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Abstract: This study synthesized NiAl-layered double hydroxide (LDH)/Cu-MOF photocatalyst us-
ing a simple impregnation method involving NiAl-LDH and Cu-MOF. The successful synthesis was
confirmed through Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning
electron microscopy (SEM), zeta potential measurements, thermogravimetric analysis (TGA), ultraviolet
diffuse reflectance spectroscopy (UV-DRS), N, adsorption at —196 °C, and electrochemical impedance
spectroscopy (EIS). Photocatalysts based on NiAl-LDH, Cu-MOEF, and NiAl-LDH/Cu-MOF were used
to remove methyl orange (MO) dye from contaminated water. The impact of various factors, including
pH, dye concentration, and photocatalyst amount, on MO degradation efficiency was assessed. FTIR
analysis was conducted both before and after dye degradation. The optimal degradation conditions were
a photocatalyst dose of 25 mg and a pH of 3. Kinetic studies indicated that the degradation of MO dye
onto NiAl-LDH/Cu-MOF followed a pseudo-first-order and an L-H or Langmuir-Hinshelwood model.
The value of R? = 0.94 confirms the validity of pseudo-first-order and Langmuir-Hinshelwood (L-H)
kinetic models for the photocatalytic degradation of MO dye. This study highlights the importance of
developing novel photocatalysts with improved degradation efficiency to protect the water environment.
Antibacterial activity was also performed with antibacterial sensibility testing by disk diffusion to
determine minimal inhibitory and bactericidal concentrations. In short, NiAl-LDH/Cu-MOF can be
helpful for various biomedical and industrial applications.

Keywords: methyl orange; photocatalytic degradation; layered double hydroxide; metal-organic
framework; water purification; antibacterial

Catalysts 2024, 14, 719. https:/ /doi.org/10.3390/ catal14100719

https:/ /www.mdpi.com/journal/catalysts


https://doi.org/10.3390/catal14100719
https://doi.org/10.3390/catal14100719
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0001-5343-6893
https://orcid.org/0000-0002-2653-1542
https://orcid.org/0000-0003-1886-8687
https://orcid.org/0000-0001-9913-4671
https://orcid.org/0000-0002-9808-4120
https://orcid.org/0000-0001-6694-6139
https://doi.org/10.3390/catal14100719
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal14100719?type=check_update&version=1

Catalysts 2024, 14, 719

2 0f 23

1. Introduction

The main cause of water contamination is the excessive release of non-biodegradable,
harmful dyes through effluents from different commercial sources, such as textile, leather,
printing, food, and pharmaceutical industries, which affects aquatic life [1]. Due to the
massive discharge of waste products, the environment has been severely contaminated,
potentially leading to the deterioration of the ecosystem [2]. According to one report, more
than 10° tons of dyestuff and colors are generated yearly [3]. Numerous methods, such
as chemical, biological, and physical methods, have been used to remove harmful pollu-
tants from the environment. While some techniques for breaking down pollutants have
disadvantages, advanced oxidation processes (AOPs) have become a viable option because
they are cost-effective and less time-consuming. These processes utilize semiconductors
exposed to solar or ultraviolet (UV) light to create electron-hole pairs, which effectively
break down dyes and other pollutants [4]. In other words, electrons excite the conduction
band by imparting the valence or outermost band with holes (h*) [5]. In other words, pho-
tocatalytic oxidation is widely recognized as a highly effective technique for breaking down
dyes. Researchers are particularly interested in the photocatalytic deterioration of harmful
pollutants because of its rapid processing speed, contamination prevention, efficiency,
and hydroxyl radical (OH™)-degrading properties in eliminating organic contaminants [6].
During photocatalysis, a suitable light energy is utilized to activate the catalyst particles to
generate electron-hole pairs, which further yields very reactive radicals such as O,*~ and
OH species [7].

Recent research indicates that layered double hydroxides (LDHs) are recognized as
cost-effective, environmentally sustainable, and readily accessible catalysts for efficiently
removing pollutants from water sources [8]. LDHs (termed as hydrotalcite) or anionic
clays have the basic formula M(II); _x M(III)x (OH); (A" )y/n X yH20, where M(II) and
M(III) represent the divalent and trivalent metal cations, respectively, A"~ is the interlayer
anion, and x is the molar fraction of the trivalent cations (M(III)) [9,10]. The vast surface
areas, layered structure, and strong ion exchange capabilities of LDHs make them effective
photocatalysts for pollutant deterioration [11]. Similarly, nanoscale porous materials are
widely employed in various environmental protection activities, such as removing dyes
from the environment.

Porous materials, also called coordination polymers or metal-organic frameworks
(MOFs), have attracted significant interest because of their extensive surface area, in-
creased stability, customizable pore size, available metal sites, and orderly crystalline
structure [10,12,13]. MOFs have metals linked to the organic linker or ligand by a strong
coordination bond. Owing to their structural stability and properties, such as large surface
area, controllable function and structure, and accessible active sites, MOFs have gained
tremendous attention in photocatalysis. They can be utilized as alternative photocatalysts
for deteriorating pollutants from the wastewater environment [14]. In many studies, Cu-
MOFs have been employed as efficient photocatalysts because of their large area of the
outermost layer and high permeability [15]. Recent research on dye degradation has used
only LDHs or MOFs, but no research has been reported using their composites. LDHs are
significant building blocks for manufacturing LDH-metal composites because the metal
atoms on their surface have linkage sites that serve as activation areas for directed epitaxial
growth and nucleation [16]. Separately, MOFs and LDHs are not considered effective
photocatalysts for the deterioration of harmful pollutants due to significant bandgaps, poor
water stability, and less charge separation [17]. The combination of NiAl LDH’s ability to
generate ROS and Cu-MOF’s efficient light absorption and electron transfer can lead to a
more effective photocatalytic system. The structural stability of NiAl LDH can help main-
tain the strength of the overall photocatalytic system. Cu-MOF simultaneously contributes
to a sizeable uppermost layer area and improves light absorption. The complementary
properties of NiAl LDH and Cu-MOF might enable the photocatalyst to work efficiently
under a broader spectrum of light and for a more comprehensive range of dyes. Ghayah M.
Alsulaim synthesized BaTig 9sCug 02X0.0203 (X =V, Nb) photocatalyst for the degradation of
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methyl blue and methyl green dye under sunlight and xenon lamp irradiation and achieved
94% and 97% efficiency within 90 and 60 min, respectively [7]. The fabrication and design
of highly active photocatalysts for achieving desirable and efficient removal of pollutants
are necessary; therefore, here, in this study, the NiAl LDH/Cu-MOF composite is expected
to represent a powerful approach for the photocatalytic degradation of pollutants due
to their combined benefits of high outer layer area, efficient light absorption, and strong
redox capabilities. This makes them promising candidates for environmental remediation
applications, particularly in treating wastewater containing organic dyes.

