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ABSTRACT

Fe fixed with sodium alginate gel beads (Fe*-SA) was successfully synthesized. The application of the
electro-Fenton (EF) technique using Fe*-SA for the degradation of acid fuchsin (AF) was investigated.
The decolorization of AF by EF with Fe*-SA and homogeneous Fe** was studied, which confirmed that
the EF with Fe*-SA could attain higher color removal rate (98.2%). Redox of Fe*-SA and homogeneous
Fe** were also examined by cyclic voltammetry. Influencing factors on AF decolorization including
pH, current density, initial AF concentration, Fe*-SA dosage, Cl- concentration, were investigated
by conducting batch experiments. The results showed that AF could be decolorized effectively in a
wide pH range of 3-11. pH, applied current density, initial AF concentration, H,O,/Fe*-SA ratio, and
the addition of ClI~ affected AF decolorization. The pseudo-first-order kinetic model can accurately
describe the AF decolorization process. In addition, 100 mg/L AF was treated by EF with Fe*-SA for 4 h
to evaluate total organic carbon (TOC) removal, mineralization current efficiency, and specific energy
consumption. The properties of Fe*-SA, and Fe*-SA after EF reaction (Fe**-SA/EF) were characterized
by scanning electron microscopy, Fourier-transform infrared spectroscopy, and X-ray photo-electron
spectrometry. The iron content in AF solution before and after EF was measured by inductively cou-
pled plasma atomic emission spectroscopy. Ion chromatography analyzed the change in inorganic salt
during EF and ultraviolet-visible spectroscopy studied the decolorizing mechanism.
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1. Introduction effect on living things, impeding its biodegrade into small
inorganic molecules.

Advanced oxidation processes (AOPs) have attracted
considerable interest as potential methods for the efficient
removal of wastewater [4-6]. AOPs are used in the produc-
tion of a high-activity oxidant, principally hydroxyl radical
(*OH), as their main oxidizing agent [7]. Among the AOPs,
Fenton reagent (mixture of H,O, and Fe*) has been widely
used [8]. However, H,O, is highly unstable; therefore, the
application of the Fenton method is limited by the high cost
of transportation and storage of H,O, [9]. The Fenton method

Many industries currently discharge into the environment
a high percentage of wastewater containing dyes such as
acid fuchsin (AF), and rhodamine B (RhB) [1,2]. The com-
plex aromatic structures and xenobiotic properties of dyes
hinder their degradation [3]. As a representative triphenyl-
methane dye, AF is often used as verification of free chlorine,
colorant for connective tissue and pH indicator; it also has a
highly-conjugated molecular system. However, its structure
includes the benzene ring, which exerts a strong inhibitory
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also requires the continuous addition of an iron catalyst
because of the formation of iron sludge [10]. Compared with
the Fenton method, electro-Fenton (EF) can produce mostly
H,O, in situ of cathode because of the use of an adequate
electrode material. The reaction between H,O, and Fe*
added externally generates many ¢OH [11,12]. Thus, the
EF method is more effective and easier to implement than
the regular Fenton process [13-15]. The EF is a promising
technology with relatively low energy consumption, highly
organic mineralization degree, and effectively combines
electrochemistry with the Fenton method [16]. The EF
process operates depending on the in situ electro-generation
of Fenton’s reagent, which is the source of Fenton’s reaction
to generate hydroxyl radicals. A small amount of Fe*" acts as
catalyst, increasing the oxidizing ability of H,0,, forming Fe**
and ¢OH [17]. One of the advantages of the EF process is
the catalysis of Fenton’s reaction by electrochemical regener-
ation of Fe?" [18,19]. The entire process involves no secondary
pollutants because Fe? and Fe® form a circulating system.
The initial Fe*" is also obtained from externally added Fe®
[20]. EF has attracted significant attention for the efficient
decolorization of dyes [21,22].

Despite its strong oxidation, traditional EF has several
typical disadvantages. For instance, it needs to ensure acidic
condition which can prevent soluble iron from precipitat-
ing. Recent studies have confirmed that mineral iron oxides,
such as magnetite (Fe,O,) and wustite (FeO), can effectively
degrade organic contaminants during EF at pH 3 [23]. Zero-
valent iron at pH 2—4 can also be used as a catalyst for EF
[24]. To overcome the limitation of pH and enlarge the scope
of applications, the utilization of heterogeneous catalysts
during EF reactions has drawn considerable attention. In
previous studies [25-27], some heterogeneous catalysts can
facilitate the removal efficiency of contaminants over a wide
range of reaction pH, and diminish metal leaching during
catalyst recycling. Fe*-SA has been used as source of iron
in different environmental applications [28-30]. Fe* ions are
coordinated with oxygen atoms which are in the carboxyl
groups from the glucose chains of alginates, to form Fe*-SA.
Iron binding on alginate beads decreases the negative effect
of pH during EF process. Thus, EF can be used in a wide pH
range of 2-8. In addition, the use of Fe*-SA allows the attain-
ment of continuous operation.

