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Abstract: Increasing attention has been paid to the widespread contamination of azo dyes in water
bodies globally. These chemicals can present high toxicity, possibly causing severe irritation of
the respiratory tract and even carcinogenic effects. The present study focuses on the periodically
reverse electrocoagulation (PREC) treatment of two typical azo dyes with different functional groups,
involving methyl orange (MO) and alizarin yellow (AY), using Fe-Fe electrodes. Based upon the
comparative analysis of three main parameters, including current intensity, pH, and electrolyte, the
optimal color removal rates for MO and AY could be achieved at a rate of up to 98.7% and 98.6%,
respectively, when the current intensity is set to 0.6 A, the pH is set at 6.0, and the electrolyte is selected
as NaCl. An accurate predicted method of response surface methodology (RSM) was established to
optimize the PREC process involving the three parameters above. The reaction time was the main
influence for both azo dyes, while the condition of PREC treatment for AY simulated wastewater was
time-saving and energy conserving. According to the further UV-Vis spectrophotometry analysis
throughout the procedure of the PREC process, the removal efficiency for AY was better than that
of MO, potentially because hydroxyl groups might donate electrons to iron flocs or electrolyze out
hydroxyl free radicals. The present study revealed that the functional groups might pose a vital
influence on the removal efficiencies of the PREC treatment for those two azo dyes.

Keywords: azo dyes; functional groups; chemical oxygen demand (COD); color removal; response
surface methodology (RSM); periodically reverse electrocoagulation (PREC)

1. Introduction

The environmental problems originating from the textile industry have been receiving
increasing attentions for several decades, since the textile industry is one of the major
sources of contaminated effluents [1]. Azo dyes are the most widely used dyes and
comprise over 60% of the total dyes used [2]; these dyes include compounds consisting of
a diazotized amine coupled to an amine or a phenol, as well as containing one or more
azo linkages. According to the statistical data reported previously, azo dyes account for
over 80% of the total dyes produced globally each year, and they have been widely used
in the textile and dyeing, papermaking, printing, leather, cosmetics and pharmaceutical
industries [3]. Presumably, around 2000 types of azo dyes are currently used, and more
than 70,000 tons of these dyes are manufactured worldwide annually [4]. For example,
the textile water consumption values in the tops/fiber and yarn production vary between
35 and 180 L per kg~! of product. Moreover, the water consumption values in the yarn
mills range between 43 and 212 L per kg ! of product, and those in the fabric finishing
mills were in the range of 60 and 216 L per kg~ of product [5].

Azo dyes can have negative impacts on the water quality of both surface water and
groundwater, such as blocking light transmission, affecting photosynthesis of plants and
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algae in water, and reducing dissolved oxygen in water [6]. Furthermore, azo dyes could
be accumulated in the aquatic systems, possibly causing carcinogenicity and mutagenicity
to various species of fishes [7,8]. Azo dyes can transport along both aquatic and terrestrial
pathways, thus entering the food chain and then posing health risks to organisms and
humans [9]. Moreover, azo dye wastewaters have several adverse impacts on the aquatic
environment in terms of the total organic carbon (TOC), biochemical oxygen demand (BOD),
chemical oxygen demand (COD), suspended solids (SS), salinity, color, and a wide range of
pH (5-12). Normally, the ratio of BOD/COD for azo dye wastewaters ranges from 0.2 to
0.5, indicating that these effluents contain a large proportion of non-biodegradable organic
matter [2]. The presence of azo dyes in surface and subsurface water might make the
aquatic organisms intolerable, and may even lead to many diseases of mucous membranes
in the human body, e.g., dermatitis, perforation of the nasal septum, and severe irritation
of the respiratory tract [10]. Therefore, the treatment of azo dye wastewaters has become
an important environmental concern [11].

