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Abstract: Photoelectrocatalysis is a novel technique that combines heterogeneous photocatalysis
with the application of an electric field to the system through electrodes for the degradation of
organic contaminants in aqueous systems, mainly of toxic dyes. The efficiency of these combined
processes depends on the semiconductor properties of the catalysts, as well as on the anodic capacity
of the electrode. In this study, we propose the use of active hydrotalcites in the degradation of
Congo red dye through processes assisted by ultraviolet (UV) irradiation and electric current. Our
research focused on evaluating the degradation capacity of Congo red by means of photolysis,
catalysis, photocatalysis, electrocatalysis, and photoelectrocatalysis, as well as identifying the effect
of the properties of the active hydrotalcites in these processes. The results show that a maximum
degradation was reached with the photoelectrocatalysis process with active hydrotalcites and a
copper anode at 6 h with 95% in a half-life of 0.36 h. The degradation is favored by the attack of the
OH?* radicals under double bonds in the diazo groups where the electrode produces Cu?* ions, and
with the photogenerated electrons, the recombination speed of the electron-hole in the hydrotalcite
catalyst is reduced until the complete degradation.

Keywords: photocatalysts; Cu electrodes; diazo dyes; electrocatalysts; layer double hydroxides;
photoelectrochemical degradation

1. Introduction

Wastewater, mainly from the textile industry, contains large amounts of azo dyes,
as well as inorganic salts such as NaCl and NaySOy [1]. These azo dyes are highly toxic,
carcinogenic, and mutagenic in nature and can even bioaccumulate in the food chain [2,3];
therefore, we must develop effective methods for the treatment of industrial wastewater
that can degrade the synthetic dyes contained in it [4]. Azo dyes are the most consumed
in industry, mainly in textiles, representing up to 35% of dye consumption. They are
characterized by a structure that contains at least two aromatic compounds linked together
by azo type chromophore group (-N=N-) [4]. Various methods, such as adsorption [5],
biodegradation [6], chemical oxidation [7], and microbial or enzymatic treatment [8], have
been implemented for the elimination of textile dyes from water; however, because these
methods are not destructive, a transfer of the contaminant from one phase to another
occurs, which requires additional treatments, such as advanced oxidation processes, which,
in recent years, have been extensively investigated.
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Heterogeneous photocatalysis is considered an emerging destructive technology that
leads to the total mineralization of diverse organic contaminants [9-11], in which the
degradation of the contaminating compound dissolved in water occurs by the action of
semiconductor materials irradiated by light, mainly ultraviolet. Some of the most used
photocatalyst metallic semiconductor materials are TiOp, ZnO, SnO,, ZrO,, V,0s5, WO3,
CeO;, and g-C3Ny, as well as several mixtures of these have been studied [12-16]. In the
case of TiOy, despite being the most used photocatalyst, it presents some disadvantages,
the main disadvantage is that it presents a relatively high value of the forbidden band
energy (approximately, 3.2 eV for the anatase phase and 3.0 eV for the rutile phase), which
limits its absorption in the spectrum of the ultraviolet-visible (UV-VIS) region, while also
presenting a high rate of recombination of photogenerated electron/hole (e~ /h") pairs,
which results in a decrease of its photocatalytic activity. That is why much research is
focused on improving the application of TiO,, with the intent to reduce the band gap due
to structural modifications [17,18]. Most studies focused on doping TiO, with metallic ions
such as nickel, manganese, cobalt, titanium, chrome, iron, vanadium, zinc, and copper, as
well as with nonmetallic elements or even through the formation of composites with MnO5,
InyO3, CeO,, and MoS, [19-21]. There is another alternative currently being studied to
improve the photocatalytic activity of TiO, in photoactivation using an electric current,
which suggests that if a better photoactivation of TiO, corresponds to a higher degener-
ation rate of reactive species, it would also correspond to a higher overall degradation
performance [22,23].

Within the alternative material options to TiO, are the layered double hydroxides or
hydrotalcites, which are compounds used as precursors of oxides, which have shown to be
a viable option as photocatalytically active materials [24-27]. Hydrotalcites are composed
of inorganic layers with a laminar structure and are chemically characterized by the general
formula [M1_,2*M;>* (OH)p]x+(A" "),/ - mH,O, where M?* (M?* = Mg?*, Ni?*, Co?*,
Cu®*, Zn?*) is a divalent cation and M3+ (M3* = AI3*, Fe3*, Cr3*, etc.) is a trivalent cation,
where both cations’ octahedral networks with positive residual charge are structured. A"~
are anions that lodge in the interlaminar space to compensate the residual charge of the
sheets (A"~ = NO;~, CO32~, SO42, Cl—, Br—, I, etc.) and m is the amount of water
molecules [28,29]. These materials can be easily and economically synthesized at laboratory
level. Figure 1 shows the laminar structure of a hydrotalcite Mg/ Al with carbonate ions
and water molecules in the interlaminar space.
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Figure 1. The laminar structure of Mg/Al-CO32~ hydrotalcite.
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Due to its anion exchange capacity in the interlaminar space, hydrotalcites have
been used to remove from water mono-, di-, and polyvalent anions, organochlorine com-
pounds [30,31], heavy metals [32,33], and synthetic dyes [5,34-36]. In addition, the chemical
composition of hydrotalcites, as well as their physicochemical properties, have allowed
their application in various areas such as catalysis [37], electrocatalysis [38,39], energy
storage [40,41], and photocatalysis [5,29,31].