So, in this study, the NiAl-LDH/Cu-MOF composite was prepared directly from
NiAl-LDH and Cu-MOF using a thermal impregnation method. We conducted a combined
analysis of the effects of the NiAl-LDH/Cu-MOF composite with significant photocatalytic
and light-harvesting properties. As a result, the comparative potential of NiAl-LDH/Cu-
MOF was studied to degrade MO dye. The % removal of MO dye for each prepared
photocatalyst was conducted using an ultraviolet-visible spectrometer. The impact of pH,
catalyst amount, dye quantity, process time, and the effect of HO, on MO degradation
was studied. Kinetics models were utilized to analyze the mechanisms involved in photo-
catalytic degradation. Additionally, the reusability of NiAl-LDH/Cu-MOF was assessed
to determine its potential for cost-effective photodegradation. Antibacterial activity was
also performed with antibacterial sensibility testing by disk diffusion to calculate minimal
inhibitory concentration (MIC) and minimum bactericidal concentration (MBC). The high
antibacterial potential of NiAl-LDH/Cu-MOF is due to its narrow bandgap.

A narrow bandgap increases a photocatalyst’s antibacterial activity by allowing it to
absorb more light, generate more reactive oxygen species, and separate charge carriers
more efficiently [18]. These factors collectively enhance the photocatalyst’s ability to destroy
microorganisms effectively, especially when exposed to light sources, including visible
light [19]. Such photocatalysts can be incorporated into coatings for surfaces in hospitals,
public spaces, or homes to provide self-cleaning and antibacterial properties [20].

2. Results and Discussion
2.1. FTIR Analysis

FTIR is the best and most effective method for detecting functional groups in the
sample. Figure 1 shows Cu-MOF spectra, where the vibrational bands at 1396 cm™!
and 1596 cm ! correspond to COOH-asymmetric and -symmetric stretching coordination
from terephthalic acid (BDC), respectively. The vibrational frequencies at 734 cm~! and
1020 cm ™! are narrow and weak, indicating the C-H bending (5) and C-H stretching ()
vibrations of aromatic rings present in BDC, respectively [21,22]. These peaks signify the
presence of the organic ligand in the sample. The phenyl ring vibrations are evidenced
by 1505 cm~! and 775 cm ™! bands. The aliphatic C-H asymmetric stretching vibrations
of dimethylformamide are attributed to the peak at 2924 cm~! [15]. The band in the
3400-3600 cm ! range is due to the hydroxyl group present in carboxylic acids or maybe
due to crystallized water.

The presence of a broad band at 3300-3600 cm ! is attributed to water in the sheets
of NiAI-LDH or the stretching frequencies of the -OH groups in the LDH layers. A
smaller vibrational stretch at 1630 cm ™! is due to H,O molecules bending regions in the
interlayers of NiAl-LDH [23]. The spectrum of LDH primarily consists of three regions: a
band at 1400 cm ™! indicating the vibrations of NO3 ™ ions in the interlayers, a weak band
at 1600 cm~! showing carbonate anions acting as interlayer anions, and small bands at
810cm~1, 671 ecm™1, and 433 cm™! corresponding to metal vibrations, such as M-O and
M-OH vibrations within the LDH lattice [24].

The peak in the 3000 cm~! to 3600 cm~! range is due to the vibrational stretching
of the -OH groups present in the LDH sheets and the H,O molecules in the interlayers
of LDH. The bands observed at 1580 cm ! and 1428 cm ™! correspond to the asymmetric
and symmetric vibrations of the OCO™ groups in the NiAl-LDH/Cu-MOF photocatalyst.
The peak at 867 cm ™! is associated with the stretching frequencies of nitrate ions. The
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Figure 1. FTIR spectra of (a) NiAl-LDH, (b) Cu-MOF, and (c¢) NiAl-LDH/Cu-MOF composite.

2.2. PXRD Analysis

Figure 2 represents the XRD pattern of NiAl-LDH, Cu-MOF, and NiAl-LDH/Cu-
MOF composite catalyst samples; the distinct reflections of all three samples are given
below. Specifically, for NiAl-LDH, the peaks observed at 26 of 11.6°, 24.3°, 32.2°, 46.2°, and
58.7° correspond to (003), (006), (012), (015), and (018) planes, which is well in agreement
with the NiAl-LDH crystal structure reported in PDF# 15-0087 [25-27]. Further, there is a
doublet of (110)—(113) planes within the 26 range of 60-62° that corresponds to the typical
hydrotalcite-like LDH reflections without other crystalline phases. Also in parallel with
the works of others [28-34], the Cu-MOF is characterized by its layer stacking direction,
as the prominent reflections of the (20-1) and (40-2) planes show that these planes are not
parallel to the direction of layer organizing; the flat upper and lower surfaces are bounded
by (20-1) facets [35,36]. Based on Figure 2, it is concluded that the XRD graph of NiAl-LDH,
Cu-MOF, and NiAl-LDH/Cu-MOF composite have distinguishable similarities in terms
of layered crystal structure. These broad peaks might be due to significant interactions
between Cu-MOF and NiAl-LDH.
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Figure 2. PXRD patterns of Cu-MOF, NiAl-LDH, and NiAl-LDH/Cu-MOF composite.
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It was also found quantitatively that the crystallite size was about 41.23 nm using the
Debye-Scherrer formula:
D = kA/BcosO )

The crystallite size in nm is represented by D; k is Scherrer’s constant equal to 0.98;
FWHM is, and 0 is Bragg’s angle.

2.3. Morphology Analysis

Figure 3 shows an SEM image surface displaying the morphology of NiAl-LDH, Cu-
MOE and NiAl-LDH/Cu-MOF composite. Cu-MOF grains are present as small aggregates
on the NiAl-LDH layers. The -OH groups on NiAl-LDH sheet’s surface facilitate the di-
rected attachment of Cu-MOF through heterogeneous nucleation, leading to the organized
growth of individual Cu-MOF grains on the NiAl-LDH surface of the adsorbent [37]. Addi-
tionally, the positively charged metal sites on the NiAl-LDH surface can provide binding
sites for in situ nucleation and guide the growth of Cu-MOFs due to their unsaturated
coordination state [38].