Azo dyes are characterized by the variety in chemical structures, resulting in environ-
mental stability against heat and ultraviolet light and resistance to microbial degradation
or discoloration. For instance, azo dyes usually contain a strong stable benzene ring struc-
ture, and even dissolved functional groups of sulfonate, hydroxyl, or carboxyl, leading
to difficulty in carrying out water treatment. Some modern technologies have been ap-
plied to mitigate the degradation of azo dyes, such as electrochemical methods, ozone
oxidation, photo Fenton, chemical precipitation, membrane separation, adsorption, and
photocatalysis [12-14]. However, the material regeneration performance of adsorption
technology would be inefficient, and membrane separation technology might be restricted
by membrane pollution and unstable membrane flux, while other technologies require
strict operating conditions, such as high material cost, long processing time, or high energy
consumption [15,16]. Recent studies have demonstrated that electrochemical methods have
been widely employed in the degradation of organic pollutants in various wastewaters,
because of high removal efficiency and low energy consumption [17]. Electrochemical
methods comprise electrocoagulation (EC), electrocatalytic oxidation [18], bioelectrochem-
istry [19], and electroreduction [20]. Among them, the EC method has the advantage of
strong applicability, a high degree of automation, high efficiency, and low cost, and thus
could be an attractive treatment technique for dye wastewaters.

The EC process involves the dissolution of charged cations (e.g., Zn?*, AI**, Fe*")
originated from the sacrificial anode, forming monomeric and polymeric hydroxyl complex
species simultaneously, which can strongly sorb certain pollutants from contaminated
water [21]. For instance, 95.3% of brilliant green dye and 98% of reactive red 120 dye from
drinking water could be removed by the EC process [22,23]. Nunez et al. used the EC
technique for the dye degradation in wastewater in a batch-stirred EC reactor with iron
and aluminum as anode materials simultaneously, and subsequently the removal efficiency
of color and COD achieved was 86% and 59%, respectively [24].

Compared with the conventional EC technique, the periodically reverse electrocoagu-
lation (PREC) technique could remove unmanageable perfluoroalkyl substances (PFASs)
swiftly and efficiently, and avoid passivation on the electrode surface in the practical appli-
cations [25-27]. So far, researchers have always focused on the EC efficiency for azo dyes,
however, different functional groups of azo dyes results in EC treatment having various
degrees of efficiency. For instance, the optimum color removal efficiency of indigo carmine
(IC) was 72% by the EC technique [28], while the color removal rate of reactive red 120
was 93.47% [29]. Therefore, further studies would be warranted to focus on the operating
conditions, removal efficiencies, and degradation mechanisms of the PREC technique for
the treatment of typical azo dyes with different functional groups in various wastewaters.

In the present study, the PREC technique was applied to achieve the following objec-
tives: (1) comparing the treatment efficiency of PREC for the simulated aqueous solution
containing either methyl orange (MO) or alizarin yellow (AY) with single-factor involving
current intensity, pH, and electrolyte; (2) establishing a reliable model of response surface
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methodology (RSM) to investigate the main effects of multiple factors and determine the
optimal PREC process to remove azo dyes; and (3) reveal the degradation mechanism via
further spectrophotometry analysis on diverse functional groups of MO and AY.

2. Materials and Methods
2.1. Chemicals and Reagents

Methyl orange (99.9%) and alizarin yellow (99.9%) were acquired from Fluka (Stein-
heim, Germany). HPLC grade of sodium chloride (NaCl), hydrochloric acid (HCl), sodium
carbonate (NayCOj3), sodium sulfate (NaySOy), and ethanol (C;HgO) were purchased from
Acros Organics (Geel, Belgium). All solutions were prepared using ultrapure water with a
conductance of 18.2 MQ cm ! (Millipore, Bedford, MA, USA).

2.2. Experimental Setup and Procedure

The reactor for degradation of MO and AY in simulated wastewater was an organic
glass electrolytic cell with an effective volume of 400 mL with two parallel metal electrodes,
and the individual size of the electrode was 5 cm x 4 cm x 0.2 cm. The electrodes
were immersed vertically in simulated wastewater of MO or AY completely, and stirred
continuously using a magnetic stirrer (IKARCT, Germany). The electrodes were connected
to a digital DC power supply, characterized by the ranges of 0-3 A for current intensity and
0-30 V for voltage.