Photoelectrocatalysis or photoelectrochemical degradation is a novel form of electro-
chemistry that combines the techniques of heterogeneous photocatalysis with electrochem-
ical oxidation techniques for the improved removal of organic contaminants in aqueous
systems. Its general, rationale is that metal oxides act as semiconductors, and like that in
conventional photocatalysis, they produce pairs of electrons-holes that are photogenerated
when the anodic material absorbs photons from light irradiation [42,43]. In this research
work, the influence of the structural, textural, and thermal properties of activated hydro-
talcites on the degradation capacity of synthetic Congo red dye in aqueous solutions was
studied using a combined system of photoelectrocatalytic operating parameters.

2. Results and Discussion
2.1. Characterization of Catalytic Precursors of the Hydrotalcites

The X-ray diffractogram obtained from the synthesized solid with a ratio of Mg /Al =1,
hydrotalcite (HT-1) is shown in Figure 2a. The figure shows that the structure is crystalline,
corresponding to a hydrotalcite-type material, by showing characteristic peaks with Miller’s
indexes (003), (006), (009), (012), (015), (018), (110), and (113) (JCPDS 22 0700 Card), with
rhombohedral symmetry. In addition, traces of the crude crystalline phase (**001) (Joint
Committee on Powder Diffraction Standards-JCPDS card 7-239) and phases of boehmite or
hydrated aluminum oxide compound (*, *120, *022) can be identified (JCPDS card 1-1283).
This synthesized solid contains the precursor crystalline phases to be activated by heat
treatment at 400 °C.

For the HT-2 sample, corresponding to the hydrotalcite of ratio Mg/ Al = 1 calcined
at 400 °C, the X-ray diffractogram is shown in Figure 2b. It shows that the synthesized
hydrotalcite has structurally evolved when treated thermally at 400 °C, and a mixture
of crystalline and amorphous phases can be identified. The crystalline phase of the peri-
clase type has characteristic peaks of MgO (JCPDS 4-0829) with the index (111) at 35.48°,
the index (200) at 44.40°, and the index (220) at, approximately, 63.04°, which are wider
than those of the initial solid, indicating that it has lost crystallinity due to the thermal
treatment. Additionally, a dispersed phase of low crystallinity with an amorphous pre-
dominance of the magnesium—-aluminum spinel-type MgAl,Oy (***111, **311, ***440)
(JCPDS magnesium—aluminum spinel 21-1152) is observed, which would imply that the
solid starts to rehydrate thanks to its memory effect. The oxides obtained by calcination at
400 °C acquire surface properties necessary for the semiconductor activity in the catalytic
photoelectrodegradation of the Congo red dye.

Figure 2c shows the X-ray diffraction pattern of the solid calcined at 400 °C after
the photodegradation process of the Congo red dye (HT-RC). The material calcined at
400 °C made up of a mixture of mixed and simple Mg-Al oxides regenerated its original
hydrotalcite-type structure due to the capacity of these materials to recover their struc-
ture through a process called the memory effect. This memory effect is carried out on
the structure of the solid after calcination when these come into contact with solutions
containing anions or other dissolved substances, as is the case with the Congo red dye, so
that the solid uses the carbonate ions present in the solution to reconstruct the original
double-laminar structure. The pattern of the solid after photodegradation is the same as
that of the fresh hydrotalcite, even with a higher purity since no segregated phases of
Mg(OH); or AI(OH)3 are observed, and since no displacement is observed in the angle 26
at the maximum reflection peak, it is confirmed that the interlaminar space of the solid is
not increased by the presence of the Congo red dye.
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Figure 2. X-ray diffractogram of: (a) fresh synthesized hydrotalcite (HT-1) with ratio Mg/Al = 1, (b) hydrotalcite calcined at
400 °C HT-2, and (c) hydrotalcite after photodegradation of the Congo red.