This study aims to further explore the heterogeneous
EF treatment using Fe*-SA. The comparison of the EF
process operation with Fe*-SA and homogeneous Fe*" was
determined; cyclic voltammetry (CV) was used to examine
the redox of Fe*-SA and homogeneous Fe*". The effects of the
pH, current density, initial AF concentration, H,O,/Fe’*-SA
ratio, and ClI~ concentration on AF decolorization during EF
using Fe*-SA were also evaluated. Meanwhile, the oxidation
kinetics of the process was discussed. To further explore
the oxidation capacity, mineralization rate, mineralization
current efficiency and specific energy consumption,
100 mg/L AF solutions were examined at 20 mA/cm?
current intensity, pH 3, and a H,0,/Fe*-SA ratio of 0.4. The
TOC removal, mineralization current efficiency, and spe-
cific energy consumption were examined using 100 mg/L
AF for 4 h. Moreover, the physicochemical characteristics
of Fe**-SA and Fe*-SA/EF were examined with scanning
electron microscopy (SEM), Fourier-transform infrared

(FTIR) spectroscopy, and X-ray photo-electron spectrometry
(XPS). The iron content in AF solution before and after EF
treatment (AF/EF) was measured by inductively coupled
plasma atomic emission spectrophotometer (ICP-AES). The
degrading process was studied by ion chromatography (IC)
and ultraviolet—visible spectroscopy (UV-Vis).

2. Materials and methods
2.1. Reagents

AF, sodium alginate (SA), and graphite electrodes
provided by Sinopharm Chemical Reagent Co., Ltd. (China)
were used during EF treatment. The AF characteristics
and structure are described in Fig. S1. Sodium hydroxide,
concentrated sulfuric acid (98%), anhydrous sodium sulfate,
barium chloride, and ferric sulfate were purchased from
Nanjing Ruitai Chemical Reagent Co. Ltd. (China). All chem-
icals were of analytical grade and used as received without
further treatment and purification. Deionized water was
used in all experiments.

2.2. Fe*-SA

Spherical alginate beads were formed by dropping 2.0%
(w/v) SA (chemically pure) into 0.15 M Ba*" (BaCl,-2H,0),
0.05 M Fe** (Fe,(SO,),) solution [31]. The alginate beads pre-
sented brown particles after having been cured at room tem-
perature for 2 h in the gelling solution. They were washed
repeatedly with deionized water and finally stored in dis-
tilled water at 4°C for use in AF degradation.

2.3. Electrochemical reactor set up

EF experimental set-up is shown in Fig. 1. Batch EF
experiments were conducted in a glass cylindrical reactor
with a working volume of 0.25 L. The supporting electrolyte
used was 0.05 M Na,SO,. During this process, H,O, was
generated by oxygen reduction on the graphite cathode.
Bubbling compressed air near the cathode for 10 min before
electrolysis at about 1 L/min ensured continuous saturation
of air at atmospheric pressure [32,33]. The selected electrodes
consisted of two graphite sheets which were connected
to a power supply (HP model 3662; Agilent Technologies
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Fig. 1. EF experimental set-up: (1) magnetic stirring apparatus,
(2) rotor, (3) graphite electrode, (4) temperature detector,
(5) aeration device, (6) Fe**-SA, (7) power supply, (8) air pump,
and (9) flow meter.
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Spain, S.L.). Current density was measured using a multime-
ter (Fluke 175, America). The electrode sheets (surface area
15 cm?) were placed opposite to each other at 1 cm above the
bottom of the reactor and with an electrode gap of 6 cm [34].
A magnetic mixer with an automatic temperature control
system (525-2, Shanghai Sile Instrument Co., Ltd.) was used
to control the temperature of the reaction solution at 25°C.

2.4. Electro-Fenton process
2.4.1. Comparison of Fe**-SA and homogeneous Fe’* in EF

Fe*-SA at 467 mg and homogeneous Fe** (0.2 mM) were,
respectively, applied to dispose 100 mg/L AF at pH 3 by
applying 20 mA/cm? for 2 h [35]. The effect of Fe*-SA adsorp-
tion property on AF decolorization was also considered.
Meanwhile, the electrochemical performances of Fe*-SA
and homogeneous Fe*" were investigated by CV under a
three-electrode cell configuration at room temperature. A
graphite electrode and a platinum wire served as the working
electrode and the counter electrode, respectively. Meanwhile,
the Ag/AgCl electrode was used as the reference electrode.
A Na,SO, solution at 0.05 M concentration and pH of 3 was
used as the electrolyte and 467 mg Fe*-SA was added into
the electrolyte. The electrolyte had to be deoxygenated with
pure nitrogen for 30 min prior to the experiments.

