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Three hydrocalumite-like compounds in a Ca/Al ratio of 2 containing nitrate and acetate anions in the interlaminar region
were prepared by a simple, economic, and environmentally friendly method. The solids were characterized by X-ray powder
diffraction (XRD), thermogravimetric (TG) analysis, nitrogen adsorption-desorption at —196°C, scanning electron microscopy
(SEM), infrared spectroscopy (FTIR), and UV-Vis Diffuse Reflectance Spectroscopy (DRS). The catalytic activity of the calcined
solids at 700°C was tested in the photodegradation of 2,4-dichlorophenoxyacetic acid (2,4-D) where 57% degradation of 2,4-D
(40 ppm) and a mineralization percentage of 60% were accomplished within 150 minutes. The photocatalytic properties were
attributed to mayenite hydration, since the oxide ions in the cages are capable of reacting with water to form hydroxide anions
capable of breaking down the 2,4-D molecules.

1. Introduction Nowadays, increased attention has been devoted to the
application of photocatalysis as an advanced oxidation pro-
cess for the elimination of organic pollutants in aqueous
wastes using semiconductor materials as photocatalysts. In
the scientific literature, TiO, has been widely studied among
the photocatalytic materials due to its low cost, availability,
and its relevant results; however, its low specific surface area
and especially the fast recombination of the pair electron hole
are constraints that affect its photodegradation activity.

Thus, in recent years other materials such as the layered

2,4-Dichlorophenoxyacetic acid (2,4-D) is the most com-
monly used herbicide in the world and specifically in México
[1, 2], where it is used to control wide leaf weeds present in
cereal crops although several organizations have recognized it
as high toxic pollutant that can induce carcinogen mutations
on humans and animals [3, 4]. It belongs to a group of
phenolic herbicides that cannot be degraded by conventional
methods due to its extremely low biodegradability and it has
been detected as a major contaminant in effluents from both

subterranean and superficial waters [5, 6]. For these reasons,
the scientific community has sought for methods that allow
its total degradation.

double hydroxides have attracted considerable attention as a
good alternative for the photodegradation of organic com-
pounds.



Layered double hydroxides (LDHs), also known as
anionic clays, represent a huge family of materials that exhibit
the general formula [M2+(17X)M3+X(OH)2](A”f)(x/n)-mHZO
where M?* is a divalent cation such as Mg, Cu, and Zn, M3
is a trivalent cation such as AI’* and Fe’*, A"~ represents an
anion which resides in the interlayer region, and m corre-
spond to the water amount. Their structure resembles that
of brucite, where M**(OH), octahedra share edges to build
infinite M(OH), sheets. Thus, a LDH is created by the partial
isomorphic substitution of divalent cations for trivalent ones,
in which the layered array is positively charged. This charge
is electrically balanced by anionic species located in the
interlayer region, along with hydration water molecules.

Currently, LDHs (in particular hydrotalcite and hydro-
talcite-like compounds) have been investigated as photocata-
lyst for the degradation of organic molecules using either UV
or visible light radiation. Some examples include the eval-
uation of binary and ternary compounds such as MgAl [7],
ZnAl [8], ZnFe [9], MgFe/TiO,, [10], ZnCr [11], CuCr [12],
MgAITi [13], ZnAlFe [14], ZnAlLa [15], MgZnAl [16], ZnAlTi
[17], and MgZnIn [18].

In this context, the hydrocalumite (HC) and hydrocal-
umite-like (HCL) compounds belong to a branch of the LDH
family which has been scarcely reported in the bibliography
in comparison to other LDHs. Their general formula is
[Ca2M3+(OH)6](A"_)(l/n)-mHZO where M** is generally an
AIP* cation. The layered structure is built by the periodical
stacking of positively charged [(Ca**, M**)(OH),4] octahedral
layers related to brucite and negatively charged interlayers
consisting of anions and water molecules. For hydrocalumite,
Ca®* and M**, fixed in a molar ratio of two, are seven- and
sixfold coordinated, respectively, being the seventh ligand of
the Ca-polyhedron, a water molecule from the interlayer.

In recent times, these compounds have been applied suc-
cessfully as catalysts precursors in organic reactions such as
transesterification [19, 20], aldol condensation [21], cycload-
dition [22], isomerization [23], and Meerwein-Ponndorf-
Verley [24].