The thermogravimetric (TGA) and differential thermal (DTA) analysis of the fresh
synthesized solid (HT-1) is shown in Figure 3. In this study, the main changes that the
synthesized solid exhibits because of the temperature increase associated with the thermal
evolution of the solid and its thermal decomposition can be observed. This analysis allows
us to identify the appropriate temperature to activate the hydrotalcites to be used as
semiconductors in photoelectrodegradation processes. The temperature increases at 198 °C
correspond to the first signal of the DTA and are attributed to the endothermic reaction
generated by the elimination of the water occluded in the interlaminate of the hydrotalcite’s
crystalline structure, which represents a loss of 29.7% of the initial mass of the solid in
the TGA graph. The second endothermic reaction centered at 355 °C is attributed to the
decomposition of the carbonate anions (CO32™) eliminated in the form of carbon dioxide
and the dehydroxylation reaction of the hydrotalcite sheets that corresponds to the TGA
curve in the range of 240400 °C, presenting a mass loss of 24.5%. The solids are stable up
to 500 °C, where finally, their laminar structure collapses and the spinel of the mixed oxide
Mg/ Al and periclase is formed. The total mass loss was approximately 53%.
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Figure 3. Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of freshly
synthesized hydrotalcite (HT-1).

Figure 4 shows the infrared spectra of the HT-1, HT-2, and HT-RC solids. In all the
solids, the characteristic signal of the stretching of the O-H groups of the brucite-type layer
with a wide band ranging from 3750 to 3000 cm ! was observed, where for the HT-1 solid,
the connection of several signals of greater intensity can be seen, corresponding to the
vibration of the OHs of the various crystalline species identified by X-ray diffraction (XRD),
as well as the vibration with the interlaminar carbonates and water molecules. This signal
becomes less intense and more continuous for the HI-2 solid because the structure has
been partially dehydrated. For the HT-RC solid, the intensity increases again due to the
reconstruction of the hydrotalcite structure without the presence of other crystalline phases.
The signal around 1626 cm~! corresponds to the H-OH vibration of the water molecules,
which was observed in the HT-1 solid, disappears in the HT-2 solid that has been calcined,
and reappears in the HT-RC solid by the effect of reconstruction of the lamellar structure.
Regarding the band present in 1380 cm ™!, a fine and intense signal was observed for the
HT-1 solid that corresponds to the vibration of the interlaminar CO32~, which decreases in
intensity for the HT-2 solid due to partial decarbonization with the appearance of a band at
1529 cm ™! of the free CO32~ to be adsorbed on the solid, and finally, in the HT-RC solid,
the band intensifies again around 1274 cm ! of the carbonates again in the interlaminar
space.

The bands below 1000 cm~! were assigned to the stretching of the metallic oxides
Al-O, Mg-O, Al-O-Al, and Al-O-Mg. Specifically, the bands at 669 and 551 cm ! disappear
for the HT-2 solid due to the segregation of the crystalline phases of the simple oxides; they
are formed again in the HT-RC solid due to the lamellar reconstruction of the hydrotalcite.
Additionally, in the HT-RC solid, besides the abovementioned signals of the hydrotalcites,
the spectrum is characterized by the presence of a small amount of the Congo red dye ad-
sorbed in the solid, given the signals of the absorption bands at 1725 cm ™! that correspond
to the presence of double bonds in the diazo groups -N=N, at 1047 cm~! that is attributed
to the vibration frequency of the C-N bond, and at 793 cm ™!, for the elongation vibration
of the SO;~ group.
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Figure 4. Fourier-transform infrared (FTIR) spectra of HT-1, HT-2, and Congo red dye (HT-CR)
samples.

The N, adsorption—desorption isotherms of the HT-1 and HT-2 solids are presented in
Figure 5. The fresh hydrotalcite HT-1 and the one calcined at 400 °C, HI-2, present type IV
isotherms according to the IUPAQ classification with a hysteresis loop of H3 type, which
confirms the existence of laminar particle aggregates that, in turn, originate pores in the
form of cracks or fissures. This behavior is associated with the presence of mesopores
formed by the accommodation of crystalline structures. Regarding the values of the specific
area, it is observed that the HT-2 solid has a larger specific area than the HT-1 sample,
which is attributed to the thermal decomposition that produces the decarbonation and
partial decarboxylation that increases the size and volume of pores.
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Figure 5. Isotherms of N, adsorption-desorption of solids and textural property values: (a) HT-1 and (b) HT-2.
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Figure 6a shows the scanning electron microscopy images of the HT-1 solid corre-
sponding to the synthesized HT-1 hydrotalcite, in which particles formed by lamellar
aggregates can be observed as scales. Figure 6b shows the HT-2 solid of calcined hydro-
talcite, which also shows particles with crystalline aggregates larger than the fresh solid
and with smaller particles attached. Finally, Figure 6c shows the hydrotalcite reconstructed
after the photodegradation process where particles formed by thin sheet aggregates like
the original structure are observed.