. L : o
SEM MAG: 70.0 kx WD: 16.14 mm 1 1111 MIRA3 TESCAN  SEM HV: 20.0 kV ‘WD: 11.31 mm VEGA3 TESCAN  SEM HV: 20.0 kV 11, L VEGA3 TESCAN
SEM HV: 20.0 kV Det: SE 500 nm SEM MAG: 50.0 kx Det: SE 500 nm SEM MAG: 50.0 kx Det:
Bi: 9.00 Date(midly): 08/27/22  Institute of Space Technology, ISB Date(m/dly): 0908722 Time(h:m:s): 18:20:54 Performance in nanospace Date(m/dly): 10008722 Time(h-m:s): 18:23:30 Performance in nanospace

Figure 3. SEM images of (a) NiAl-LDH, (b) Cu-MOF, and (c) NiAl-LDH/Cu-MOF composite.

2.4. Zeta Potential

Zeta potential measurement is an essential technique for characterizing catalysts, as it
determines the surface charge of a solid sample to its surrounding liquid and helps under-
stand the physical stability of nanosuspensions. Zeta potential, known as the electrostatic
double layer, is measured in millivolts (mVs). The zeta potential’s magnitude shows how
much electrostatic repulsion or attraction exists between particles with similar charges in
dispersion. A high absolute value of zeta potential, whether positive or negative, indicates
electrostatic interactions that help maintain high physical stability. Zeta potential values
usually fall between +100 mV and —100 mV, with values beyond the range of —30 mV to
+30 mV generally indicating sufficient electrostatic force to uphold physical stability in col-
loidal systems. These values were measured at different applied voltages to investigate the
stability of NiAl-LDH, Cu-MOF, and NiAl-LDH/Cu-MOF catalysts, as shown in Figure 4a.
The results obtained were 15.20 mV for NiAl-LDH, —8.75 mV for Cu-MOF, and 1.0 mV for
the NiAl-LDH/Cu-MOF composite. Zeta potential values range between —10 and +10 mV
and are considered neutral. Particles are classified as strongly cationic or anionic if the zeta
potential is larger than +30 mV or less than —30 mV. At pH values above 4, deprotonation
of the COOH groups on the BTC ligand causes the Cu-MOF surface to become negatively
charged at pH 7.4 [39]. The zeta potential value of 1.0 mV for the NiAl-LDH/Cu-MOF
composite indicates strong interactions between NiAl-LDH and Cu-MOF.
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Figure 4. (a) Zeta potential, (b) TGA, (c) DRS, (d) Tauc plot, (e) N, adsorption—desorption isotherm,
and (f) BJH pore size of NiAl-LDH/Cu-MOF composite, Cu-MOF, and NiAl-LDH catalysts.

2.5. Thermogravimetric Analysis

TGA measures how a material’s mass changes with temperature, helping to determine
its thermal stability. For LDH/MOF composites, understanding how these materials
decompose or lose mass at elevated temperatures is crucial for assessing their suitability
for various applications, particularly those involving high temperatures. TGA can provide
insights into the interactions between LDH and MOF components. Changes in the thermal
decomposition profile might indicate the formation of some new bonds or interactions at
the interface of the two materials, which can affect the overall properties of the composite.
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Figure 4b shows the TG plot of Cu-MOF, which exhibits three distinct weight loss stages.
The initial stage, occurring below 200 °C, corresponds to chemically or physically absorbed
H,O loss. The second stage, characterized by significant weight loss between 300 °C and
400 °C, indicates the primary thermal decomposition of Cu-MOEF. Above 420 °C, the third
stage shows Cu-O formation as a degradation byproduct [40].

In the TGA measurements of NiAl-LDH, the weight decrease from 100 °C to 350 °C
is attributed to the evaporation of water from both the internal surface and adsorbed
molecules [41]. The second event, between 210 °C and 450 °C, is related to the breakdown
of hydroxide layers and anions in interlamellar space. This leads to the decomposition of
the layered structure’s NOs ~ ions and concurrent oxide crystallization [42].

The TGA curve of NiAl-LDH/Cu-MOF integrates features from both NiAl-LDH and
Cu-MOF curves. The weight loss from 30 °C to 300 °C is assigned to the dehydration of the
material. The second event, between 300 °C and 400 °C, results from the evaporation of
water during the dehydroxylation of NiAl-LDH layers and the degradation of intercalated
Cu-MOF. The high residue formation indicates successful attachment of MOF to NiAl-LDH
as fillers, enhancing its thermal stability [43].

2.6. UV-Vis DRS Analysis

Ultraviolet-visible diffused reflection spectroscopy (DRS) analysis (Figure 4c,d) was
performed to investigate the NiAI-LDH/Cu-MOF composite synthesis from NiAl-LDH
and Cu-MOF. Additionally, the bandgap value was estimated using Tauc’s plot equation.

who = A(Eg — ho)? 2)

where « is the absorption coefficient, hv is the photon source, A is the constant of proportion-
ality, and Ey is the energy gap [44]. The results show that the bandgap values of NiAl-LDH
(1.91 eV) and Cu-MOF (2.54 eV) are reduced to 1.38 eV in the NiAl-LDH/Cu-MOF catalyst,
confirming the successful synthesis of the material.

The Tauc plot is used to estimate the optical bandgap of materials. Bandgap energy is
a crucial factor in determining photocatalytic efficiency for photocatalysts [45]. A material’s
ability to degrade dyes depends significantly on its bandgap, which dictates the energy
required to generate charge carriers to drive the degradation process [46]. By plotting
(xhv)™ versus hv, the Tauc plot helps identify the bandgap energy. This information is
used to optimize the photocatalytic properties of catalysts, ensuring they have the proper
bandgap to absorb sufficient light and effectively degrade dyes. The Tauc plot is vital in
dye degradation studies because it directly impacts the photocatalytic activity and overall
effectiveness of the material in degrading dyes [47].