However, although distinct synthesis methods have been
proposed in order to prepare HC and HCL compounds
[25-29], the coprecipitation method is preferred among the
others [19, 22-24, 30-32]. Nevertheless, it should be rec-
ognized that this method requires thermal treatments and
prolonged aging times to crystallize HC and HCL, together
with intensive washing to eliminate undesirable ions. In this
sense, all this issues generate environmental, process, and
economic drawbacks restricting their large-scale production
[33, 34]. An alternative is given by the use of raw materials
which do not introduce undesirable anions into the process,
adjusting the process variables such as pH, aging temper-
ature, and time. Recently, Valente et al. [33, 34] reported
a simple, economic, and environmentally friendly method
for hydrotalcite-like compounds’ synthesis which can be
employed for hydrocalumite’s preparation. The advantages of
this method include that the final slurry does not require the
washing step to eliminate the unreacted ions as is generally
performed in the synthesis of these compounds by the
coprecipitation method. In addition, the water amount for
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the preparation of the slurries is reduced to a minimum.
Moreover, the use of highly corrosive raw materials and
prolonged hydrothermal treatments for crystallization is not
required.

It is reported that, upon calcination (higher than 500°C),
these materials transform into CaO and mayenite [20]. In
this sense, mayenite is considered as an electride (materials
that trap electrons at a stoichiometric concentration in the
solid state) in which electrons are located in a crystallographic
site, not belonging to a particular atom, and behaving like
anions and it is considered that such materials could serve as
strong reducing agents [35, 36]. In addition, such materials
may find application as low-temperature electron emitters.
This material is an electrical insulator composed of densely
packed, subnanometer-sized cages with positive charge. The
unit cell includes two molecules and 12 cages having a
free space of 0.4nm in diameter and can be represented
as [Cay,Al,sOg,]*" + 207", The former denotes the lattice
framework, and the latter is called “free oxygen ions” that
are loosely bound to the cages to compensate the positive
charge of the framework [35, 36]. It is well known that
during the photocatalytic reactions the negatively charged
electrons react with dissolved oxygen to produce hydroxyl
radicals which are strong and nonselectively oxidizing agents
of organic pollutants. By consequence, mayenite is considered
to exhibit potential photocatalytic behavior.

Additionally, it is reported that the pure mayenite phase is
obtained at temperatures ~1350°C [37] and although mayen-
ite can be obtained from hydrocalumite-like compounds at
temperatures around 500°C it is always accompanied by
the CaO phase [20]. In this sense, the incorporation of
an organic agent such as the acetate ion could serve as a
combustion agent such as the reported combustion method
which is based on the principle of explosive decomposition
of reagents and fuel mixtures, using the instantaneous heat
generated by the chemical reaction between the fuel and
metallic precursors to convert the metal ions into the target
ceramic material [38, 39].

To our knowledge acetate-containing hydrocalumite-like
compounds have been neither synthesized nor employed
as catalyst precursors in photocatalysis or even mayen-
ite’s viability in this field have been studied. Therefore, in
this study three hydrocalumite-like compounds containing
nitrate and acetate ions were prepared by a simple, eco-
nomic, and environmentally friendly method and evaluated
as catalysts precursors in the photodegradation of 2,4-
dichlorophenoxyacetic acid (2,4-D).

2. Experimental

2.1. Materials’ Synthesis. Three hydrocalumite-like com-
pounds containing nitrate (HC-1) or acetate anions (HC-
2 and HC-3) in the interlaminar region were synthesized
as follows: Technical grade hydrated lime and boehmite
were used as calcium and aluminum sources, respectively.
The amount of calcium and aluminum sources was fixed in
order to achieve a nominal Ca/Al molar ratio of two. 11.85g
of hydrated lime was dispersed at 5000 rpm for 30 min in
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250 mL of deionized and decarbonated water (A). Separately,
HNO; (7.5mL) or CH;COOH (4.8 or 9.6 mL) was dissolved
in 300 mL of deionized and decarbonated water (HC1, HC2,
and HC3, resp.). Then, 5.44¢g of boehmite was added to
the acid solution and dispersed 5000 rpm for 30 min (B).
Thereafter, the product resulting from the addition of (B)
to (A) was dispersed at 8000 rpm for 30 min (C). Then,
the slurry was aged at 80°C for 3h with a stirring speed
of 300 rpm under a nitrogen atmosphere. After the ageing
step the solid was filtered and dried at 60°C overnight. It
is important to stress that the samples were not washed at
any moment. The acids amounts were established in order to
compensate the excess of positive charge caused by aluminum
incorporation. In the HC-3 sample the amount of acetic acid
was doubled to achieve a 100% acetate anions excess.

