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Abstract

Advanced oxidation processes such as photocatalysis have assumed enormous importance in the scientific field as viable
sustainable alternatives to be applied to the elimination of persistent organic pollutants present in water reservoirs for human
consumption. Persistent organic compounds like pesticides that belong to the chlorophenol family are a global public health
priority since they are associated with serious diseases like cancer and can even cause death at low concentrations of pro-
longed exposure. This work proposes the use of activated Ni/Al layered double hydroxides as photocatalysts for the degrada-
tion of 2,4-dichlorophenol. The study variables associated with the properties of the catalysts were the Ni/Al metal ratio as
well as the synthesis conditions. To determine the structural properties of catalytic precursors and catalysts, the techniques
of XRD, FTIR, UV-DR, DGTA, TPD, SEM-EDS and TEM were used. The photodegradation tests were carried out in a
Bach type reactor with a high energy uv lamp. The results of the photocatalytic degradation of 2,4-dichlorophenol in aqueous
solution showed good photocatalytic activity with a degradation efficiency of up to 94% attributed to the presence of Ni in
the crystalline and amorphous structures of NiO-NiAl,O, oxides by means of a combined oxidation-reduction mechanism
due to the effect of holes and superoxide and hydroxyl radicals not associated with the memory effect of reconstruction of
layered double hydroxides.
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1 Introduction low cost, high efficiency and zero toxicity [1, 2]. The main
advantage of these processes is that they can degrade per-
sistent organic compounds through oxidation and reduction
processes until they are mineralized according to the general

reaction [3]:

In recent years, the use of catalytic processes with semicon-
ductors for the treatment of water for human and residual
consumption has attracted attention in the field of research
because they are sustainable processes of easy operation,
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The main semiconductor material used as a photocatalyst
has been the TiO, in anatase phase which is characterized
by having a solitary electron in its last orbital which, upon
receiving photonic energy (hv) of a prohibited band greater
than or equal to 3.2 eV, is photoexcited to the band of con-
duction leaving a vacuum in the valence band, thus creat-
ing the electron-hollow pair (e~ — h™) for nanoseconds. The
presence of e~ sensors, such as oxygen, allows the formation
of superoxide radicals (O, 7), said radical can be protonated
to form the hydroperoxyl radical (HO, ™) and subsequently
H,0,. H,0, can inhibit recombination of the electron-hol-
low pair, in addition to providing additional OH' radicals
[4]. On the other hand, the h* gap favors the reduction of
H,0 molecules allowing the formation of OH' radicals [5],
as shown in Fig. 1.

Since the discovery of the photocatalytic effect by water
division using a TiO, electrode [6], numerous investiga-
tions have evolved towards the synthesis of the TiO, cata-
lyst of different scales (nanometric, millimeter) and shapes
(spheres, nanotubes, fibers, tubes, sheets), characterize
their physical properties and determine their photooxida-
tion yields to the nature of the surface of the photocatalytic
reaction [7-9]. Other research has focused on the chemical
modification of TiO, (doped with nanoparticles or particles
with transition metals and lanthanides), or on the formation
of composites with various organic and inorganic materi-
als such as chitosan, chitin, polyoxytugstate, metal oxides
(MnO,, Fe, 03, SrTiO5, ZnO, ZnFe,0;, etc.) [10-16]. Even
combined advanced oxidation systems have been tested
[17]. The emerging pollutants that have been studied for
degradation through photocatalytic processes are pesticides
(DDT, eldrin, chlorophenols, bromophos, malathion), as
well as drugs such as acetominophen, imidazole, cipro-
floxacin), dyes such as rhodamine, acid orange, reactive
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Fig. 1 Photo-induced formation mechanism of electron-hole pair in a
semiconductor TiO,

red, methylene blue), among others [18-20]. Phenolic com-
pounds are a family of compounds that are characterized by
having a hydroxyl group attached to the phenyl ring, which
are mostly listed by the EPA as a priority to control their
exposure [21-24]. One of the compounds derived from phe-
nol is 2,4-trichlorophenol (2,4-DCP), which is considered
non-biodegradable, toxic, volatile and highly corrosive. At
low concentrations, 2,4-DCP causes great damage to organ-
isms and the environment, and its massive accumulation in
humans can cause carcinogenesis, teratogenesis and death.
2,4-DCP can be found in drinking water and wastewater, as
well as in soils, as a result of its use as a pesticide, herbicide,
preservative, among others, or as products of the degrada-
tion of chemicals in the paper industry, agricultural and food
[25-27].

Layered double hydroxides are hydrated anionic clays,
with semiconductor properties that make them promising
materials for application in photocatalysis [28]. Its semi-
conductor properties are attributed to its composition and
chemical structure, consisting of divalent and trivalent
intercalated metal cations (M>* = Mg?*, ca.?*, Zn**, Co?",
NiZ*; M3+ = AP+, Cr*, Fe**, among others) in the center of
octahedra with vertices occupied by hydroxyls; octahedral
structures line up in positively charged layers; and the load
is compensated by anions housed in the interlaminar space
(A" = CO32_, NO57, SO42_, CI™, among others), resulting in
the general mineralogical formula, [M**,_ M** (OH),]**(
A"),,ymH,0 (Fig. 2). One of the characteristic properties
of layered double hydroxides is that they are heat treated and
generate photoresistant semiconductor nanocomposites con-
sisting of mixtures of single and double metal oxides with
high surface area and good crystallinity [29-31].