2.7. N, Adsorption—Desorption Isotherm

N, adsorption—desorption isotherms provide comprehensive information about pho-
tocatalysts” porous structure and surface area. These data are crucial for understanding
their potential applications, optimizing their performance, and ensuring the consistency
and quality of the material. NiAl-LDH, Cu-MOF, and NiAl-LDH/Cu-MOF composite
adsorption isotherms are classified as type IV, indicating capillary condensation behav-
ior. The Brunauer—-Emmett-Teller (BET) specific surface areas are 15 m?2/ g for NiAl-LDH,
312.5 m?/g for Cu-MOF, and 25 m?/g for NiAl-LDH/Cu-MOF composite. The lower
specific surface area of NiAl-LDH/Cu-MOF compared to Cu-MOF may be attributed to
the pulverization effect during the thermal impregnation process. Increased temperatures
could have destroyed some pores, and internal atoms might have occupied numerous
empty spaces within NiAl-LDH/Cu-MOF, thus reducing the specific outermost layer
area. Figure 4f presents the pore size distributions of NiAl-LDH, Cu-MOF, and NiAl-
LDH/Cu-MOF composite, as measured using the Barrett-Joyner-Halenda (BJH) method
from the desorption branches of N adsorption—desorption isotherms. The most probable
pore diameters are 16.05 nm for NiAl-LDH, 6.05 nm for Cu-MOF, and 19.02 nm for NiAl-
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LDH/Cu-MOF. All these values fall within the mesopore range (2-50 nm). The increase in
pore size for NiAl-LDH/Cu-MOF suggests a mesoporous structure that provides numerous
active sites, potentially enhancing the degradation of the MO dye.

2.8. Reaction Mechanism of NiAl-LDH/Cu-MOF

The EIS curve at the contact interface reflects the working material’s charge transfer
rate and the electrolyte solution. In general, lower resistance leads to a smaller radius for
charge transfer [48]. In Figure 5a, the radius corresponding to the Nyquist circle of the
above sample is NiAl-LDH > Cu-MOF > NiAl-LDH/Cu-MOE. In conclusion, the NiAl-
LDH/Cu-MOF combination not only accelerates the separation of carriers by applying the
p-njunction built-in electric field but also constructs efficient channels for electron transport
to accelerate the transfer of electrons and improve the ability to capture charge.

500 6
(a) —&— NiAl-LDH/Cu-MOF (b) —o—NiAl-LDH/Cu-MOF
—&— NiAl-LDH
400 - ——d— Cu-MOF 8 !IE':,
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Figure 5. (a) The EIS curves of NiAl-LDH/Cu-MOF, NiAl-LDH, and Cu-MOF and (b-d) Mott—
Schottky plots of NiAl-LDH/Cu-MOF, NiAl-LDH, and Cu-MOF.

For a better understanding of the photocatalytic activity of the NiAl-LDH/Cu-MOF,
we studied the conduction and valence band positions of NiAl-LDH and Cu-MOF. The
flat band potentials of n-type NiAl-LDH and p-type Cu-MOF were estimated by the Mott-
Schottky (M-S) as —0.2 V and 1.0 V, respectively. Previous studies have shown that n-type
semiconductor conduction band potential (ECB) is more negative than 0.2 [49] than the
Fermi level at the interface (Efb), and p-type semiconductor valence band potential (EVB)
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is more positive at 0.2 than the Efb [50]. Therefore, the ECB of NiAl-LDH is estimated to be
—0.4 V versus Saturated Calomel Electrode (SCE). Correspondingly, the EVB of Cu-MOF
is 1.2 V versus SCE. The EVB of NiAl-LDH and the ECB of Cu-MOF were determined
from UV-Vis/DRS (Figure 4d) and M-S techniques (Figure 5b,c) by the equation given
as follows:

Eyp = Ecp + Eq ©)

Notably, the M-S findings provided substantial evidence to clarify the mechanism of
electron transfer discussed in this study. The EVB of NiAl-LDH and ECB of Cu-MOF were
calculated as 1.51 V and —1.34 V, respectively. The successful construction of the NiAl-
LDH/Cu-MOF p-n heterojunction can also be confirmed by the “V-shaped” Mott-Schottky
diagram [27], as shown in Figure 5b. More importantly, in comparison with Cu-MOF,
NiAl-LDH/Cu-MOF showcases a negative shift in flat band potential (1.0 — 0.73 V), which
illuminates the upward shifting of Fermi levels of p-type Cu-MOF. Based on the above
analysis, it can be concluded that the construction of the NiAl-LDH/Cu-MOF combination
was successful.

2.9. Mechanism of Deterioration of MO Dye

The deterioration process of MO in an aqueous solution is influenced by the surface
charge of the prepared NiAl-LDH/Cu-MOF composite and the dye molecules, which in
turn depend on the pH values. The particles carry a positive and negative charge below
and above the isoelectric point (IEP). In acidic and basic mediums, the surface charge on the
photocatalyst becomes positive and negative, respectively. In other words, the solution’s
pH is crucial in determining the charge distribution on the particle surfaces. Thus, there is
an interplay between the photocatalyst and the dye molecules, which is also influenced by
changes in pH.

Figure 6 illustrates the electronic band structure and charge transfer mechanism of the
NiAl-LDH/Cu-MOF composite, which depends on the band potentials of NiAl-LDH and
Cu-MOF (1.38 eV, 1.91 eV, and 2.54 eV, respectively). Upon light irradiation, electron-hole
pairs are generated in both NiAl-LDH and Cu-MOF. The separation and transfer of these
photoexcited charges occur due to the difference in the band edge positions of the two
materials [51]. The conduction band (C.B.) of Cu-MOF is lower than the C.B. of NiAI-LDH,
while the valence band (V.B.) of NiAl-LDH is higher than the V.B. of Cu-MOF. This band
alignment facilitates the transfer of excited electrons from the C.B. of NiAl-LDH to the
C.B. of Cu-MOF, reducing the recombination rate of electron-hole pairs. Simultaneously,
holes in the V.B. of Cu-MOF can recombine with electrons in the V.B. of NiAl-LDH, further
enhancing charge separation [52].

This efficient separation of charges leads to the generation of reactive species such as
superoxide radicals (dioxygen anions, O,° ™), hydroxyl radicals (-OH), and holes (h*), which
are responsible for the photodegradation of pollutants. Specifically, the photogenerated
electrons from NiAl-LDH’s conduction band can reduce O, to form superoxide radicals
(dioxygen anions, O,° ™), while holes from the valence band of Cu-MOF can oxidize H,O
to form hydroxyl radicals (-OH) [53].

