuan Chemical Reagent Co., Ltd., Tianjin, China), ferrous sulfate (FeSO4-7H;0O,
>99.0%, Zhiyuan Chemical Reagent Co., Ltd., Tianjin, China), ferrous ammonium sulfate
((NH4)2Fe(SO4)2-6Hy0, >99.5%, Zhiyuan Chemical Reagent Co., Ltd., Tianjin, China), and
silver sulfate (AgySO4, >99.7%, Zhiyuan Chemical Reagent Co., Ltd., Tianjin, China) were
used to measure the COD of the solution.

2.2. Experimental Setup

The experiments were conducted in a glass reactor containing 500 mL of experimental
CFW as shown in Figure 1.
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Figure 1. Schematic diagram of electrocoagulation reactor.
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Experimental CFW included SCFW and ACFW. SCFW consisted of 150 mg-L~! TP.
ACFW was collected from cow dung rinse water of a farm located in Shihezi, China. The
physicochemical indexes of ACFW were shown in Table 1.

Table 1. Physicochemical indexes of actual aquaculture.

Test Items Value Unit
Total phosphorus 16.43~17.01 mg-L_l
pH 8 -
COD 560.64~579.33 mg-L~!
BODs 108 mg-L~!
Conductivity 922 uS-cm!

The operational parameters such as voltage, ED, and pH were investigated using the
Taguchi method by MINITAB statistical package 17.0 version [46], which includes range
analysis, data normality analysis, Box-Cox change analysis, one-way analysis of variance
(ANOVA), Kruskal-Wallis method analysis, and main effect analysis. The Taguchi method
was applied to analyze the SCAW through changing the operational parameters with the
different level [voltage (3,5,7,and 9 V), ED (1, 3, 5, and 7 cm), and pH (5, 7, 9, and 11)].

As shown in Figure 1, the anodes were Al, Fe, and Mg, respectively. NaCl (2.922 g)
was inserted into wastewater as an electrolyte. The sizes of the three electrodes were
7cm X 6 cm x 0.4 cm. Energy was provided by a direct current power (MS-605D, Hongyou
Instrument Co., Ltd., Shanghai, China). During the experimental, samples were harvested
by centrifuge tube every 10 min. Aiming to increase the accuracy, each experiment was
repeated three times.

2.3. Analytical Methods
The concentration of TP was measured by a UV spectrophotometer (DR6000, HACH,

Loveland, CO, USA) at 700 nm [47] after centrifugal by centrifuge (TGL-18000Cr, Anting
Science Co., Ltd., Shanghai, China), and removal efficiency was calculated using Equation (1):

TP removal(%) = (Cog — C¢)/Co x 100% D

where Cy and C; were the initial concentration (mg-L~!) and the concentration at time t
(mg-L~1) of the CAW, respectively.
Anode consumption was calculated using Equation (2):

Anode consumption(mg) = my — my (2)

where my and m; were initial quality (mg) and the quality at time t (mg).
Chemistry oxygen demand (COD) was measured by the potassium dichromate diges-
tion method, and CODc, content was calculated using Equation (3):

Weop(mg- L1 = [(Vy — Vi) x C x 8 x 1000]/10 (3)

where V( and V| were the amount of (NH4),Fe(SO4),06H,0 consumed by the control
group and experiment group (ml), C is the concentration of (NHy),Fe(SO4),06H,0, and
this research C = 0.0584 mol-L~!. The electric energy consumed can be calculated using
Equation (4):

ECkW-h)=U xIx t 4)

where t is the treat time (h), U is the voltage of treat (V), and I is the current of treat (A).
The kinetics study was conducted using first-order and second-order models [48]. The
first-order model is analyzed as follows with Equation (5):

In[ge — qt] =Inge — K; X t (5)
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where ge and gt are the amounts of TP adsorbed at equilibrium sorption capacity and time
t, respectively. K; (min~!) is the reaction rate constants of first order.
The second-order model can be calculated using Equation (6):

t/qt=1/(Ka X qe2) — t/qt (6)

where k, (min~1) is the reaction rate constants of second-order.