SEl 20kV WD10mmSS45 x7,500  2um SEI 20kv. WD10mm SS40 x1,700  10pm  —

(a) (b)

SElI 20kV WD10mmSS45

(c)

Figure 6. Scanning electron microscopy (SEM) images of: (a) fresh synthesized hydrotalcite HT-1 with ratio Mg/Al =1,
(b) hydrotalcite calcined at 400 °C HT-2, and (c) hydrotalcite after photodegradation of the Congo red.

Figure 7a shows the UV-VIS diffuse reflectance spectrum of the HT-2 photocatalyst
used to degrade Congo red. For calculating the optical band gap energy (Eg), Tauc’s
graphical method was used (Figure 7b). The result for the catalyst treated at 400 °C before
photodegradation was 3.28 eV. According to this value, this photocatalyst has a potential
application in the degradation of Congo red, so it could favor the photodegradation
capacity, considering that it has similar values compared to TiO;, whose Eg values are
reported to be between 3.0 and 3.2 eV [23].
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Figure 7. Determination of the energy of the forbidden optical band: (a) ultraviolet-visible (UV-VIS) diffuse reflectance
spectrum of the HT-2 photocatalyst and (b) graph of the calculation of the optical band gap energy (Eg) value by Tauc’s
method for the catalyst at 400 °C before photodegradation.

2.2. Evaluation of the Degradation Capacity of the Congo Red Dye by Photolysis, Catalysis,
Photocatalysis, Electrocatalysis, and Photoelectrocatalysis

The standardization of the analytical method for the quantification method of the dye
was done using high-performance liquid chromatography (HPLC). The calibration curve
for the industrial-grade synthetic dye Congo red in a concentration range of 0.5-40 mg/L,
as shown in Figure S1, showed a linear correlation of 0.9991, which allowed us to validate
the method for use. With the HPLC-optimized method, samples of each of the degradation
processes of the Congo red dye were analyzed.

Figure 8 shows the degradation kinetics of a Congo red dye solution from an initial
concentration of 400 mg/L using different systems: photolysis, catalysis, photocatalysis,
electrocatalysis, and photoelectrocatalysis in a maximum time of 6 h. The aim of the study
was to identify the effect of each of the elements involved in the system of photoelectro-
catalysis and its degree of participation in the catalytic activity of 200 mg of catalyst. In
the figure, we can see that the effect of photolysis results in a gradual decrease in the
concentration of the dye by 8.75% at 4.5 h, remaining constant after that time. In the case of
catalysis, that result implies the contact of the catalyst with the dye producing a decrease
in the concentration until reaching 46% at 5.5 h. In photocatalysis, the effect of light on the
catalyst accelerates the speed of degradation, reaching, in the first hour, more than 50%
of the degradation up to 75% at 6 h. Concerning electrocatalysis, the effect of current is
greater and more effective on the catalyst, reaching 62% degradation in 1 h and a maximum
capacity of 85% at 3.5 h. Finally, the combined effect of UV light irradiation with an electric
current on the catalyst reaches a degradation of 87% in 0.5 h, 91% in 1 h, and 96% at 6 h.

With the data from the kinetic studies, the models for each process of degradation
of the Congo red dye for the Langmuir-Hinshelwood isotherm for the pseudo-first order
were applied as shown in Figure 9a and for the pseudo-second order Ho model as shown
in Figure 9b.

Figure 9, coupled with the data in Table 1 shows that only the photolysis and catalysis
systems fit the pseudo-first-order kinetic model, which is attributed to the low concen-
tration of hydroxyl radical species formed in the process. In the case of photocatalysis,
electrocatalysis, and photoelectrocatalysis processes, it fits better to the pseudo-second-
order kinetic model of Ho, which is attributed to the fact that the degradation process
requires different stages that imply the formation of different species, mainly the hydroxyl
radicals that can be identified by high-resolution liquid chromatography. The pseudo-first-
order model assumes that the speed of the degradation reaction is linearly proportional to
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the concentration. In contrast, the pseudo-second-order model assumes that the degrada-
tion process is controlled by the reactions that occur in the system due to chemisorption in
the catalyst, as well as the process of sharing or exchanging electrons between the catalyst,
the electrode, and the Congo red. In recent years, degradation processes have been reported
that present this type of kinetic behavior, mainly when composites or combined systems
are used [44-47].
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Figure 8. Degradation of Congo red dye by photolysis, catalysis, photocatalysis, electrocatalysis, and
photoelectrocatalysis.
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Figure 9. Kinetic models of the different degradation processes of the Congo red dye: (a) pseudo-first-order reaction and (b)
pseudo-second-order reaction.
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Table 1. Order of reaction, speed constant, and half-life of the degradation of the Congo red dye for
each of the processes.