Mutual combinations by Fe-Fe electrodes were adopted for the PREC treatment of
MO or AY wastewater, since iron is one of the most common elements in nature and fresh
waters [30]. Contaminants could be oxidatively degraded, floated, enmeshed, or adsorbed
by the metal hydroxide flocs generated in-situ by electro-oxidation, in turn as the sacrificial
anode [26], while the passivation coating was eliminated as the cathode mode. In this
study, iron was selected as the bipolar plate material. The plates were fully submerged
into the solution in the reactor during all experiments, and were cleaned manually before
each run by abrasion with sand paper and treatment with 15% hydrochloric acid, followed
by washing with distilled water [27]. Based upon the important influence parameters
mentioned earlier [31-33], the current intensity in the range between 0.4 and 0.8 A, pH
between 3.0 and 9.0, and three electrolytes of Na;SOy4, NapCO3, and NaCl with 2 g Lt
was selected for the optimal single-factor impact experimental design. In addition, the
initial concentrations of both MO and AY in the simulated aqueous solution were set
to 100 mg L}, the gap between two electrodes was fixed at 2 cm, stirring speed was
1000 r min~!, and the reversing time was 10 s. An amount of 2 mL of simulated aqueous
solution was sampled with an interval of 10 min and then filtered with 0.22 mm membrane
(glass fiber filter) for the additional analysis of MO and AY concentration. Experiments
were performed at the ambient temperature.

2.3. Sample Preparation and Analysis

The experiment duration of each PREC process was 50 min. Samples were taken
every ten minutes. The reactor effluent from MO and AY wastewater treatment was
analyzed after filtration through a glass fiber membrane. The wavelength of the sample
was scanned using an ultraviolet and visible (UV-Vis) spectrophotometer (DR 5000, Hach
Company, Loveland, CO, USA) [34]. Subsequently, the absorbances were determined to
calculate the color removal of MO and AY with the maximum absorption wavelengths of
462 nm and 372 nm and the standard curves for MO (y = 0.059x + 0.0015, R? =0.996) and
AY (y = 0.023x + 0.0026, R? = 0.999), respectively. After digestion of each sample, the COD
was analyzed by the COD detector (ET 99718, Lovibond, Germany). An amount of 1.0 M of
H,S0, and NaOH individually were used to adjust the desired pH [34].

2.4. Data Analysis
1.  Color Removal () %
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Ag and A; are the absorbances of MO and AY in wastewater at the corresponding
wave length (Amax) before and after the treatment.

2. COD Removal (8) %

[((COD) — (CODy)]
COD

COD and COD: are the chemical oxygen demand of MO and AY in wastewater before
and after the treatment.

6= Yo

2.5. RSM Experimental Design

Design Expert V8.0.6.1 statistical software was used to carry out the experimental
design, analysis of variance (ANOVA), mathematical modelling, and 3D response surface.
Three important operating parameters involving the current intensity (A), time (min) and
pH were studied and optimized using the Box-Benkhen Experimental Design (BBD) at
three levels when the electrolyte was selected as NaCl. The experimental factors and levels
are shown in Table 1. The statistical significance of the produced models was evaluated
through ANOVA. Residual plots and coefficients of determination (R2, Adjusted R?, and
Predicted R?) were presented to express the quality of the fitted models [31,32].

Table 1. Response surface test factor level table.