Field emission scanning electron microscopy (SEM, Fei Quanta 650FEG, Yuan Haiwei
Passenger Aircraft Co., Ltd., Beijing, China) with energy-dispersive X-ray spectroscopy
(EDX) was used to obtain the morphologies and elemental compositions of the sludge
sample and electrodes. The pH of wastewater was measured with a water quality analyzer
(SL-1000, HACH, USA).

3. Results and Discussion
3.1. Taguchi Method Analysis

The removal efficiency and anode consumption were obtained for Mg, Al, and Fe as
shown in Table 2.

Table 2. The removal efficiency of TP and anode consumption using Mg, Al, and Fe.

Independent Variable TP Removal (%) Anode Consumption (mg)
Run ED pH Voltage Mg Al Fe Mg Al Fe
1 1 5 3 87.60 80.06 40.23 3.79 2.31 5.08
2 1 7 5 95.17 75.50 40.08 8.01 4.39 8.01
3 1 9 7 74.85 82.91 37.18 8.21 7.12 10.11
4 1 11 9 86.26 81.07 22.58 13.64 7.48 12.96
5 3 5 5 85.54 94.56 17.58 3.50 1.52 4.48
6 3 7 3 95.14 64.60 33.80 1.61 0.78 212
7 3 9 9 82.92 83.33 21.38 511 3.75 3.80
8 3 11 7 63.84 82.33 19.02 2.90 2.64 5.78
9 5 5 7 95.32 76.35 22.62 4.21 1.92 5.53
10 5 7 9 78.86 91.08 31.33 5.16 2.40 6.00
11 5 9 3 79.61 10.66 12.30 1.50 0.60 1.62
12 5 11 5 80.82 83.42 18.36 2.36 1.21 3.05
13 7 5 9 77.75 67.52 18.07 3.32 1.79 4.32
14 7 7 7 72.80 26.23 17.61 2.73 1.33 3.13
15 7 9 5 75.77 40.09 15.35 1.87 0.87 2.02
16 7 11 3 79.49 61.67 36.28 0.73 0.42 1.01

The result of the average range analysis of TP removal is presented in Tables S51-53.
As for Mg, the average range of ED was 14.93, pH was 4.52, and voltage was 14.55. In case
of Al, the average range of ED was 40.65, pH was 18.04, and voltage was 38.09. As for
Fe, the average ranges of three operating parameters were 17.07, 6.15, and 15.34, respec-
tively. Therefore, for three anodes, the degree of influence of the reaction conditions was
ED > voltage > pH. This could be because these three parameters have other effects on
anode dissolution.

The result of the average range analysis of anode consumption is shown in Tables
54-5S6. It was clearly that the influence of ED on anode consumption was greater than the
influence of pH and voltage. Therefore, it can be determined that the effect of ED on the
removal of TP in wastewater was ranked first because it has the greatest impact on anode
dissolution, followed by voltage and pH.

In addition, through normal analysis (Figure 2), it was clearly shown that the p-
value of Mg was >0.100, Al was <0.010, and Fe was 0.071. Therefore, Mg and Fe comply
with the customary distribution, but Al was incompatible, and in the Box-Cox (Figure 3),
the confidence interval was 95%. It could be summarized that the optimal A-value was
1.04, and 1.04 was within the 95% confidence interval (0.17~2.43). This implies that the
result of Al was not suitable for the Box-Cox change. Therefore, the relationship between
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the TP removal effect of Mg and Fe could be tested by ANOVA, while Al could be analyzed
by Kruskal-Wallis method analysis [49].
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Figure 2. The normal analysis diagram of the TP removal effect of the three anodes in the Taguchi
analysis table ((a) Mg, (b) Al, and (c) Fe).
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Figure 3. The result of Box-Cox of Al.

The results are shown in Table 3, the p-value < 0.05 of Mg was ED and voltage, Al was
voltage, and Fe was ED. It could be concluded that voltage has a significant effect on the
removal of Mg and Al, and ED has a significant effect on the removal of Mg and Fe.
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Table 3. The relationship between the operating parameters and removal efficiency of TP.

p-Value
Source Mg Al Fe
ED 0.045 0.229 0.048
pH 0.901 0.993 0.838
voltage 0.048 0.016 0.076

Through Taguchi method analysis, the optimum parameter level of the three anodes
could conclude. As shown in the Figure 4, the highest point in the linear graphs obtained
was selected as the optimum parameter level. It was clear that the optimum parameter
level of Mg was ED =1 cm, pH =9, voltage =9 V, Alwas ED =1 cm, pH =7, voltage =9V,
and Fe was ED =1 cm, pH =9, and voltage =9 V.