2.2. Analytical Methods

2.2.1. X-Ray Powder Diffraction. The X-ray diffraction pat-
terns of the samples were measured in a 6-60 Bruker D-
8 Advance diffractometer with CuK, radiation, a graphite
secondary-beam monochromator, and a scintillation detec-
tor. Diffraction intensity was measured between 4 and 80°,
with a 20 step of 0.02° and a counting time of 9 s per point.

The identification of the crystalline phases from the XRD
patterns was carried out using the JCPDS database and the
relative percentages were estimated from the total area under
the most intense diffraction peak for each phase identified
[40].

Average crystal sizes were calculated by the Scherrer
equation L = KA/(B(0) cos 0) where L is the average crystal
size, K is the shape factor (a value of 0.9 was used), A is the
wavelength of Cu Ka radiation, B(9) is the Full Width at Half
Maximum (FWHM), and 6 is the diffraction angle.

Interplanar spacing d;;;, was calculated from Bragg’s law:
nA = 2d ) sinf, where n is an integer equal to 1, A is the
wavelength of the incident wave, d;; is the spacing between
the planes in the atomic lattice, and 0 is the diffraction angle.

Since hydrocalumite-like compounds crystallize in a
hexagonal lattice cell, the parameter a of the fresh samples
was determined from the formula a = 2d;,; using the
reflection located at ~3L1. On the other hand, as both CaO
and mayenite crystallize in cubic lattices their cell parameter
a was calculated from the formulas a = 2d,, and a =
V/6d 511y, using the reflections found at 37.4 and 18.1 of two
theta, respectively.

2.2.2. Fourier Transform Infrared Spectroscopy (FTIR). FTIR
spectra were recorded in a PerkinElmer FT1730 spectropho-
tometer using a nominal resolution of 4cm™ in order to
improve the signal-to-noise ratio.

2.2.3. Thermogravimetric Analysis. Thermogravimetric anal-
yses (TGA) were carried out using a TGAi 1000 series system
which was operated under an air flow (20 mLmin™!) at
a heating rate of 20°C min™" from room temperature to
1000°C. In the determination, ~40 mg of finely powdered
dried sample was used.

2.2.4. Scanning Electron Microscopy. Scanning electron
microscopy (SEM) analysis was carried out in a JEOL
JSM-6610 LV with an acceleration voltage of 20 KeV. Prior to
analysis, the sample was covered with gold and mounted over
a carbon film. The images were acquired from secondary
electron signals.

2.2.5. N, Adsorption-Desorption at —196°C. The texture of the
calcined samples was analyzed by N, adsorption-desorption
at —196°C on a Quantachrome Autosorb-3B apparatus. Prior
to the analysis, the samples were outgassed in a vacuum
(107> Torr) at 350°C for 12 h. The specific surface areas were
calculated by the Brunauer-Emmett-Teller (BET) method,
and the pore size distribution and total pore volume were
determined by the Barrett-Joyner-Halenda (BJH) method
applied to the desorption branch.

2.2.6. UV-Vis Spectroscopy. UV-Vis spectra were acquired
using a Cary-100 (Varian) spectrophotometer. The band gap
of a material can be estimated from the adsorption edge
wavelength of the interband transition. UV-Vis absorption
spectra for the different samples were obtained with a Cary-
100 Varian spectrophotometer equipped with an integration
sphere. The energy band gap (E,) evaluation for the various
samples was calculated from the value obtained by extrapo-
lating the reflectance to the x-axis curve for y = 0.

2.3. Photocatalytic Behavior Evaluation. Prior to photocat-
alytic experiments, an adsorption study of 2,4-D on the
annealed solids (700°C) was carried out by mixing the
aqueous solution of 2,4-D (40 ppm) with the calcined solids.
The extent of equilibrium adsorption was determined from
2,4-D concentration decrease by UV-Vis spectroscopy. Pho-
todegradation of 2,4-D was carried out in a glass batch reactor
using 200 mL of a solution containing 40 ppm (1.35 mmol)
of 2,4-Dg™" catalyst; a protected quartz tube with Pen-Ray
power supply (UVP Products) with a typical A of 254 nm
and intensity of 4.4 MWatts cm™> immersed in the solution
was used as the source of irradiation. Before irradiation, the
solution of 2,4-D and the calcined catalyst were kept for 1h
without irradiation, until the complete adsorption of 2,4-D
on the solid and then, the lamp was turned on. The reactor
was put simultaneously under irradiation each 30 min for
6 h. After irradiation the solution was filtered and then the
solid containing the residual 2,4-D previously adsorbed was
analyzed.

The amount of organic carbon present in the solution
after reaction was determined with a TOC-V CSH/CSN
Shimadzu Analyzer (catalytic oxidation on Pt at 680°C).
Calibration runs were performed injecting known amounts
of potassium phthalate.