Process Pseudo-First Order Pseudo-Second Order
K (577) R2 K tyy R2
(h-1) (h) (L. mg—1.h-1) (h)

Photolysis 0.0212 32.69 0.9638 0.00006 41.67 0.9612
Catalysis 0.0990 7.00 0.9343 0.0004 6.25 0.9594
Photocatalysis 0.1975 3.51 0.8421 0.0011 2.27 0.9448
Electrocatalysis 0.2027 3.42 0.7876 0.0015 1.67 0.9226
Photoelectrocatalysis 0.3515 1.97 0.7016 0.0072 0.35 0.9457

Figure 10 shows the chromatograms corresponding to the degradation kinetics of
400 mg/L and the degradation by products of Congo red when using hydrotalcites acti-
vated at 400 °C as catalysts. The signal corresponding to the dye appears in an elution time
of 1.6 min, and it can be observed that the concentration of the dye gradually decreases
with respect to the treatment time in each process analyzed. Thus, in Figure 10a, the chro-
matograms correspond to the catalysis process of hydrotalcite with the Congo red dye, and
at 1.2 min, a signal appears that is attributed to the formation of reactive oxygen species
(ROS) such as *O,, OH®, H,O,, hydroperoxyl (ROOH?®), and peroxynitrile (ONOO®)—
these are some of the reactive species formed during the processes studied and that can be
detected in concentrations of picomoles, employing chromatography techniques [48-50]. It
should be emphasized that the established technique was used only to detect the signal
corresponding to the Congo red color and not the reactive oxygen species. Thus, during
the catalytic process, we observed that the maximum concentration of the reactive species
occurs during the first hour of the process with a value of 1.5 x 102 absorbance units
(A.U.), and that the generation of the reactive oxygen species decreases with the treatment
time; this can be attributed to the fact that the MII/MIII pairs decrease their redox pairs. In
Figure 10b, the degradation of the dye is favored by ultraviolet radiation, which causes
an increase in reactive species of up to 3.5 x 1072 A.U. in 4 h of treatment and in which it
can be observed that no secondary products are generated during its degradation process.
In this case, the degradation is greater because the hydrotalcite is photoactivated by the
presence of ultraviolet light, where the photoactivity is related to the forbidden band energy
of the crystalline phases and its textural properties [51,52].

For the degradation process using the photocatalyst of hydrotalcite calcined at 400 °C
confirmed mainly by the amorphous spine phase MgAl,O4 and the crystalline periclase
phase, it can be considered that the catalyst absorbs a photon, which causes an electron to
be transferred from the valence band to the conduction band, leaving a hole in the valence
band [53], as shown in Equation (1).

MgAl,O4 + MgO + hv — h*yg +e cp + MgAl,O4 +MgO 1

This contributes to the dissociation of water molecules and to the formation of free
radicals due to the presence of ultraviolet light, according to Equations (2)-(6) [51].

H,O «— H*+ OH™ )

h+VB + H,O — H* + *OH (3)

e cp+0, =0, 4)

0°*7, +2H,O — 2°0OH + 20H™ + O, (5)
O°*7,/*0OH + organic compounds — degradation (6)

For the electrocatalysis process in Figure 10c, the application of the electric field
increases the generation of the reactive oxygen species from 2.0 x 1073 to 4.0 x 1073 A.U.
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in 3 h of treatment. This is because the Cu”/Cu?* ions that are generated on the surface
of the electrode and the free electrons of the MII/MIII pair of hydrotalcites that accelerate
the degradation of the dye due to the application of the electric field are present in the
aqueous medium. In the photoelectrocatalytic process shown in Figure 10d, the reactive
oxygen species reach a value of 6.0 x 1073 A.U. in the first hour of treatment due to the
simultaneous application of the electric field and the ultraviolet radiation, which favors
the formation of a higher concentration of *OH radicals in the cathode and accelerates the
degradation of the Congo red dye. The electrolysis reactions in the aqueous medium are
described in Equations (7)—(9) and occur simultaneously with Equations (1)-(6) described
above due to the application of the electric field [54]:

1
Anode H,O — 2H* + 3 Oy + 26~ (7)

Cathode 2H,O +2e~ — 20H™ + Hy 8)

The above reaction, coupled with the reaction of copper oxidation in an aqueous
medium by the application of an electrical potential, produces the reaction shown in
Equation (9).

Cu’ — Cu®t +2e~ 9)

Under these conditions in the photochemical reactor and in the presence of ultravi-
olet light, copper used in a wide range of accessible oxidation states, such as Cu0, Cu*,
Cu?*, and Cu?, generated by the electrolysis reaction could react with the photographed
electrons according to the reaction shown in Equation (10) [55].

Cu®* +e g — Cu* (10)

In the presence of an electric field, the OH~ and Cu?* ions are generated on the surface
of the cathode and the anode simultaneously, and the Cu?>* and OH™~ ions react in the
solution to produce CuO and CuO;.