2.4.2. Influence of experimental variables on EF

To obtain the best reaction conditions and study the
reaction mechanism, the effects of pH, current density, initial
AF solution concentration, H,0,/Fe*-SAratio, and Cl-concen-
tration were discussed. Four concentrations of AF solutions,
containing 100, 200, 300, and 400 mg/L were prepared. They
were degraded comparatively by applying constant current
densities of 5, 10, 15, 20, and 25 mA/cm?* with H,0,/Fe*-SA
ratios of 0.1, 0.2, 0.4, and 0.8 at initial pH of 3, 5, 7, 9, and
11 for 2 h. To measure the distraction of CI- when preparing
Fe**-SA, the effect of Cl- was also evaluated. Different Cl-con-
centrations were added into the EF process with 100 mg/L AF
and a H,0,/Fe*-SA ratio of 0.4 at pH 3, applying 20 mA/cm?.
The CI" concentrations were 0, 0.001, 0.01, and 0.1 M. The pre-
cise conditions for each test are listed in Table S1. In these
experiments, pH was adjusted using 0.1 M NaOH or 0.1 M
H,SO,. AF was stirred magnetically to avoid concentration
gradients in the EF. In the experiments, samples were taken
out from the EF reactor at regular intervals to be analyzed.
Electric parameters were recorded. All samples were with-
drawn from electrolyzed solutions centrifuged at 10,000 rpm
for 5 min, and the supernatant was extracted for analysis.

2.4.3. Mineralization during EF reaction

Under the optimal conditions based on the aforemen-
tioned reaction, TOC of AF was measured. Thus TOC
removal, mineralization current efficiency, and the specific
energy consumption were calculated.

2.5. Characterization of samples in EF process

The CV measurement of the electrodes was conducted
using an electrochemical workstation (CHI660D, Chenhua

Instrument, China) between 2.0 and 1.0 V at a scan rate of
100 mV/s. The Fe*-SA samples before and after EF (Fe*-SA/EF)
were ground into powder and then dried in an oven at 60°C
for 40 min. The morphologies of Fe*-SA and Fe*-SA/EF
samples were observed by SEM (54800, Hitachi Ltd., Japan).
The FTIR (Bruker Corporation, Germany) spectra of Fe*-SA
and Fe*-SA/EF were recorded, and the spectra were in the
400-4,000 cm™ range. XPS (PHI/5000 Versa Probe, ULVCA-PHI
Corporation, USA) measurements of Fe*-SA and Fe*-SA/EF
were performed with a monochromatic Mg-Ka source and a
charge neutralizer. The iron content in the AF solution before
and after EF was determined by ICP-AES (ICAP 6300, Thermo
Scientific, USA). IC (ICS-1000, Sigma-Aldrich, USA) and
UV-Vis (UV-1201, Ruili Analytical Instrument Corporation
Ltd., China) were used to analyze the changes of inorganic salt
and reaction mechanism during EF process.

2.6. Analytical methods
2.6.1. AF decolorization rate

The concentrations of AF were measured by a
UV-spectrophotometer at a wavelength of 409 nm using
the standard curve method. The standard AF concentration
corresponded to absorbance, as shown in Table S2. The AF
standard curve is presented in Fig. S2. The decolorization
rate was calculated from Eq. (1) as follows:

_ (Co _Ct)

0

D x100% 1)

where D is the decolorization rate (%); C,and C, are the initial
concentration and concentration at time ¢, respectively.

The energy consumption per unit color removed for each
decolorization trial [36] was then obtained using Eq. (2) as
follows:

B xIxt
AV xA(AF) 2)

exp

EC

where EC,, is the energy consumption per unit AF color
removed (KWh/mol,,), E_, is the average cell voltage (V),
I is the average applied current (A), t is time (h), and V is
volume of AF (L), A(AF)CXID is the concentration variation of
AF (mol/L).

Akinetic model was used to explain the effects of reaction
conditions. Decolorization rate constant [37] was determined
using a powder-law expression (Eq. (3)):

— =k (©) ©)

where k represents the rate constant (min™), C is the AF
concentration (mg/L), and 7 is the reaction order.

2.6.2. TOC analysis

The production of short-chain carboxylic acids was
confirmed by the ion-exclusion chromatography analysis.
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Mineralization of the AF solutions was verified from the
decay of TOC. The percentage of TOC decay was determined
using Eq. (4) as follows:

_(TOC, -TOC,)

TOCremova] - TOC

x100% (4)

0

where TOC, and TOC, are the experimental TOC values at
time t and the initial time, respectively.