Under sunlight irradiation, the electrons in the conduction band of NiAl-LDH are
transferred to Cu-MOEF, while the holes left in the V.B. of Cu-MOF participate in oxidation
reactions. The proposed photocatalytic reactions can be described as follows:

Photocatalyst +hv — e- 5 + hJ‘}_B 4)
H,O + h; , — OH +H* (5)
ecp+02— [OF] (6)

H* + [0, ] — HO; (7)

2HO;, — H,0, + O (8)
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H,O0, — 2 OH )
MO Dye + OH' — H,O + CO, (10)

Equation (4) shows that upon light irradiation, the electrons are excited from the
valence band (V.B.) to the conduction band (C.B.), leaving behind holes. The holes in
the valence band react with water molecules, generating hydroxyl radicals (-OH), which
are highly reactive (Equation (5)). The electrons in the conduction band reduce oxygen
molecules, forming superoxide anions (O,e7), as in Equation (6). Protons from the solu-
tion react with superoxide anions to form hydroperoxyl radicals (HO,e), as depicted in
Equation (7). Hydroperoxyl radicals react to produce hydrogen peroxide (H,O,) and oxy-
gen (Equation (8)). Hydrogen peroxide decomposes into two hydroxyl radicals (Equation
(9)). The MO dye molecules are oxidized by hydroxyl radicals and degraded into harmless
products such as CO, and H,O (Equation (10)).

The proposed mechanism demonstrates that the NiAl-LDH/Cu-MOF composite
efficiently separates the photoexcited electron-hole pairs, leading to enhanced generation
of reactive oxygen species (ROS) and thus improving the photodegradation of MO dye.
Figure 6 provides a diagrammatic representation of this process.

Light source

¢ transfer

H,0+CO,+mineral acids

h* transfer

o)

uz(U

H* —— MO—— H,0+CO,+mineral acids

Figure 6. Mechanistic representation of MO dye degradation by the NiAl-LDH/Cu-MOF composite.

2.10. Factors Affecting Degradation Efficiency of MO
2.10.1. Effect of Contact Time

The effect of process time on MO dye removal from aqueous solution using NiAl-LDH,
Cu-MOF, and NiAl-LDH/Cu-MOF composite was examined using UV-VIS spectroscopy
at pH 3 with 25 mg concentration of NiAl-LDH, Cu-MOF, and NiAl-LDH/Cu-MOF com-
posite and 5 ppm dye concentration, as shown in Figure 7a—c. The NiAl-LDH/Cu-MOF
photocatalyst demonstrated a 99% degradation efficiency within 80 min, with a catalytic
amount of 25 mg and a dye concentration of 5 ppm in 30 mL. Under the same conditions,
NiAl-LDH exhibited a 94% removal efficiency, while Cu-MOF showed 82% removal effi-
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ciency. The degradation of MO dye was remarkably swifted for NiAl-LDH/Cu-MOF and
a little less for NiAl-LDH and Cu-MOF compared to NiAl-LDH/Cu-MOF within 80 min.
This high increase in degradation rate with time is assigned to the abundant activation sites
on the catalytic materials readily interacting with the dye [54].
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Figure 7. (a-c) UV-Vis spectra showing the degradation of MO dye by NiAl-LDH/Cu-MOF, Cu-MOEF,
and NiAl-LDH and (d—f) photocatalytic degradation of MO at pH 3, 5, and 7 by NiAl-LDH/Cu-MOF,

Cu-MOF and NiAl-LDH.
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2.10.2. pH Effect

The pH affects the performance of photocatalysts as it influences their surface structure
and chemistry [55]. This impact is mainly due to the charge on the photocatalyst and the
ionic chemistry of the solution. Removal efficiencies of NiAl-LDH/Cu-MOEF, Cu-MOEF, and
NiAl-LDH were examined at various pH values 3, 5, and 7, as shown in Figure 7d—f. In
the dark or before sunlight irradiation, no changes were found in the dye with change
in pH after the addition of the NiAl-LDH/Cu-MOF composite, Cu-MOF, and NiAl-LDH
and the color of the dye does not change, which means that adsorption efficiency is very
low or almost zero [56]. The highest deterioration efficiency for all three composites was
observed at pH 3 [57,58]. But when exposed to sunlight, NiAl-LDH/Cu-MOF exhibit
excellent degradation of MO dye, which can be attributed to the strong electrostatic in-
teraction between the anionic MO dye and the cationic NiAl-LDH/Cu-MOF composite
surface [22,37,59]. As the pH increases toward basic conditions, degradation decreases due
to competition between hydroxyl groups and the sulfonate groups of the MO dye for sites
for binding on the cationic NiAl-LDH/Cu-MOF composite [8]. Additionally, at a higher
pH, electrostatic repulsion between the anionic dye molecules and the negatively charged
upper layer, due to increased OH™ ions on the NiAl-LDH/Cu-MOF surface, should also
be considered [38,60]. Cu-MOF also showed higher removal efficiency at pH 3, which may
be due to its surface charge becoming positive, facilitating interaction with the anionic
MO dye through mechanisms such as electrostatic attraction [15,22]. The prepared catalyst
absorbs H" in an acidic medium, producing a high positive charge that effectively degrades
MO dye.

2.10.3. Initial Dye Concentration Effect

The dye dosage influences the photocatalyst surface’s active sites, affecting the degra-
dation potential. As the initial dye amount enhances, the sites become more saturated with
dye molecules, causing a decrease in the degradation process. The amount of MO dye
plays a crucial role in achieving optimal removal efficiency, depending on the dose, pH,
and process time. It also impacts the overall degradation efficiency.

In the experiment, the photocatalyst dose was fixed at 25 mg. The dye concentration
was 5, 10, 15, and 20 ppm, maintaining a constant time of 80 min, as shown in Figure 8a—c.
In the dark or before sunlight irradiation, no changes were found in MO dye concentration
after the addition of the NiAl-LDH/Cu-MOF composite, Cu-MOF, and NiAl-LDH and
the color of the dye does not change, which means that adsorption efficiency is very low
or almost zero [56]. However, after irradiation with sunlight, the NiAl-LDH/Cu-MOF
composite exhibits maximum degradation efficiency compared to Cu-MOF and NiAl-LDH
at 5 ppm MO dye concentration. Degradation efficiency decreased with increasing dye
dosage, which may be attributed to a reduction in the number of available sites on the
photocatalyst for MO dye degradation [61]. This decrease in degradation efficiency with
higher dye concentrations could also be attributed to more dye particles competing for the
limited sites [62].

At high MO dye concentrations, dye removal efficiency is reduced because insufficient
free active sites accommodate all the MO particles. The amount of dye initially used impacts
the efficiency of photocatalytic degradation because it is linked to the number of active sites
on the surface of the photocatalyst. When the dye dosage is increased, the effectiveness
of removal is decreased, possibly because of the higher amount of intermediates and the
absorption of sunlight by the MO dye in comparison to the NiAl-LDH/Cu-MOF composite,
Cu-MOF, and NiAl-LDH [63].
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Figure 8. (a—c) Photocatalytic degradation of MO at varied dye concentrations (5, 10, and 15 ppm)
by NiAl-LDH/Cu-MOF composite, Cu-MOF, and NiAl-LDH and (d—f) and at varied photocatalyst
concentrations (10, 15, and 25 ppm) by NiAl-LDH/Cu-MOF composite, Cu-MOF, and NiAl-LDH.