2Cu* +20H™ — CuO +Cu,O (11)

Cu™* + (Oy, HyO5, O, other oxidants) — Cu®* + e~ (12)

In the case of photoelectrocatalysis, the presence of the catalyst formed by the structure
of the activated hydrotalcites (HT-2) containing Mg?* and Al** favors an increase in the
catalytic activity by slowing down the recombination of the electron-hole pairs for the
reaction system shown in Equation (9), which considers the formation of Cu?* ions and
the generation of e™. The electrons in the valence band of the activated hydrotalcite are
transferred directly to copper, which produces oxidation to Cu?* and Cu™ species, and the
voids created in the hydrotalcite valence band contribute to the degradation of the organic
compounds. Figure 11 graphically depicts the potentials for interfacial load transfer and
the potentials for recombination of each of the reactive species present in the heterogeneous
photoelectrocatalytic system.

The excess of electrons contributed by the copper electrode and the recombination
of the same one on the hollow electron pairs of the hydrotalcites accelerate the supply
of electrons so that the degradation of the red dye occurs in the photoelectrocatalytic
system. For this degradation process to occur, the number of electrons involved in the total
combustion of the Congo red dye was set at 178, assuming that the main process is the
formation of nitrate and sulfate ions, as shown in Equation (13) [12,56-58].

C3oHp»S0y- + 84H,O — 32C0O, + 6NO3~ + 28042_ +19H" + 178e~ (13)

The Cu?* and Cu* ions with the photogenerated electrons decrease the recombination
speed of the electron-hole pair, generating a higher catalytic activity in the degradation of
the Congo red dye, which visually produces the loss of color. For the photoelectrocatalysis
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process with which different active chemical species for the degradation are generated, the
elimination of 95% of the Congo red dye is achieved.
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Figure 10. Chromatograms of the degradation of 400 mg/L Congo red by the different processes of degradation: (a) catalysis,

(b) photocatalysis, (c) electrocatalysis, and (d) photoelectrocatalysis. Isocratic flow 1.0 mL/min = 480 nm using a Thermo

chromatographic column Scientific™ Hypersil™ BDS C18 reverse-phase (250 mm x 4.6 mm) and 5 um particle size. pH 6.7;

methanol/water mobile phase 60:40 (v/v).

Degradation products formed at the end of each process were analyzed by liquid
chromatography-mass spectrometry (LC-MS) and identified by interpreting their mass
spectra data presenting their molecule ion peaks with respect to m/z (where m is the
molecular weight of the intermediates in the mass spectra). The main species detected in
the solutions are presented in Figure S2, including LC-MS spectra for the aqueous solution
of 10.0 mg/L Congo red.

Figure S2a shows the chromatogram of the 10 mgL~! standards of Congo red. Congo
red is a sulfonated compound with two sulfonic acid groups, and degradation can occur in
various stages by an electrophilic attack on the benzene rings or a rupture of the bond -C-S-
between the aromatic ring and the sulfonate groups. In each one of the chromatograms of
the different processes, the intermediate products can be identified; at 633 and 550 m/z,
two pseudomolecular ions are identified, where the 633 m/z ions were due to the “M —
2Na + H” [59]. The elimination of the two sulfonate groups and a benzene ring generates
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an intermediate with 468.8 and 386.8 m/z; the intermediate by direct fragmentation is 2-
nitrosonaphthalene (m/z = 157). The additional oxidation by OH™ radicals is produced by
the presence of 3-carboxy propanoate (m/z = 117), 4-carboxybutanoate (m/z = 131), acetic
acid (m/z = 60), achieving, in this way, the degradation of the red Congo in the medium.
According to the results, the Congo red degradation route as indicated in Figure S2f was
used, showing the species detected for the Congo red aqueous solution, and showing
possible species formed after the irradiation of the Congo red /HT-2 solution.

A
-1.0 | . .
P CO2H+2e Reduction l'.EEICtIOHS
12, Cu' o Zcoco,-0s3v. 0; +e” - 03"
2 016 VI ] 03 +H* - HOJ +HO®
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MM [M"(OH)Gl‘r [M'“(OH);,P-

Figure 11. The mechanism for generating photoelectrocatalytic activity of Cu(II)/HT-2 under ultraviolet (UV) light
irradiation. The UV light irradiation induces interfacial charge transfer (IFCT) from the hydrotalcite (HT) valence band (VB)
to the Cu?* ion. [47]. Copyright American Chemical Society, 2009.

The degradation of the Congo red molecule is favored due to the presence of double
bonds in the diazo groups (-N=N-), which is the preferred site for the attack of the «OH
radicals. Such an attack can occur in the proximal or distal nitrogen atom of the azo group
leading to a variety of cleavage pathways resulting in several identifiable products. The
complete destruction of the chromophore leads to the discoloration of the solution with
subsequent degradation of the rest of the dye’s organic structure.