According to these data, the mineralization current
efficiency (MCE) for each treated solution [38] at the current
I (A) and a given electrolysis time ¢ (h) was estimated using
Eq. (5) as follows:

nxFxV, xA(TOC) .
2P %100% (5)

MCE = -
432x10" xmx1Ixt

where F is the Faraday constant (96,487 C/mol), V_ is the solu-
tion volume (L), A(TOC)eXP is the experimental TOC decay
(mg/L), and 4.32 x 107 is a conversion factor to homogenize
units (3,600 s/h x 12,000 C/mol), and m is the number of car-
bon atoms of AF. The number of electrons n consumed per
AF molecule was set to 90 so that AF was completely mineral-
ized to CO,, sulfate, and ammonium during mineralization,
in accordance with Eq. (6) as follows:

C,,H,,N,Na,0,S, +43H,0 — 20CO, +3NH,"

+3502 +2Na* +91H" +90e~ ©)

Energy consumption per unit TOC mass destroyed
(EC,) for each degradation trial was then obtained using
Eq. (7) as follows:

E_, xIxt
EC — cell
o = A (TOC) )
S exp
where EC . is energy consumption per unit TOC mass
destroyed (KWh/mg ), E_, is the average voltage of the
cell (V).

2.6.3. Fe ion analysis

The Fe content in Fe*-SA was measured by ICP-AES. The
powder was dissolved in 1 M HNO,. The prepared sample
was of high purity, corresponding to 3,578 mg/kg in mass of
Fe¥*-SA.

2.6.4. H,0, analysis

The concentration of accumulated H,O, was determined
by potassium permanganate titration under different current
intensities [39]. The reaction principle is expressed as follows:

2KMnO, +3H,50, +5H,0, —
K,SO, +2MnSO, +50, +8H,0 ®)

The 5 mL sample was transferred into an Erlenmeyer
flask with a pipette, followed by 20 mL deionized water
and 10 mL 20% H,SO,. Proven potassium permanganate
was dropped into the sample and shaken until the solution
became light red. All data used were the average of thrice
test results.

(5xC % Vo, )

K,MnO, KMnO,

H,0, 2 X VHZOZ (9)

3. Results and discussion
3.1. Fe**-SA

Fe*-SA exhibited a spherical particle with an average
diameter of 3.5 mm. The Fe*-SA was determined to include
a Fe concentration of 3,584 mg/kg. Several polymer network
gel beads could be applied in the removal of inorganic and
organic contaminants from wastewater [40—43]. To eliminate
the effect of adsorption, adsorption on AF by Fe**-SA was con-
ducted at 100 mg/L AF solution for 2 h. The result indicated
that AF adsorption was lower than 3% with the addition of
80 mg (maximum in the reaction) Fe*-SA. Therefore, the
effect of adsorption during EF could be disregarded for 2 h.

3.2. Comparison of Fe3+-SA and homogeneous Fe3+ in EF

467 mg Fe*-SA and homogeneous Fe* (0.2 mM) were,
respectively, used in EF process to treat 100 mg/L AF by apply-
ing 20 mA/cm? current density at pH 3 for 2 h. Homogeneous
Fe* was provided by Fe,(SO,),. The change in AF decoloriza-
tion rate is shown in Fig. 2(a). The AF decolorization rate by EF
using Fe*-SA was higher than that using homogeneous Fe*,
which indicated that the EF using Fe*-SA improved the AF
decolorization rate to a certain degree. Meanwhile, Fig. 2(b)
presents the CV curves conducted in 100 mg/L AF containing
0.05 M Na,SO, at pH 3. The reduction in O, on the surface of
the graphite electrode was vital for the electro-generation of
H,0,. CV curves illustrated the effect of Fe**-SA and homoge-
neous Fe* on the reduction/oxidation of Fe ions and the over
potential of O, reduction on the surface of the graphite elec-
trode. Reduction peaks in homogeneous Fe** at 0.3 and 0.2 V
were observed, which were identified as reduction peaks of
O, or Fe*. However, the reduction peaks shifted to —0.46 and
0.06 V with a markedly increased current for Fe*-SA, which
indicated that Fe’-SA reduced the over-potential of O, and
Fe* reduction on the surface of the cathode material. Thus,
a reduction reaction was easier than before [44]. In addition,
a redox peak belonging to Fe* could be observed within this
potential range. The alginate polymer was not electrochemi-
cally active in the applied potential range [45]. Therefore, the
redox process was related to the reduction/oxidation of Fe
ions which used as the cross-linkers in the Fe**-SA.

3.3. Influencing factors
3.3.1.pH

Electrolysis was conducted performed at initial pH levels
of 3,5, 7,9, and 11 in the 100 mg/L AF containing the 0.4
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Fig.2.Decolorizationon AF by EF using Fe*-SA and homogeneous
Fe?" with H,O,/Fe*-SA ratio 0.4, 0.05 M Na,SO,, 100 mg/L AF,
20 mA/cm? current density and pH 3 (a); comparison of CV of
Fe*-SA and homogeneous Fe*'; conditions: pH 3, 0.05 M Na,SO,,
air flow rate 1.0 L min™ (b).