The most studied double laminar hydroxides are
those consisting of Mg?*, A>T and CO32‘, which
make up the mineralogical structure of the hydrotalcite
Mg(Al,(OH),,CO;-4H,0 [32-34], which have reported the
degradation capacity of compounds persistent organics such
as phenols and their derivatives. Recent research is focusing
on the design and synthesis of these materials composed of
transition metals, mainly Zn, Fe, Co, Cr and even Cu, with
the aim of improving their properties and degradability, until
complete mineralization [35-37]. Few studies have focused
on the incorporation of Ni, which is a strong reducing agent,
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Fig.2 Layered double hydroxides structure
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which can help the generation of chemically active sites for
photodegradation, considering that in studies conducted with
metal nanoparticles containing Ni photocatalytic activity is
improved [38—40]. Recent applications have been given to
Ni-containing layered double hydroxides for catalytic pro-
cesses, energy storage, among others [41-42].

In the present work it is proposed to obtain layered double
hydroxides with different Ni/Al metal ratio, 2 and 3 by the
coprecipitation method, to identify the effect of the amount
of Ni on the catalyst structure. Additionally, it is compared
with a Ni/Al catalyst of ratio 3 obtained at different pH to
identify the effect on the generation of catalytically active
sites. The photocatalytic capacity of synthesized materials
is tested using as a model molecule degradation of persistent
organic compounds to 2,4-dichlorophenol.

2 Materials and Methods
2.1 Obtaining Photocatalysts

The double Ni/Al layered double hydroxides of ratio 2 and
3 were obtained by the coprecipitation method to be used
as catalytic precursors. The Ni/Al layered double hydroxide
hydroxide of molar ratio of 2 was obtained by coprecipi-
tating a solution with 1 mol of nickel nitrate hexahydrate
(JT Backer) and 1 mol of nitrate of aluminum nonahydrate
(JT Backer), with a basic solution of 1M sodium hydrox-
ide (JT Backer). Coprecipitation was carried out at a pH of
11.5. The precipitated gel was washed to a pH of 9 and then
dried at 100 °C to obtain the solid identified as HTC2N. The
layered double hydroxide of Ni/Al ratio =3 was obtained
with the same methodology but varying the molar amount
of each of the nickel and aluminum sources to obtain the
desired ratio. The solid obtained was identified as HTC3N.
Finally, a third layered double hydroxide of molar ratio Ni/
Al=3 was synthesized using the same methodology, except
that the solid precipitated at a pH of 12.6 and the washings
were performed until a pH of 10 was reached. The solid
was identified as HTCC3N. For the activation of the layered
double hydroxides, the synthesized solids were heat treated
at 450 °C in an air atmosphere for 4 h for the formation of
Ni/Al mixed oxides and were identified as HTC2N-450 °C,
HTC3N-450 °C and HTCC3N-450 °C.

2.2 Physicochemical Characterization of Catalytic
Precursors and Catalysts

For the X-ray diffraction analysis for the identification of the
cristaline phases, an INEL Equinox Powder Diffractometer
device with copper anode and CuKa monochromatic radia-
tion with a wavelength of 1.5418 A was used. The infra-
red spectra for the identification of the interlaminar anions

@ Springer

and the links of the laminar structures, were obtained in an
infrared spectroscope with Perkin-Elmer 1600 series Fou-
rier transforms in a wave number region of 1000 to 4000
cm ~L. The thermal evolution profiles by thermogravimetric
analysis and differential thermal analysis were determined
in a TA Instruments Thermo-Analyzer at a heating rate of
10 °C/min in an air atmosphere at a speed of 100 mL/min
and using a-alumina as reference standard. The qualitative
and quantitative composition as well as the chemical states
of the elements on the surface of the matter was determined
using X-ray photoelectronic spectroscopy, which was run
using a Thermo Fisher scientific spectrophotometer with a
monochromatic AlKa radiation (1486.6 eV) with a source
X-ray and was micro-focused to the source obtaining a spot
size on the sample of 400 microns in diameter. To compen-
sate for the effect related to the turn changes, the C 1s peak
at 284.6 eV was used as an internal standard. To verify the
optimal working range of solids as photocatalysts, UV-Vis
spectra were determined by diffuse reflectance spectroscopy
in a Perkin-Elmer lambda UV-Vis—NIR spectrophotometer.
The banned band energy (e.g.) of the samples was calcu-
lated from the ultraviolet absorption spectra of diffuse reflec-
tance, considering that e.g. = (1239b/- «), where o and b
are coefficients that were linearized in the region appropriate
spectrum. The programmed temperature desorption tech-
nique (TPD), using the CO, probe molecule, was applied
to determine the density and strength of the basic centers
in mixed oxides in a BelCat model TPD/TPR/TPO analyzer
Bel Japan Brand kit. The elemental and surface mapping
were performed in a surface electron microscope with a
X-ray dispersive energy spectroscopy (SEM-EDS) micro-
wave, performed in a scanning electron microscope, model
Supra 55VP, Carl Zeiss brand. Elemental analysis (SEM/
EDS) with an Oxford Instruments brand detector. High
resolution electron microscopy (HRTEM) was performed
on a JEOL 2100F electron microscope, equipped with a
GATAN (+22°) double tilt goniometer stage. Furthermore,
the HRTEM FFT image analysis was performed with the
Digital Micrograph software program.

2.3 Evaluation of Photocatalytic Activity
in the Degradation of 2,4-Dichlorophenol

The photocatalytic degradation capacity of 2,4-dichloro-
phenol using the catalysts obtained, was determined under
the following conditions: 200 mL standard solution of
2,4-dichlorophenol (Aldrich) at a concentration of 40 ppm,
in a temperature controlled Batch reactor of 25 °C with con-
stant magnetic stirring of 700 rpm, with an air flow of 2 mL/s
and an irradiation of UV light of 254 nm and an emission of
2.5 mW/cm? generated by a Pen-Ray UV lamp inserted into
a quartz tube. Prior to uv irradiation, the catalyst was con-
tacted with the standard solution of 2,4-dichlorophenol for a
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period of 1 h in the dark to verify an adsorption-desorption
equilibrium of the contaminating molecule with the cata-
lyst. Once the equilibrium was reached, irradiation began
for a period of 2 h. In addition to the comparison against
a reference photocatalyst, commercial TiO,-P25 was used.
In all cases, the process of degradation of the contaminant
was monitored by sampling aliquots of the reactor, with the
subsequent quantification of this in a Cary 100 UV-Vis
spectrophotometer at a wavelength of 283 nm.

