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ABSTRACT

The growing industrialization has caused the generation of highly toxic compounds such as nitroaromatic compounds. An
adequate treatment to reduce the contamination of these organic compounds is necessary. The photocatalytic reduction of ar-
omatic compounds using semiconductor materials favors the production of nitroaromatics. In the present work, NiO materials
supported on MgAl hydrotalcite and with different NiO content (1 wt.%, 3 wt.%, 5 wt.%, and 10 wt.%) were synthesized by the co-
precipitation method. The materials were characterized and evaluated in the photocatalytic reduction of 2,4-dinitrophenol
(2,4-DNP) and 2,4,6-trinitrophenol (2,4,6-TNP). The characterization results revealed the formation of lamellar solids with features
typical of layered double hydroxides. The photocatalytic evaluation showed that the NiO/MgAl 1 wt.% photocatalyst is efficient in
the reduction of 2,4-DNP and 2,4,6-TNP. Furthermore, it was demonstrated that the reduction of 2,4-DNP is higher than 2,4,6-TNP.
Additionally, it was verified that the photocatalytic reduction reaction proceeds via the photogenerated electrons, confirming the
key role of the material in driving the reduction process.

1 | Introduction hydraulic sources reduces the harmful effects and increases

L e . . water reuse in different activities.
Increasing industrialization has favored economic and social

development; however, it has also increased pollution rates and
the discharge of hazardous organic waste into the environment.
It is widely acknowledged that many environmental pollutants
are unavoidable outcomes of human activities, particularly in-
dustrialization, agricultural practices, and the improper disposal
of wastewater represent a significant source of contamination [1].
The effects that pollutants present in industrial effluents have on
the bodies of water, soil, and human health are diverse and
heterogeneous. Adequate treatment of these polluted waters in

Nitroaromatic compounds and their derivatives are stable and
soluble substances that cause a serious problem in wastewater
from industry [2]. The nitroaromatic compounds are aromatic
compounds in which the hydroxyl and nitro groups are directly
attached to the aromatic ring. These substances are characterized
by being carcinogenic and mutagenic, presenting a high risk to
the life of mammals, and can seriously affect the aquatic system
since they are widely used in the industry for the manufacture
and processing of a variety of products such as pharmaceuticals,
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colorants, pigments, plastics, pesticides, fungicides, explosives,
and industrial solvents [3]. The reduction of nitroaromatics to
amines is of great importance in the pharmaceutical industry due
to that the amines are reactive intermediates in the synthesis of
paracetamol, acetanilide, and phenacetin [4, 5].

The development of different technologies for wastewater
treatment includes traditional physical, biological, and chemical
procedures, such as filtration [6, 7], microbial degradation [8, 9],
electrocoagulation [10, 11], adsorption [12, 13], and electro-
chemical treatment [14, 15]; however, these have not been ef-
ficient enough for the treatment of nitroaromatic compounds.
Advanced oxidation processes (AOPs) are an environmentally
friendly, efficient, and economical technology and have been
developed as an alternative in the treatment of polluting com-
pounds from effluents, such as the electro-Fenton [16, 17],
Fenton [18, 19], ozonation [20], photo-Fenton [21], degradation
[22, 23], among others.

Heterogeneous photocatalysis is one of the most promising AOPs
to carry out the oxidation-reduction reactions of polluting or-
ganic matter; it has been widely investigated due to its appli-
cations in chemical synthesis, energy innovation, and the
removal of organic pollutants. Photocatalysis, driven by semi-
conductors such as NiO, offers a promising approach by har-
nessing the photocatalytic generation of reactive oxygen species
(ROS) to treat organic pollutants and transform them into en-
vironmentally benign byproducts [24]. During the photocatalytic
process, the absorption of light (visible or ultraviolet) by
a semiconductor material takes place when absorbing the light
favors that an electron of the valence band (VB) is excited to-
wards the conduction band (CB), giving rise to the formation of
the well-known electron-hole pair (¢~/h*). The charge carriers
migrate to the surface of the semiconductor so that oxidation or
reduction reactions can take place there [25]. During the pho-
tocatalytic process for the reduction of nitrophenols using
semiconductor materials, it is necessary to use sacrificial agents
that allow greater efficiency in the activity. Among the most used
agents are hydrazine (N,H,) [26], sodium sulfide (Na,S) [27],
methanol (CH;OH) [28], sodium borohydride (NaBH,) [29],
sodium citrate (C4HsNa;0-) [30], and sodium sulfite (Na,SO3)
[5]. The latter is a photostable compound that does not lead to the
formation of toxic intermediates when used in oxidation-
reduction reactions and promotes a basic medium.

In addition, it is interesting to know that during the photore-
duction treatment of nitrophenols, it is possible to obtain amino
derivatives, which are less toxic and essential compounds for the
pharmaceutical industry [31]. Nickel (II) oxide (NiO) is
a promising material for wastewater pollutant reduction. As
a p-type semiconductor, it has a band gap energy ranging from
3.1 to 3.5eV. On the other hand, the support of hydrotalcite-type
materials allows that when a semiconductor such as NiO is
dispersed, characteristics are obtained that improve the photo-
activity of the catalytic material [32].