Figure S3 shows how the Congo red dye is significantly degraded by the photocatalytic
process, as shown in Figure S3b, and how the degradation of the dye is complete using the
photoelectrocatalytic process according to Figure S3c.

Table 2 shows research that has used TiO, reference photocatalysts for Congo red
degradation, comparing the photocatalyst used, the concentration of the dye, the degrada-
tion time, and the source of irradiation.
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Table 2. Comparative study of the photodegradation of the Congo red dye with different TiO, materials.

Congo Red Catalyst
Photocatalyst Concentration ~ Concentration Time (h) Removal (%) Irradiation Source = Reference
(mg/L) (g/L)
Nanocrystalline TiO; 20 025 05 98 Suntest 675 Wm 2 [10]
Degussa P-25
Mg-TiO,-P25 NPs 7 0.5 7 80 400 nm vis lamp [60]
TiO-W 30 0.15 0.83 96 365 nm vis lamp [61]
TiO, 55 1.0 8 20 254 nm UV lamp [62]
Photoelectrocatalysis 400 0.66 1 91 254 nm UV lamp This work

TiO; nanoparticles under the same UV irradiation conditions can only degrade a
low percentage despite having low concentrations and a higher amount of catalyst. TiO,
improves its photodegradation capacity but requires combining with other metals and can
only reach high removal percentages if the concentration of Congo red is low and/or with
long irradiation times. The results of this research suggest that degradation of Congo red
dye using combined photoelectrolytic systems with activated hydrotalcites and Cu anode
has improved efficiency at high concentrations of Congo red, making it a promising system
for application in effective degradation of the contaminant in aqueous systems. Among the
main advantages offered by the use of activated catalysts as photo and electrostimulated
catalysts in a degradation system, are the ability to generate pairs of electron holes, as well
as the possibility of recovering the catalyst for other recycles thanks to the effect memory.

3. Materials and Methods
3.1. Obtaining the Catalytic Precursors of the Hydrotalcites

Hydrotalcites were synthesized by the coprecipitation method from magnesium ni-
trate hexahydrate [Mg(NO3),-6H,0], aluminum nitrate nonahydrate [AI(NO3)3-9H,0],
and sodium carbonate (Na;COj3) in a basic medium at pH 11.5, from stoichiometric amounts
of Mg/Al = 1. The synthesized hydrotalcite was dried in an oven at 80 °C for 24 h, and
then, a portion was calcined in a muffle at 400 °C for 4 h at a heating rate of 10 °C/min.
The fresh solid and solid calcined at 400 °C were ground in an agate mortar until a fine
particle size was obtained and were labeled as HI-1, to the fresh hydrotalcite, and HT-2, to
the hydrotalcite calcined.

3.2. Structural, Thermal, and Textural Characterization of Hydrotalcite-type Catalytic Precursors

For the characterization and identification of the crystalline structures present, an Inel
Equinox Powder Diffractometer coupled to a copper anode and using a monochromatic
radiation source from CuK«, whose wavelength (A) was 1.5418 A, in a range of 5-80 theta
degrees with a step size of 0.02° and a scanning speed of 2° /min was used.

The thermal, differential, and thermogravimetric evolution profile (DTA and TGA)
was carried out using Thermo-analyzer TA instruments (New Castle, DE, USA), at a heating
rate of 10 °C/min in an air atmosphere at a speed of 100 mL/min, and using x-alumina as
a reference standard.

For the identification of the functional groups, including the different types of vibration
in their links present in the materials that could suggest a structural composition, as well
as for the identification of the presence of anions in the interlaminar space, the infrared
spectra with Fourier transforms (FTIR) were obtained using a Perkin Elmer Spectrum 100
FT-IR Spectrometer equipment in (Waltham, MA, USA) a wavelength range between 500
and 4500 cm~!; the samples were prepared by mixing the solid with KBr (the target) in a
1:100 ratio.

The textural characterization was carried out using the technique of nitrogen (N3)
physisorption in an automated Micromeritics TriStar 11 Plus equipment. Before being
analyzed, the samples were degassed by heating to 110 °C for 3 h in an atmosphere of
helium, and then, they were left to cool down to room temperature; the distribution of
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the size of the pore was calculated based on the curves of desorption of the isotherms of
Barrett-Joyner-Halenda (BJH). Using the Brunauer, Emmett, and Teller (BET) theory, the
textural properties of the solids, such as specific area, pore size, and pore diameter, were
determined, as well as the nitrogen adsorption—desorption isotherms.

The morphology was analyzed in a JSM 6010/ LV field-emission scanning electron
microscope at an acceleration voltage of 20 Kv.

The determination of the band gap energy of the catalyst was carried out by the diffuse
reflectance technique in a Shimadzu UV-Vis model 2401-PC equipment with integration
sphere.