2.4 Hydroxyl and Superoxide Radical’s Detection
and Hole Trap Study

To quantify hydroxyl radicals, (OH’) generated by the pho-
tocatalyst during photocatalytic degradation, the technique
based on the formation of 7-hydroxycoumarin was used,
which was followed by Fuorescence Spectroscopy on a
SCINCO FS-2 spectrometer. A diluted aqueous solution
(2% 1073 M) of coumarin was prepared, 200 mL of solution
was poured into a Batch reactor and 200 mg of photocatalyst
to be analyzed, and TiO,-P25 was used as reference mate-
rial. Similarly, the study was conducted in the absence of
photocatalyst (photolysis) to observe the possible produc-
tion of hydroxyl radicals with and without photocatalyst.
Subsequently, the solution was irradiated with UV light
for 1 h with a Pen-Ray lamp (A=254 nm and 10=4.4 mW
cm™2), with constant stirring, oxygen bubbling and tempera-
ture conditions (800 rpm, 1 mL s™') 25 °C respectively) by
extracting 3 mL aliquots at five minute intervals. Finally, the
fluorescence emission spectra in the irradiated solution were
analyzed by photoluminescence, at a wavelength of 320 nm.
The determination of the influence of the absence of bubbled
oxygen and therefore, absence of superoxide radicals (reac-
tion bubbled with nitrogen) was carried out. In this test 200
mg of photocatalyst and 200 mL of 2,4-dichlorophenol solu-
tion were used at 40 ppm with a nitrogen flow of 1 mL s~
The reaction was carried out for 2 h by extracting aliquots
in a 15 min interval.

3 Results and Discussion
3.1 Differential and Gravimetric Thermal Analysis

The thermal decomposition of the layered double hydroxides
depends to a great extent on the nature of the cations that
form the sheets and on the interlaminar anions as well as
on the experimental conditions of synthesis [43]. The ther-
mal evolution profiles of the catalytic precursors are shown
in Fig. 3, corresponding to the differential and gravimetric
thermal analysis for the catalysts HTC2N (Fig. 3a), HTC3N
(Fig. 3b) and HTCC3N (Fig. 3c). As can be seen for the solid
HTC2N and HTC3N the decomposition is similar, occurring

in two stages [44]. The first loss corresponds to the release of
interlaminar water with endothermic peaks between 20 and
185 °C for the solid HTC2N, and between 20 and 232 °C for
HTCC3N, losing 13.5 and 13.2% of its weight, respectively.
The second stage associated with a second endothermic peak
that starts from the end of the first and ends at 500 °C for
the solid HTC2N and HTCN3 with a total loss of 40.5 and
37.3%. Analyzing the second loss in more detail, it can be
seen that for the HTC2N solid it is the result of the superpo-
sition of two signals, their maximums being located at 280
°C and 310 °C associated with different crystalline phases
present in the precursor and which undergo thermal evolu-
tion, at It differs from the HTC3N solid which is a single
signal associated with a pure solid with a single thermal
decomposition presenting a simultaneous decarbonization
and dehydroxylation with which simple and mixed metal
oxides are formed. Finally, at 825 °C a small endothermic
peak is observed associated with the evolution of the amor-
phous mixed Ni—Al oxide to a crystalline phase without
weight loss. In the case of the solid HTCC3N, a first stage
of dehydration below 200 °C of 17% and a second weight
loss of 250 to 600 °C of 16.5% of the partial elimination
of carbonates and hydroxyl and a third loss are observed.
additional 14% from 600 to 700 °C corresponding to the
carbonates that remained occluded in the structure of the
calcined solids, reaching a total loss of 44.3%. The above is
attributed to the very basic pH of synthesis that favored the
formation of additionally segregated hydroxides to the Ni/
Al layered double hydroxides.

The general reactions associated with the thermal decom-
position of the synthesized solids are shown in Egs. 2, 3 and
4 where you can see the crystalline and amorphous phases
that form during the process.

Ni, AL(OH)16CO; - 4H,0 — Ni,Al,(OH),6CO,

+4H,0 1 20 — 250 °C @
NigAL,(OH)16CO; — NigAl,O4(OH),
+7H,0 1 +CO, 1 250 — 600 °C 3)

NigAl,O4(OH), — NiAl,O, + 5NiO + H,0 1 600 — 1000 °C

“

Based on the decomposition process of the solids, the

calcination of the solids at 450 °C is proposed for their acti-

vation as catalysts formed by a mixture of simple and mixed
oxides.

3.2 X-ray Diffraction
The diffraction patterns of the catalytic precursors

(HTC2N, HTC3N and HTCC3N), of the catalysts before
photodegradation (HTC2N-450 °C, HTC3N-450 °C and
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Fig. 3 Differential and gravimetric thermal analysis of the a HTC2N, b HTC3N and ¢ HTCC3N catalysts