Horizontal Extent

Parameter
-1 0 1
Current intensity (A) 0.4 0.6 0.8
Time (min) 10 30 50
pH 3 6 9

3. Results and Discussion
3.1. The Influence of Current Intensity

Current intensity is commonly considered as an important factor for removing pol-
lutants effectively in the PREC process. The current intensity determines the amount of
sacrifice electrodes dissolution, which affects the generation of metal hydroxide flocs, as
well as the removal efficiency of contaminants consequently [35]. The influence of current
intensity in the range between 0.4 and 0.8 A on MO or AY wastewater was investigated in
this study, with the conditions of 2 g L~! NaCl and pH at 6.0. The color removal rates of MO
and AY influenced by different current intensity are shown in Figure 1a. The color removal
rates of MO and AY altogether increased with the current intensity, and the removal rates of
MO and AY were up to 90.7% and 95.0% at 20 min, respectively, when the current intensity
was set at 0.6 A. This verified that MO and AY tended to be removed by the adsorption
of generation flocs [36]. Meanwhile, the higher removal rate of AY might result in more
electron-donating groups involving -OH in AY that facilitate adsorption on flocs. According
to the Faraday’s law, the amount of sacrifice electrodes dissolution and OH™ concentration
were positively correlated with the current intensity, leading to additional hydroxide flocs
formation that facilitate MO and AY adsorption. However, when the current intensity was
set at 0.8 A, an increase in the current intensity beyond the optimal value had little effect on
the contaminant removal efficiency, as reported previously [37]. Because the extra current
intensity would increase superfluous small size bubbles that resist aggregate formation for
contamination adsorption [27]. In addition, extra current intensity would generate higher
energy consumption and steady color removal. Therefore, the optimal current intensity for
removing the colors of MO and AY in wastewater was determined as 0.6 A.
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Figure 1. The effect on color and COD removal of MO (a) and AY (b) in wastewater with different
current intensity.

As shown in Figure 1b, when the current intensity was set at 0.6 A, the optimum COD
removal rates for MO and AY could reach 86.2% and 88.6% at 20 min individually. The COD
removal rates increased with the current intensity within the first 20 min due to the complete
adsorption of contamination onto the flocs. However, the COD removal rates appearing to
display a decreasing trend subsequently remained relatively stable over time. On one side,
dissolved ferrous iron could be oxidized by the COD agent in the PREC process [38]. On
the other side, active free radicals, such as -OH and O,-~, could be generated by catalyzing
O, and Fe?* during the PREC process [39], thus oxidative degradation occurred during
the subsequent reaction process, generating hardly degradable by-products containing a
benzene ring structure. Therefore, the COD removal could be achieved quickly in the initial
stage, while further oxidative degradation needed to be enhanced after then.

3.2. The Influence of pH

The pH of the aqueous solution is regarded as another factor for removing contaminants
effectively during the electrocoagulation process [40,41], which could influence the dissolution
of electrodes, as well as the structure and morphology of hydroxide flocs generated from the
dissolved anode, thus affecting the contamination removal efficiency [15]. In the PREC pro-
cess, Fe was oxidized at the anode (Fe—Fe?"+ 2e~, Fe?* —Fe3*+ e~, Fe—Fe3*+ 3e™), while
reduction reaction was produced at the cathode (2H,O + 2e™—20H™ + H;). Therefore,
iron hydroxide complexes were formed in the solution, and the surface charge of the electro-
coagulation flocs also varied with the growth of pH during electrolysis. In the present study;,
the influences of pH values with 3.0, 6.0, and 9.0 on the removal efficiencies of MO and
AY in the simulated wastewater were estimated separately, with the conditions of 2 g L~}
NaCl and current intensity at 0.6 A. As shown in Figure 2a, the color removal efficiencies of
MO and AY increased rapidly in the initial 20 min, and improved progressively during the
next reaction process. Moreover, solutions with a neutral pH at 6.0 were more favorable
than the acidic and alkaline solutions for the degradation of MO and AY by the PREC
treatment, and the color removal efficiencies for MO and AY were up to 98.7% and 98.6%,
respectively. In the acidic environment, the iron electrode was inclined to be dissolved, with
the form of Fe?* or Fe3* in the aqueous solution. In the alkaline environment, the sediment
of Fe(OH)3; and Fe(OH); could develop a passivating surface layer at the electrode, because
their solubility limits were exceeded [42]. Based upon the predominance-zone diagram
for Fe(Il) and Fe (III) species in the aqueous solution in the function of pH [43], in the
neutral solution of pH at 6.0, the precipitation of Fe(OH), and Fe(OH); were gradually
generated in the solution to remove MO and AY contaminants mainly by the adsorption