3. Results and Discussion

3.1. X-Ray Powder Diffraction. The X-ray powder patterns of
the fresh samples are presented in Figure 1. It was evidenced
that all samples exhibited the characteristic reflections of the
hydrocalumite-like phase together with calcium carbonate in
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TaBLE 1: Cell parameters and average crystal sizes of the fresh samples.
Sample a, A d, A d,, A d,, A L (g02> M L,(gpp, N L0y, nM L 10, nm
HC1 5.758 8.896 — — 41 — — 55
HC2 5.753 — 8.031 7.551 — 43 40 45
HC3 5.753 — 7.990 7.563 — 39 25 46
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FIGURE 1: XRD powder patterns of the fresh samples.

its calcite form as the main and secondary crystalline phases,
respectively. Calcium carbonate presence was attributed to its
identification in hydrated lime used as the calcium source.
The HC1 sample showed the characteristic reflections of the
nitrate-hydrocalumite (JCPDS #89-6723) characterized by a
d (oo Value of ~8.8 A (see d; at Table 1) [23]. On the other
hand, for the HC2 and HC3 samples the ~8.0 A value (see
d, at Table 1) was assigned to the flat-lying orientation of the
acetate ions [41, 42]. Prevot et al. [4]1] and Manohara et al.
[42] reported a d-spacing within 8.8-8.3 A for NiAl LDH’s
which differs about 0.3-0.8 A with the values obtained in
this work. Nevertheless, this difference has been previously
observed by Radha et al. [43] and Vieille et al. [44] between
hydrotalcite and hydrocalumite-like compounds indicating
that the interlayer distance depends not only on the water
content, amount, size, orientation, and charge of the anion
located between the brucite-like layers [45] but also on the
LDH chemical composition.

Similarly, both HC2 and HC3 materials exhibited a d 4,
value of ~75A (see d; in Table 1) which according to
previous results [25] is assigned to hydrocalumite’s carbonate-
analogue [Cag ¢5Alj33(OH),1(CO3)g 165:mH, 0. It was evi-
denced that although special care was taken during materials’
synthesis, CO, contamination could not be avoided. It is
important to stress that the incorporation of acetate ions was
favored in the HC3 sample due to the acetic acid excess during
the material’s synthesis.

20

v Caj,Al 4033
| caO

FIGURE 2: XRD powder patterns of the calcined samples at 700°C.

On the other hand, the cell parameter a (average cation-
cation distance inside the brucite-like layers) of the sam-
ples is in good agreement with the reported values of
hydrocalumite-like compounds with Ca/Al molar ratio of 2
[46].

Regarding the average crystal sizes (ACS), all samples
afforded crystals that grew preferentially in the (110) rather
than the (002) planes (see Table 1). Concerning the HC3
sample, it was confirmed that the acetic acid excess caused
a hindering effect on the crystallization process since smaller
ACS for the (002) crystalline planes were observed.

The X-ray powder patterns of the calcined samples at
700°C are exhibited in Figure 2. Only the characteristic
reflections of mayenite (JCPDS #78-0910) and CaO (JCPDS
#78-0649) were identified in the calcined samples. Although
the same crystalline phases were observed in all samples their
relative amounts depended on their chemical compositions.
Thus, by means of comparison, the relative crystalline phase
content was calculated (see Table 2). The CaO phase was
identified as the main crystalline phase in the HC1 and HC2
samples (55 and 67%, resp.) while, on the contrary, the HC3
calcined solid showed only 24%. Even though in the scientific
literature CaO obtaining as the main crystalline phase is
reported for calcined hydrocalumite-like compounds [19],
the high mayenite content disclosed by the calcined HC3
sample was unexpected. In this context, it is reported that
pure mayenite is obtained at 1350°C [37] which is, by far,
higher than the temperature employed in this work.
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TABLE 2: Cell parameters, average crystal sizes, and relative crystalline phase contents of the calcined samples.

Sample a, AY

L 590y, nm” a, Al

L > nm! Ca,,Al,05,% CaO%

HC1-700
HC2-700
HC3-700

4.805 48
4.806 42
4.807 58

11.946
11.940
11.968

66 45 55
54 33 67
74 76 24

VCay,Al 4053, 'Ca0.