The layered double hydroxides (LDH), anionic clays or
hydrotalcite-type materials, are a family of laminar compounds
with anions in the interlaminar region. The structure of these
compounds consists of Mg(OH), brucite-type lamina, in which the
partial substitution of the divalent cations by trivalent cations
results in a positive residual charge that is compensated by anions
that will be present in the interlaminar space. The formula for this

type of material is (M**;_, M** (OH),)*" (X" /,.mH,0) where x
=0.2<x<0.33 and M*>*and M>" are divalent and trivalent metal
cations, respectively, which occupy the octahedral positions in the
lamina and X"~ is the anion found within the interlaminar region
along with some water molecules [33]. The present study shows
the benefit of using NiO materials supported on hydrotalcite MgAl
in photocatalytic reduction reactions of nitroaromatic compounds
using Na,SOs, as a sacrificial agent, and UV radiation, as an al-
ternative in the treatment of recalcitrant organic compounds.
Several studies have reported the photocatalytic reduction of
nitrophenols using different materials and conditions, as sum-
marized in Table 1.

In this work, the photocatalytic reduction of the 2,4-di-
nitrophenol (2,4-DNP) and 2.4,6-trinitrophenol (2,4,6-TNP)
contaminants under UV irradiation was evaluated. For this
purpose, NiO materials supported on hydrotalcite MgAl were
used as photocatalysts employing Na,SO; as a sacrificial agent.
This strategy will offer a more efficient and environmentally
friendly alternative for treating recalcitrant organic pollutants
compared to traditional methods.

NiO/MgAl materials significantly enhance photocatalytic ac-
tivity. On the one hand, the homogeneous dispersion of NiO
nanoparticles on the hydrotalcite surface prevents their ag-
glomeration, thereby increasing the number of accessible active
sites and optimizing light absorption efficiency. On the other
hand, the structural and textural properties of hydrotalcite such
as its large surface area, basicity, and the presence of interlayer
anions facilitate a more efficient separation of electron-hole pairs
and promote charge transfer processes during the photocatalytic
reaction. This synergistic interaction between NiO and the MgAl
support plays a crucial role in the reduction of nitroaromatic
pollutants, while simultaneously improving the catalyst’s sta-
bility and reusability.

Furthermore, the modification of MgAl hydrotalcite with NiO
represents a more sustainable approach to wastewater treatment.
This material not only enhances the reduction efficiency of re-
calcitrant organic compounds but also reduces the risk of sec-
ondary pollution due to its structural robustness and chemical
stability under reaction conditions. In addition, the use of Na,SO3
as a sacrificial agent is more environmentally friendly compared
to other commonly employed reductants, reinforcing the green
character of the process. Altogether, NiO-supported MgAl
hydrotalcite emerges as a highly promising photocatalyst, ca-
pable of combining efficiency, selectivity, and environmental
compatibility, while offering a viable alternative for cleaner water
resources and the recovery of amine intermediates of industrial
relevance.

2 | Materials and Methods

2.1 | Synthesis of MgAl and NiO/MgAl

The synthesis of hydrotalcite MgAl was carried out by the co-
precipitation method, mixing 0.23mol of Mg (NOs),*6H,0
(Panreac 98%) and 0.075mol Al (NO3);+9H,0 (Sigma-Aldrich
98%) maintaining a molar ratio of 3 together with 1.01 mol of
CH4N,0 (Panreac 98.5%), at a temperature of 60°C for 13 h and
400 rpm until homogenization. Subsequently, the hydrolysis of
urea was carried out at 100°C for 10 h; the pH of the suspension

2 of 16

Journal of Chemistry, 2026

85Us017 SUoWWID aAIea1D 8|qedljdde ays Aq peusenob a1e ssolLe VO ‘88N JO S3INJ 10§ A%Iq 1T 8UIIUO A3 UO (SUORIPUOD-PUR-SLUIBY/LID™AB | 1M ATRIq 1 BU1|UO//Sc1IY) SUOTIPUOD PUe SWLB | 8L 89S *[9202/T0/62] UO ARiqiT8uljuO A3[IM ‘©IquWo|0D 8UeIyd0D - zone1s3 adpue N BIU0S Ad Ti7/GZZT/UoO0l/SSTT OT/I0p/W00 A8 1M Akeiq Ul uoy/:Sdny Woij pepeoumod ‘T ‘9202 ‘2962



2962, 2026, 1, Downloaded from https://onlinelibrary.wiley.com/doi/10.1155/joch/1225741 by Sonia Mancipe Estevez - Cochrane Colombia, Wiley Online Library on [29/01/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

3 0of 16

UOTJBZLIO[BA J)SEM BIA J[qRUIBISNS PUB )S00-MO] ‘O[qeSNaI

‘dqess {(UruI G ¢ Ul §g91°0 =) Uononpar dN.L 1541180 dInedeAx0IpAy
[s€] %6€ 76 PAAdIYdE dVH PIALISP-I[eds Ysy U0 *OLL/FOTUN [ousydoniuiL-9'y'c pasmyuI-cOLL/Y O U ST0Z/Te 12 ABPEX
YHEEN

/331 91qIsia Jopun sjoudydourure o) spouaydoniu-1n
puUe ‘-Ip ‘-0UOW PAdNPaI APUSIJS ‘U0 BUIqUIOIDT

931eyo passaxddns pue ‘eare ooeyIns 1931e] ‘Uondiosqe Y3 [ousydonuin-9yg uonounforsley
[L€] paoueyud pamoys (;_8 ,w ) uonounfora)doy NOJd/*O0Nd  pue ‘oudydoniurp-#¢ ‘[ousydoniN 9pLIIU U0qIed/°QONIg €202/ Te 19 ndyg
sjouaydourwe
Suronpoid 3sAe1ed 91qess ‘A[eanoadsal ¢ _uIw 1094°0 pue
TOTS’0 ‘61S'T =2 UYIM ‘UTW GZ pUe ‘G ‘T UMM NI pue [ouaydonIuLy-9‘4g
[9g] ‘AN ‘dN paonpar (Krurfreis£id Y3y ‘wiu 67) sdN OIN/OND  pue joudydoniuip-z ‘JoudydoniN sopnredouru QIN/OND 1202/ Te 19 nwey