of enmeshment. Consequently, the optimum pH value for the elimination of MO and AY
from aqueous solutions could be fixed at 6.0.
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Figure 2. The effect on color and COD removal of MO (a) and AY (b) in wastewater with diverse pH.

As shown in Figure 2b, the COD removal of MO and AY increased in the initial 20 min,
but decreased following this. This may be related to the strengthening adsorption in the
initial stage, while the chemical structure was destroyed by -OH and formed a benzene
ring later [39]. In addition, when the pH values were 3.0, 6.0, and 9.0, the COD removal
rates of MO at 20 min reached 48.0%, 86.2%, and 51.2%, respectively. Meanwhile, the COD
removal rates of AY achieved 61.3%, 88.6%, and 39.8%, respectively. Therefore, the pH
value of 6.0 was suitable for the elimination of MO and AY from aqueous solutions.

3.3. The Influence of Electrolyte

In the PREC process, the suitable supporting electrolyte in solution could avoid
passivation of electrodes, increase the solution conductivity, accelerate the rate of proton
migration, and diminish the ohmic drop and the energy consumption [44]. In the present
study, the effects of three electrolytes (Na;SO4, NapCOs3, and NaCl) on the degradation of
MO and AY by the PREC were investigated, with the current intensity at 0.6 A and pH at
6.0. As shown in Figure 3a,b, when the electrolyte was Na;SO, or Nap,COs, the color and
COD removal for either MO or AY were less effective. When the electrolyte was Na;SOy,
NayCOj3 and NaCl, the color removal rates of MO at 20 min were 54.9%, 74.8%, and 90.7%,
meanwhile, 75.3%, 60.4%, and 95.3% for AY, respectively. Correspondingly, the COD
removal rates of MO at 20 min were 34.5%, 65.3%, and 86.2%, but 70.0%, 49.0%, and 88.6%
for AY, respectively. Therefore, the electrolyte of NaCl was beneficial for the degradation
of azo dyes, contributing to improved electrical conductivity of the solution using NaCl,
thus increasing the overall removal efficiency. In addition, C1~ could generate Cl, during
the procedure of chlorine evolution reaction, and then hydrolysis reaction happened in the
electrocoagulation system for the generation of HCIO, which simultaneously strengthened
the attack effect of the base groups in MO and AY and the oxidation of oxides [44]. On
the other hand, the chloride medium significantly favored the PREC process, owing to
large corrosive power of chlorides that could promote the release of coagulant species. In
addition, the color and COD removal efficiency of AY were superior to the MO without the
influence of electrolytes, which demonstrates that the chemical structure of AY is inclined
to be treated by the PREC technique. Based upon the functional group of electron-donating
group involving -OH of AY might easily result in electric attraction with Fe hydroxide flocs,
or redox reaction in the solution [30]. This phenomenon requires further analysis in regard
to the influence of functional groups. Therefore, NaCl can be considered as the optimal
electrolyte applied in the PREC treatment of MO and AY in simulated wastewater.
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Figure 3. The effect on color and COD removal of MO (a) and AY (b) in wastewater with various
electrolytes.

3.4. Analysis of RSM

RSM is an improved method that optimizes the process and operating variables at
different levels [45]. In the present study, three significant influencing parameters are
selected and optimized at three levels through ANOVA, mathematical modeling, and the
color removal rates of MO and AY in the PREC process are the response value. The test
results are listed in Table 2.

Table 2. Results of the experiment of MO and AY.