HTCC3N-450 °C) and after photodegradation (HTC2N-
450 °C-P, HTC3N- 450 °C-P and HTCC3N-450 °C-P) are
shown in Fig. 4. As can be seen, the patterns of the pre-
cursors are very similar to each other, as are the patterns
of the catalysts before and after photodegradation. With
respect to the catalytic precursors (Fig. 4a), the charac-
teristic signals at angles 20 of 13.0, 23.0, 36.0, 38.7, 46
and 61 could be identified by the Miller indices (003),
(015), (110), (1013), (0116) and (2014) respectively, cor-
responding to the takovite phase hydrotalcite according
to card 00-015-0087 JCPDS. The most significant differ-
ences between the different synthesized solids have to do
with the crystallinity and purity of the crystalline phases.
Comparing the HTC2N solids with the HTC3N, the solid
with a Ni/Al =3 metal ratio shows better crystallinity and
higher purity when showing only the takovite signals. The
Ni/Al=2 ratio solid has the crystalline phase of takovite
but is less crystalline than the ratio 3 solid, in addition to
containing a Ni(OH), crystalline phase from the JCPDS
14-0117 card, with peaks in narrow and high intensity at
19°, 22° and 43° theta, which was formed at the time of
synthesis due to the presence of a greater Ni molar in the
solution at the pH of 11.5. Regarding the solid HTCC3N,
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it can be seen that it is the solid with the highest crys-
tallinity, however, at a pH of 12.6 of precipitation, the
formation of a crystalline phase of the NiAl,O, spinel
was favored with narrow peaks at 22, 31, 47 and 67 theta
degrees according to JCPDS card 10-0339. This indicates
that the best conditions to obtain a Ni/Al layered double
hydroxides is with a Ni/Al=3 molar ratio at a synthesis
pH of 11.5 and washes up to a pH of 9.

Figure 4b shows the diffraction patterns of the solids
calcined at 450 °C before the photodegradation process,
where for the 3 solids the crystalline phase of NiO is pre-
dominantly observed. For the HTC2N and HTC3N sol-
ids only the phase of low crystallinity NiO is observed
with signals at 38, 43, 64, 78 and 80 6°, corresponding
to the Miller indices of the planes (111), (200), (220),
(311) and (222) respectively corresponding to the JCPDS
card 00-047-1049. This suggests that the NiO phase was
secreted at the thermal decomposition of the layered
double hydroxides, and that the NiAl,O, spinel is in the
amorphous phase [45]. With respect to the HTCC3N solid
calcined at 450 °C, it is possible to observe, in addition
to the NiO crystalline phase, the presence of a NiAl,O,
crystalline phase which is present from the moment of



Topics in Catalysis (2020) 63:546-563

551

a
10000 % * Takovite
8000 = NifOH),
2 o NiALO,
@ 6000 | . O
£ 4000 § IOI* | = °
E | *%
O * .
i .l 0 % x
2000 H-/\uﬁm
0
0 20 40 60 80
2 Theta degree
——HTC2N ——HTC3N HTCC3N
3000
2500
2 2000
w
3
£ 1500
1000
500
0 20

3000
-

2500

2000

1500

Intensity

1000

2 Theta degree
——HTC2N-450C ——HTC3N-450C HTCC3N-450C

40 60 80
2 Theta degree

——HTC2N-450CP ——HTC3N-450CP HTCC3N-450CP

Fig.4 X-ray diffraction patterns: a Ni/Al layered double hydroxides synthesized, b Ni/Al layered double hydroxides calcined at 450 °C before
photodegradation and ¢ Ni/Al layered double hydroxides calcined at 450 °C after photodegradation

synthesis. The diffraction patterns of the solids at 450 °C
confirm that the layered double hydroxide have evolved
into a mixture of potentially photocatalytically active sin-
gle and Ni/Al mixed oxides.

Figure 4c shows the diffraction patterns of the catalysts
after the photodegradation process. It is observed that once
the photocatalytic reaction has been carried out, the materi-
als do not have the so-called memory effect, since the char-
acteristic planes of (b) and (c) are preserved, maintaining the
structure of simple mixed oxides. The above would suggest

100 —
\ . '{‘\ , “ a

g 8010 7/ A ( wi
= E W, / | I.‘ Y
g /) Al
£ 604 | / / I
E ] l‘\ / ‘|‘ -
e 404 | // ‘
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—— HTC2N
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Wave number (crri1}

that the catalytic activity is not due to the memory effect,
but to the presence of mixed and simple oxides catalytically
active in the degradation of 2,4-dichlorophenol.

3.3 Infrared Spectroscopy with Fourier Transforms
(FTIR)

In Fig. 5, the FTIR spectra of the Ni/Al layered double
hydroxides and calcined at 450 °C are shown. In the dif-
ferent synthesized layered double hydroxides (Fig. 5a), a

120 b
110
o
Q
s
£ 100
&
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E ]
—— HTCC3N-450C
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Fig.5 Infrared spectra of HTC3N, HTC3N and HTCC3N photocatalysts a synthesized and b treated at 450 °C
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characteristic band at 3400 cm™" is distinguished, attributed
as the OH stretch band of the hydroxyl-metal groups and of
the vibration of the hydroxyl of the interlaminar water mol-
ecules that phase the band at 3200 cm™' due to the vibration
between them and the other interlaminar anions. A small
band centered approximately 1630 cm™! is due to the bend-
ing vibration of the water molecules. Furthermore, the band
at 1384 cm™! can be assigned to the vibration of CO,*~ ions
present in the interlayer layer. For HTCC3N solids, the pres-
ence of NO;™ ions with a small characteristic band at 975
cm™! is observed. Vibration signals below 850 cm™! corre-
spond to M—O, M—O-M vibrations [45-47]. For vibrations
in layered double hydroxides, these vibrations are merged
into a wide band of 833 to 595 cm™! by the Ni-O, Ni-O—Nj,
and Ni—O-Al vibrations, as seen in the HTC3N solid. The
presence of Ni-OH and NiAl,O, could be verified with the
definition of the bands centered around 800 and 600 cm™"'.