2.10.4. Effect of Photocatalyst Amount

The degradation efficiency was studied by increasing the catalyst dose of 10, 15, and
25 mg in a 30 mL solution of 5 x 10~> M MO dye. The results are shown in Figure 8d-f. In
dark or before sunlight irradiation, no changes were found in the MO dye solution after
the addition of different concentrations of the NiAl-LDH/Cu-MOF composite, Cu-MOF,
and NiAI-LDH and the color of the dye does not change, which means that adsorption
efficiency is very low or almost zero [56]. However, after irradiation with sunlight, the
NiAl-LDH/Cu-MOF composite exhibits maximum degradation efficiency compared to Cu-
MOF and NiAl-LDH at a 25 mg concentration. As the amount of photocatalyst enhances,
the degradation ability also increases due to the more significant number of active sites.
This leads to more dye molecules trapped on the photocatalyst surface, resulting in more
considerable degradation. The improved degradation efficiency can be attributed to the
larger surface area available, which increases the number of active sites on the catalyst’s
surface as the photocatalyst dosage increases [64]. Existing literature on the topic indicates
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that an increase in the photocatalyst dose of LDHs may result in the aggregation of the
LDH sheets, reducing the material’s surface area and obscuring active sites [65]. Exceeding
the optimal concentration of photocatalysts results in the complete saturation of active sites.
Consequently, light is scattered rather than penetrating, which leads to decreased efficacy
and eventual deterioration [66].

2.10.5. Hydrogen Peroxide (HyO,) Concentration Effect

The study focused on investigating how the amount of H,O; variation in the range
of 15-20 mmol affected the degradation of dyes, while keeping other factors such as pH,
time, dye, and catalyst concentration constant, as shown in Figure 9a. In the dark or before
sunlight irradiation, no changes were found in the MO dye solution after the addition of
different concentrations of HyO, with the NiAl-LDH/Cu-MOF composite and the color
of the dye does not change, which means that adsorption efficiency is very low or almost
zero [56]. However, after irradiation to sunlight, maximum degradation efficiency was
exhibited by the NiAl-LDH/Cu-MOF composite at a 20 mmol H,O, concentration. It was
discovered that increasing the dosage of H,O, resulted in an intensified deterioration of
dyes because H,O, acts as an oxidizing agent, producing hydroxide radicals (OH™) and
preventing the recombination of electron-hole pairs [67].

HyO, +0," — OH + O, + OH™ (11)
HO; + ecy — OH + OH ™ (12)
H,O, + hv — 20H: (13)
(a) H,O, effect —&—20 mmol % (b)
272 —a— 10 mmol 100 g L
I —4— 15 mmol
0.8 804
. E
=] .
: E 60
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Figure 9. (a) Effect of concentration of H,O, on the degradation of MO dye by photocatalyst NiAl-

LDH/Cu-MOF, (b) Recyclability of NiAl-LDH/Cu-MOF composite for MO dye degradation and
(c) FTIR spectrum of NiAl-LDH/Cu-MOF composite after five cycles.
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2.10.6. Recyclability of the Photocatalyst

The effectiveness of photocatalysts in dye degradation is closely tied to their stabil-
ity and reusability. A high-quality photocatalyst should maintain its catalytic activity
over extended periods and multiple cycles of use [68]. This is because the process of dye
degradation often involves complex reactions that can degrade the photocatalyst or reduce
its activity if not properly managed. Photocatalysts that lose efficiency quickly are less
practical, even if they exhibit high initial performance. Reusability indicates a photocat-
alyst’s robustness and stability [69]. A catalyst that can withstand repeated use without
significant performance loss demonstrates its reliability and effectiveness. This means that
the degradation process remains efficient, ensuring consistent removal of dyes and other
pollutants [70].

The capacity of MO to be degraded by NiAl-LDH/Cu-MOF was tested over five
regeneration cycles (Figure 9b). After the first run, the degradation efficiencies were 99%,
97%, 94%, 89%, and 85%, showing the stable nature of NiAl-LDH/Cu-MOF composite.
The FTIR spectrum (Figure 9c¢) after five cycles validates the stability of composite. Ad-
ditionally, the regeneration of NiAl-LDH/Cu-MOF is reported to be possible with only a
slight and progressive decline in degradation efficacy, indicating an essential eco-efficient
characteristic [71]. The gradual decrease in surface crystallinity during the composite regen-
eration and adding a small amount of pollutant degradation products to the regenerated
materials can account for the decline in degradation values [72]. After the fifth cycle, the
catalyst’s stability decreased, possibly due to the upper layer of the catalyst being poisoned
by adsorbed intermediate substances. These intermediates can take up the active sites
on the catalyst’s surface, leading to a decline in the catalyst’s photocatalytic activity [73].
After the fifth cycle, the decrease in removal efficiency may also be due to photo-corrosion
occurrence due to long-term light irradiation [73].

Photodegradation Kinetics

Two models (pseudo-first-order and Langmuir-Hinshelwood (L-H)) were used to
deteriorate MO dye under sunlight using NiAl-LDH/Cu-MOF, as shown in Figure 10. The
equation for the first-order model can be shown as follows:

Ct

ln(c—0

) = —kt (14)
where C; and C are initial and final concentrations. The pseudo-first-order reaction
degradation rate constant is k. The pseudo-first-order degradation rate constant was
determined by plotting In(C;/Cp) versus time, using MO dye concentrations of 5, 10, 15,
and 20 ppm. The following equation can express the L-H model:

1 1

— = ——— 4+ (C/K 15
Kobs KCKL—H 0 ¢ ( )

where K is the rate coefficient for first-order degradation; K¢ represents the superficial
reaction rate constant in rngL_1 min~!, and Cy and K_; are the initial dye concentration
and the adsorption constant in mg/L and L/mg, respectively. The L-H model was plotted
as a relationship between 1/K,,s and Cy [56].

L-H and pseudo-first-order reactions were observed for the photodeterioration where
K is the rate coefficient for the first-order degradation of MO dye, and the analyzed data
are presented in Table 1 and Figure 10. The data analysis indicates that the experimental
results align with the L-H and pseudo-first-order models.
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Figure 10. (a) Modeling the pseudo first order for the photodegradation of MO dye using NiAl-
LDH/Cu-MOF and (b) variation in the rate constant of reaction with different initial dosages of
MO dye.