Main Effects Plot for Means-Mg b Main Effects Plot for Means-Al
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Figure 4. Main effects plot for means ((a) Mg, (b) Al, and (c) Fe).

3.2. Single-Factor Method Analysis

Through Taguchi analysis, we could know the optimal operating level of each anode,
but we did not follow consideration of the energy consumption. The EC process requires
energy consumption, and energy consumption was directly related to the cost of treatment
and the possibility of actual operation [50,51]. So next, single-factor method analysis will
be performed on the results of Taguchi test analysis combined with energy consumption to
investigate the optimal conditions for TP removal in actual operation.

3.2.1. Effects of ED

The ED was an important factor for TP removal, because it can influence the electro-
static field between the anode and cathode [52]. The effects of ED on the TP removal are
shown in Figure 5.



Water 2023, 15,4134 8 of 16
00 100 50
a b c
10
80
Sw 30
3
g 60
3
=
= 1cm
tem |% :1, = i -~ 3 cm
3 cn = 5 em
5 cm 7 en ~— 7 cm
v Tcm
20 04— " - r .
10 3 1 50 T 10 0 30 10 60 10 20 o 10 t 60
Time (min) Time (min) Time (min)
5
|
d Mg 04 [T7] e Mg
I = Al ) £
e ! = F 2 B K¢
2 p
S = a9 4
g s
£ =
327 i
= — 210
® 14 %
; e z
0 T T T T 0 T T m .
7 1 3 5 7

1 3 5

electrode distance (cm) electrode distance (cm)

Figure 5. Effects of ED on the TP removal (a) Mg anode at voltage =5 V and pH =7, (b) Al anode at
voltage =5 V and pH = 5, and (c) Fe anode at voltage =5V and pH =7, (d) anode consumption of
three anodes, and (e) the energy consumption of three anodes under optimal ED.

Figure 5a compares the effects of different EDs on the removal of TP by Mg from 1 cm
to 7 cm. It was obvious that the final TP removal efficiency of 1 cm ranks first at 96.67%,
followed by 3 cm at 95.98%, 5 cm at 92.67%, and 7 cm at 86.54%. After 60 min, there was
a slight difference in the TP removal efficiency between 1 cm and 3 cm: only 0.71%. As
Figure 5b shows, there were different ED effects on TP removal by Al. Same as Mg, the
larger the ED, the smaller the removal efficiency. In case of 1 cm, at the first 10 min, TP
removal increases quickly at 64.95%, followed by 30 min at 96.16% and then keep stable.
Compared with 1 cm, the ED was raised to 3 cm, and the final removal of TP only increases
by 0.4%. The effects of 5 cm and 7 cm were near 3 cm, but require more time for treatment.
As shown in Figure 5¢, the trend of TP removal efficiency by Fe was the same as Mg and
Al, and it was clear that overall, removal effect was not significant, and the best removal
effect is only 44.61%. The mass consumption of the three anodes is shown in Figure 5d. It
was clear that anode consumption decreases with increasing ED. The consumption of Mg
decreased from 4.766 mg for 1 cm to 1.503 mg for 7 cm. When ED was increased from 1 cm
to 7 cm, the anode consumption of Al was reduced by 0.808 mg, and Fe was 0.202 mg. In
the case of ED of 3 cm, the mass consumption of Fe was 4.147 mg, Mg was 3.492 mg, and
Al was 0.934 mg.

Considering energy consumption, the optimum ED would be 3 cm of three anodes, as
shown in Figure 5e. In case of 3 cm, TP removal of Mg ranks first at 95.98%, followed by Al
at 94.57%, and Fe at 36.83%. The removal efficiency of Mg and Al was only different by
1.41%, but the consuming of energy was about three times. Compared with Mg and Al, Fe
anode consumed less energy, but the handle efficiency was low.