For layered double hydroxides calcined at 450 °C
(Fig. 5b), all three spectra can be seen that the signals are
similar in position but vary in intensity. From 4000 to 1600
cm™! there are no significant signals that could be attributed
to the presence of OH groups and to water molecules present
in the catalytic precursors. Only from 1600 to 400 cm™!
are all the significant signs found. The above confirms the
presence of simple and mixed metal oxides in a range below
1000 ¢cm™! for vibrations Al-O, Ni—O, O-Al-O, O-Ni-O.
Specifically the vibration frequency of 590 cm™" is attrib-
uted to the Al-O link, the band at 630 cm™! corresponds to
the O—AI-O vibration and the band at 648 cm™" to the Ni-O
vibration. Comparing the signals of the solid HTC2N with
the HTC3N, it is observed that the solid HTC2N have a
wide band of 600 to 900 cm™! that corresponds to a greater
amount of O-Ni—O vibrations due to the excess of Ni in the
solid. While comparing the solid HTC3N with the HTCC3N
it can be seen that it shows an intense signal centered at 1360
cm™! that is attributed to the presence of remaining carbon-
ate ions in the structure given its affinity for the oxides pre-
sent which, as can be seen in thermogravimetric analysis is
eliminated between 300 and 600 °C.

3.4 X-ray Photoelectron Spectroscopy (XPS)

Figure 6a shows the XPS study of the HTC2N photocata-
lyst, showing the signals attributed to the presence of Al, C,
Ni and O. With respect to the species present in Al, it was
found that the Gaussian components for Al 2p show peaks
Al 2p3/2 and Al, at 75.69, 73.68, 70.65, 67.82 and 62.85
eV, which corresponds to metallic Al species and Al oxide.
For Ni species, Ni 2p1/2 and Ni 2p3/2 at 879, 872, are also
shown. 861 and 855 eV corresponding to the species Ni
(OH,), Ni (OH), and NiO. With respect to the presence of
O, C 1s peaks at 531.27 and 529.76 eV were identified, cor-
responding to the H-O—-C and C-O species attributed to the
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interaction of the interlaminar carbonate ions with the lami-
nar structures of the layered double hydroxides; and finally
with respect to the C signals, the O1s signals were found at
289.79, 288.83, 285.08 and 284.64 associated to O—C=0,
0-C=0, C-0O-C and C-C respectively, of the interlaminar
carbonates.

Figure 6b shows the XPS study of the HTC2N-450 °C
photocatalyst, where the presence of Al, C, Ni and O is
observed. Gaussian components for Al 2p show peaks 76.63,
73.89, 70.46 and 67.98 eV which corresponds to metal and
oxide. For Ni 2p1/2, peaks 879.77, 873.57, 861.85 and
863.03 of the species Ni (OH), and NiO, Peaks C 1s at 284,
286 and 288 eV, corresponding to C—C, C—O-C and O-C=0
bonds, can be seen. O 1s at 533 and 531 eV corresponding
to H-O-C and C-O links are also shown.

Comparing the HTC2N solid with the solid calcined at
450 °C, the significant differences focus on the predomi-
nance of the metal oxide species in the calcined solids, as
well as the dehydroxylation and decarbonation of the layered
double hydroxides.

The XPS spectra of the HTCC3N photocatalyst are
shown in Fig. 6¢, where the presence of Al, C, Ni and
O is also observed. The Gaussian components for Al 2p
show Al 2p3/2 and Al, peaks at 76, 73, 69 and 68 eV,
which corresponds to the species Al Oxide and Al Metal.
Ni 2p1/2 and Ni 2p3/2 are also shown at 879, 873, 861
and 855 eV corresponding to the species Ni (OH,), Ni
(OH), and NiO.

Figure 6d shows the XPS spectra of the HTCC3N-450C
photocatalyst where the presence of Al, C, Ni and O is
observed. Gaussian components for Al2p show Cls peaks at
288, 286 and 284 eV, corresponding to OC links =0, COC
and CC, Y. Ols are also shown at 536, 531 and 529 eV cor-
responding to HOC and CO links.

3.5 Diffuse Reflectance Spectroscopy

The evaluation of the bandgap energy (e.g.) for acti-
vated layered double hydroxides was calculated using the
Kubelka—Munk equation [F (R) = (1 — R)2/2R], extrapo-
lating the absorption edges towards F(R) =0 where R is
the converted reflectance (%) of the UV absorption spec-
tra, and are reported in Fig. 7 [48]. The solid HTC2N
shows a bandgap slightly less than that of the HTC3N with
values of 2.81 and 2.89 eV attributed to the fact that the
solid HTC2N contains a greater amount of Ni, so it favors
the semiconductor property. Comparing the banned band
energy of HTC3N and HTCCN3 solids, a solid obtained
at a higher pH has a slightly higher energy with values
of 2.96 eV due to the segregation of aluminum, reducing
semiconductor capacity. By comparing these prohibited
band energy values and comparing them with the energy
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of TiO,-P25, with values of 3.20 eV for the anatase phase,
Ni/Al layered double hydroxides are potentially competi-
tive semiconductors with respect to TiO,-P25.

3.6 Evaluation of the Photocatalytic Degradation
of 2,4-Dichlorophenol in Aqueous Solution

Figure 8 shows the ultraviolet—visible spectra of the 40 ppm
degradation of 2,4-Dichlorophenol as a function of time,
using activated catalysts HTC2N, HTC3N, HTCC3N and
TiO, as reference control as a photocatalyst. The character-
istic spectrum of 2,4-dichlorophenol has three characteristic
absorption bands, the primary transition attributed to the
aromatic group, the secondary transition due to the aromatic
group and the n — &* transition attributed to the C—Cl bond,
centered at 210.5, 245 and 283 nm respectively. The deg-
radation spectra of 2,4-Dichlorophenol using the catalysts
show how these three bands show modifications and phase
shifts associated with the degradation of the contaminant
and the formation of intermediates [49].
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Fig.8 UV-Vis spectra of the photocatalytic degradation of 2,4-dichlorophenol using layered double hydroxides HTC2N-450 °C, HTC3N-450