SUOT)IPUOD P[IW Iopun YHIeN
YIM UOIONPAI IN-+°Z 10J AI[Iqess pue K1anoe Y3y moys
[s€] ATm c 0T X8= ) sdNSV pue ATm 0L XVYTT= ) SANNY [ousydonrurq-#z 15ATe18D Se SGNSV pue SgNNVY 810Z/'Te 19 IejeRq[aIdn
FunIwir-o)es SI I19JSULI) UOIII
{pa3oajep serads H-ny Sqyul fON/.f0DH/.,"0OS
[¥€] /YOdCH ‘seouequa _[D ‘S9[0Ad 0T < 9qe[o4da1 ‘A1anoe YSIH [ousydonmuig-#‘c ny %Mz P YN oniydern 6102/ T8 19 UdAN3N

OUdIYY UOIJBAIISQO UIRIA punodwod ja81e], 1srered0joyq Ieak/IoyIny

‘sjouaydoniu jo uononpal dnAreresojoyd ay3 uo yiom payiodey | T ATAV.L

Journal of Chemistry, 2026



once hydrolyzed was adjusted to 9.5 with a 2M solution of
NaOH/Na,CO; (Macron Fine Chemicals 98%/Loba Chemie
98%). The suspension was left to age for 36 h at 160°C to ensure
the formation of the laminas and finally the support was washed
several times with distilled water and dried at 80°C overnight; the
dried material was macerated in an agate mortar until fine and
homogeneous powders were obtained giving rise to the forma-
tion of MgAI-HT.

The solid MgAI-HT was impregnated with NiO with different
percentages by weight of the metal oxide (1, 3, 5, and 10 wt.%).
The support was left stirring in a beaker at 300 rpm with the
nickel precursor for 4 h. The impregnated solids were dried at 80°
C for 6 h and macerated to obtain homogeneous powders. The
materials were labeled NiO/MgAl 1%, NiO/MgAl 3%, NiO/MgAl
5%, and NiO/MgAl 10%.

2.2 | Characterization of Solids

The materials obtained were characterized to determine the
structural, textural, spectroscopic, and compositional properties.
X-Ray diffraction (XRD) was performed in a Rigaku MiniFlex II
diffractometer with Cu K« radiation, in a range of 10°-90° and
with a step increment of 0.05° in 260 using a counting time of one
second. The textural analysis was performed using a Micro-
meritics ASAP 2020 instrument. Before analysis, the samples
were degassed under vacuum (10> mmHg) at 100°C for 16 h to
remove adsorbed surface molecules. The FTIR was performed in
a Thermo Scientific Nicolet iS10 equipment with an ATR cell; the
spectra were recorded in a wave number of 4000 to 400 cm ! with
a nominal resolution of 8cm™'Ultraviolet-visible diffuse re-
flectance spectroscopy (UV-Vis DRS) measurements were car-
ried out on a Varian Cary 100 spectrophotometer equipped with
an integrating sphere. The band gap energy was determined by
identifying the maximum absorption band of each material and
extrapolating the X-axis to the point where Y =0, thereby
obtaining the energies at which absorption occurs in the ma-
terial. The band gap energy was determined by taking the
maximum absorption band of each material and extrapolating to
the x-axis considering y =0. The XPS was made with a JEOL
JPS-9200 instrument equipped with a Mg Ko radiation source
(1253.6 €V). The XPS was operated at an energy of 10 eV with an
X-ray power of 300 W. The displacement for charge correction
was done by adjusting the spectrum with the 284.6 eV position of
the carbon C 1s.

2.3 | Photocatalytic Activity

The monitoring of the photocatalytic reaction in the reduction of
nitroaromatic compounds was carried out in a glass reactor with
a cooling jacket, 200 mL of a 10-ppm solution of the pollutant of
2,4-DNP (Sigma-Aldrich 98%) or 2,4,6-TNP (Sigma-Aldrich 98%),
and 200 mg of Na,SOj; (Sigma-Aldrich 98%) as a sacrificial agent
and 50 mg of catalyst was used and stirred at 800 rpm. Initially,
the mixture was left stirring without exposure to UV light to
ensure adsorption-desorption equilibrium for 30 min. Then, the
suspension was irradiated with a Pen-Ray lamp with UV radi-
ation of 254 nm and aliquots were taken every half hour until
reaching 3 h of reaction. The samples were analyzed in a Thermo
Fisher Scientific spectrophotometer at a wavelength from 190 to
500 nm, to verify the photocatalytic reduction reaction and the
formation of the new product.

3 | Results and Discussion

31 | XRD

The crystallinity of the NiO/MgAl materials (1 wt.%, 3wt.%, 5
wt.%, and 10 wt.%), along with the support, was assessed by XRD.
The resulting diffraction patterns are presented in Figure 1. As
can be seen, all the samples exhibited reflection peaks in 26
characteristics of hydrotalcite-type materials (Ref. Pattern
22-0700, JCPDS) with signals strong (003), (006), (009), (110), and
(113) and reflections a little more broadened in (015) and (018)
planes [39]. The peaks recorded (111)= and (200)= at 26 angles of
37° and 43.1°, respectively, correspond to the cubic structure of
NiO (Ref. Pattern 47-1049, JCPDS) [40]. The sharp signal in the
(003) plane shows the formation of highly crystalline solids [41].
The peak at 20 = 60° does not show any shift in position, which
confirms that the compaction of the crystal lattice is preserved
[42]. A hydromagnesite phase can be found in the XRD patterns
[43, 44]; this phase might be due to precipitation before the
complete formation of the hydrotalcite.