In this sense, this result was attributed to the acetate
anions excess which served as a combustion agent such as that
reported for the combustion method for ceramic materials’
synthesis [38, 39]. For instance, it is reported that during
combustion temperatures above 1000°C can be reached for
a few seconds [39]. In our case, although combustion was
not observed during our solid’s annealing, reaction condi-
tions were good enough to achieve mayenite’s preferential
crystallization. Thus, the higher amount of mayenite found in
the HC3 sample compared to the HC2 was attributed to the
higher amount of acetate ions introduced in the interlaminar
region of the pristine HC3 material.

Cell parameters and average crystal sizes of CaO and
mayenite are presented in Table 2. Regarding CaO phase,
cell parameter a values (4.805, 4.806, and 4.807 A for HCl,
HC2, and HC3, resp.) were in good agreement with that
reported in the JCPDS file (4.805 A), while the average crystal
sizes (ACS), obtained from the (200) reflection, disclosed
values of 48, 42, and 58 nm, in that order. The highest ACS
given by the calcined HC3 sample was assigned to acetate
ions presence which, during annealing, caused a higher
crystallization degree compared to the other samples. On
the other hand, mayenites cell parameter a values differed
from that reported in the JCPDS file (11.98 A) which can
be attributed to a calcium deficiency generated by CaO
formation. By consequence, the calcined HC3 sample, where
a lower CaO amount was found, presented a closer value
(11.968 A) than those exhibited by HC1 and HC2.

3.2. Infrared Analysis. Figure 3 shows the mid-infrared spec-
tra of the fresh hydrocalumite-like compounds while Table 3
presents bands’ wavenumbers and their assignations. For the
nitrate-hydrocalumite (HC1), the absorption bands located
in the 3661-3319 cm™' range corresponded to the stretching
vibrations of interlayer water and OH groups (see Table 3),
respectively [47], while the band observed at 1641 cm™! was
assigned to H-O-H bending vibration of the interlayer water
molecules, which are strongly hydrogen bonded. Nitrate ions
presence in the interlaminar region was corroborated by the
band at 1385 cm ™' corresponding to the symmetric stretching
mode of the nitrate ions [48]. The signals situated at 1460,
1070, and 873cm™" were attributed to the antisymmetric
stretching [49], v, stretching [50], and the bending carbonate
vibration, respectively. The presence of these signals was
ascribed to the CO, captured from air during the HC
preparation and calcite identified in the XRD section. Finally,
the structural bands at 900-600 cm™" were responsible for the
stretching vibrations modes of M-OH, M-O-M, and O-M-O
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FIGURE 3: FTIR spectra of the pristine samples.

bonds, where M means metal atoms and O indicates oxygen
atoms [51].

The analysis of the HC2 and HC3 samples indicated
that, besides practically the same infrared bands (except
for those at 1641, 1460, 1385, 1070, and 873cm™), they
exhibited three additional bands observed in the range 1600-
1250 cm™": the first two were located at 1562 and 1412 cm™
which corresponded to COO antisymmetrical and symmet-
rical stretching vibrations [52] while the third one, around
1365 cm ™', was assigned to carbonate v, stretching mode [50].
It is worthwhile to mention that the identified signals at 1562
and 1412 corroborated the incorporation of the acetate ions
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TABLE 3: Wavenumbers and assignations of the bands of the samples.

HC1 HC2 HC3 Assignation

Stretching vibration of water and
hydroxyl groups

H-O-H bending vibrations of the
interlayer water molecules (v,H,O)

3661, 3612, 3440, 3319 3670, 3618, 3521, 3360 3672, 3616, 3525, 3319, 3360

1641 — —

COO antisymmetrical and symmetrical

— 1562, 1412 1562, 1412 ntisymme
stretching vibrations

Antisymmetric C=0 stretching carbonate

1460 — — . g
vibration

1385 . - Symmetric stretching mode of the nitrate
ions

— 1365 1367 C=0 stretching (v;)

1070 1068 1070 C=0 stretching (v,)

873 872 874 Carbonate bending vibration (v,)

inside hydrocalumites’ structure which is in good agreement 100 A
with the XRD results (see Figure 1).

3.3. Thermogravimetric Analysis. The TG and the first deriva- %0

tive curves of the fresh samples are shown in Figures 4(a) and
4(b), respectively, while in Table 4 the weight loss percentages
and thermal transition intervals are presented. The HCI
exhibited presented a total weight loss of 42.94% and 5 well-
defined thermal weight losses, located in the 25-189, 189-375,
375-624, 624-774, and 774-1000°C ranges.

The first weight loss is generally related to the elimination
of inter and intraparticle pore water formed by capillary
condensation between HCL crystallites and adsorbed surface
water bound to gallery and external surfaces [53]. In the
next two transitions (189-624°C), the weight loss percentage
was assigned to the simultaneous elimination of the calcium-
bounded water, dehydroxilation, and denitrification [54]. The
last two events were attributed to the total dehydroxylation
and anion decomposition.