°C, HTCC3N-450 °C and TiO,P25-450 °C
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Fig.9 Relative rate of photodegradation of 40 ppm of 2,4-dichloro-
phenol using layered double hydroxides HTC2N-450 °C, HTC3N-
450 °C, HTCC3N-450 °C and TiO,P25-450 °C

Figure 8a corresponds to the degradation spectra using
the HTC2N-450 °C catalyst which shows how the bands
decrease until their complete disappearance, associated with
an almost complete degradation of the 2,4-dichlorophenol
contaminant. Figure 8b shows the effect of degradation using
the HTC3N-450 °C catalyst, being able to observe a good
degradation activity, but being incomplete especially in the
aromatic part of the contaminant. Figure 8c corresponds
to degradation with the catalyst HTCC3N-450 °C which
is very little active in the degradation of 2,4-Dichlorophe-
nol. Finally, Fig. 8d corresponds to the degradation spectra
of 2,4-dichlorophenol using TiO2-450 °C as a reference
photocatalyst. In this last spectrum the catalyst is not very
active, especially in the shortest times of exposure to the
contaminant.

Figure 9 shows the graph of the relative degradation rate
of 40 ppm of 2,4-dichlorophenol with the different catalysts
up to 120 min. The HTC2N catalyst activated at 450 °C
shows a good degradability from the first 20 min by degrad-
ing 34% of the contaminant, continuing with the same speed
up to 40 min degrading 72%, with the subsequent decrease
in speed at 90 min to become constant and achieve degrad-
ing 84.5% of 2,4-dichlorophenol. On the other hand, the
HTC3N-450 °C catalyst shows a good photocatalytic activ-
ity similar to those of HTC2N-450 °C during the first 20
min, but later its speed from 20 to 90 min degrading 75%
of the contaminant, but with a speed increase of 90 at 120
min, with which it manages to degrade 83.5% of the con-
taminant, very similar to the HTC2N-450 °C catalyst. The
above suggests that the Ni found in greater quantity in the

@ Springer

HTCN2-450 °C catalyst enhances the semiconductor capac-
ity of double laminar hydroxides increasing the degradation
rate of 2,4-Dichlorophenol. In the case of the HTCN3-450
°C catalyst, despite containing less Ni, once the solid is
being photoinduced, both Ni and Al can contribute to pho-
todegradation. With respect to the HTCC3N-450 °C catalyst,
it shows a low photocatalytic activity, reaching 10% in the
first 20 min, but drastically reducing its speed to reach only
60% at 60 min and at 22.5% at 120 min. The low activity
of the HTCC3N-450 °C catalyst is attributed to the lack of
generation of active sites due to the synthesis pH, as well as
the combination of crystalline phases present in the solids
at the time of activation. Finally, the degradation studies
of 24-dichlorophenol using the TiO, reference catalyst, it
can be seen that this shows low activity in the first 60 min
where it degrades only 3% in the first 40 min, to later slightly
increase its speed of degradation and reach 120.5% degrada-
tion after 120 min. Comparing the capacity of the reference
catalyst with the double laminar hydroxides, it is found that
only the HTCC3N-450 °C catalyst has a lower capacity, but
the HTC2N-450 °C and HTC3N-450 °C catalysts exceed
the catalyst in capacity and degradation rate by more than
double at 120 min.

Figure 10 shows the degradation percentage of 2,4-dichlo-
rophenol at 150 min where it can be seen that the catalyst
with the highest degradability is HTC2N-450 °C with 94%,
followed by HTC3N-450 °C catalyst with 86% and finally
HTCC3N-450 °C with only 24%. The HTC3N-450 °C cata-
lyst, showing a greater degradation capacity, the HTC3N-
450 °C catalyst attributed to the higher Ni content, was
selected to perform the study of the identification of deg-
radation mechanism due to the effect of radicals and holes.

100 - ”
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= 60
=
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S 60 1
B )
S 40 4
=
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B 2p -
=

HTC3N HTCC3N Ti02P25 HTC2N

150 min

Fig. 10 Photodegradation of 2,4-dichlorophenol with different pho-
tocatalysts HTC2N-450 °C, HTC3N-450 °C, HTCC3N-450 °C and
TiO,P25 at 150 min
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Fig. 12 Fluorescence spectra of the 2,4-diclorophenol employed in the detection of OH  generate by TiO,-P25-450 °C, HTC2N-450 °C and

HTC3N-450 °C photocatalyst without air bubbling

3.7 Kinetic Model Adjustment Study

Figure 11 shows the adjustment of the kinetic model of the
catalysts used in the photodegradation of 2,4-dichlorophe-
nol. It is found that in all cases it corresponds to a degrada-
tion behavior of pseudo first order, adjusting to the kinetic
model. of Langmuir-Hinshelwood associated with steady
state conditions.

Comparing the values of the apparent rate constant, the
HTC2N catalyst presents a higher constant, associated with
a higher rate of degradation, associated with a shorter half-
life of elimination of the contaminant 2,4-dichlorophenol.
On the other hand, the HTC3N catalyst presents a slightly
less constant, but reaching the same degradation capacity of
the HTC2N catalyst at 90 min. Finally, the HTCC3N cata-
lyst has a much lower degradation capacity compared to the
other two catalysts, with an apparent rate constant very close
to TiO,, which is why it is discarded as a useful catalyst in
the degradation of 2,4-dichlorophenol.

HTC2N
HTH

0 10 20 30 40 50 60

Time (min)

Fig. 13 Hydroxyl radical formation using the HTC2N, HTC3N and
TiO,-P25 catalysts

3.8 Hydroxyl and Superoxide Radical’s Detection
and Hole Trap Study
Figure 12 shows the identification of the formation of the

OH ' radicals with Fluorescence Spectroscopy by quantifying
the formation of 7-hydroxycoumarin using the HTC2N-450
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°C and HTC3N-450 °C catalysts and using as reference the
TiO, 450 °C.