Table 1. The data of kinetics for photocatalytic removal of MO dye by NiAl-LDH/Cu-MOF [56].

Initial Concentration

(ppm) R? 1/kps Equation of a Straight Line
5 0.79 1.648 y=-10x 1073 x + 1.648
10 0.73 1.643 y=65x107%x + 1.643
15 0.86 0.726 y=2.0x 1073 x+0.726
20 0.99 0.285 y=72x 107* x + 0.285

Antibacterial Activity

Incorporating antibacterial activity into the NiAl-LDH/Cu-MOF catalyst used for dye
degradation addresses the chemical removal of pollutants and the prevention of bacterial
issues. This dual functionality improves the treatment process’s effectiveness, safety, and
practicality.

The antibacterial activities of NiAl-LDH/Cu-MOF, Cu-MOF, and NiAl-LDH against
Gram positive (Staphylococcus aureus, Enterococcus faecalis) and Gram negative (Escherichia
coli, Pseudomonas fluorescens) bacteria with MIC and MIB concentrations were studied using
the disk diffusion method, as depicted in Figure 11 and supporting information (Table S1).

From the results, it can be inferred that NiAl-LDH/Cu-MOF achieved the maximum
MIC concentration with Gram negative bacteria (E. coli) rather than Gram-positive bacteria,
as shown in Table S2. The thickness of the cell walls of bacteria can explain the interaction
between bacteria and NiAl-LDH/Cu-MOF. The thickness range for Gram-negative and
Gram-positive bacteria is 5-10 nm and 20-80 nm, respectively. Gram-positive bacteria
have thick single-cell walls with peptidoglycan layers. In contrast, Gram-negative bacteria
have double-thin lipopolysaccharide and peptidoglycan layers. The NiAl-LDH/Cu-MOF
composite can change the structure of cell walls by enhancing diffusion into the intracellular
space, ultimately resulting in cell death. The findings indicate that Gram-negative bacteria
are more vulnerable to the NiAl-LDH/Cu-MOF composite due to their positive charge,
enabling a more effective interaction with cell membranes than Gram-positive bacteria.
Comparable results can be found in the existing literature [74-76].
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Figure 11. Antibacterial activity of NiAl-LDH/Cu-MOF composite, Cu-MOEF, and NiAl-LDH catalyst.

3. Experimental Section
3.1. Materials and Synthesis Methods

Nickel nitrate hexahydrate (Ni(NOj3);-6H>0) and aluminum nitrate nonahydrate
(AI(NO3)3-9H,0) with 99% purity were purchased from Sigma-Aldrich (Saint Louis, MO,
USA); sodium hydroxide pellets (NaOH), copper acetate hydrate (Cu(OAc),-xH,0O), and
terephthalic acid (C¢H4(CO,H),) with 98% purity were purchased from Sigma-Aldrich;
N-hexane, N,N-dimethylformamide, and copper nitrate trihydrate (Cu(NO3),-3H,0) with
99% purity were purchased from Sigma-Aldrich. Methyl orange dye (C14H14N3Na035S)
with 85% purity was purchased from Sigma Aldrich.

3.2. Preparation of NiAl-LDH

The co-precipitation approach was chosen to synthesize NiAl-LDH [77]. Nitrate salts
of nickel and aluminum were mixed in a 3:1 molar ratio with deionized (DD) water and
continuously agitated to form a homogeneous mixture. Gradually, 2 N NaOH solution
was added to the above mixture with steady stirring at 60 °C to maintain the pH of the
solution at 10. The blend was placed on a hot plate with continuous stirring for 15 h. The
greenish-colored precipitate was collected by centrifugation after the complete reaction.
The newly synthesized photocatalyst underwent multiple rounds of rinsing with deionized
water to eliminate contaminants until the pH of the solution attained a stable level. Finally,
the NiAl-LDH was dried at 80 °C for 10 h and then converted into powder using a mortar
and pestle.

3.3. Synthesis of Cu-MOF

Two mmol Cu(OAc);-xH,0O and 1 mmol of terephthalic acid were added in 10 mL
of water and 10 mL of N-hexane, respectively. A few drops of triethylamine were added
to the terephthalic acid solution to increase solubility. The two prepared solutions were
thoroughly mixed and refluxed for 2 h. The resulting precipitates were centrifuged for
5 min at approximately 6000 rpm. The precipitates (Cu-MOF) were washed with ethanol
and repeatedly rinsed with water before drying in an oven at about 70 °C.

3.4. Synthesis of NiAl-LDH/Cu-MOF Composite

NiAl-LDH/Cu-MOF composite was synthesized using a simple thermal impregnation
strategy. First, 20 mmol of Cu-MOF was mixed with a certain quantity of distilled water
and sonicated for 20 min. The previously synthesized NiAl-LDH was then added to
the suspension, which was sonicated for 20 min and then heated at 70 °C for 2 h. The
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solution was then cooled, filtered, and rinsed with alcohol to remove residual materials.
The resulting greenish-blue product was dried and pulverized to obtain a fine powder
designated as NiAl-LDH/Cu-MOF composite.

3.5. Photocatalytic Degradation Experiment

The reaction was initiated to evaluate the influence of dye amounts, pH, catalyst
conc., and reaction time on the percentage degradation of MO dye using three prepared
photocatalysts: NiAl-LDH, Cu-MOF, and NiAl-LDH/Cu-MOF composite. For this study,
30 mL of a 5 ppm MO dye solution in water was mixed with 25 mg of photocatalyst, stirred
at room temperature for about 30 min to achieve adsorption/desorption equilibrium, and
then exposed to sunlight. Absorbance was noted at 460 nm using a UV-visible spectrometer
before and after sunlight irradiation. The removal efficiency was calculated using the
provided formulas [78,79].

Co—Ce
Cn

Co and C, represent the initial and equilibrium concentrations of MO dye in mg/L,
respectively.

To investigate the effect of pH, solutions with pH ranges of 2 to 12 were prepared
using 1 N NaOH and HCI, with the amount of photocatalyst kept constant at 25 mg in each
case. To study the time effect on MO deterioration, 30 mL of dye solution with 25 mg of
photocatalyst was used and absorbance was monitored over time, showing a continuous
degradation curve from maximum to minimum absorbance intensity. For evaluating the
effect of dye concentration, solutions with dye concentrations of 5, 10, 15, and 20 ppm were
used while keeping the amount of photocatalyst constant. The amounts of photocatalyst
were 10, 15, and 25 mg while using a 5 x 107° M dye solution. The impact of H,O,
concentration was conducted within the 15-20 mmol range. All these parameters were
studied before and after sunlight exposure.