Similarly to HCI sample, both HC2 and HC3 materials,
where acetate and carbonate ions were identified, presented
5 weight losses (see Table 4). Nevertheless, HC2 and HC3
weight losses were found at distinct intervals and corre-
sponded to different mass elimination. For instance, the first
weight loss (attributed to physorbed water elimination) was
found in the 25-225°C range with peaks maxima at 188 and
167°C for HC2 and HCS3, respectively, indicating a stronger
interaction of these compounds with physisorbed water com-
pared with HCI (112°C). The second and third degradation
stages (189-672°C range) are attributed to the interlaminar
structure collapse releasing a variety of products where
according to Kandare and Hossenlopp [55] they include
water, acetic acid, acetone, and carbon dioxide produced : : |308 : : : : : :
from the laminae dehydroxylation and acetate/carbonate ions 100 200 300 400 500 600 700 800 900 1000
decomposition. It is worthwhile to mention that the HC2 Temperature (°C)
compound presented higher peaks maximum compared to ®)
the HC3 sample which is assigned to the higher acetate anions
incorporation in the latter which are less thermally stable FIGURE 4: Thermogravimetric analysis results: (a) TG and (b) st
compared to the nitrate and carbonate ions. Finally, the last derivative curves.
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x©
(=]
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TABLE 4: Thermogravimetric analysis results.

Thermal transition range (°C)

Sample Total mass loss %
Ist 2nd 3rd 4th 5th

HC1 25-189 (12.02%) 189-375 (10.71%) 375-624 (11.29%) 624-774 (6.67%) 774-1000 (2.25%) 42.94

HC2 25-225 (16.40%) 225-387 (10.59%) 387-672 (4.68%) 672-793 (7.03%) 793-1000 (4.32%) 40.53

HC3 25-207 (14.58%) 207-376 (8.74%) 376-673 (8.00%) 673-791 (6.30%) 791-1000 (1.52%) 39.32

two observed thermal events identified in the 624-1000°C
range were attributed to the total dehydroxylation and anion
decomposition. Only one common decomposition peak was
identified in all samples (~737-754°C) which was attributed
to calcite decomposition [56].

3.4. Scanning Electron Microscopy. Figure 5 presents the SEM
images of the fresh (a) and calcined (b) samples. Concerning
the fresh samples all of them showed the characteristic plate-
like habit of anionic clays. In this sense, only HCI presented
well-defined hexagonal particles while HC2 and HC3 due
to their compaction did not present any discernible mor-
phology. On the other hand, upon calcination the original
morphology of the fresh samples was completely destroyed
giving rise to both plate-like and semispherical particles,
the latter being very similar to those reported for CaO
[57] and mayenite particles [58]. This result is in good
agreement with the XRD results where CaO was observed
as the main crystalline phase (HCI and HC2). It is worth
mentioning that the spherical particles were more obvious
in the HCI and HC2 samples. We noticed that sintering was
identified in all samples giving rise to an Ostwald ripening
effect which involves the growth of larger particles at the
expense of smaller ones [56]. However, sintering was more
evident in the HC3 sample where the spherical particles were
practically absent and larger particles obtaining was noticed.
This result matches the highest average crystal sizes disclosed
by the calcined HC3 sample compared to HC1 and HC2
(see Table 2). As mentioned in the XRD section, sintering
promotion was attributed to acetate groups combustion
during annealing.

3.5. Textural Properties. 'The nitrogen adsorption-desorption
isotherms of the calcined samples are shown in Figure 6 and
the corresponding BJH pore size distributions are depicted in
the inset. All samples presented type IV isotherms according
to IUPAC classification, which is characteristic of meso-
porous solids. Conversely, the hysteresis loops corresponded
to H3 type which is attributed to plate-like particles aggre-
gates giving rise to the presence of slit-shaped pores of
nonuniform size and shape [59]. These results match the SEM
analysis where plate-like and semispherical particles were
identified. It was observed from the pore size distribution
plots (Figure 6 inset) that the samples showed broad bimodal
pore size distributions in the micro- and mesopore range,
between 1.5 and 7 (HC1 and HC2) and 3 and 20 A (HC3), and
20 and 200 A, correspondingly.

Specific surface areas (SSA), pore volumes, and average
pore sizes of the annealed samples can be observed in Table 5.

The samples exhibited SSA values between 8 and 14 m®g~"
which are in good agreement with previously reported
results [60] while pore volumes oscillated between 0.041 and
0.068ccg™' for HC2 and HC3, respectively. Regarding the
average pore sizes, no significant differences were observed
among the samples.