The lattice parameters, a and c, were determined from reflections
(110) and (003), respectively, as a = 2d(110y and ¢ = 3dgo3). These
lattice parameters are associated with the distance between the
metal cations (d(;10)) and the interlaminar distance or basal space
(d(oo3y)- The a parameter can vary depending on the ionic radius
within the brucite-type structure, while the ¢ parameter is
influenced by the exchangeable anion present in the interlayer
region [45]. According to the data shown in Table 2, the lattice
parameters a and c are at values between 3 and 23 A, respectively,
showing a good fit to hydrotalcite-type materials in which the
carbonate ion is present in the interlaminar region [46].

The a lattice parameter remains unchanged for both the MgAl-
HT support and the NiO/MgAl solids, which suggests that the
distance between cations remains, and in the brucite-like
structure, the divalent and trivalent cations of Mg>* and AI**
are present. Similarly, it is observed that the ¢ parameter does not

Intensity (cps)

20 (%)
—— MgAI-HT —— Ni/MgAI 5%
—— Ni/MgAI 1% —— Ni/MgAI 10%
— Ni/MgAI 3%

FIGURE 1 | X-Ray diffraction patterns of hydrotalcite MgAl-HT,
NiO/MgAl 1wt.%, 3wt%, 5wt% and 10wt.%. Hydromagnesite
Mgs(CO3)4(OH),.4H,0.
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TABLE 2 | Crystallite size and lattice parameters for synthesized materials.

Lattice parameters

Crystallite size (nm) Crystallite size (nm)

Solid a (nm) ¢ (nm) hydrotalcite NiO dz90)-
MgAIl-HT 0.305 2.3165 13.32 —
NiO/MgAl 1% 0.305 2.3156 13.42 12.13
NiO/MgAl 3% 0.305 2.3063 12.92 12.95
NiO/MgAl 5% 0.305 2.3059 11.05 11.99
NiO/MgAl 10% 0.305 2.3078 9.43 11.66

present a modification, which suggests that the carbonate ions
remain in the interlaminar region.

The crystal size was determined using the Debye-Scherrer equation;
the values obtained for the planes characteristic of lamellar ma-
terials and for NiO in the (200) specific plane are shown in Table 2.
The average crystallite size for the hydrotalcite signals shows a small
decrease in the solids with 3%, 5%, and 10% of NiO compared with
the support. The decrease in crystallite size is related to the lower
crystallinity that occurs in materials with higher NiO content [47].
The higher nucleation rate compared to the crystal growth rate
could be responsible for the low crystallinity [48]. In the case of the
NiO/MgAl photocatalysts, it is observed that the crystallite sizes
measured in the (200)x plane for NiO are similar in each of the
materials, possibly due to the impregnation synthesis method.

3.2 | Fourier Transform Infrared Spectroscopy
(FTIR)

In Figure 2, the FTIR spectra of the NiO/MgAl show the different
signals of the characteristic functional groups of hydrotalcite-
type materials. A vibration band, centered at 3485 cm™, is
assigned to the stretching and deformation vibrations of the -OH
groups present in the brucite-type layers [49]. A shoulder of
about 3030cm™" is evidenced in all the materials, due to the

interaction of the H,O of the intermediate layer and the

1502 cm™!

1650 cm, | 1366 cm’!

- 3450 cm™

669 cm™

="-- 771 cm"

~b--d--o--l-- L3030 cm

Transmittance

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

— MgAI —— NiO/MgAI 5%
— NiO/MgAI 1% — NiO/MgAI 10%
— NiO/MgAI 3%

FIGURE2 | FTIR spectra of the synthesized solids of MgAI-HT, NiO/
MgAl with 1 wt.%, 3wt.%, 5wt.%, and 10 wt.%.

carbonate ions [50]. The vibration bands at 1502cm™" are at-

tributed to the antisymmetric stretching vibrations of the O-C-O
bonds or the adsorption of free monodentate CO;* species.
These CO;~ species also present two bands of weak out-of-plane
vibration with symmetry v1 and v4, approximately at 1366 and
669 cm ™1, respectively [51, 52]. The band at 1650cm™" was
assigned to the -OH deformation mode of the water molecules in
the interlaminar region [53]. All materials present a vibration
band at 771 cm ™!, which is characteristic of the vibrational mode
of the AI-OH interaction [54]. On the other hand, nickel oxide
presents vibrations between 700 and 400 cm™*, vibrations typical
of the M-O bonds, centered at 565 cm™*. Another band at 553
cm™! is characteristic of the vibration modes of the hydroxyl
groups influenced by the trivalent metal [41].

3.3 | Physisorption Analysis

Figure 3 shows the adsorption—desorption isotherms of N, of the
materials studied. The adsorption-desorption isotherms of NiO/
MgAl with 1wt.%, 3wt.%, 5wt.%, and 10wt.%. of the semi-
conductor correspond to type IV isotherms characteristic of
mesoporous materials with a hysteresis loop H3 typical of laminar
solids or in the form of slit according with the ITUPAC classification
[55]. As seen in Figure 3, the closing point of the hysteresis loops
and the porosity of the materials remained relatively unchanged,
implying a similarity in texture in all samples.