3.3. Optimization of the Analytical Method for the Quantification of the Degradation of the Congo
Red Dye

A chromatography analysis of each of the processes was made in triplicate and aliquots
of 2 mL were taken every 30 min and centrifuged at 14,000 rpm for 15 min. The samples
were then passed through 0.2 um Iso-Disc™ filters N-25-2, Nylon 25 um x 0.2 um Supelco,
to separate the suspended particles from the supernatant. From the previously filtered
solutions, 100 pL of the samples are taken and diluted with 900 pL milli-Q) water. For the
detection of high-resolution liquid chromatography, 20 uL of the solution was injected
through a Thermo Chromatographic Column Scientific™ Hypersil™ BDS C18 reverse-
phase (250 mm x 4.6 mm and particle size of 5 um) at a wavelength of 480 nm, 2150 psi,
and 26 °C using a Perkin Elmer 1000 chromatograph with a diode array detector. Analysis
of degradation products of Congo red was done by liquid chromatography—mass spec-
trometry (LC-MS) measurements were performed using Agilent 1100 series (Waldbronn,
BW, Germany) with electrospray ionization mass spectrometry. All the reagents used for
the analysis were of analytical grade; acetonitrile (J.T. Baker 99%) and methanol (J.T. Baker
99%), and water was from Milli-Q of 18.0 pS.

3.4. Evaluation of the Degradation Capacity of Congo Red Dye by Photolysis, Catalysis,
Photocatalysis, Electrocatalysis, and Photoelectrocatalysis

All these degradation tests of the Congo red dye were performed in triplicate using
a photochemical reactor RFQ-500 in a closed system with constant agitation and room
temperature, taking aliquots of 2.0 mL every 30 min during the experiment. For the catalytic
degradation tests, 300 mL of Congo red dye solution at a concentration of 400 mg/L were
used in contact with 200 mg of HT-2 catalyst (hydrotalcite calcined at 400 °C). For the
photocatalytic degradation tests, a 120 V, 9-watt UV lamp of radiation of 254 nm was used.
The initial reaction temperature was 25 °C with a maximum of 29 °C in all tests. In the
electrocatalysis and photoelectrocatalysis tests, a potentiostat (BioLogic Science Instrument,
EC-Lab Version 10.12 software, France) was used, and a potential of 25.0 millivolts was
applied through a copper electrode with an area of 3.0 cm? as the anode and 1302 stainless
steel as the cathode, as shown in Figure 54.

4. Conclusions

In this study, Mg/ Al hydrotalcite type materials were prepared by the coprecipitation
method to be used as heterogeneous catalysts in the degradation of Congo red dye under
different degradation systems. The hydrotalcite type catalysts activated at 400 °C showed
a combination of crystalline and amorphous phases of MgAl,O4 and MgO that show
semiconductor surface properties associated with a forbidden band energy of 3.28 eV,
confirming particles with slit type mesopores with specific areas above 133 m?/g that
provide them with favorable textural properties for dye access for its degradation assisted
by ultraviolet (UV) irradiation and/or electric current. The results show that the solid, at2 h
of contact, can catalyze the degradation of 29%, improving its degradation capacity up to
60% when the process is assisted by UV irradiation, 65% when assisted by electric current,
and 90% when assisted by UV irradiation and electric current. The maximum degradation
was reached with the photoelectrocatalysis process at 6 h with a degradation of 95% and a
half-life of 0.36 h. The efficiency of the catalytic process assisted by irradiation and electric
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current with a Cu electrode is because the Cu?* ions and with the photogenerated electrons
decrease the speed of recombination of the electron-hole in the catalyst, and this generates
a greater catalytic activity in the degradation of the Congo red dye. The degradation of the
dye is favored by the presence of double bonds in the diazo groups (-N=N-) of the Congo
red dye that become the preferred site for the attack of the OH radicals—the proximal or
distal nitrogen atom of the azo group that leads to a variety of cleavage pathways resulting
in several intermediary products that are completely degraded. At the conclusion of the
degradation process, it is observed that the hydrotalcite is completely reconstructed with a
high purity of crystalline phases, which can be used for further studies in the degradation
of the azo type dye.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2073-434
4/11/2/211/s1. Figure S1. (a) Linear correlation of the calibration curve by high-performance liquid
chromatography (HPLC) of the industrial-grade synthetic dye Congo red and (b) solution of the
calibration curve. Figure S2. Chromatograms of the liquid chromatography—mass spectrometry (LC—
MS) analysis of Congo red after degradation: (a) Congo red standard, (b) catalyst, (c) photocatalyst,
(d) electrocatalyst, (e) photoelectrocatalyst, and (f) possible degradation products of Congo red in the
presence of hydrotalcites. Figure S3. (a) Solutions of dye at different concentrations for degradation,
(b) solutions after degradation by the process of photocatalysis, and (c) solutions after degradation
by photoelectrocatalysis. Figure S4. Diagram of the photoelectrocatalysis process.
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