3.6. Band Gap Determination. Band gap energies (E;) of
the calcined materials were determined by UV-Vis diffuse
reflectance (Table 5 and Figure 7) using

E, (eV) = 1239 (£> , (1)
—a

where a and b are coeflicients that were linearized in the
appropriate region of the spectrum.

E  values ranged from 3.2 to 3.4 eV which are comparable
to those reported for anatase TiO, and ZnO (3.0-3.2 and
3.37 ¢V, resp.) [61-63]. In this sense, it is remarkable that
after annealing the calcined solids exhibited similar semicon-
ductive properties although distinct interlaminar ions were
introduced in the pristine solids. The semiconductive prop-
erties of the LDHs observed after a thermal treatment have
been also reported by other authors where they attributed this
effect to a solid solution production which creates a new band
structure [63]. However, in our case we ascribed materials’
semiconductive properties to mayenite’s production.

3.7. Photocatalytic Activity. Figure 8 presents the results
acquired from the photolysis evaluation (without catalyst) of
a 40 ppm 2,4D aqueous solution where it was observed that
the 2,4-D molecule was not destroyed even after 120 minutes
of UV irradiation. Nevertheless, when photodegradation
evaluation was carried out in the presence of the calcined
catalysts degradation percentages of 46, 54, and 57% (HCI,
HC2, and HC3, resp.) were verified after 150 minutes. These
differences can be explained in terms of the band gap energy
values differences since, as shown in Table 5, the calcined
materials HC2 and HC3 showed comparable energy gap
values to that disclosed by titanium dioxide in its anatase
phase while calcined HCI material presented a prohibited
energy value of 3.4 eV. In addition, it should be emphasized
that the most active material, calcined HC3, was the one with
the highest surface area (14 m* g ™), providing a larger contact
area with the molecule thus favoring the catalytic reaction.
Figure 9 shows the kinetic study of 2,4-D photodegrada-
tion with the calcined hydrocalumite-like compounds. As can
be seen, the evaluated materials showed an acceptable lin-
earity that was adjusted assuming pseudo-first-order kinetics.
The results showed a rate constant maximum for the calcined
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FIGURE 5: SEM images of the fresh and calcined samples.

HC3 sample (k,p, = 57 x 10~ min) and a minimum for the

HClI sample (k,,, =3.2 X 107? min) which can be explained in
the above-discussed terms.

2,4-D mineralization was confirmed by Total Organic
Carbon (TOC) analysis (see Figure 10). Figure 9 and Table 5
present the TOC profiles and ¢, , obtained after 150 minutes
of irradiation, respectively. It was observed that the HC2
and HC3 calcined samples were more active in 2,4-D pho-
todegradation since TOC values were 40 and 60%, in that
order. On the other hand, the HCI calcined sample showed
a low mineralization (15%) which was attributed to the
physicochemical properties of this material (highest E value,

low specific surface area, low mayenite content, etc.), which
are crucial in the formation of hydroxyl radicals. Moreover,
it could be assumed that its crystallographic characteristics
prevent adequate separation of charges encouraging recom-
bination of the electron and hole pairs compared to HC2
and HC3 calcined samples diminishing photodegradation
effectiveness since recombination prevents the formation of
superoxide radical (O, ") and hydroxyl radicals (OH™) which
are the initiators of advanced oxidation processes.

On the other hand, it was interesting to notice that
although the HC2 calcined sample presented the lowest
mayenite amount it exhibited the smallest mayenite average
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TABLE 5: Textural properties, band gap energies, and photocatalytic behavior of the calcined materials.
Sample BET,m’g'  Porevolume,ccg”'  Average pore diameter, nm  Band gap energy (eV) Ky X 10°  t;, min  TOC%
HC1 10 0.049 19 3.4 32 216 15
HC2 8 0.041 21 3.3 46 150 40
HC3 14 0.068 19 3.2 57 121 60
0.07 1.0 4
- 1= 0.6 /.-\ Photolysis
> 0.05 [ ] .\./- 0.8
A.
30 g 0.04 / A
|
o Z 003 / ° / ~ 061
L <} [ ] [ ] S
b= g 002{ . / J
T 20 & 0014 4 §206% / S 04
3 0.00 | alm® N
E 1 l' 1 \ '/
i o s 0.2
S 10 Pore diameter (A) " o 52 /0
- 0.0 T T T T T
0 30 60 90 120 150
T T T T T T T T T Time (min)
0.0 0.2 0.4 0.6 0.8 1.0 HC
Relati P/P, —- HCI
elative pressure (P/P,) o HC2
—— HCI1 -a— HC3
—o— HC2 ) . . L .
_a HC3 FIGURE 8: Relative concentrations (C/C,) versus irradiation time (t)