Table 3 shows the specific surface area, pore volume, and pore size
distribution of the catalysts. Based on the reported data, it can be
confirmed that the solids are mesoporous materials, with pore
sizes ranging from 2 to 50 nm [56]. In addition, this result suggests
that the addition of NiO does not increase the pore size. Therefore,
a decrease in the specific surface area and the pore volume is not
generated [49]. The latter remains unaffected by the increase in
semiconductor content, with all materials exhibiting values
around 0.11-0.13 cm3/g. In Table 3, it is possible to observe that
there is no modification in the distribution of the pore size and in
the specific surface area, which may be because there is no
presence of agglomerations in the samples after impregnation
compared to the NiO precursor [57]. The hydrotalcite-type ma-
terials present a high dispersion of the divalent and trivalent
metals in the brucite-type laminar, in this case, Mgt and AI**,
respectively. This orderly and uniform structure allows in some
way a uniform dispersion of the active species as NiO [58].

3.4 | UV-Vis DRS

The UV-Vis DRS spectra were evaluated to determine the ra-
diation absorption threshold and the optical properties of the
materials. Figure 4 shows the UV-Vis DRS spectra of the NiO/
MgAl materials with 1 wt.%, 3 wt.%, 5 wt.%, and 10 wt.%, showing
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FIGURE 3 |

a broad absorption band in the wavelength range between 190
and 350 nm, which indicates that the materials have photo-
absorption properties. It is observed that as the NiO content in
hydrotalcite increases, the signal intensity also rises, likely due to
greater photon absorption in the material [59]. The presence of
NiO causes light absorption to begin around 350 nm, in contrast
to MgAIl-HT. Furthermore, it can be seen that the NiO/MgAl
solids show a similar spectral profile. This behavior may be due to
a possible coating of the MgAl support with NiO particles, which
acts as an optical filter [60].

Besides, as can be seen in Table 3, as the content of NiO in the
material increases, the bandgap energy (Eg) does not vary
greatly due to the surface coating of MgAl-HT by NiO [61]. The
addition of nickel oxide to hydrotalcite causes a slight decrease
in the Eg, being lower for NiO/MgAl at 1 wt.% and 10 wt.% (4.73
and 4.78 eV, respectively). This decrease in this property could
be related to a greater ease in the passage of electrons from the
VB to the CB, which could favor the photocatalytic reduction
reaction.

70 4
60 1
50 1
40 1
30 4
20 4
10 -
0

Adsorbed quantity (cm3/g)

00 02 04 06 08 1.0
Relative pressure (P/Po)

B NiO/MgAI 10%

Nitrogen adsorption-desorption isotherms of MgAI-HT, NiO/MgAl with 1wt.%, 3 wt.%, 5wt.%, and 10 wt.% of the semiconductor.

The correlation between NiO content and the band gap observed
in the UV-Vis DRS spectra can be attributed to the introduction
of Ni**-related states within the electronic structure of the MgAl-
HT support. At low NiO loadings (NiO/MgAl 1%), well-dispersed
Ni** ions interact with the host lattice, generating interfacial
charge transfer states and defect levels that reduce the optical
band gap from 5.41 to 4.73eV. This effect enhances photon
absorption at longer wavelengths (closer to 254 nm UV-C exci-
tation with Pen-Ray lamp with UV radiation of 254 nm), which in
turn improves photocatalytic activity. However, as the NiO
content increases (NiO/MgAl 3%-5%), the band gap tends to
widen again (~5.06-5.18 eV). This behavior can be explained by
partial aggregation of NiO clusters, which reduces the effective
electronic interaction with the MgAl matrix and limits the
density of defect states that contribute to band gap narrowing. At
higher loadings (NiO/MgAl 10%), the band gap narrows once
more (4.78 eV), most likely due to the predominance of bulk-like
NiO domains that reintroduce localized states near the CB edge.
Nevertheless, these larger NiO clusters simultaneously act as
recombination centers, which counterbalances the optical

TABLE 3 | Experimental data of the textural and spectroscopic properties of MgAI-HT and NiO/MgAl materials.
Specific surface area Pore volume Pore size

Photocatalysts Sger (M*/g) (cm®/g) distribution (nm) Eg (eV)
MgAIl-HT 28 0.11 15.43 5.41
NiO/MgAl 1% 29 0.12 15.05 4.73
NiO/MgAl 3% 27 0.13 17.55 5.18
NiO/MgAl 5% 30 0.11 13.99 5.06
NiO/MgAl 10% 31 0.11 13.32 4.78
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FIGURE 4 | UV-Vis diffuse reflectance spectrum of MgAl-HT, NiO/MgAl solids in wavelength and energy.

benefit and diminishes photocatalytic efficiency. Therefore, the
UV-Vis DRS results indicate that the degree of band gap nar-
rowing is not linear with NiO content, but rather depends on the
dispersion-aggregation balance of NiO species on the MgAl
surface.

The higher Eg values (5.41-4.73 eV) compared to bulk NiO and
MgAl hydrotalcites arise from a combination of nanostructuring,
surface/interface effects, and methodological factors. In partic-
ular, crystallite size reduction, cation substitution, and reduced
defect density can shift the absorption edge toward higher en-
ergies, yielding wider optical band gaps than those reported for
the bulk reference phases.

3.5 | X-Ray Photoelectron Spectroscopy (XPS)

The XPS analysis shows that the BE of Al 2p appears at 74.2 eV,
corresponding to the aluminum hydroxides present in the brucite-
type lamellar with an octahedral coordination [41]. In the case of
Mg 2p, the signal at 50 eV corresponds to magnesium hydroxides.