R =

x 100 (16)

3.6. Reusability of the Photocatalyst

The reusability of photocatalysts is paramount from an environmental perspective.
Photocatalysts are substances that facilitate the degradation of pollutants by generating
reactive species under light irradiation [80]. Traditional dye removal methods often involve
using large quantities of chemicals or physical adsorbents that are either not recyclable
or used only once [81]. In contrast, a reusable photocatalyst can repeatedly perform
its function, significantly reducing the need for new materials and minimizing waste
generation. This aligns with the principles of sustainable development, which advocate for
the efficient use of resources and the reduction of environmental impact [82,83].

To assess the regeneration of the NiAl-LDH/Cu-MOF composite, a series of degrada-
tion processes were conducted on the prepared sample under sunlight and an MO dosage
of 25 mg/L. This process was performed five times, and the degradation efficiency for each
cycle was determined.

3.6.1. Antibacterial Study

In water treatment systems, bacterial growth on the surface of catalysts (biofouling)
can reduce their effectiveness. Antibacterial properties help prevent or minimize biofouling,
ensuring the catalytic activity remains high over time. By controlling bacterial contamina-
tion, the performance and longevity of the catalyst are preserved, leading to more reliable
and sustained degradation of pollutants [84,85].

The methodologies utilized in the bioassays were meticulously crafted, adhering to
the esteemed standards of the Clinical and Laboratory Standards Institute (CLSI). These
standards, widely recognized and utilized by disk diffusion methods (M7-A7) and for
Antibacterial Agents Sensitivity Tests M2-A8 for Sanitary Surveillance from the National
Agency (Anvisa), were followed in this research for compound solubilization by using
organic solvents.
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3.6.2. Minimal Inhibitory Concentration (MIC)

MIC was examined with utmost precision by applying the broth macro-dilution
method. Compound dilutions of 2:1 (1000, 500, 250, 125, and 62.5) were meticulously
assessed in the solvent possessing the best solubility, with intermediary values (200, 400,
300, and 600) obtained. The produced inoculum was prepared by utilizing bacterial colonies
with incubation times < 24 h, then adjusted to 0.5 of bacterial turbidity of the McFarland
standard solution in a dosage of 1.5 x 10% CFUs/mL. Here, CFUs/mL is colony-forming
units for mL and, following, the dosage of 5 x 10° CFUs/mL with Luria—Bertani broth.
One mL of the bacterial suspension and test solution with a specific dosage was put into
test tubes to examine the MIC, except in the negative control tube. Bacterial growth and
turbidity were assessed by incubating at 35 £ 2 °C for almost 20 h. The MIC, capable of
inhibiting bacterial growth, was calculated as the lowest dosage value of the compound.
Positive and negative control tubes with adjusted bacterial growth and LB broth and low
LB broth dosage without inoculum, respectively, were separated. The bioassays with three
repetitions were conducted twice for each bacterial strain; upon detecting any error or
presence of contamination, the result was neglected and the test was performed again.

3.6.3. Minimum Bactericidal Concentration (MBC)

MBC was assessed rigorously using the Petri dish sowing method, like the MIC
calculation procedure. After incubation, 0.1 mL of aliquot was taken from each test tube
to calculate the MIC. The inoculum was spread on the culture medium’s outer layer in
Petri plates using a Drigalski spatula. The Petri dishes were then incubated for 20 h at
35 £ 2 °C, and bacterial colonies in each plate were analyzed. The MBC is defined as the
lowest dosage of the compound capable of preventing the growth of microbes in the culture
medium. Each strain of bacteria was subjected to bioassays twice with three repetitions.
If an error or contamination was detected, the result was disregarded and the analysis
was repeated.

3.6.4. Disk Diffusion Method for Testing Antibacterial Sensibility

The antibacterial test, also called an antibiogram, was performed using the Kirby—
Bauer method or disk diffusion. Sterile filter paper discs saturated with the minimum
inhibitory concentration (MIC) solution were utilized for each compound. The culture
medium was placed on 90 mm diameter Petri dishes and then incubated before preparing a
bacterial inoculum using a standard 0.5 McFarland scale solution. The inoculum was spread
evenly on the culture medium using a sterile swab, and the plates were then incubated
for 18 h at 35 & 2 °C. The inhibition zones were measured and statistically analyzed using
Tukey’s test (p < 0.05), ANOVA, and the Kruskal-Wallis test (p < 0.05).

4. Conclusions

Numerous steps are being taken to mitigate the effects of water contamination, a pri-
mary global concern. Water is often polluted with various substances, including heavy met-
als and dyes. The NiAl-LDH/Cu-MOF composite was synthesized from pre-synthesized
NiAl-LDH and Cu-MOF through thermal impregnation to remove MO dye from contami-
nated water. The resulting NiAl-LDH/Cu-MOF was thoroughly characterized using FTIR,
XRD, SEM, DRS, and TGA techniques. The FTIR spectrum of NiAl-LDH/Cu-MOEF/dye
confirmed that the dye molecule was degraded by NiAl-LDH/Cu-MOE. The designed
NiAl-LDH/Cu-MOF exhibited excellent degradation capability, achieving 99% dye re-
moval. NiAl-LDH alone exhibited a 94% removal efficiency, while Cu-MOF showed an
82% removal rate. The degradation kinetics followed a pseudo-first-order and Langmuir—
Hinshelwood model with R? = 0.94. After five regeneration cycles, the removal efficiency of
NiAl-LDH/Cu-MOF for MO decreased to 86.7%. Antibacterial activity was also performed
with antibacterial sensibility testing by disk diffusion to determine minimal inhibitory and
bactericidal concentrations. The NiAl-layered double hydroxide/copper metal-organic
framework photocatalyst offers enhanced photocatalytic activity, efficient ROS generation,



Catalysts 2024, 14, 719 20 of 23

increased surface area, and stability, all of which contribute to its antibacterial potential
and effectiveness in degrading methyl orange dye. Its dual functionality enhances dye
degradation efficiency and addresses bacterial contamination, making it a valuable tool for
environmental remediation and public health applications.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/catal14100719/s1, Table S1: Results of the minimal inhibitory con-
centration (MIC) and the minimal bactericidal concentration (MBC) for the compounds evaluated,
expressed in pg/mL; Table S2: Diameter of the inhibition zone, average, and standard deviation
(mm), by NiAl-LDH/Cu-MOEF, Cu-MOF, and NiAl-LDH.
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