FIGURE 6: N, adsorption-desorption isotherms of calcined solids.
Pore size distributions are shown in the insert.
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FIGURE 7: UV-Vis spectra of the calcined samples at 700°C.

crystal size, the highest average pore diameter, and a similar
E, value compared to the HC3 calcined material. These
results indicate that a relationship between the chemical com-
position, crystallographic characteristics, and textural and

of 2,4-D photodegradation.
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FIGURE 9: Reaction kinetics of 2, 4-D photodegradation.

optical properties is of paramount importance for producing
an active material.

As mentioned earlier, these materials have not been
previously used as photocatalysts. However, it has been
demonstrated by the UV-Vis characterization that the cal-
cined hydrocalumite-like compounds presented similar band
gap values compared to those disclosed by anatase and
ZnO and are also capable of degrading organic molecules;
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FIGURE 10: Determination of the Total Organic Carbon (TOC) of the
2,4-D photodegradation.

H,O0 + CO,

FIGURE 11: Proposed reaction mechanism.

therefore, a reaction mechanism is proposed (see Figure 11
and (2)-(8)).

As evidenced by the XRD analysis of the calcined samples
when a hydrocalumite-like compound is subjected to a
thermal treatment under oxidative conditions the structure
of the mayenite is obtained (see (2)) favoring the arrangement

International Journal of Photoenergy

of surface charges and the mobility of the adsorbed species
(see (3)) through the catalyst surface so the exchange of
electrons and holes in the material will be facilitated. Then,
O, adsorption (see (3) and (4)) allows electrons’ capture in
material’s surface generating firstly superoxide species (see
(5)) and secondly the hole mobility to carry out the oxidation
reaction of 2,4-D molecules by means of the generation of
hydroxyl radicals (see (6) and (7)) obtaining mainly CO, and
H, O as degradation products. Consider

[Cag666Al10.333 (OH), ] (An_)x/n -mH,0
A N . ()

— [Cay Al O] +20
0, +2e — 20, (3)
20,” +0, — 207 + %20,” (4)
[Ca,,ALgOg,]*" + 0,” + H,0

— [CayyAlgOg,]"" +20H ¥
[Cay, AlLgOg, | + 20H + hv

— [Cay,AlgOg, ] +20H" ©
C4HCLO; + 20H™ —> H,0 + CO, @)

[Cay, AlLgO,, " + CsH,CLO, — H,0+CO, (8)

With such materials, the photocatalytic process is con-
ducted through photoredox reactions, so the presence of
oxygen O,  radicals on the structure’s surface generated
during material’s annealing will be determinant in pho-
todegradation process since the surface oxygen radicals are
the main electron acceptor species which upon contact with
water will drive the formation of OH™ radicals, thus initiating
the catalytic photodegradation reaction [35].

On the other side, it is been also reported that electronic
deficiency generated by aluminum introduction encourages
the generation of negative charges allowing water molecules’
capture favoring OH™ radicals generation by photooxidation
reactions [64]. Hence, after a thermal activation they are
able to present photocatalytic efficiency since their negatively
charged electrons reacted with dissolved oxygen to produce
hydroxyl radicals which are considered as strong and nonse-
lectively oxidizing agents of organic pollutants.

4. Conclusions

In this work, three hydrocalumite-like compounds contain-
ing nitrate and acetate anions were prepared by a sustain-
able method and evaluated as catalysts precursors for 2,4-
dichlorophenoxyacetic acid (2,4-D) photodegradation in the
presence of UV light. By the XRD and FTIR analysis the
incorporation of the nitrate and acetate ions was confirmed.
The XRD analysis of the calcined materials at 700°C indicated
that mayenite and CaO were obtained and their relative
amounts depended on the anion’s nature and quantity.
Although in the past these materials were not considered as
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semiconductors in this work their semiconductive properties
were evidenced since the best material presented a band
gap value of 3.2eV achieving a 57% degradation of 2,4-D
(40 ppm) and a mineralization percentage of 60% within 150
minutes. It was demonstrated that the photocatalytic activity
depended not only on the crystalline phases but also on the
chemical composition and textural and optical properties.
A photoredox mechanism was proposed to be responsible
for initiating the photocatalytic degradation of the 2,4-D
molecules together with the electronic deficiencies generated
by aluminum introduction in material’s structure.
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