MO AY
The;zﬁf]l:;:ent Current Time pH Color Current Time pH Color
Intensity (A) (min) Removal Rate Intensity (A) (min) Removal Rate

1 0.60 10.00 3.00 24.8 0.80 30.00 3.00 99.08

2 0.40 10.00 6.00 65.7 0.40 30.00 3.00 99.01

3 0.40 30.00 3.00 98.33 0.40 10.00 6.00 75.6

4 0.60 50.00 9.00 85.4 0.60 10.00 3.00 67.1

5 0.80 30.00 3.00 90.77 0.60 10.00 9.00 69

6 0.60 30.00 6.00 94.3 0.80 50.00 6.00 85

7 0.80 50.00 6.00 99.3 0.60 30.00 6.00 95

8 0.80 30.00 9.00 97.95 0.60 50.00 3.00 91.2
9 0.80 10.00 6.00 74.1 0.80 30.00 9.00 97.31
10 0.60 50.00 3.00 90.2 0.60 30.00 6.00 98.83
11 0.40 50.00 6.00 91 0.80 10.00 6.00 54
12 0.60 10.00 9.00 29.9 0.40 30.00 9.00 99.24
13 0.60 30.00 6.00 95.84 0.60 30.00 6.00 96.76
14 0.40 30.00 9.00 94.22 0.40 50.00 6.00 72
15 0.60 30.00 6.00 94.85 0.60 50.00 9.00 80.1

The significance of the model and its items were evaluated via the F-value and p-value
by ANOVA. When the p-value was lower than 0.05, the test variables were significant.
As shown in Table 3, the MO independent variables of time (B and B?) and pH (C?) were
significant for the removal efficiency, however, the interaction of AB, AC, and BC were
insignificant. According to the parameters of the p-value < 0.05 and R? = 0.9002 obtained
from the table, it concluded that the prediction model was well developed. As shown in
Table 4, AY independent variables of time (B and B?) and pH (C?) were significant, and the
interaction of AB and BC was significant, while the interaction of AC were insignificant for
the experiment. Therefore, the influence parameters for the azo dyes by the PREC followed
the order of B > C > A, the interaction between current intensity and time as well as the
interaction between time and pH were impactful for AY. The predicted R? = 0.8858 was



Water 2022, 14, 123

8of 13

in reasonable agreement with the adjusted R? = 0.9742 because the difference was less
than 0.2. The signal of noise ratio about Adeq Precision = 24.309 > 4, indicating that the
signal was adequate due to being in the desirable region. According to the parameters
of p-value < 0.0001 and R? = 0.9908, which concluded that the prediction model was well
suitable for describing the PREC experimental data. In addition, as presented in Figure 4,
all residuals spread along the straight line and exhibited the normal distribution of the
obtained MO and AY removal rates. Furthermore, Figure 5 correspondingly showed the
predicted values and actual values of removal rates as another confirmation.

Table 3. MO ANOVA results for response surface of quadratic model.