H,O,/Fe*-SA ratios by applying 20 mA/cm? current density.
The changes in AF concentration under different pH levels are
illustrated in Fig. 3. The acid condition benefited AF decolor-
ization during the EF process. But under extreme acid con-
ditions, the concentration of H* was considerably high, and
H,O, reacted with many H* to form H,O,* (Eq. (12)). Increased
H.O," enhanced the stability of Fe** and decreased the activ-
ity of Fe™ [46,47], and the scavenging effect of the *OH by
H* became severe (Eq. (13)). Under alkaline conditions, the
cross-linking of Fe*-SA could be destroyed slightly, and Fe*
was leached, leading to the generation of iron hydroxides.
Meanwhile, H,0O, was unstable in alkaline solutions and
was quickly decomposed into oxygen and water (Eq. (10)),
which led to the loss of its oxidizing ability. A previous study
reported that homogeneous EF treatment exhibited a slight
reduction in decolorization rates under alkaline conditions
or at neutral pH [27]. Fig. 3 shows that all AF decoloriza-
tion rates are higher than 80% in the final stage, and the pH
remains almost unchanged in an alkaline environment. This
performance confirmed that Fe*-SA could be applicable in
a larger scale of pH. As shown in Fig. 3, the concentration
of AF declined exponentially which was in accordance with
pseudo-first-order kinetics. The graph exhibited a high linear
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Fig. 3. Effect of pH on decolorization of AF by EF with
0.4 H,O,/Fe*-SA ratio, 0.05 M Na,SO, 100 mg/L AF, and
20 mA/cm? current density.

correlation. In summary, pH of 3 was most contributed to the
effective degradation of AF.

H,0, > H,0+0,

(10)
H202 +H —> 1—1302+ (11)
*OH +H"+e — H,0 (12)

3.3.2. Applied current density

To explore the effects of applied current on AF decol-
orization, different current densities ranging from 5 to
25 mA/cm? were studied. The changes in AF concentration
under different current densities are presented in Fig. 4(a),
which illustrates an increase in AF decolorization when the
current density increased from 5 to 25 mA/cm? Meanwhile,
the oxidizing power is related to the increased production
of H,O,, which led to the generation of *OH [48], as shown
in Egs. (13) and (14). High current density produced other
oxides, such as 5,0,> and O,, which could also degrade AF.
An excessively high current density (25 mA/cm?) may induce
anodic oxygen evolution reaction and cathode hydrogen evo-
lution reaction, inhibiting the direct oxidation of AF.

O,(g)+2H" +2¢" > H,0, (13)

Fe* +H202 —Fe* +e OH+OH"~ (14)

Fig. 4(b) proved that the production of H,O, related to
current intensity. AF decolorization did not grow linearly
with an increase in reaction time because H,O, concentration
reached its steady-state after about 120 min. Meanwhile, this
increase in applied current exerted no significant effect on
color removal (Fig. 4(a)). The reason could be that during
electrolysis, AF was quickly degraded by hydroxyl radicals
which were formed by the Fe? that transferred from the Fe**
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of Fe*-SA (Eq. (15)), allowing the gradual formation of inter-
mediates that were difficult to destroy, as complexes of Fe®
and carboxylic acid [49].
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Fig. 4. Effect of applied current intensity on decolorization of AF
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and pH 3 (a); effect of applied current intensity on production of
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Moreover, the production of H,0, decreased at 400 mA
(Fig. 4(b)), and black powder particles were found in the AF
solution after EF. The increase in applied current might have
promoted the parasitic reactions, such as hydrogen evolution
at the cathode.

3.3.3. Initial AF concentration

Fig. 5(a) presents the decolorization performance of EF
process at various AF concentrations. With an increase in AF
concentrations, the decolorization rate slightly decreased.
This behavior was attributable to the physicochemical prop-
erties of contaminants and steric effects. More hydroxyl rad-
icals were required for the degradation of AF and reaction
of intermediates at higher AF concentrations. Meanwhile, the
solution pH rapidly decreased because more carboxylic acids
were produced at higher AF concentrations.

3.3.4. Fe**-SA dosage

The influence of Fe**-SA dosage on AF decolorization was
evaluated by applying 300 mA at pH 3 during EF to a solution
of 100 mg/L AF (Fig. 5(b)). These conditions had small varia-
tions. The result showed that few ferrous ions would expend
most hydroxyl radicals, and that Fe ion cycle continued
because only few catalysts were precipitated. Consequently,
no improvement of AF decolorization rate occurred with an
enhancement in Fe**-SA dosage.