It can be summarized that the optimum ED of the three anodes was 3 cm. Compared
with an ED of 1 cm, 3 cm not only saves energy, but also consumes less anode. Compared
with EDs of 5 cm and 7 cm, the ED of 3 cm was small. The small electrostatic effect result
ions move slowly [53]. This provides additional time for the metal hydrate to form flocs,
resulting in an increase in the efficiency of TP removal [54], and some researchers found
that smaller EDs usually contribute to improving the performance of EC [50,55,56]. When
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further increasing the ED from 3 cm to 7 cm, the move time of metal ions was increased
and electrostatic attraction was decreased, therefore resulting in the lesser efficiency of
TP removal [57]. In addition, a larger plate spacing inevitably increases the resistivity
between the electrodes and narrows the efficiency of the electrodes, which also hinders the
generation of metal ions [58].

3.2.2. Effects of Voltage

Voltage was a significant parameter for TP removal during the EC process [59]. Higher
voltage results in higher current through solution, and the higher current could generate
more metal ions into solution [60]. The effects of voltage on the TP removal are presented
in Figure 6.
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Figure 6. Effects of voltage on the TP removal (a) Mg anode at ED = 3 cm and pH =7, (b) Al anode at
ED =3 cm and pH =5, (c¢) Fe anode at ED =3 cm and pH =7, (d) the anode consumption of three
anodes, and (e) the energy consumption of three anodes under optimal voltage.

As Figure 6a shows, an increase in the voltage accelerated the efficiency of TP removal
by Mg. Beginning at 10 min, the slowest removal took place in a voltage of 3 V, where the
TP removal reached 79.51%. Meanwhile, the voltage of 9 V ranks first at 89.15%, followed
by 7 V at 85.74% and 5 V at 85.72%. As Figure 6b shows, it is clear that the optimal voltage
of Al for TP removal was 9 V. The quickest removal efficiency reached 98.02% in less than
30 min. At the same time, the efficiency of 3 V is at 27.89%, 5 V is at 88.55%, and 7 V is
at 94.12%. As Figure 6¢ shows, it is obvious that the treatment efficiency of Fe was not
significant, the bigger removal efficiency was 41.32%, and the trend of TP removal was as
same as Mg and Al. As Figure 6d shows, it was clear that anode consumption increases
with increasing voltage. When the voltage was increased from 3 V to 9 V, the anode of
Fe increased 7.558 mg, Mg was 7.021 mg, and Mg was 2.879 mg. In the case of 5V, the
consumption of Fe was 4.147 mg, which was 4.4 times the consumption of Al and 1.2 times
the consumption of Mg. As Figure 6e shows, it compares the energy consumption of three
metal anodes at different voltages. In the case of 5 V of voltage, the efficiency of Mg was
approximately five times that of Al and eight times that of Fe. Compared with Mg, for Al,
not only the treatment effect was similar at a voltage of 5V, but it also has energy and anode
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consumption advantages. As for Fe, the effect of TP removal was negligible. Therefore, Al
was the optimal choice for TP removal in the voltage ranging from 3 V to 9 V.

Through first-order and second-order kinetics model analyses (Table S7), it could be
possible to conclude that the TP removal of Mg and Fe was best for conforming to second-
order with good R? > 0.98, and Al conforming to first-order. These values indicate that the
removal of TP from wastewater by Mg and Al mainly depends on chemical adsorption,
and the removal of TP from wastewater by Fe mainly depends on physical adsorption [48].

3.2.3. Effects of Initial pH

The initial pH was an important factor for TP removal, because it will influence the
dissolution of anode and the existence of hydrate hydroxides in the solution [61,62]. The
effects of the initial pH on the TP removal are shown in the Figure 7.
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Figure 7. Effects of initial pH on the TP removal (a) Mg anode at ED = 3 cm and voltage =5V,
(b) Al anode at ED = 3 cm and voltage =5V, (c¢) Fe anode at ED = 3 cm and voltage =5V, (d) the
anode consumption of three anodes, and (e) the energy consumption of three anodes under optimal
initial pH.