Figure 5 shows the Ni 2p XPS spectra of the solids of NiO/MgAl at
3wt.%, 5wt.%, and 10 wt.% Ni surface species which were not
detected in NiO/MgAl 1%. The signal of Ni 2p;,, at about 855.8 eV
could be attributed to NiO with a satellite peak at ~861eV.
NiOOH surface species appear at 857 €V in the catalyst with the
highest loading of NiO. The formation of nickel oxyhydroxide has
been associated with the spectra Ols (did not show).

The photocatalytic behavior of the synthesized NiO/MgAl ma-
terials is closely related to their band structure. The VB position
of the photocatalysts was determined by XPS, obtaining the
corresponding values for the four Ni-containing solids and for the
MgAl support, as shown in Table 4. Similarly, the CB position
was calculated using the equation: E.5 = Eyp — Eg.

The VB value for the MgAl support was 2.24 eV, which is con-
sistent with that reported by Pifia-Pérez et al. [62]. After the
incorporation of nickel, this value decreased, probably due to the
insertion of the metal into the support structure. Based on these
results, a band structure diagram was constructed for the ma-
terials, also including the HOMO and LUMO energy levels of the
studied organic molecules (Table 4).

According to this diagram (Figure 6(a)), a higher adsorption
capacity of the contaminant species can be inferred for the NiO/
MgAl 1% photocatalyst, since its VB is closer to the LUMO level
of the 2,4-DNP and 2,4,6-TNP molecules (Figure 6(b)). This
suggests that this material exhibits a more favorable behavior for
the reduction of organic pollutant compounds.

Intensity (a.u)

866 864 862 860 858 856 854 852 850
Binding energy (e.V)

FIGURE 5 | Ni2p XPS spectra of the solids of NiO/MgAl at 3 wt.%, 5
wt.%, and 10 wt.%.
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TABLE 4 | Values of Eg, VB, and CB of material.

Photocatalysts Eg (eV) VB (eV) CB (eV) 2,4-DNP (eV) 2,4,6-TNP (eV)
MgAI-HT 5.41 2.24 —-3.17 LUMO HOMO LUMO HOMO
NiO/MgAl 1% 4.73 1.51 —-3.22
NiO/MgAl 3% 5.18 1.73 -3.45

. —10,517 0.129 —11,367 —0.640
NiO/MgAl 5% 5.06 23 -33
NiO/MgAl 10% 4.78 1.7 -3.08

Note: Values of Eg, valence band (VB), and conduction band (CB) of materials.
Abbreviations: CB, conduction band; VB, valence band.

3.6 | Evaluation of the Photocatalytic Activity

The progress of the photocatalytic reduction of nitroaromatic
compounds under UV irradiation was monitored using UV-Vis
spectrophotometry, scanning in the range of 200-500 nm. The
maximum absorption wavelengths of 2,4,6-TNP and 2,4-DNP
were identified at 354 and 357 nm, respectively. In reduction
reactions, the pH of the solution plays a crucial role, as it in-
fluences the chemical form of the nitroaromatic compounds. The
feasibility of electron transfer is strongly influenced by the pH of
the solution. Nitrophenol remains stable under acidic conditions,
with measured pH values of 4.38 for 2,4-DNP and 4.549 for 2,4,6-
TNP. Under alkaline conditions, however, the formation of the
nitrophenolate ion intermediate is favored. This species arises
from the deprotonation of nitrophenols in basic media, and its
formation is further promoted by the addition of Na,SO;. After
introducing this sacrificial agent, the pH increased to 9.39 for 2,4-
DNP and 8.83 for 2,4,6-TNP. It is also noteworthy that LDHs are
inherently basic materials; consequently, upon addition of the
NiO/MgAl 1% photocatalyst, the pH rose slightly further to
10.043 and 10.019 for 2,4-DNP and 2,4,6-TNP, respectively, and
remained stable throughout the reaction. For both DNP and TNP
reactions, the absorption spectra exhibit a band in the 200-250
nm range (Figure 7) which can be attributed to the presence of
sulfite ions (SO;%7) [63] as well as 7 —> 7= transitions of the
aromatic groups [64].

The absorption bands that were followed in the course of the
reaction were at 354 and 357 nm for 2.4,6-TNP and 2,4-DNP,
respectively, considering that the reduction was carried out in the
presence of the sacrificial agent Na,SO;, which allows the
obtaining of the respective nitrophenolate ions.

34 @ *® ! ? ® B
o = % % 3
215 8 o= g &
— <f n n
<t ~ ~ ~ ~
E 114 ® R R S
m 2 — on wn —
m — — — -
z 013 S| B 3
2| 2 =2 2
14 S S sl o
= = = 2] vB
Zza Z| Z| Z|
2+ ) l
(a)

In Figure 8, it can be seen that the bands at 357 and 354 nm for 2,4-
DNP and 2,4,6-TNP, respectively, gradually decrease as the re-
action time increases, showing a transformation of the reactants.
In the case of TNP, it is observed that this decrease in the signal is
accompanied by the appearance of a band close to 275 nm that
corresponds to the formation of the respective aminophenol,
obtained from the photocatalytic reduction of TNP. In addition, in
the reduction of TNP, two isosbestic points around 280 and 313 nm
are evidenced, which indicate the equilibrium between the reagent
and the product, suggesting the formation of the respective
aminophenol as the only reaction product [65].