3.3.5. Addition of CI-

Fig. 6 shows that the introduction of CI~ was considered as
interference on AF decolorization during EF. When CI~ was 0,
0.001, and 0.01 M, the trend of decolorization rate was nearly
uniform. This finding proved that Cl-only slightly influenced
AF decolorization when HCI was used to adjust the pH [50].
However, the AF concentration markedly decreased at CI-
equal to 0.1 M, and the color removal rate reached 98.8% after
15 min. The reason could be that CI~ was discharged at the
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Fig. 5. Effect of the AF concentration on decolorization of AF by EF with 0.4 HZOZfFe3*-SA ratio, 0.05 M Na,SO,, 20 mA/cm? current
density, and pH 3 (a); effect of the Fe**-SA dosage on decolorization of AF by EF with 100 mg/L AF, 0.05M Na,SO,, 20 mA/cm? current

density, and pH 3 (b).
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Fig. 6. Effect of Cl- on decolorization of AF by EF with 0.4 H,O,/
Fe*-SA ratio, 0.05 M Na,SO,, 100 mg/L AF, 20 mA/cm?® current
density, and pH 3.

anode to generate Cl,, which was immediately dissolved in
the solution and, chemically converted to C1O~[2]. C1O could
effectively oxidize AF. To obtain better search results, pH of 3
was selected as an appropriate condition.

3.4. Kinetics study

Kinetic studies were conducted to determine the kinetic
behavior of AF decolorization process. Fig. 7(a) shows the
change in AF concentration at 300 mA for 4 h. As shown in
Fig. 7(b), the rate constant values (0.028) and the statistical
correlation parameters (R*= 0.967) obtained from the model
fitting reflected that AF decolorization process conformed
to the pseudo-first-order kinetics. When the electrocatalytic
reaction occurred, the initial concentration of H,O, was zero
and then accumulated. Eq. (16) describes the relationship
between the production of OH and the concentration of Fe*
and H,O,. The high concentration of H,O, led to the rapid
generation of *OH and subsequently resulted in a high AF
decolorization rate.

*OH = .x(d[OH]/dt) =3xk[Fe* ]x[H,0, ] (16)

where k is the apparent rate constant, A is the rate constant,
*OH represents the production of ¢OH, [Fe*] and [H,O,]
are the concentration of Fe** and H,O, (mg/L), respectively.
A comparison of the maximum AF decolorization rate by
different treatment methods is shown in Table S3 [51,52].

3.5. Energy consumption during the EF

To establish the viability of Fe*-SA in AF decolorization
by EF, the energy consumption per concentration removed
(EC,,) was assessed. Fig. 8 shows the energy cost of
AF decolorization calculated from Eq. (2). For low AF
decolorization rate, the specific energy consumption
increased almost linearly, and became exponential for high
AF decolorization rate. It can be explained that more refrac-
tory products and hardly oxidizable intermediates might
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density and pH 3.

have been formed, such as short-chain carboxylic acids.
Moreover, low organic content led to parasitic reaction. When
the AF decolorization rate to 98.6%, the energy consumption
reached 0.7 kWh/(mol,,). It confirmed that low energy con-
sumption was achieved during the process.
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3.6. Mineralization of AF

IC was used to quantify inorganic ions formed during the
electro-Fenton treatment process of AF. The chromatograms
revealed the formations of three different ions: ammonium,
nitrate, and sulfate. As shown in Fig. S3, ammonium and sul-
fate were the most rapidly released ions within 120 min. The
release of sulfate was almost stoichiometric (0.50 instead of
0.51 mM). Moreover, the concentration of nitrate was consid-
erably low during electrolysis. Total concentration of NH,*
and NO;™ (0.44 mM) was 86.2% of the initial amount of nitro-
gen. The mineralization of AF was detected in 100 mg/L AF
with the 0.4 H,0,/Fe*-SA ratio, by 300 mA current intensity
at pH 3; 44.0% TOC removal was achieved after 2 h of treat-
ment because of the formation and accumulation of some
oxidation by-products [44]. Notably, 84.8% TOC removal
was achieved after 4 h. Total mineralization requires more
time, perhaps because the formation of Fe(Ill)-carboxylate
complexes, which were hardly oxidized by ¢OH [53].

The MCE was calculated in accordance with Eq. (5). The
decrease in MCE could be attributable to several reasons,
including the mass formation of persistent intermediates
such as short-chain carboxylic acids, mass transport limita-
tion caused by the loss of organic matter concentration, and
the acceleration of the aforementioned waste reactions [54].

The energy consumption per unit TOC mass destroyed
(EC,,.) for each degradation trial was calculated from
Eq. (7). Specific energy consumption increased linearly as
the removal rate increased, becoming exponential for higher
TOC removal rates. This occurrence could be attributable
to the formation of more refractory products such as short-
chain carboxylic acids, which were hardly oxidized interme-
diates, and the decrease in organic content in the solution
which promoted parasitic reactions [55].