Source Sum of df Mean Square F-Value p-Value
Squares
Model
6941.66 9
(A-Current 539.89 1 771.30 5.01 0.0454 significant
intensity (A) 539.89
B-Time (min) 3672.24 1 3672.24 3.51 0.1200
Pt 20.42 1 204 23.85 0.0045
AI;S 2.500E-003 1 ” 500'}3_003 0.13 0.7306
AC 0.88 1 ’ 0.88 1.624E-005 0.9969
BC 24.50 1 5 4 50 5.739E-003 0.9426
A% 134.22 1 134' 2 0.16 0.7064
B 1263.81 1 126?; 31 0.87 0.3933
) 1321.84 1 1321.84 8.21 0.0352
. 769.85 5 . 8.58 0.0326
Residual 768.64 3 153.97
Lack of Fit 1.22 2 25621 420.69 0.0024 significant
Pure Error 7711.52 14 0.61
Cor Total ’
R? = 0.9002 Adjusted R? = 0.7205 Predicted R? = —0.5951 Adeq Presion = 7.902.
Table 4. AY ANOVA results for response surface of quadratic model.
Source Sum of df Mean Square F-Value p-Value
Squares
Model
3006.47 9
A-Current 13.68 1 334.05 59.72 0.0001 significant
intensity (A) 13.68
B-Time (min) 489.84 1 489 84 2.44 0.1787
A 14.42 1 i 87.57 0.0002
g 299.29 1 29979 258 0.1693
AC 1.00 1 1 0'0 53.51 0.0007
BC 42.25 1 42' 25 0.18 0.6900
A" 10.69 1 10.69 7.55 0.0404
B 2041.10 1 204'1 10 191 0.2254
o 45.19 1 45 1'9 364.89 <0.0001
. 27.97 5 ; 8.08 0.0362
Residual 20.62 3 5.59
Lack of Fit 7.35 2 687 1.87 0.3671 Not significant
Pure Error 3034.43 14 3.68
Cor Total '

R? = 0.9908 Adjusted R? = 0.9742 Predicted R? = 0.8858 Adeq Presion = 24.309.
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Figure 4. The Normal probability plot of studentized residuals of MO (a) and AY (b) of the model for
the removal rates.
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Figure 5. Experimental response values versus predicted response value of MO (a) and AY (b).

The RSM for the color removal rates according to the above three important parameters
attained from the PREC experiments were depicted in Figure 6. Two parameters were
demonstrated in 3D surface plots, while the other variable was kept at an optimum level
(e = 0). The interactions among the current intensity, time, and pH were corelated to the
ANOVA results for the response surface of the quadratic model. In addition, when the
color removal rate of MO and AY were predicted as 100% and 97.6%, correspondingly, the
optimum conditions included the current intensity of 0.71 A and 0.57 A, the electrolysis
time of 42.43 min and 31.08 min, and the pH values of 6.65 and 5.59. This conclusion
demonstrates that the condition of PREC treatment for AY simulated wastewater was
time-saving and energy conserving and, therefore, the azo dye of AY was more easily
treated by the PREC technique than by MO. The regression model was a second-order
response surface by the fitting analysis of multi-linear linear regression using software, as
shown in the following formula (1 for MO) and (2 for AY).

Y =93.18 + 1.61A + 23.59B + 2.04C — 0.025AB + 2.82AC + 1.85BC + 11.24A% — 20.54B2 — 10.47C2 (1)
Y =96.86 — 1.31A + 7.82B — 1.34C + 8.65AB — 0.50AC — 3.25BC — 1.70A2 — 23.51B? + 3.5C? )
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Figure 6. RSM for color removal rate of MO and AY as a function of current intensity and time (a,d),
current density and pH (b,e), pH and time (c,f), respectively.

3.5. The Influence of Functional Groups

The degradation mechanism of MO and AY throughout the procedure of PREC process
were also observed continually by the UV-Vis spectrophotometry analysis, when the
optimum experimental conditions of the current intensity was 0.6 A, electrolyte was 2 g L~!
of NaCl, and the initial pH value was 6.0. The recorded UV spectra of MO and AY in the
simulated aqueous solutions before and after the PREC treatment are illustrated in Figure 7.
Opverall, the MO and AY spectra in the visible region and the organics degradation in the UV
region between 200 and 900 nm were investigated. The UV-Vis absorption spectrum of the
initial MO solution (0 min) mainly covered two peaks at 248 nm and 462 nm, respectively.
The peak at 462 nm could be ascribed to the 7t-7r conjugated chain of the -N=N-, benzene
ring structure, and the other one at 248 nm was the characteristic absorption band of the
benzene ring [46]. On the other hand, the UV-Vis absorption spectrum of the original AY
solution (0 min) contained two peaks at low wavelength of 240 nm and 376 nm, due to
greater unsaturation than MO. The peak at 376 nm could be ascribed to the powerful 7-7t
conjugated chain of the -N=N-, benzene ring structure, -NO,, and -COO-, and the other
one at 248 nm was the characteristic absorption band of the benzene ring. Clearly, different
molecular structures resulted in the respective wavelength spectra of MO and AY.
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—— MO Omin 4.0 -