It is observed that the TiO, catalyst shows a rapid forma-
tion of radicals from the first 10 min, with a rapid evolution
quadrupling the concentration at 60 min, which explains
why the catalytic activity of TiO, begins until you have a
high concentration of hydroxyl radicals to be able to start
degrading to 2,4-dichlorefonol. On the other hand, the cata-
lysts HTC2N and HTC3N show a very low production of
hydroxyl radicals which increases slightly as the first 60
min pass, but without being significant for degradation, as
it does not reach 25% of the concentration of radicals that it
achieves produce TiO,, as can be seen in Fig. 13 where the
hydroxyl radical production isotherms are compared.

To determine the presence and influence of superoxide
radicals on the degradation of 2,4-dichlorophenol, photo-
degradation tests were carried out in the absence of bub-
bling oxygen, that is, replacing the atmosphere by bub-
bling with nitrogen using HTC2N and HTC3N as catalysts.
Figure 14 shows the absorption spectrum of the degrada-
tion process of 2,4-dichlorophenol in an atmosphere of
N, (14a and 14c) compared to the absorption spectrum of
the degradation process in an atmosphere of O, (Fig. 14b
and d).

HTC2N - N, a

—40ppm 2, 4-DCP
—— Adsorption

Adsorbance

75 min
90 min
105 min
120 min

190 240 290 340 390
A(nm)

HTC2N - 0, - b

4.0 —ads
15 min

30min

—45 min

60 min

90 min

Adsorbance

—120 min
=150 min

——180 min

190 240 290 340 390

A(nm)

Adsorbance

Comparing the a and b spectra of the HTC2N solid, it
can be seen that the absorbance at 283 nm decreases, but the
band at 210.5 nm practically remains constant until 120 min,
indicating that partial dechlorination of the 2,4-Dichlorophe-
nol molecule is occurring, but that the aromatic structure
of phenol remains unchanged, implying a partial and insig-
nificant degradation of the contaminating molecule in the
absence of oxygen that allows the formation of superoxide
radicals, compared to the high degradation capacity when
oxygen is present. Regarding the behavior of the HTC3N
catalyst, the spectrum c) and d) are very similar, with which
it can be concluded that the activity of the superoxide radi-
cals is not significant for the degradation process of 2-4-Dic
hlorophenol.Figure 15 shows the absorption spectra of
2,4-Dichlorophenol as a function of time during the photo-
catalytic degradation process of 2,4-Dichlorophenol in the
presence of ammonium oxalate using HTC2N and HTC3N
as catalysts.

It is observed that when ammonium oxalate is present as a
sacrificial agent, the catalyst voids do not actively intervene
in the degradation process of the pollutant, thus confirm-
ing that the voids are determining species in the photocata-
lytic mechanism of degradation of the 2,4-Dichlorophenol
both for the dechlorination of the molecule and for the
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Fig. 14 Fluorescence spectra of the 2,4-Dichlorophenol employed in the detection of superoxide radicals generate by the HTC2N and HTC3N

Photocatalysts, a, ¢ in N, atmosphere, b, d in O, atmosphere
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Fig. 16 Kinetics in the atmosphere of Oxygen, in the atmosphere of Nitrogen, in the Presence of Oxalate with oxygen and Oxalate with Nitrogen

of the Catalysts a HTC2N and b HTC3N

degradation of the aromatic ring.Figure 16 makes it pos-
sible to compare the kinetic studies of the degradation of
2,4-Dichlorophenol using HTC2N and HTC3N as catalysts
in an atmosphere of O,, N,, oxalate-O, and oxalate-N,.
2.4-dichlorophenol in the presence of ammonium oxalate
(HTC2N-oxalate) and in the presence of oxygen-free ammo-
nium oxalate (HTC2N-oxalate-N,) a considerable decrease
in kinetics is observed, compared to the degradation reaction
in the presence oxygen (HTC2N). Furthermore, an increase
in the absorptivity coefficient can be observed in both pro-
cesses, which implies an increase in intermediate products
that, as there are no catalytically active voids, cannot be
degraded. Comparing the effect of the atmosphere of O, and
N, with oxalate, it is confirmed that the 2,4-Dichlorophe-
nol molecule partially degrades in an oxygen atmosphere,
forming a large number of intermediaries, but these cannot
be degraded due to the lack of gaps, highlighting the impor-
tance of having the combination of superoxide radicals and
gaps. For the HTC3N catalyst, the behavior with ammonium
oxalate in both atmospheres also increases the absorptivity
coefficient associated with the formation of intermediaries

which do not manage to be degraded within the first 120
min, unlike the HTC2N catalyst that does so after the first
60 min.

Performing the A/A, calculation at 120 min for the
HTC2N catalyst, it is found that the superoxide radicals
contribute 20% to the catalytic photodegradation, the voids
contribute 50% and the hydroxyl radicals contribute 30%.
For the HTC3N catalyst, it is found that the voids contribute
80%, hydroxyl radicals 15% and superoxide radicals 5% to
catalytic photodegradation. This confirms the importance of
having all the catalytically active species for the process to
be carried out efficiently. The high contribution of the voids
confirms the role of Ni as an active metal capable of releas-
ing its electrons to the valence band and thus contributing to
the generation of voids that activate the degradation activity
together with the hydroxyl and superoxide radicals.

The previous results show that the THC2N catalyst shows
the highest activity significantly regulated by the activity of
the voids, as well as the hydroxyl and superoxide radicals.
This capacity is attributed both to the presence of the mixed
oxide NiAl,O,4, as well as the simple oxide NiO, with which
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Fig. 17 TPD-CO, analysis for the HTC2N 450 °C

the relative rate of degradation is high, reaching a degrada-
tion of up to 94% in 150 min.