3.7. Characteristic of Fe**-SA and Fe**-SA/EF
3.7.1. Surface morphology of Fe**-SA and Fe**-SA/EF

The surface morphologies of the Fe*-SA and Fe*-SA/EF,
which were obtained by SEM, are presented in Fig. S4. In
Fig. S4(a), the surface of Fe*-SA is regularly undulating with a
flocculent structure. Numerous changes in surface morphol-
ogies were observed after the EF process. Fig. S4(b) shows
the transformation of a smooth surface into a rough surface.
Fe*-SA/EF appeared with an irregularly porous structure.

3.7.2. FTIR spectra of Fe**-SA and Fe**-SA/EF

The FTIR spectra of Fe*-SA and Fe*-SA/EF are presented
in Fig. S5. For both hydrogels, CH, vibrations appeared at
1,440 cm™ [56]. The stretching of -C=0 observed at 1,650 cm™
contributed to the absorption vibrations of the carboxyl group
of the alginate molecule [57,58]. The absorption bands at 640
and 2,860 cm™ were assigned to Fe-O-H and C-H vibration,
respectively [59]. Significant differences in FTIR spectra were
observed between Fe*-SA and Fe*-SA/EF. The band in the
spectrum at 1,200 and 2,300 cm™ shifted slightly to 1,230
and 2,310 cm™, respectively. The change of bond strength
between metal ions resulted in stretching vibration of the
C-O bond. The change in oxygen of the carboxyl caused
a change in vibration distance of C=N bond. These results

confirmed that the reaction required a bit energy vibration.
Notably, additional absorption bands appeared in the FTIR
spectra of and Fe*-SA/EF at 1,180 and 2,400 cm™. The distinct
1,180 cm™ band might correspond to O-H deformation and
C-O stretching vibration interaction. This characteristic peak
of Fe**-SA/EF at 2,400 cm™ was observed and could be caused
by the introduction of ammonium salts during the reaction.

3.7.3. XPS analyses of Fe**-SA and Fe>*-SA/EF

XPS analyses were carried out to further investigate the
bonding configuration of Fe in Fe*-SA during the EF reac-
tion. Table S4 reveals that Fe*-SA is composed of C, O, Cl,
Ba, and Fe. However, the Cl is not observed in Fe*-SA/EF
(Fig. S6). The conclusion that could be drawn was that low
Cl~ was participated in the reaction, which consisted with
the consequence obtained in section 3.3.5. The percentage
composition of Fe decreased slightly because leaching of a
small amount of Fe occurred during EF. Fig. 9(a) shows that,
for the Fe 2p spectrum, two photoelectron peaks center at
708.385 and 723.469 eV corresponding to the binding ener-
gies of Fe 2p,, and Fe 2p, , respectively. The peaks at 709.353
and 722.042 eV in Fig. 9(b) suggest the existence of Fe*" [60].
The peak of Fe**-SA at 708.385 eV was narrower than that of
Fe**-SA/EF at 709.353 eV. The intensity of the peaks decreased
and an obvious shift occurred, suggesting that the valence
state of Fe’* changed during the EF process (Eq. (15)).
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Fig. 9. XPS spectra of Fe region of Fe*-SA (a) and Fe*-SA/EF (b).
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3.8. UV-visible absorption spectrum of AF

The UV-visible absorption spectrum of the AF solution
at different reaction time is shown in Fig. S7. AF had two
absorption peaks in the ultraviolet region at 208 and 283 nm,
and absorption peaks in the visible region at 540 nm. The
absorption peak in the visible region was corresponding to
the AF chromophore absorption peak, which was mainly
related to the three vinyl groups in the molecular structure of
AF, whereas the absorption peak in the ultraviolet region was
mainly related to the benzene ring, amino group, and sulfonic
acid group in the AF structure [61]. As shown in Fig. S7, with
an increase in EF reaction time, the three absorption peaks of
AF in the entire UV-visible region were gradually decreased.
After a 30 min EF reaction, the absorption peak of AF at
540 nm significantly decreased, indicating that the decolor-
ization effect was significant. After a 120-min reaction, the
absorption peak at 283 nm decreased significantly, but the
removal rate of the absorption peak at 208 nm only slightly
changed. During AF decolorization using EF, the vinyl was
first destroyed rapidly. As the reaction proceeded, the ben-
zene ring, amino group, and sulfonate group were gradually
oxidized. No other absorption peaks appear, indicating that
the intermediate products were gradually degraded.