In the photocatalytic activity for the reduction of 2,4-DNP, a dimi-
nution in the band at 357 nm is observed, showing a decrease in the
concentration of the contaminant. In the same way, at 30, 60, and
90 min of reaction, the formation of two signals around 260 and 424
nm is evident, which corroborate the formation of the 2,4-DNP ion
in the solution. However, after 90 min, these signals decrease as the
reaction progresses, confirming the reduction of the contaminant
[35]. The formation of diaminophenol was confirmed at 303 nm,
with a slight increase in the signal at this wavelength. Furthermore,
the presence of 2-amino-4-nitrophenol as an intermediate can be
ruled out, since its characteristic signals at 248.50, 355.94, and
383.71 nm are not observed [66].

The monitoring of photocatalytic activity using UV-Vis
spectroscopy allowed for the evaluation of the reduction of
substituted nitroaromatic compounds (Figure 9). During
the reactions, an initial period of 30 min was observed,
during which the adsorption-desorption equilibrium was
established in the absence of UV radiation. In this phase,
a greater decrease in concentration was evident when using

0. 129 eV —O 640 eV

]
o . .3‘{ HOMO
’ 3 LUMO

-11.367 eV

g.—m 517 eV

2,4-DNP 2,4,6-TNP

(b)

FIGURE 6 | (a) Band structures diagram; (b) schematic diagram of LUMO and HOMO of 2,4-DNP and 2,4,6-TNP.
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FIGURE 7 | UV-Vis absorption spectra of dinitro- and trinitrophenol used NiO/MgAl 1%.

the NiO/MgAl 1% catalyst. After the adsorption period, the
Pen-Ray lamp was turned on, initiating the photocatalytic
activity. In the case of 2,4-DNP reduction, the NiO/MgAl 3%
and 10% catalysts exhibited similar activity, while the NiO/
MgAl 5% catalyst showed the lowest reduction. The most
active photocatalyst for the reduction of 2,4-DNP was the NiO/
MgAl 1% material.

The reduction of 2,4,6-TNP indicates that photolysis does not
lead to a decrease in pollutant concentration; instead, an increase
in relative concentration is observed. This apparent increase may
be attributed to the formation of intermediate products rather
than the actual reduction of TNP. The NiO/MgAl solids with 1
wt.% and 3 wt.% exhibit the highest photocatalytic reduction of
TNP. It can be inferred that the superior activity of the 1%
semiconductor material in the photocatalytic reduction of both
2,4-DNP and TNP is due to its lower Eg.
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To compare and evaluate the efficiency of the photocatalytic
reduction system of 2,4,6-TNP, three reactions were carried
out. Figure 10(a) shows the reaction using only the NiO/MgAl
1% catalyst. In this case, it is observed that the presence of the
photocatalytic material promotes the degradation of the
compound but not its reduction. This is evidenced by the
decrease in the absorption band at 354 nm, without the ap-
pearance of isosbestic points or an increase in the signal at 275
nm. Additionally, the signal around 200 nm also decreases,
confirming that the predominant process is the degradation of
2,4,6-TNP.

In the case of Figure 10(b), the reduction reaction was carried out
using only Na,SO;. Although a partial reduction of the target
compound is observed, the efficiency of the process significantly
improves when both the catalyst and the sacrificial agent
are added.

Absorbance

250 300 350 400 450 500

Wavelength (nm)
--- 2,4,6-DNP —— 90 min
—— Adsorption —— 120 min
—— 30 min —— 150 min
—— 60 min —— 180 min

FIGURE 8 | Progress of reduction reaction of 2,4-DNP and 2,4,6-TNP using NiO/MgAl 1% as photocatalysts.
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FIGURE 9 | Photocatalytic activity of the synthesized materials in the reduction of (a) 2,4-dinitrophenol and (b) 2,4,6-trinitrophenol.

In Figure 10(c), the reaction is shown using sodium bromate
(NaBrOs) as an electron scavenger. In this case, the presence of
the sacrificial agent inhibits the reduction reaction, as it pre-
vents the photogenerated electrons from participating in the
formation of aminophenol. Additionally, the simultaneous
presence of Na,SO; prevents degradation from occurring
through the photogenerated holes. This final reaction confirms
that the reduction of 2,4,6-TNP indeed proceeds via photo-
generated electrons.

To evaluate the efficiency of the photocatalysts, a kinetic study
was carried out using the following equation:

C
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FIGURE 10 | (Continued)

where C, and C, are the concentrations of DNP and TNP at time
zero and at time ¢. Furthermore, from the plot of In(C,,/C,) versus
time, it can be concluded that the photoreduction of reactants
follows pseudo-first-order reaction kinetics. The rate constant (k,
in min™') was determined from the plot. Notably, the NiO/MgAl
1% material exhibits a rate constant of 0.0129 min™* for 2,4-DNP
photoreduction and 0.010 min~* for TNP photoreduction. In the
case of TNP, the NiO/MgAl 3% catalyst also shows a good R? fit
and a high rate constant. However, considering that the reduction
percentages for the 1% and 3% solids are 80.75% and 93.73%,
respectively, the two best values are relatively close (Table 5).