As shown in Figure 7a, as for Mg, the final efficiency of TP removal was more than
93%. When the initial pH increases from 5 to 7, the efficiency of TP removal increases, and
achieves the maximum value 95.98%.

This could because at the initial pH of 5, there was a lot of H* in the solution. For Mg?*,
it was difficult to form hydrate hydroxides for TP removal. When the pH value increases
from 7 to 9 and 11, the efficiency of TP removal decreases. This could be because at an
initial pH of 7, Mg?* could form precipitation with phosphate; but when pH > 7, there is
numerous OH ™, and it will combine with Mg?* to form precipitation and reduce the content
of Mg?* in the solution, thereby reducing the removal rate of TP. As shown in Figure 7b, in
the case of the Al anode, the final efficiency of TP removal was more than 82.42%. As the
initial pH increases, the removal efficiency decreases. The maximum removal efficiency
was 94.57% at the initial pH of 5, and aluminum ions are available in a hydrolyzed state,
including AI**, A(OH)?**, and AI(OH),* [63]. The specific surface area of the flocs formed
by this form of aluminum ions was small, and the ability to bind to phosphate was weak,
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resulting in inadequate removal of phosphate. Thus, in acidic conditions, the aluminum
ions destabilize the colloidal particles via neutralizing the superficial charges of phosphate.
In neutral or weakly alkaline conditions, Al** could form hydrate hydroxides adsorption
phosphate, but TP removal was in decline. Thus the optimal pH for Al removal TP was 5,
and Kuo et al. [64] had the same result. Figure 7c compares the effects of different initial
pH on the removal of TP by Fe from 5 to 11. At a pH of 5, TP removal was finally 26.26%.
This efficiency of TP removal increased to the maximum 36.83% at a pH of 7. The rate of
TP removal decreased steeply to 30.06% at a pH of 9, and continued to reduce gradually
by 23.43%.

In the case of Fe, the complexes had a tendency to polymerize at pH 3.5-7.0. Insoluble
metal hydroxides formed as there was an increase in the solution pH, which was precipi-
tated as Fe(OH), and Fe(OH)3, respectively [37]. In addition, Fe(OH)s has poor solubility
in the pH range of 4 to 7, which was good for removing phosphate from water. When
the pH is 4~7, Fe(OH)3 can promote the formation of positively charged hydroxides and
can effectively adsorb H,PO,~ and HPO,42~. Pulkka, S et al. [65] also reached the same
conclusion. When the pH was greater than 10, the Fe(OH)4~ formed during the EC was
soluble, which was not conducive to the adsorption of phosphate [66]. Thus, the optimum
operating pH for CFW was 7. Jimenez et al. [67] also had the same result.

In addition, the consumption of anodes at different pH levels was also investigated.
As Figure 7d shows, it was obvious that the anode consumption of the three metal anodes
was the largest when the pH was 7, 5, and 7, respectively, and at acidic or neutrality
conditions, the solubility of phosphate was higher, and the coagulant made it easier to
capture phosphorus [68]. At the same time, according to the study of Song et al. [69], it was
demonstrated that low pH was beneficial to the removal of phosphate. It was clear that
the TP removal efficiency of Mg was the best. This is because Mg has a reduced negative
potential [70], and it was hard to form a protective film on its surface. In the case of power,
it can quickly dissolve Mg?* into the solution, but the energy consumption of Mg was the
maximum. The energy consumption of Mg was almost over five times as many consumed
as Al, as Figure 7e shows. Under optimal reaction conditions, there was a slight difference
in the final removal rate of TP between Mg and Al of only 1.41%. As for Fe, it has one thing
in common with Mg in the optimal initial pH value. However the optimal TP removal of
Fe was about a quarter as many as Mg.

TP mainly includes phosphate (PO43~), hydrogen phosphate (HPO4%~), and dehy-
dration phosphate (H,PO*™) [71]. Phosphate is available in the form of H,PO, ™, HPO,%-,
and PO,3 at pH of 5~7,7~10 and >12.5, respectively [72]. When pH was 10~12, HPO,2~
was dominant over PO,3~ in the solution.

3.3. Actual Cattle Farm Wastewater Remouval Effect

Through single-factor method analysis, the optimal operating conditions could be
summarized. In order to verify the application of the optimal conditions in practice, an
ACFW experiment was studied, and the result is shown in Figure 8.