—— MO 10min
—— MO 20min
——— MO 30min

—— AY Omin
—— AY 10min

—— AY 20min
. AV Whrainn

354

3.0 1

2.5

2.0 1

A (L/{g-em)

0.5

0.0 4

T T T T
200 300 400 500

300 400 500

700

T T T T 1
600 700 800 900 1000 600 800 900 1000

L (nm)

200
b (/nm)

Figure 7. Absorbance spectra of MO (a) and AY (b) solution with the reaction time.
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As depicted in Figure 7a, the wavelength at 463 nm of MO was diminished with the
increase of the reaction time, due to the decrease in MO concentration that originated
from flocculation. However, the respective wavelength at 248 nm of the benzene ring
monomer was amplified gradually; this phenomenon demonstrated that the strong m-7
conjugated system between the -N=N- bond that might be destroyed due to the oxidation
reaction by -OH and O,-~ in the PREC process. Within the initial 10 min, the absorbance
at 463 nm was relative steady, while the COD removal rate still increased. This was
likely because the adsorption on flocs was the main mechanism in the initial 10 min,
with the oxidation-reduction then potentially taking effect in the subsequent process. As
shown in the Figure 7b, the wavelength at 376 nm decreased gradually with the duration
time, while the wavelength at 240 nm increased correspondingly and red shift slowly.
It as well indicated that the -N=N- bond might be destroyed, and the new monomeric
compound might be generated involving p-phenylenediamine and aminosalicylic acid.
Moreover, the absorbance at 376 nm and COD was altogether weakened in the initial
10 min, which inferred that the adsorption on flocs and oxidation-reduction might come
into effect simultaneously. This illustrates that the AY was propitious to promote the
oxidation-reduction in the solution. Compared the functional group with MO, the strong
electron-donating group of -OH in AY might be the reason for facilitating the reaction.
Possibly this is because hydroxyl groups in AY would donate electrons to iron ions, or
electrolyze out additional strong oxidizable substances such as hydroxyl free radicals,
enhancing the degradation efficacy for such azo dyes [47]. The trend mentioned above was
also consistent with the removal rates of COD for both MO and AY increasing within the
first 20 min and then decreasing.

4. Conclusions

In summary, the degradation of MO and AY with different functional groups in the
simulated wastewater with Fe-Fe electrodes by the PREC technique could be feasible.
Intensive studies on simulated aqueous solutions containing MO or AY were implemented
on the conditions of treatment involving the current intensity, pH, and electrolyte. The
optimal removal rates for MO and AY could be achieved at 98.7% and 98.6% with Fe-Fe
electrodes, when the current intensity and pH were set to 0.6 A and 6.0, respectively, and
the electrolyte was selected as NaCl. An accurate predicted method of RSM was established
to optimize the PREC process for the removal of MO and AY from simulated wastewater
involving the above three influencing parameters. The reaction time was the main influence
for both azo dyes, while the condition of PREC treatment for AY simulated wastewater
was time-saving and energy conserving. Furthermore, comparing the temporal absorption
variation in the absorbances of MO and AY throughout the procedure of PREC, the -N=N-
bond was the breakout and the functional group of -OH in AY might play a vital role
in the improvement of removal efficiency. As a result, the present study revealed that
the excellent and efficient removal for color and COD, as well as the degradation of azo
dyes could be achieved by the PREC. The RSM was a powerful tool for optimizing the
operational parameters. The PREC technique could be a potential method to eliminate the
contaminations of azo dyes with diverse functional groups from various wastewaters. In
addition, extensive investigations about diverse electrolytes actuating on the electrode for
the RSM analysis need to be implemented in our future studies.
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