It is important to note that photoreduction involves two pro-
cesses. First, in a basic medium, after the addition of Na,SOs;, the
phenolate ion is formed. In the second step, this phenolate ion is

Absorbance

200 250 300 350 400 450 500

Wavelength (nm)
--- 2,4,6-TNP —— 90 min
—— Adsorption —— 120 min
(2,4,6-TNP + Na,S0,)
—— 30 min —— 150 min
—— 60 min —— 180 min
(b)
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FIGURE 10 | Evaluation of the reduction of 2,4,6-trinitrophenol using (a) only NiO/MgAl 1%, (b) only Na,SOs3, and (c) NaBrOs, Na,SOs3, and NiO/
MgAl 1%.

converted into aminophenol. According to the results presented
in Table 5, which compares the percentage reduction and rate
constant using the NiO/MgAl 1% material, the reduction follows
the trend DNP > TNP. Additionally, the rate constant in pho-
toreduction decreases as the number of -NO, substituents in-
creases, which can be attributed to molecular hindrance and the
steric effect of these substituents [67].

According to Soumaya and colleagues [71], although NaBH, is
a strong reducing agent in aqueous media, its exclusive use in the
reduction of 2,4,6-TNP to 2,4,6-TAP remains inefficient, as the
reaction progresses slowly due to kinetic barriers. Furthermore,
NaBH, poses additional drawbacks when compared to Na,SO;,
including the potential generation of toxic boron-containing
byproducts [72, 73], lower photostability, stringent re-
quirements for pH and temperature control [74], higher cost, and
restricted availability. For this reason, the present study repre-
sents a valuable contribution to the field of photocatalytic re-
duction of 2,4-DNP and 2,4,6-TNP, by highlighting the potential

of Na,SO; as an efficient, easy-to-handle, and environmentally
safer reducing agent, positioning it as a viable alternative for
sustainable processes of remediation and chemical trans-
formation. Table 6 shows a comparative analysis of the reduction
of nitrophenols using NaBH, as a reducing agent compared to the
work presented that uses Na,SOs.

The representation of the photocatalytic reduction of 2,4-DNP in
the presence of Na,SO; can be observed in Figure 11.

The NiO semiconductor, supported and dispersed on MgAl
hydrotalcite, facilitated the absorption of UV radiation from
the Pen-Ray lamp, leading to the excitation of electrons from
the VB to the CB. In this process, the photogenerated holes in
the VB interact with sulfite ions (SO;>7), generating sulfite
radicals (SO5"7), while the excited electrons are transferred
from the semiconductor to the pollutant molecule (nitro
group), ultimately leading to the formation of aminophenols.
The presence of the sacrificial agent (sodium sulfite) plays
a crucial role in preventing the rapid recombination of charge

TABLE 5 | Kinetic parameters of photocatalytic activity of 2,4-dinitrophenol and 2,4,6-trinitrophenol.
Photoactivity (%) K (min?) R?
Photocatalysts
2,4-DNP 2,4,6-TNP 2,4-DNP 2,4,6-TNP 2,4-DNP 2,4,6-TNP

Photolysis 63.57 — 7.51x107° — 0.97 —
MgAI-HT 28.90 43.99 29%x1073 6x1073 0.99 0.91
NiO/MgAl 1% 86.42 80.75 1.29x 1072 1x1072 0.99 0.97
NiO/MgAl 3% 52.75 93.73 52x107° 1.9%107° 0.97 0.97
NiO/MgAl 5% 47.92 55.39 3.9%107° 58x107° 0.78 0.87
NiO/MgAl 10% 49.79 50.52 47%x1073 49%x1073 0.98 0.89

*Photocatalytic activity of reduction of 2,4-DNP and 2,4,6-TNP after 2 h of exposure to UV light.
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FIGURE 11 | Photocatalytic reduction mechanism of 24-
dinitrophenol.

carriers (electron-hole pairs), enhancing the photocatalytic
efficiency.

3.7 | Reuse of the Catalyst

Once the contaminant reduction reaction was evaluated, a reuse
test of the NiO/MgAl 1 wt.% photocatalyst was carried out for the
reduction of 2,4-DNP and 2,4,6-TNP over three cycles, in order to
assess the stability of the material, as shown in Figure 12. After
each reaction, the photocatalyst was recovered from the solution
and subjected to thermal treatment at 80°C overnight. Sub-
sequently, the resulting laminar material was added to a fresh
solution of each contaminant, and the system was evaluated
under the same conditions described in the experimental section.
As observed, reduction efficiencies of 72% and 68% were achieved
after the third reuse cycle for 2,4-DNP and 2,4,6-TNP, re-
spectively. These results confirm that the solid containing 1 wt.%
NiO exhibits good stability and can be considered a reusable and

Photoreduction (%)

1 2 3
Number of cycles

W 2,4-DNP
H 2,4,6-TNP

FIGURE 12 | Reusability of NiO/MgAl 1% photocatalyst in the re-
duction of nitroaromatic compounds.

promising material for the photoreduction of nitroaromatic
compounds.

4 | Conclusion

Structural characterization by XRD and FTIR confirmed that all
materials preserved the hydrotalcite-like structure with high
crystallinity, even after the incorporation of NiO, whose signals
became evident from 3% loading onwards. Textural analysis
showed a mesoporous type IV structure with H3 hysteresis
typical of layered solids, with no significant changes in surface
area or pore volume, indicating good dispersion of NiO. UV-Vis
DRS spectra revealed enhanced UV absorption and a decrease in
Eg, particularly for materials with 1% and 10% NiO, which fa-
vored photocatalytic activity. XPS analysis confirmed the pres-
ence of Ni*™ (NiO) and, at higher concentrations, the formation
of NiOOH, suggesting complex interactions between the semi-
conductor and the lamellar support. Under UV irradiation, the
photocatalytic reduction of dinitro- and trinitrophenol was most
efficient with the 1% NiO/MgAl material, achieving 86.42% and
80.75% conversion, respectively, following pseudo-first-order
kinetics.
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