Figure 8a was the product of TP concentration under the optimal conditions of the
Taguchi method result (T). As the picture shows, the final TP removal efficiency of Mg
and Al was close, followed by Fe. The TP concentration of the single-factor method result
(S) is given in Figure 8b, the ranking of the removal effects of the three metal anodes on
TP was the same as the result obtained by the Taguchi method. In comparing the best
conditions of the two methods in the application of ACFW, it could be summarized that
the final removal of three anodes was near. However, T has a better COD removal effect
than S, as Figure 8c shows. This may be because T consumed more energy, as Figure 8d
shows. Consider the cost in actual use in the straightforward calculation of the cost of
power consumption in two methods in actual operation. The electrical energy price in
Shihezi was 0.0643 USD-kW-h. The case of Mg under T was 2.8 times as many as S, Al
was 1.9 times, and Fe was 1.2 times. Under the best conditions of single factor for three
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anodes, the TP removal effect per unit of the Mg was 1.56 times the Fe and 2.59 times the
Al Therefore, the most cost-effective way to remove TP in ACFW was the Al under S.
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Figure 8. CFW treatment effect diagram ((a) the content of TP under the optimal conditions of the
Taguchi method, (b) the content of TP under the optimal condition of the single method, (c) the COD
content in CFW, (d) the energy consumption of CFW.

Meanwhile, the SEM images and EDX elemental spectra of precipitate were set out in
Figure 9.

Figure 9. SEM and EDX images of the product under optimal single-factor conditions ((a) the SEM of
Mg, (b) the EDX of Mg, (c) the SEM of Al (d) the EDX of Al, (e), the SEM of Fe, and (f) the EDX of Fe).
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The SEM images of the precipitate revealed that the precipitate surface of Mg and
Al formed a large number of grooves (Figure 9a,c), which may be the active sites for TP
removal: three EDX spectra, the appearance of phosphorous peak instruction, and the
successful removal of TP. Figure 9b shows the peak with contents of oxygen (O), carbon
(C), magnesium, chlorine (Cl), sodium (Na), phosphorus (P), silicon (Si), aluminum, and
potassium (K), where the presence of elements such as Si, aluminum, and K was obvious.
This may be in addition to reducing impurities in industrial magnesium electrodes and
improving the conductivity of magnesium electrodes used in the manufacturing process.
The presence of the elements magnesium, K, O, Cl, and Na was understandable because of
the Mg electrode, phosphorus (KH,;POy), and electrolyte (NaCl). The C element may be
from the organic matter in ACFW. The elemental composition of Al deposits investigated
using EDX demonstrates the presence of Cl, O, aluminum, and Na as primary elements, as
Figure 9d shows. O and boron (B) elements were the main elements in the ACFW sediments
treated by Fe, as shown in Figure 9f. The appearance of B was caused by impurities in the
iron electrode. In summary, the conditions obtained by using S entered into force for the
ACFW treatment.

4. Conclusions

In this study, the removal of TP of CFW was investigated using an electrocoagulation
process in which we used three different metal anodes and analyzed them through the
Taguchi method and single-factor method. Compared to the other two anodes, the Al is not
only energy friendly, but also has an excellent processing effect; so aluminum electrode is
the best electrode. Among the three parameters, ED has the greatest impact on the response,
followed by voltage and initial pH. Voltage could significantly influence the efficiency of
magnesium anode and aluminum anode in removing TP. Through single-factor analysis, it
could be summarized that the optimal operating conditions of Mg and Fe were electrode
distance = 3 cm, pH =7, and voltage = 5 V, Al was electrode distance =3 cm, pH =5, and
voltage = 5 V. It was verified by ACFW that this condition could well remove the TP, and
the flocs produced by the three electrodes mainly remove the TP in the wastewater by
adsorption.

In the research, the removal conditions in actual wastewater were only evaluated from
the perspective of energy consumption, anode consumption, and COD removal. However,
there are many other indicators that must be considered in actual engineering applications.
In this case, further studies are needed to combine an additional evaluation index.
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TP removal.
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