3.9. Iron contents in AF and AF/EF

The iron contents in AF and AF/EF determined by ICP-
AES analysis are listed in Table S5. Few Fe ions were found
in AF/EF, suggesting that Fe® had hardly been leached.
The structure of Fe*-SA is shown in Fig. 10. The “egg-box”
structure was formed when alginate came in contact with Fe**
[45]. The guluronate on the alginate chain lumped, causing
the ions to cross join. Thus, alginate droplets immersed into
ferrous aqueous solution could generate ionic cross-links
between the carboxyl group on alginate chains and Fe [35].
A small number of Fe* ions overflowed during EF process
could be explained that few ionic cross-links were destroyed.
The reaction equation (Eq. (14)) could continue because of
electrons passing in or out during the entire reaction. This
result clearly shows that Fe** undergoes chemical reduction
on the surface of Fe*-SA.

4. Conclusions

In this study, Fe’-SA was successfully developed for EF
treatment. The results of this paper indicated that sodium

alginate was an appropriate support for iron retention. The
fixation of Fe into alginate beads induced the limitation of pH
in the EF process. The use of Fe*-SA made EF can operate in
a wide pH range of 3-11. The current intensity controlled the
reaction rate because the production of H,O, changed at differ-
ent current intensities. The process obeyed pseudo-first-order
kinetic model with the most fitting coefficient exceeding 0.985
and a removal efficiency of 98% under the following condi-
tions: 100 mg/L AF, 0.4 H,0,/Fe*-SA ratio, 300 mA current
intensity, and pH 3. Approximately 84.8% mineralization
was achieved by applying Fe*-SA into the mineralization
of AF solution. The characterization of Fe*-SA and Fe*-SA/
EF showed that Fe was homogeneously distributed into the
gel beads. Moreover, iron embedded in the sodium alginate
could be protected from leaching during the reaction. The
Fe**-SA exhibited stability, and Fe*" was fixed in the alginate
structure. Oxidative degradation of AF under the EF process
using Fe*-SA in a continuous batch can be achieved.
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Molecular formula:
CAS number:

Fig. S1. Basic structure of AF.
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Fig. S4. SEM images of Fe*-SA (a) and Fe*-SA/EF (b).
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Fig. S6. XPS spectra of Fe*-SA (a) and Fe*-SA/EF (b).
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Fig. S7. UV-visible absorption spectrum of AF solution of
different reaction time with 0.4 H,0,/Fe*-SAratio, 0.05 M Na,SO,,
100 mg/L AF, 20 mA/cm? current density, and pH 3.
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Table S1
Conditions for each test during EF
Influencing factor pH Current density AF concentration H,O,/Fe**-SA ratio Concentration of CI—
pH 3 20 100 0.4 0
5 20 100 0.4 0
7 20 100 0.4 0
20 100 0.4 0
11 20 100 0.4 0
Current density 3 5 100 0.4 0
3 10 100 0.4 0
3 15 100 0.4 0
3 20 100 0.4 0
3 25 100 0.4 0
AF concentration 3 20 100 0.4 0
3 20 200 0.4 0
3 20 300 0.4 0
3 20 400 0.4 0
H202/Fe*-SA ratio 3 20 200 0.1 0
3 20 300 0.2 0
3 20 400 0.4 0
3 20 500 0.8 0
Concentration of CI- 3 20 100 0.4 0
3 20 100 0.4 0.001
3 20 100 0.4 0.01
3 20 100 0.4 0.1
Table S2
Absorbance of different concentrations of standard AF
AF concentration 0 2 4 6 8 10
Absorbance 0.000 0.09 0.176 0.255 0.337 0.414
Table S3
Comparison of the maximum decolorization rate of AF by different treatment methods
Treatment method Decolorization rate Reference
Electro-catalytic oxidation by Fe-doped PbO,/Ti electrodes 91.86% [52]
Electro-catalytic oxidation by Ni-doped PbO,/Ti electrodes 93.04% [52]
Electro-catalytic oxidation by Ti/SnO,-Sb,0, electrodes 95.41% [53]
Electro-catalytic oxidation by Ti/SnO, electrodes 50% [53]
Electro-Fenton (EF) technique using Fe sodium alginate gel beads (Fe*-SA) 98.2% This work
Table S4
Chemical composition of Fe**-SA and Fe*-SA/EF
Element Cls Ols Nals Cl2p Fe2p3 Ba3d5
Relative atomic ratio of Fe**-SA 58.37+0.02 36.61+0.02 0 2.15+0.01 217 +0.01 0.69 +0.02
Relative atomic ratio of Fe**-SA/EF 60.72+0.02  36.96+0.02 0.61+0.01 0 0.58 £0.01 1.13 £0.01

Table S5
Chemical composition of AF and AF/EF

Ba (mg/L) Fe (mg/L)
AF 0.015 +0.001 0.082 +0.001
AF/EF 0.016 + 0.001 0.076 +0.001