To complement the understanding of the photocatalytic
properties of the HTC2N solid calcined at 450 °C, it was
characterized by the techniques of TPD, SEM-EDS and
TEM.

3.9 Analysis of Thermal Programmed Desorption
(TPD) of CO,

Figure 17 shows the analyzes of CO, TPD, for the HTC2N
photocatalyst calcined at 450 °C. This technique was used to
determine the density and strength of the basic centers in the
mixed oxides derived from the layered double hydroxides.
Three zones of desorption can be observed in the material.
The first zone at 100 ° C shows a desorption corresponding
to 0.156 mmol CO,/g active Ni/Al layered double hydroxide,
this is weakly adsorbed CO, which is evacuated with mild
heat treatments therefore the surface -CO, interaction is of

Temperature (°C)

Temperature (°C)

very low energy, continuing with the increase in tempera-
ture it maintains a continuous loss of CO, and a small near
shoulder between 150 and 180 °C shows a slight increase in
the loss of CO, (0.12 mmol / g) and possibly corresponds to
CO, weakly chemisorbed [50], correspond to free carbonates
bound to the material by a low energy bond, this low energy
CO, desorption ends at the temperature of 300 °C. However,
continuing with the route of the TPD at a temperature of 320
°C, a strong rise in the TPD begins, indicating an intense
loss of chemisorbed CO, that reaches a maximum of 400 °C
with an estimated loss of 1.26 mmol of CO,/g catalytic con-
verter and the final descent was 550 °C. This last intense loss
at high temperatures is correlated with high energy basic
sites (strong basic sites), that is, at these sites, CO, mol-
ecules are strongly chemisorbed, forming two bridged bonds
of CO, with the surface of the photocatalyst, attributed to
pairs of Lewis acid-base and low coordination surface O, in
which the CO, is linked in a monodentate form [51].

Spectrum 1

6

2 4
ull Scale 18390 cts Cursor: 0.000

Fig. 18 SEM and EDS of HTC2N a untreated and b treated at 450 °C
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Fig. 19 TEM image of HTC2N a 450 °C

3.10 Scanning Electron Microscopy and X-ray
Dispersive Energy Spectroscopy (SEM-EDS)

Figure 18 shows the SEM-EDS images of the HTC2N
catalyst uncalcined (Fig. 18a) and calcined at 450 °C
(Fig. 18b) [41, 52]. Comparing the SEM images of solid
before and after calcining it at 450 ° C, both solids have
particles of variable sizes that form micron-sized aggre-
gates. Specifically, the calcined solid has a greater quantity
of finely dispersed individual nano-sized particles on the
solid in the bulk, which favors the exposure of the cata-
lytically active sites on the surface of the catalyst. The
elemental mapping of Al and Ni shows a homogeneous
dispersion of both elements in all particles of the solid
without calcining and after calcination, but increasing the
density of ions on the surface when the solid is calcined
due to dehydration, decarbonation and dehydroxylation of
the precursor.

3.11 Transmission Electron Microscopy (TEM)

In the TEM image of the Ni/Al layered double hydrox-
ides calcined at 450 °C, isolated nanoparticles with sizes
smaller than 10 nm are observed [52]. These nanoparti-
cles agglomerate to form clusters as seen in Fig. 19. The
elemental quantification for the determination of the Ni/Al
molar ratio confirms that the ratio of the metal ions is 11.15/
5.58=1.999=2.0.

4 Conclusions

The results of this study indicated that by calcining the
metallic ratio Ni/Al=2 and 3 layered double hydroxides
synthesized at a pH of 11.5 at 450 °C, catalytically active
materials are obtained to be used efficiently in the degra-
dation of 2,4-dichlorophenol. The catalyst that achieves a
degradation capacity of up to 94% in 150 min is the one
that contains a Ni/Al=2 metal ratio in a solution of 2 mg
of catalyst/mL of 40 ppm solution of 2,4-dichlorophenol.
Kinetic studies found that the degradation process follows a
pseudo-first order process with apparent rate constants of up
t0 218 10™*s™" and half-life times of 95 min. The degrada-
tion process of 2,4-dichlorophenol is carried out through a
degradation mechanism combined by the action of superox-
ide radicals with 20%, holes with 50% and hydroxyl radicals
with 30%. These oxidation-reduction species are present in
the catalyst which is a mixture of nanoparticles with strong
basic sites. For the HTC3N catalyst, a lower degradation
capacity is reached, with values of 86%, as a result of the
effect of the voids that provide the highest catalytic activity
with 80%, hydroxyl radicals 15% and superoxide radicals
5% due to the presence of amorphous NiAl,O, nanopar-
ticles mixed with NiO nanoparticles. For both catalysts
the catalytic activity is not attributed to the memory effect
since the solid is not rebuilt during the degradation pro-
cess, but the catalytic activity is attributed to the crystalline
and amorphous species of the metal oxides that contain Ni.
The reason why the Ni/Al=2 ratio catalyst is more active
in the degradation of 2,4-dichlorophenol, compared to the
Ni/Al =3 catalyst, is that Ni, being a transition metal with
properties Strong reducing agent favors the semiconductor
capacity of the catalysts with NiO-NiAl,O, mixtures than
different metallic species, and being in a greater quantity
in the solid of Ni/Al ratio=2, achieving to generate a crys-
talline network with a band energy 2.89 eV is prohibited,
below the 3.2 energy that TiO, has. The physicochemical
characterization of the catalysts allowed to check the effect
of crystallinity, as well as the distribution of Ni/Al metals
within the crystalline structures that form when calcined at
450 °C associated with the phase transition and activation
temperature. The catalyst that showed a poor degradation
capacity was the Ni/Al=3 ratio but that was obtained at a
very basic synthesis pH of 12.6, which affected its structural
and thermal evolution properties, confirming the director
effect of the synthesis conditions on the generation of cata-
lytically active sites.
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